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Preface to “Dietary Supplements”

We are pleased to introduce this volume based on the Special Issue of Nutrients on Dietary
Supplements, which we edited. We undertook it to advance the study of dietary supplement science, a
goal that is shared by our institution, the Office of Dietary Supplements (ODS) at the US National
Institutes of Health (NIH).

The thirty papers presented in this volume cover a very wide range of studies on a broad variety of
dietary supplement ingredients. The book begins with a brief description of some of the regulatory
challenges and research resources that are available [1]. It is followed by two very thoughtful papers on
specific regulatory considerations involving sports [2,3].

The remaining chapters advance dietary supplement science by discussing scientific issues and
current developments in the field. The overviews we commissioned drew heavily upon the work of the
ODS staff and collaborators, focusing on ingredients of particular public health interest today: omega-3
fatty acids [4], vitamin D [5], iodine [6], and iron [7]. The contributions from other authors on a broad
range of topics have enriched the volume. They include the health effects of nutrients, both positive and
negative, with an emphasis on human studies, and human clinical trials of dietary supplement use. Many
contributions discussed biomarkers of nutritional status, especially those measured in human samples,
which are so essential for monitoring and evaluating health effects. Others were devoted to mechanisms
of action and the development and application of analytical tools for the measurement of nutrients and
other bioactive components of dietary supplements. Highlights include these areas:

*  Omega-3 Fatty Acids: A systematic evidence-based review of omega-3 fatty acids and cardiovascular
disease [4] is followed by the developmental outcomes of a randomized double-blind clinical trial in
young children [8] and new data on their effects on metabolic and inflammatory pathways [9] .
Precision nutrition and omega-3 supplements are discussed [10]. The effects of altered fatty acid
ratios on bone turnover [11] in humans and other in vitro effects [12,13] are also discussed. The fact
that seven of the contributed papers address various aspects of omega-3 fatty acids underscores the
broad interest in understanding the health effects of these ingredients.

e Vitamin D: An overview of recent human studies of vitamin D [5] is followed by a report on the
evaluation of vitamin D status in obese persons with different skin color and sun exposure [14]. The
section concludes with new information from a large cohort on the association between vitamin D
genetic risk score and cancer risk [15].

e Iron: Recent work on human studies of iron [7] is presented. The effects of protein hydrolysates on
non-heme iron absorption are summarized [16]. Another contribution describes the effects of amino
acid supplements on measures of iron nutriture in humans after hip fracture [17]. Various in vitro
models of iron absorption are also discussed [18].

¢ Jodine: Databases of dietary supplements' composition are essential for improving the assessment of
nutrient intakes and of the exposure to their ingredients in human populations. Some human studies
and the process of database development for iodine in foods and dietary supplements are
discussed [6].

¢ Non-Nutrient Bioactives: The topic of non-nutrient bioactives could fill several books because of the
large number of ingredients they contain and the many scientific and regulatory challenges they
pose. Only a few of the thousands of non-nutrient bioactives in supplements are discussed here,
nonetheless the papers in this section provide an informative glimpse of the topic, including studies
on the effects of carnitine [19], beetroot juice supplements [20], gingko biloba [21], creatine [22],
various carotenoids [23], and other supplements [24]. The effects of xylitol, which is sometimes used
as an ingredient in supplements, on altering an in vitro model of the microbiome are also
described [25].

e Prevalence of Dietary Supplement Use: The prevalence of dietary supplement use in Australia is
presented in depth in three comprehensive studies [26-28]. Two other contributions consider the
prevalence of biomarkers in groups at high risk of micronutrient deficiency in the USA [29,30].

e Dietary Supplements and Micronutrient Deficiencies: Issues regarding dietary supplement use and

ix



micronutrient deficiencies received attention in several papers [26-30].

e Sports and Athletic Performance: There is a very high interest among athletes in identifying ways to
enhance their performance. This interest is reflected in six papers that describe regulatory issues and
the effect of dietary supplements in sports and athletic performance [2,3,20-22,24].

e Databases of Dietary Supplements: Although the only contribution received on databases of dietary
supplements was the paper on iodine [6], another collection of papers that describe such databases
sponsored by NIH will be published in 2018 in the Journal of Nutrition.

Dietary supplements are products consumed widely by populations around the world, and
consumers deserve the best possible information to perform the most advisable choices regarding their
personal health. To that end, in the United States, the Congress established the ODS in 1994 to conduct
and coordinate scientific research within the NIH relating to dietary supplements and the extent to which
supplement use can limit or reduce the risk of diseases. The ODS serves as the principal advisor within
the US Department of Health and Human Services on issues including the safety of dietary supplements,
claims characterizing the relationship between the use of supplements and the prevention of disease or
other health conditions and the maintenance of health, and scientific issues arising in connection with the
labeling and composition of dietary supplements. Subsequent to the passage of the legislation establishing
the office, Congressional mandates directed the ODS to: develop a botanical research center
initiative (1999), conduct evidence-based reviews of the efficacy and safety of dietary supplements (2001),
accelerate the validation of analytical methods and reference materials for dietary supplements (2001),
and support the development of a dietary supplement label database (2004). Much progress has been
made, but much remains to be done to fulfill these mandates.

It is gratifying that there is an increasing number of resources available to researchers, regulators,
industry, and consumers. We hope that this book will add to the resources for researchers, regulators, and
industry members and engage them in an exuberant and continued discussion of the opportunities-as
well as the challenges—in the research on dietary supplements [1].

Johanna T. Dwyer and Paul M. Coates
Special Issue Editors
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Abstract: Many of the scientific and regulatory challenges that exist in research on the safety, quality
and efficacy of dietary supplements are common to all countries as the marketplace for them becomes
increasingly global. This article summarizes some of the challenges in supplement science and
provides a case study of research at the Office of Dietary Supplements at the National Institutes of
Health, USA, along with some resources it has developed that are available to all scientists. It includes
examples of some of the regulatory challenges faced and some resources for those who wish to learn
more about them.
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1. Introduction

The fundamental challenge in any discussion about the regulation of dietary supplements
is that there is no global consensus on how the category of products known variously as dietary
supplements, natural health products (NHPs), complementary medicines or food supplements in
different countries is defined. For example, a product considered to be a dietary supplement and
regulated as a food in the USA, in another jurisdiction may be considered a food supplement or
a therapeutic good (complementary medicine) or a therapeutic good (prescription medicine) or
potentially even a controlled substance. The situation is even more complicated when countries like
China or India that have an existing regulatory framework for traditional medicine or phytomedicine
that includes crude botanicals are considered. To add further to the confusion, many regulatory
frameworks are changing.

Another challenge is that while all regulatory scientists want to protect consumers from harm,
ensure that consumers have the ability to make informed choices about the products they use,
and do the right thing, the scientific challenges and regulatory systems that have arisen to deal
with them vary greatly from country to country. Even in countries with similar cultures, legal systems,
and levels of economic development, regulations applying to dietary supplements vary considerably.
Some of these differences are explored below, using examples from Australia, Canada and the USA,
all English-speaking countries with largely similar cultures and legal systems to illustrate this point.
The discussion of other countries with similar legal systems such as the United Kingdom, New Zealand
and South Africa or other nations in the Americas, Europe, Africa and Asia, often with different
cultures, legal systems, and levels of economic development is left for others with greater expertise
and experience.
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A final challenge is that “dietary supplement” health products are often very emotive and
polarizing topics, evoking a diverse range of opinions and viewpoints. While some observers may
contend that these products should be considered in a similar fashion to conventional drugs and foods,
others believe that a more tailored approach is necessary since there is often a traditional or historical
evidence base and products often contain multiple ingredients. Increasingly, this situation has become
even more complex because of the lucrative nature of the global dietary supplement sector, increased
involvement of a growing industry sector producing them, and the introduction of many new and
innovative products onto the market. A detailed discussion of the politics of the subject is outside the
scope of this paper. However, it must be recognized that politics may play both a positive and negative
role in shaping both regulatory frameworks and research agendas. Irrespective of the reader’s point of
view, this context is important in any discussion of dietary supplement products.

1.1. Importance of Research on Dietary Supplements

Until relatively recently, there was limited scientific research on dietary supplements and so little
was known about them [1]. However, the prevalence of supplement use has increased dramatically
over the past 20 years [2], and they have become a matter of consumer interest [3,4]. At the same time,
the application of state-of-the art scientific methods to explore issues involving dietary supplements has
advanced rapidly. The other invited articles in this special issue illustrate progress in our understanding
of supplement science as it applies to several nutrients, including vitamin D, iron, omega-3 fatty
acids, and iodine. Progress on botanicals and other non-nutrient ingredients (e.g., glucosamine,
methylsulfonylmethane (MSM), coenzyme Q10) has been more challenging [5]. There is no global
consensus in terminology for the category of products known variously as dietary supplements,
NHPs, and food supplements in different countries and while we recognize this limitation, for the
purpose of this article the term dietary supplement will be used to refer to such products as nutritional
supplements, herbal medicines and traditional medicines. This article summarizes some of the
scientific challenges in supplement research and some resources that may be useful in studying them.
Most of the scientific challenges in supplement science are ubiquitous and global, so it is vital for
scientists to collaborate across nations to help meet them without duplicating effort. A case study
is provided by the work of the NIH Office of Dietary Supplements (ODS) which has been pursuing
this goal since 2000. Some freely available resources and tools that ODS has developed for advancing
health-related scientific knowledge on supplements are presented. The supplement marketplace is
increasingly international, making collaboration between regulators essential since national decisions
have international implications. Since products are consumed world-wide, calls for global quality
standards are emerging. The remainder of the article focuses on regulatory challenges involving dietary
supplements, and perspectives on how the regulatory systems in a number of different countries deal
with them. Key resources for learning more about these approaches are provided.

1.2. Areas of Scientific Consensus about Supplement Science

Although there is broad consensus on the need for advances in science to make progress, opinions
vary on the best paths to take and on priority areas for consideration.

1.2.1. Quality

The supply of ingredients used in supplements has outpaced the availability of methods and
trained personnel to analyze them [6]. For example, in 1994, when the Dietary Supplement Health and
Education Act (DSHEA) first became law in the USA, about 600 U.S. manufacturers of supplements
were producing an estimated 4000 products. By 2000, more than 29,000 supplement products were on
the US market but few documented analytical methods or reference materials (RM) were available
for these products. This growth in the market has also been evident internationally. For example,
there are anecdotal reports that over 100,000 product license applications have been approved in
Canada since the Natural Health Products Regulations came into force in 2005. The need for improving
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quality continues today, since now there are estimated to be more than 85,000 supplement products
in the US marketplace and concerns about ingredient misidentification, safety concerns, and quality
assurance/control problems continue to be important for the industry and the public [7,8].

The first step in characterizing supplement products is generally identifying the ingredients [9].
Plant identification is a particular challenge. Even when easily identified whole plants or plant
parts are used, unless the chain of custody is tight, and the exact manufacturing process is known
and well characterized, the quality of extracts and blends such as those found in many botanical
products is difficult to ascertain. Reliable analytical methods to characterize the bioactive components
in supplements are helpful, but even for the nutrients in supplements, specific analytical chemistry
methods must be often developed [10]. The bioactives in supplements differ from those in foods
in their matrices in that the forms, combinations, and doses in which they are consumed, and the
circumstances under which they are used are likely to differ. Analytical techniques for other bioactives
in supplements are further complicated because the active compound(s) are often unknown, and
even when they are known, validated analytical methods may not exist for determining their content.
Reference materials are often unavailable to compare results between different laboratories for research
purposes and to monitor data and supplement quality.

1.2.2. Safety

Manufacturers are prohibited from marketing supplement products that are unsafe or contain
unsafe ingredients. This includes assuring that safe upper levels of intake for nutrients or maximum
dosages for other constituents are not exceeded and ensuring that toxic contaminants are absent.
Improved accuracy and precision of the nutrient measurements, bioactive marker compounds for
other ingredients, natural toxins, toxic elements and/or pesticides in dietary supplement ingredients
and finished products will be helpful to regulatory agencies.

1.2.3. Efficacy

Demonstration of efficacy typically depends on a number of research approaches ranging from
basic in-vitro research on the mechanisms of action to animal and human studies. For example, in the
past, large and expensive clinical trials using poorly characterized herbal supplement products for
which the mechanisms of action were not understood were performed, leading to results that were
inconclusive and irreproducible [11-13]. These experiences led publishers and funders to demand
better product characterization and funders to demand more mechanistic evidence of bioactivity. Once
mechanistic plausibility is established, animal and small phase 1 and phase 2 trials should precede
the launch of large phase 3 studies of efficacy. More and better clinical studies of the safety and
efficacy of dietary supplements on “hard” health outcomes are also sorely needed. Health outcomes
such as changes in validated surrogate markers for performance, functions, morbidity, and mortality
from diseases or conditions are required rather than changes in biochemical measures in blood with
unvalidated surrogate markers. The question of the use of evidence from traditional forms of health
and healing such as Traditional Chinese Medicine (TCM) makes the question of efficacy often more
complex. This is briefly explored in the regulatory section below.

1.2.4. Translation of the Science

Widespread consensus exists on the need to translate the scientific evidence on supplements into
appropriate recommendations, regulations, and policies that ensure the public health. Population-based
prevalence estimates of supplement use are needed to estimate total exposures to nutrients or other
bioactives that can be related to health outcomes [14]. Monitoring is especially important when
supplementation is used as a public health strategy to fill nutrient gaps in deficient populations.
It is also needed in other countries such as the USA where use of certain supplements is high,
and where substantial proportions of total intakes of nutrients such as vitamin D and calcium come
from supplements, especially among older adults [15].
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2. Challenges and Resources: Regulatory Perspectives

As with other categories of regulated goods such as foods and drugs, the development of
regulations is a balancing act where many different factors need to be taken into account. Notable
among these are ensuring that products are of high quality and safe, that any claims made are
truthful and not misleading, and that there is reasonable and appropriate access to the marketplace.
All regulatory scientists want to both protect consumers from harm and support them in making
informed choices about the products they include—or as importantly do not include—in their
healthcare options. Appropriate regulatory oversight of this category is very challenging, and requires
that scientists and regulators work together, as the former director general of the World Health
Organization, Margaret Chan, MD urged [16]. This section provides a concise overview of how these
regulations have been developed, and common themes as well as challenges faced in a global market.

2.1. Definition of “Dietary Supplements”

Although the definition of dietary supplement within a specific jurisdiction such as the USA is
quite precise [17,18], a fundamental challenge to any discussion on regulation is that there is no global
consensus on either what falls within this category or even what the category is called. Intuitively many
equate a dietary supplement in the USA with a NHP in Canada or a traditional herbal medicine in the
European Union or a complementary medicine in Australia, but this is not the case. For example, while
melatonin is regulated in the USA as a dietary supplement and in Canada as a NHP, in Australia it is
considered as a prescription medicine [19-21]. Dehydroepiandrosterone (DHEA) is readily available
as a dietary supplement in the US, while in many other jurisdictions it is regulated as a controlled
substance and is subject to significant regulatory oversight [22].

This situation is even more complicated when one considers that in addition to dietary
supplements such as vitamins and minerals, many of these products come from traditional systems of
health and healing such as TCM in China and Ayurvedic/Unani/Siddha medicine in India. For this
reason, we must differentiate between the manner in which nations regulate the practice of medicine
and the manner in which they regulate marketed products used in medical practice or as foods. In the
U.S., the practice of medicine is regulated by the states, while marketed food and drug products in
interstate commerce are regulated by the Federal government. Approaches and regulatory frameworks
in many parts of the world, notably in Asia, reflect this fact with terminology and categories developed
accordingly [23].

To assist in development of its Traditional Medicine Strategy 2014-2023, the World Health
Organization refers to this category as Traditional and Complementary Medicines (T & CM) [16].
Although this classification does have significant limitations, it recognizes the fact that definitions for
this category vary significantly globally. Descriptions of specific national /regional definitions and
categories can be found through the list of resources in Table 1.

Table 1. Useful Global Resources on Dietary Supplement Regulatory Issues and Definitions.

Name URL Comments

USA

FDA Food and Drug . . . 1ol
Administration www.fda.gov/food/dietarysupplements/ Details on regulations, policies and guidelines

Dictary Supplements dealing with dietary supplements

Australia

Therapeutic Goods
Administration (TGA)

Food Standards Australia and
New Zealand

Details of existing complementary medicine

yww.tga.gov.a omplementary-medicines . P -
www.tga gov.au/complementary-medicines regulations, policies and guidelines

www.foodstandards.gov.au/Pages/default.aspx Details on food standards, policies and guidelines.
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Table 1. Cont.

Name URL Comments
Canada
www.canada.ca/en/health-canada/services/drugs- Det alls. on the existing NHP regulations, policies and
o guidelines as well as work underway with regards to
health-products/natural-non-prescription.html - R
a comprehensive approach to self care products
Health Canada

www.canada.ca/en/health-canada/services/food-
nutrition/legislation-guidelines /guidance-
documents/ category-specific-guidance-temporary-
marketing-authorization-supplemented-food.html

Information on supplemented food category.

EU European Union

EU Parliament and Council

ec.europa.eu/health /human-use /herbal-
medicines_en

Details on the traditional herbal medicine directive
re: member states.

European Food Safety www.efsa.europa.eu Provides details and links to regulation of foods and
Authority (EFSA) o pa- food supplements.
China

. Information on health food regulations including
China Food and Drugs p ) ol .
Administration (CFDA) eng.sfda.gov.cn/WS03/CL0755/ blue hat” process. (Note: English translation was

not available).

China—Special Administrative
Region of Hong Kong

Health Ministry—Chinese
Medicine Division

www.cmd.gov.hk/html/eng/important_info/
regulation.html

Information on policies and regulation related to
Chinese proprietary medicines.

Japan

www.mhlw.go.jp/english/topics/foodsafety/fhc/
02.html

Singapore

Health Sciences Authority

www.hsa.gov.sg/content/hsa/en.html

Information on policies, regulation and guidelines
related to health products and Chinese proprietary
medicines. As a member state, resource to access
work on regulatory harmonization of products
within Association of South East Asian

Nations (ASEAN).

New Zealand

Medsaf www.medsafe.govt.nz/regulatory/ Provides information related to regulation, policies
edsate DietarySupplements /Regulation.asp and guidelines dealing with dietary supplements.

India

Food Safety and Standards
Authority of India (FSSAI)

fssai.gov.in/home

Government direction, standards and regulation of
health supplements and nutraceuticals. New
regulations published in November 2016 take effect
in January 2018. Health supplements are intended to
supplement the diet of healthy individuals over

5 year, and levels of nutrients should not exceed
RDA amounts.

Ministry of Ayurveda, Yoga,
Unani, Siddha and
Homeopathy (AYUSH)

ayush.gov.in

Policies, guidelines and regulations dealing with
Indian traditional medicines.

WHO World
Health Organization

who.int/medicines/areas/traditional /en/

Provides links to on-going work by the WHO
including the Traditional Medicine Strategy
2014-2023, the International Regulation on the
Cooperation of Herbal Medicines and various
technical guidelines.

World Self Medication
Industry

Www.wsmi.org

Industry association website providing details on
international approaches to over-the-counter
medicines including dietary supplements.

International Alliance of
Dietary/Food Supplement
Associations (IADSA)

www.iadsa.org

Industry association website providing details on
international approaches to dietary supplements.

While it would be easy just to consider that the substance itself is the defining factor in determining
whether or not a product is a dietary supplement, this is not the case. Two other important factors
considered are the claim that the product is making and how the product is supplied or recommended
(intended use). In many jurisdictions such as the USA, Canada and Australia, dietary supplements
are considered suitable for self-selection without the need for the intervention of a practitioner or
prescription. Here the claims that can be made are limited to minor conditions and to the support
of health and wellness depending on the jurisdiction [24,25]. In other jurisdictions, notably those
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where a traditional form of health and healing is recognized, traditional and complementary medicine
products are often prescribed, and in some cases supply is limited only to trained practitioners.

2.2. Regulatory Models

As with the definition of the products themselves, there is no consistent global approach to
regulation, with many different frameworks developed that largely reflecting national and regional
priorities and needs. That being said, there are a number of common themes and approaches that have
been taken internationally.

2.2.1. Where Does the Category Fall within Existing Legislation?

With a few exceptions, notably where traditional forms of health and healing exist, most countries
do not regulate dietary supplements as a stand-alone category. Rather, they include them as a subset
of existing legislation [17,18]. That is, they “hang from the hook” that is set in existing legislation.
In the past, this was largely a question of whether these products should be considered a subset of
drugs or foods; increasingly though, a third option is to capture them under existing regulations for
biologics. It is important to note that overarching legislation is often one of the most important factors
impacting the type of claim that can be made and what level of scrutiny and oversight will exist.
For example, countries that regulate these products as a subset of drugs or therapeutic goods such
as Australia, Canada and the European Union (EU) for traditional herbal medicines allow far more
specific clinical claims to be made than in a jurisdiction such as the USA, where dietary supplements
are captured in regulations under the existing food legislation, with their advertising regulated by
trade regulations [20,25,26].

2.2.2. Should They Be Regulated as a Group?

As noted above in many jurisdictions dietary supplements are simply captured under the existing
food or drug regulations and legislation with no specific consideration for these products, in some
cases specific regulations have developed to reflect the category. In these cases, two different regulatory
models have typically been adopted that reflect their domestic use, national priorities and public
health needs. In many jurisdictions, the first model applies. Dietary supplements are simply captured
under the existing food or drug regulations and legislation. In that model, a wide range of products
(typically herbal medicines, traditional medicines and dietary or nutritional supplements) reside under
an umbrella term such as dietary supplements in the USA, complementary medicines in Australia or
NHP in Canada [20,24,25]. In the second model, specific regulations are developed to deal with these
products. In this case, specific categories are developed with very structured regulatory frameworks
for specific types of T&CMs. This is particularly the case in countries with a strong traditional form of
health and healing such as Chinese proprietary medicines in China (TCM), Ayurvedic medicines in
India and Kampo medicines in Japan [23].

Irrespective of the approach taken, it is rare that one set of regulations will encompass all products
commonly considered to be dietary supplement-like. Typical examples of this are guidelines and
legislation related to advertising that apply irrespective of whether or not a product is considered to
be a dietary supplement.

2.2.3. Common Elements of Regulatory Frameworks

As with other forms of regulations, independent and irrespective of the approach taken,
frameworks that deal with dietary supplements may contain a number of common elements, in this
case often specifically developed to reflect the challenges and nature of the products. These common
elements include: process for approval of a product to be sold; provisions related to manufacture and
Good Manufacturing Practices (GMPs); reporting of adverse events; controls on labeling related to
indications, contraindications and warnings; and, where claims are permitted, the type and quality of
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supporting evidence required. Again, the number and nature of these elements applied are determined
by the specific regulations in place.

2.2.4. Risk-Based Approach

Operationally, the regulation of dietary supplements faces a number of issues and challenges not
shared with conventional drugs or even food products. Notable amongst these are the sheer number
of individual dietary supplements on the domestic markets, often numbering in the tens of thousands,
and the fact that the sector contains many different types of products often posing very different risks
that are grouped together often by the fact that they do not fit under any other regulatory regime.
In particular, considerable challenges are posed especially by herbal and traditional medicine products
that contain crude botanicals and a complex milieu of potentially active moieties, unlike conventional
allopathic pharmaceuticals.

While a completely pre-market approach, where all products and manufacturing sites are
‘approved’ before the dietary supplement is marketed would be the optimal situation, given the
challenges mentioned above, this is often impractical. This has led to the development of regulatory
frameworks that increasingly blend elements looking at products and sites both before they come to
market as well as once they are available to consumers, or post-market. This regulatory oversight
is sometimes referred to as a “life-cycle” approach. Examples of post-market regulatory approaches
(i.e., once the dietary supplement is on the market) include target audits where dietary supplements
already on the market are analyzed for quality or manufacturers are requested to submit evidence
they may hold that supports a specific claim. The determining factor on which approach is applied is
largely determined by risk posed to the consumer. Since most dietary supplements when appropriately
manufactured are considered to be inherently low risk, increasingly regulatory frameworks are
increasingly focused more on post-market review than pre-market licensure.

Even in countries that are in many ways socially, economically and legally similar, different
approaches to the definition and regulation of dietary supplement health products are evident although
they contain some common elements. Illustrative examples of this are evident in the different regulatory
frameworks in place in the United States, Australia and Canada.

In the United States, dietary supplements are regulated under the Dietary Supplements Health
Education Act of 1994 (DSHEA) as a subset of foods and limited to those taken orally. This approach
is primarily post-market in nature. However, it does contain pre-market elements. For example,
manufacturers must hold evidence to support their claims and they cannot make specific disease
treatment claims but only claims related to nutritional support (which includes physiological structure
and function) [20]. All products must carry a disclaimer on the label stating that claims have not been
reviewed by the US Food and Drug Administration (FDA). Provisions also include a post-market site
audit process for manufacturing sites for Good Manufacturing Practice compliance and mandatory
reporting of serious adverse effects by manufacturers. Companies must notify the Food and Drug
Administration before marketing products with new dietary ingredients (NDI) [27]. There is at present
no indication that DSHEA will be substantially changed or modified by Congress, in recent years the
regulatory authority has given more attention to the notification and classification of NDIs as well as
the importance of Good Manufacturing Practices (GMP) [20].

In Australia, although a small number of these products are captured by a food standard, most are
regulated as therapeutic goods under the Australian Therapeutic Goods Act. Products are referred to
as complementary medicines and are legally defined as being a listed therapeutic good or a registered
therapeutic good. The legislation itself does not define these terms, but a comprehensive set of
guidelines describes how they are considered. Most complementary medicines are listed medicines
and are managed through an online portal called the Electronic Listing Facility (ELF). Permitted claims
are limited to minor, self-limited considerations and those traditional forms of health and healing
such as traditional Chinese medicine. Evidence for efficacy is assured through a random and targeted
post-market audit system and new listable substances are evaluated pre-market. As with all registered
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therapeutic goods, registered complementary medicines are evaluated pre-market for safety, quality
and efficacy. Manufacturers of either finished listed or registered complementary medicines must
undergo an on-site audit to ensure GMP [28].

In 2014, complementary medicines were included within a comprehensive review of regulations
for all therapeutic goods and medical devices to be conducted by an external expert panel [29].
The Commonwealth government accepted the majority of the recommendations from the panel and
preliminary draft legislation was made public in September 2017. Although one of the recommendations
was to keep complementary medicines as a distinct category, some significant changes are proposed,
allowing mid-level claims through a new third regulatory route between the listed and registered
therapeutic goods process as well as changes to how advertising is approved and compliance
management [25,30].

In Canada, the majority of these dietary supplement products are referred to as natural health
products (NHPs) and are considered a subset of drugs under a specific set of regulations—the Natural
Health Products Regulations. Products must undergo a premarket assessment for safety, quality and
efficacy. This is done in part through an online submission process with permissible claims supported
by Health Canada monographs. Producers of NHPs who wish to make novel claims not supported
through the monograph process must submit a full dossier of evidence for review. The products
can make therapeutic claims, but their use is limited to self-care situations. While manufacturers are
required to have a valid site license following approved GMP guidelines, no pre-market site audit is
needed; the process being primarily paper based [24]. To address the growing number of NHPs sold
in a food-like format, Health Canada has created a new category of food currently defined through
regulatory policy called “supplemented foods”. The category does allow for some health claims, but
they are limited reflecting the nature of the products [31].

Unlike Australia, Canada is proposing to take different approach and rather than keeping
NHPs as a distinct category, will include them in a self-care health product category together with
non-prescription medicines and cosmetics. The intent of this initiative is to support informed consumer
choice through a more consistent regulatory approach to these product categories that is based on
risk. Key questions being explored deal with topics including evidence needed to support claims,
provisions ensuring safety and quality and introduction of cost recovery framework [32].

The overviews above are brief and concise with more detailed information on these country
specific approaches to be found through the list of resources in Table 1.

2.2.5. Competing Types of Evidence

While it is clear that high quality scientific evidence is always required to support the quality of
a dietary supplement, from a regulatory perspective the same may not always be true with regard the
type and nature of the evidence required to support a product claim. Given the nature of the dietary
supplement sector and the fact that it often encompasses traditional medicines with a long history of
use, the question faced by regulators is how to balance the need for robust scientific evidence with
a respect for diverse forms of health and healing.

Globally, no consistent approach has been taken in answering this question. In some jurisdictions
such as Canada and Australia, the approach has been to link the form of evidence, whether it be
traditional or evidence based from scientific research, to the level and type of claim that can be made.
In these cases, typically products based on traditional evidence making traditional health care claims
are ‘approved’ according to pre-cleared and approved sources of information such as monographs
or labeling standards. For products making higher level, clinical claims, in a way similar to that for
conventional pharmaceuticals, companies must supply a full dossier with appropriate supporting
evidence such as that from randomized controlled trials (RCTs) [24,28]. In many countries such as
the United States with no pre-market approval framework system, claims that can be made are more
limited [17,18]. In countries with long-established traditional forms of medicines such as in China,
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India, and Japan, specific regulatory frameworks have been developed for these types of products
with the type of claim that can be made and the evidence required to reflect this approach [23].

As the dietary supplement sector matures and develops and the market for raw ingredients
becomes more global, establishing a balance between evidence generated by scientific research and
that coming from traditional forms of health and healing is becoming increasingly demanding. This
will be discussed later.

2.3. Evolving Regulatory Landscape—Challenging Issues

International regulatory frameworks are still considered by many to be a new and novel sector,
although many of them are now more than two decades old. They were developed to reflect a time
when the sector and nature of the market, not to mention the needs and demands of the consumer, were
very different. This has meant that some decisions made in the past around policies and regulatory
decisions may need to be revisited. These include the need to evaluate evidence of the “grandfathering”
of dietary supplements already on the market when new regulations were implemented, the need to
ensure that approaches are sustainable through cost-recovery mechanisms and the more global nature
of the market place. Table 1 provides links to some of the regulatory frameworks of different countries
that provide insights into the ways issues are dealt with in them.

Some of the key issues that commonly arise are:

2.3.1. Evaluating Evidence for Product Claims

As the market for dietary supplements has increased, so has the amount and diversity of scientific
evidence and research to support, or not support, their use. This market is made more complex when
there are conflicting evidence bases and conflicting ways for evaluating them. For example, how,
or should, traditional evidence be evaluated within the framework of traditional healing theories or
those of allopathic evidence based medicine; what should be done when evidence from traditional
forms of health and healing are not supported by more conventional evaluation mechanisms such
as randomized clinical trials; and how can consumers, often wanting to explore both conventional
and traditional medicine, be supported in making informed choices about including, or not including,
these products in their health care options.

The original concept of Evidence Based Medicine is based on three basic premises—individual
clinical expertise, the best external evidence and patients’ values and expectations [33]. The challenge
faced by the regulator is to ensure that these are in play and to support consumers in making informed
choices that are often made in a self-care setting.

2.3.2. Questions at the Regulatory Interface

It has never been easy to distinguish between a dietary supplement and other categories such as
conventional foods, drugs and biologics. As all these sectors have evolved, this question of product
classification has become even more complex. Two of the main questions at the regulatory interface
are: what are the boundaries are between dietary supplements and conventional foods and between
dietary supplements and over-the-counter drugs?.

As the popularity of dietary supplements available in a food-like format such as a pre-prepared
drink or bar has increased, the line between what a consumer would understand to be a food as
compared to a dietary supplement has become increasingly blurred. In essence, how does the
regulator provide for appropriate regulatory oversight? This has been particularly challenging for those
jurisdictions that consider these products as a sub-set of drugs with regulation and often legislation
governing them that is very different from that for foods. In these cases, the regulatory frameworks are
more specific to such dosage forms as capsules, tablets and tinctures. The challenge is one primarily
of balance in providing a regulatory approach that is appropriate and not unnecessarily restrictive
with the need to ensure that consumers are aware that these food-like dietary supplements that they
are considering are not typical foods. This lack of clarity is also challenging for the private sector in
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determining what regulatory framework applies to a product, either food or drug, that they wish
to develop and bring to market. In Canada, this concern required the government to create a new
category called “supplemented foods” distinct from NHPs where products in a food like format are
considered as a subset of foods and not as natural health products [31]. In other jurisdictions such
as Australia, authority has been given to the respective regulators to deem something to be either
a therapeutic good or a food based a specific set of criteria [34].

The challenge at the over-the-counter (OTC)/dietary supplement interface is even more
pronounced. A number of herbal medicines with a long history of use within the conventional health
care model, such as senna and cascara, are regulated in most countries as OTC drugs rather than
dietary supplements. As described above, Health Canada is proposing to address this issue in part by
considering both NHPs and OTC drugs within a single regulatory approach for self-care products [32].

2.3.3. Working on the Global Stage

Although science and research may be global, regulations are still made primarily to reflect
domestic needs and pressures. This poses a challenge regarding dietary supplements and dietary
supplement ingredients that are now often sourced and /or manufactured outside of the country where
they are sold. In spite of calls for regulatory harmonization, examples of true harmonization are limited
to regions such as countries in the Association of South East Asian Nations (ASEAN) with the lack
of a coherent and consistent regulatory approach prohibiting this globally [35]. Even if regulatory
harmonization is not possible, regulatory cooperation is often a viable option, taking into account
inputs from stakeholder groups such as industry and not just governments. For example, to support
cooperation between regulators, in 2005 in Ottawa, the World Health Organization supported the
creation of the International Cooperation on Herbal Medicine (IRCH). IRCH now has over twenty
members and provides a forum and mechanism for regulators to share information on safety issues
and common challenges they all face [36]. Increasingly governments are working together as well
as with other stakeholders such as industry and consumers to address common problems and in
some cases to provide regulatory decisions in one jurisdiction that can be used as a basis for action
in another.

2.3.4. Strengthening Product Quality

As the dietary supplement market has become more global and lucrative, so have the importance
of ensuring product quality and the challenges in doing so. There are increasing numbers of cases of
adverse reactions and some fatalities due to contaminants or adulterants in the product rather than in
the dietary supplement ingredients themselves. In some cases this has been due to intentional fraud by
producers of these poor quality products who have developed sophisticated methods for overcoming
existing regulations and oversight. This situation is explored in greater depth elsewhere in this paper.

2.4. Need for Continued Science in Support of Regulation

Irrespective of whether the goal is to support production of high quality products or to develop,
apply or modify methods for evaluation of evidence in support of claims, the need for robust and
relevant science and research on dietary supplements has never been more necessary. As regulatory
frameworks evolve, many of the questions posed above will need to be addressed, balancing the need
for robust science with a respect for traditional forms of health and healing.

3. Challenges: Scientific Perspectives

3.1. Issues Involving Human Requirements

Scientists often disagree about definitions of human requirements for bioactives and the implications
for supplements. They differ on whether some non-nutrient bioactives are required for certain population
subgroups and also on the health effects associated with the use of non-nutrient bioactives. It has been
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known for over 100 years that inborn errors of nutrient metabolism exist that can be remediated by
supplying the lacking nutrient that has become conditionally essential. However, it is not clear that such
a model based on single gene defects is useful for the amelioration of multigenic complex diseases. It is
unclear that there are large numbers of individuals with common diseases and conditions such as type
2 diabetes or depression whose unique genetic characteristics cause them to have special nutritional
requirements requiring supplements or medical foods [37].

Discoveries of genetic polymorphisms and the advent of inexpensive genetic tests that are widely
available to consumers have nutritional implications. They have led to the rise of personalized or
“precision nutrition” [38] and to the proliferation of boutique “personalized” eating plans and “precision”
dietary supplements supposedly tailored to an individual’s genetic profile. The extent to which such
supplements are efficacious in reducing chronic degenerative disease remains to be determined.

3.2. Supplement Quality, Safety and Efficacy

Challenges remain on the appropriate means for assuring supplement quality, safety and efficacy.

3.2.1. Quality

Regulators, health professionals and manufacturers often disagree on how much quality testing is
necessary for supplements. This is echoed by the World Health Organization’s Strategy on Traditional
Medicines 2014-2023 [39] where quality is seen as a cornerstone of the sector. Botanical extracts and
blends present particular challenges for detecting misidentification and contamination. The presence
of adulterants and contaminants of both a biological and chemical nature in supplements is also
challenging. Certain categories of supplements, such as athletic performance, sexual performance,
and weight loss products, are particularly prone to the deliberate “spiking” with unlabeled extraneous
or synthetic substances to confuse analytical techniques and even occasionally the addition of active
synthetic drugs. Purity is a special problem for individuals with inborn errors of metabolism for
specific nutrients such as vitamin B-6 or choline who require reliable, high quality sources of the
nutrient. In countries that do not require that added nutrients be pharmaceutical grade or provide
nutrients free to such patients, afflicted individuals must buy products that vary greatly in their quality
on the open market.

The scientific challenges involved in all of the problems cited above depend in part on the
adequacy and application of analytical methods. Analytical methods and reference standards are
lacking for many of the thousands of different bioactive ingredients in dietary supplements. There is
still disagreement about whether only a single officially endorsed method of analysis is acceptable. Any
analytical method that is appropriately calibrated to a recognized reference standard should suffice but
the onus is on the user of the method to demonstrate that affirmative requirements are met and that the
method is suitable for its intended use and yields results that are accurate and precise. Methods that are
suitable for foods may not be so for dietary supplements. Opinions also differ on whether government
or the private sector is responsible for developing reference standards and analytical methods, and,
if the private sector develops them, how they can be both kept independent and objective and made
publicly available to avoid duplication of effort while preserving the marketing advantage of the
developer. Tension also exists between researchers who desire ever more precise analytical methods
for ingredients in dietary supplements and manufacturers who are concerned about the expertise and
monetary costs required to apply some of the methods. A balance needs to be struck between the two.

3.2.2. Safety

Apart from concerns related to product quality, the safety of dietary supplements depends largely
on dose. High doses of some nutrients are more likely to pose problems than others, although there is
disagreement about the levels at which problems arise. For example, some dialysis patients who are
receiving very large doses of calcium and the active form of vitamin D on a chronic basis may exceed
the Tolerable Upper Level (UL) and incur adverse effects on health, including calcification of the soft
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tissues [40]. Very high doses of vitamin D may also cause adverse effects in people with normal kidney
function [41]. There is little evidence that usual doses and forms of these nutrients give rise to health
problems [42]. The possibilities of excessive intakes of nutrients from dietary supplements are greater
in countries with programs to fortify their food supplies than in others, and therefore they must also
be evaluated [43-46].

Dose-response data for establishing safe levels of intakes of non-nutrient bioactives in supplements
is frequently lacking [47,48]. Some dietary supplements containing non-target herbs added intentionally
(like germander as an adulterant for skullcap), or others such as black cohosh, kava extract, green
tea and others have been associated with liver injures of various types even after taking into account
concomitant use with acetaminophen and alcohol and consumption while fasting [49]. Extracts that are
used in bodybuilding and weight loss have also been linked to liver injury. This has led to studies of
the composition of different supplements [50,51]. Causes of liver toxicity from supplements appear to
be due to insufficient regulatory authority, inaccurate product labeling, adulterants and inconsistent
sourcing of ingredients [52]. There is controversy about whether evidence of causality is sufficient for
regulators to take action against supplements that seem to pose a hepatotoxic risk [53]. Some possible
actions include requirements for warning labels with usage instructions as is done for drugs, or/and
removal of products from the market. Adulterated or fraudulent tainted products sold as dietary
supplements are already illegal and subject to recall [54].

Interactions of some ingredients in supplements with other dietary supplements, nutrients, prescription
or over-the-counter drugs are well documented. Of particular concern are adverse reactions occurring with
commonly used medications, such as anti-hypertensive and cardiovascular preparations [55]. In addition,
much interest focuses around concomitant use of herbal medicines such as St. John’s Wort which has been
shown to alter drug metabolism of a number of drugs notably those used in the treatment of HIV/AIDS,
warfarin, insulin, aspirin and digoxin [56].

3.2.3. Efficacy

Among the most hotly debated issues in supplement research is the type and amount of evidence
needed to demonstrate the efficacy of dietary supplements. Many of the issues involving efficacy
include those common in testing of all medications such as study designs, significance testing,
appropriate outcomes, effect sizes, acceptable biomarkers of effect, and the differences between
statistical and clinical significance. In order to be efficacious, dietary supplements must be bioavailable,
and yet in some countries regulations do not require testing of supplements for disintegration and
dissolution and some products on the market fail such tests. This is a matter of concern both to
researchers and regulators since such results have a negative impact on studies of dietary supplement
efficacy. In-vitro methods are available for testing disintegration and dissolution of drugs, and these are
adaptable for use with dietary supplement products. Regulators in some countries insist on changes
in health outcomes or in validated surrogate biochemical markers of effect on the causal pathway
to a health or performance outcome. Others accept changes in intermediary biochemical markers
that may or may not be surrogates of health outcomes. These considerations have come to the fore
because supplements on the market in some countries apparently have little or no demonstrated
efficacy. For example, one recent review of 63 randomized, placebo-controlled clinical trials of dietary
supplements in Western adults found that in 45 of them no benefits were found, 10 showed a trend
toward harm and 2 showed a trend toward benefit, while 4 reported actual harm, and 2 both harms
and benefits; only vitamin D and omega 3 fatty acids had strong enough benefits and lack of harm
to suggest possible efficacy [3]. This is an area of controversy that is highly polarized with questions
being raised that depend on the type of dietary supplement being used, notably herbal medicines,
the quality of the studies included in the review, and additional factors such as product quality of the
supplement being evaluated that need to be taken into account [57].
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3.2.4. Standards of Efficacy for Traditional Natural Products

The traditional use of Chinese medicines, Ayurvedic medicines and other remedies is embedded
in larger healing systems and cultural or metaphysical beliefs that are part of users’ larger and more
holistic world views. Should usual standards for efficacy should apply to them when they are used
in the traditional manner? Clearly such uses are quite different than the use of a single product or
ingredient at much higher traditional doses and without such a cultural context.

3.3. Policy

Although policy issues arise with all types of dietary supplements, the examples below will focus
on nutrient-containing dietary supplements since these are particularly germane to discussions of
nutritional status.

3.3.1. Nutrient Supplements Are Only One of Many Strategies for Improving Nutrient Intakes

There are many strategies for filling nutrient gaps in dietary intakes. They include nutrition
education on appropriate food choices, fortification and enrichment that add nutrients to staple
foods, genetic engineering that increases the nutrient content of a commodity itself either by genetic
engineering/biotechnology, biofortification involving conventional breeding, and the use of nutrient
containing dietary supplements. Dietary supplements provide concentrated sources of bioactives
that are low or lacking in some individuals’ ordinary dietary intakes. The supplements can be used
selectively by those whose diets have gaps in them. However, supplements have disadvantages. Their
use depends upon individual motivations. Because they provide concentrated sources of bioactives at
relatively high levels, they may increase the risks that some individuals will ingest excessive quantities
and suffer health risks. Moreover, since dietary supplements can contain ingredients that lack a history
of safe use, their long-term health effects may be unknown. The advantages and disadvantages of
dietary supplements as a strategy to improve dietary intakes therefore must be carefully considered.

3.3.2. Supplementation as a Strategy to Achieve Nutritional Adequacy

The cost-effectiveness of using supplements to fill gaps in nutrient intakes as opposed to
other means such as fortification or nutrition education varies from one nutrient to another and
by country, and so each situation is unique and must be evaluated independently. There are also
questions about what the supplement should be, if supplementation is chosen. In countries where
nutrient containing dietary supplements are common, the use of multivitamin-multi-mineral (MVM)
supplements is often associated with a greater proportion of the population reaching the estimated
average requirement (EAR) for nutrients [58]. However, for some of these nutrients, intakes are already
adequate, so that the increased intakes may do little good, and in some cases supplements may increase
the risk of exceeding the upper safe level (UL) of intakes.

3.3.3. Monitoring of Supplement Use

Monitoring of supplement use is particularly important in countries where premarket approval is
not required to detect potential adverse reactions. Dietary indicators are known to be imprecise and
estimates of usual intake are lacking for many nutrients [59]. Biochemical indicators of deficiency are
often not well linked with adverse health outcomes, underscoring the need for more attention to be
paid to the development of agreed on measures of deficiency and excess [60]. Recent work on key
nutrient biomarkers is now available, facilitating the monitoring of high risk groups, such as pregnant
women for folate status [61,62].

3.3.4. Authoritative Recommendations for Dietary Supplements

Health and nutrition experts differ on whether it is appropriate to include recommendations
for nutrient containing dietary supplements in national health promotion and disease prevention
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recommendations. Many countries opt to recommend that adequate nutrient intake for the general
public be achieved solely from foods, and reserve recommendations of specific nutrient supplements
for specific subgroups in the population. Others recommend only food alone with no recommendations
for special populations.

3.3.5. Inclusion of Dietary Supplements in Food Programs to Reduce Malnutrition

There is pressure by industry to include MVM or other dietary supplements in food programs.
However, there is little evidence that the target groups are deficient in the ingredients in the supplements,
nor has it been demonstrated that provision of a supplement leads to better health outcomes.

3.3.6. Stimulating Innovation

The development of new and more highly bioavailable forms of the nutrients, timed release,
dosage forms, novel bioactive constituents and the appropriate application of new technologies such
as nanotechnology are all important, but some pose new scientific and regulatory challenges.

4. Case Study: Office of Dietary Supplements (ODS), National Institutes of Health (NIH), USA

This case study highlights some examples of dietary supplement research supported by or conducted
at the ODS, and provides some research tools it has developed that may be useful resources for scientists
both there and abroad.

4.1. Background

Since its establishment in 1995 as part of the implementation of the Dietary Supplement and
Health Education Act [17,18] of 1994, the ODS is the lead federal agency devoted to the scientific
exploration of dietary supplements. Its mission is to support, conduct and coordinate scientific
research and provide intellectual leadership to strengthen the knowledge and understanding of dietary
supplements in order to enhance the US population’s health and quality of life. ODS’s four goals
are to: expand the scientific knowledge base on dietary supplements by stimulating and supporting
a full range of biomedical research and by developing and contributing to collaborative initiatives,
workshops, meetings and conferences; enhance the dietary supplement research workforce through
training and career development; foster development and dissemination of research resources and
tools to enhance the quality of dietary supplement research; and translate dietary supplement research
findings into useful information for consumers, health professionals, researchers, and policymakers.

Several of its major initiatives that have expanded the scientific knowledge base on dietary
supplements are described elsewhere in this special issue of NUTRIENTS. They include studies to
clarify the implications for public health of omega-3 fatty acids [63], iodine [64], vitamin D [65], and
iron [66].

4.2. Research Resources and Tools

This section provides the details on freely available research resources developed by ODS that are
available for scientists to use to enhance the quality of dietary supplement research and meet public
health priorities, with a focus on those that may be useful to scientists in other countries.

4.3. Analytical Methods for Dietary Supplements

The rigorous assessment of dietary supplement ingredients requires accurate, precise and reliable
analytical methods and matching reference materials. The ODS Analytical Methods and Reference
Materials program accelerates the creation and dissemination of validated methods and reference
materials. It provides resources for characterization and verification of supplement product content
that enhance the reliability and reproducibility of research using these products and supports product
quality [67].
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The genesis of the program was the paucity of publicly available methods for the analysis
of supplement ingredients [68,69]. In 2000, the US dietary supplement community tended to use
proprietary or compendial methods for quality control operations, and scientists and laboratories often
kept their proprietary methods to themselves. Negative publicity about discrepancies between label
claims and the results of product testing performed by third parties led to some unsuccessful efforts on
the part of the industry to pay a laboratory to develop and validate methods through the Association
of Official Analytical Chemists International (AOACI). The program was not successful for several
reasons, including lack of expert technical guidance and conflicting sponsor priorities. However, this
early effort led to a collaboration between trade associations, ODS, the AOACI, the United States
Pharmacopoeia (USP), NSF International, and others in an attempt to establish standard methods for
dietary supplement analysis. The ODS became involved because explicit wording in DSHEA required
the Government to use “publicly available” analytical methods for enforcement actions involving
dietary supplements. In response to the need for such publicly available methods and to support
efforts to validate methods used in biomedical research on dietary supplement ingredients, ODS
established the Analytical Methods and Reference Materials (AMRM) program in 2002.

ODS has been involved in sponsoring the creation of AOAC Official Methods of Analysis for
dietary supplements and in the development and dissemination of numerous analytical methods and
reference materials for 15 ingredients in dietary supplements in the USA, 32 botanical identification
and documentation projects, and 45 studies determining contamination and adulterants. It has also
helped to develop guidance on the validation of identity methods for botanical ingredients [70] and
the conduct of single-laboratory validation studies for dietary supplements, Appendix K, AOAC
Official Methods of Analysis, and provided guidance to evaluation of the literature on botanical
supplements [71,72]. The portion of the ODS website includes a searchable database of analytical
methods; these can be accessed at: https://ods.od.nih.gov/Research/ AMRMProgramWebsite.aspx.

ODS also supports the Dietary Supplement Laboratory Quality Assurance Program in which
participants measure concentrations of active and /or marker compounds and nutritional and toxic
elements in practice and test materials. Exercises have included water and fat-soluble vitamins,
nutritional and toxic elements, fatty acids, contaminants (e.g., aflatoxins, polyaromatic hydrocarbons
(PAH’s)) and botanical markers (e.g., phytosterols and flavonoids).

4.4. Reference Materials

ODS supports the development of certified reference materials for dietary supplement ingredients
with assigned values for concentrations of active and/or marker compounds, pesticides, and toxic
metals to assist in the verification of product label claims and in quality control during the manufacturing
process. A reference material is a material that is sufficiently homogeneous and stable with respect to one
or more specified properties, which have been established to be fit for its intended use in a measurement
process. A certified reference material (CRM) is a reference material characterized by a metrologically
valid procedure for one or more specified properties, accompanied by a certificate that provides the
value of the specified property, its associated uncertainty, and a statement of metrological traceability.
Certified reference materials can be used for laboratory proficiency studies, methods development,
method verification, and method validation studies. Calibration standards are the single chemical
entities necessary for construction of calibration curves for quantitative analysis and for confirming
analyte identity. Several processes are used to produce calibration standards. ODS provided funding
to the U.S. Department of Commerce’s National Institute of Standards and Technology (NIST) for the
development and distribution of calibration standard solutions and matrix standard reference materials
(SRM®; a NIST-trademarked type of CRM). The materials fall into one of the following categories:
(1) pure chemical entities or their mixtures, including many nutrients and other ingredients in dietary
supplements for use in establishing analyte identity and for calibrating instruments; (2) natural matrix
materials that represent the supply chain of a particular dietary supplement, e.g., biomass (ginkgo
leaves and powder), processed botanical ingredient (ginkgo extract), finished product; (3) natural matrix
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materials that cover a range of analytes including nutritional compounds, botanical marker compounds,
and compounds with known health concerns (heavy metals, pesticides, plant toxins); and (4) Clinical
materials that can be used to assist clinical laboratories assess nutrient status or exposure, such as the
measure of measure of vitamin D status commonly used around the world, serum 25-hydroxyvitamin
D [73-75]. ODS is now expanding efforts to develop biomarkers of nutrient exposure and status in
blood and other biological specimens in relation to chronic disease risk in individuals and populations.
ODS has worked with NIST to produce and make available reference materials for calibration of various
laboratory methods. Supplementary Table S1 shows NIST Standard Reference Materials (SRM®) now
available. Supplementary Table S2 shows dietary supplement and nutritional assessment SRMs that are
currently in progress.

4.5. Dietary Supplement Databases

Two databases have been developed by ODS that are described elsewhere in detail [76-80].
The goal of the Dietary Supplement Label Database (DSLD) is to include labels for virtually all
dietary supplements sold in the USA. This provides all the information on the product label including
composition, claims, and manufacturer contact information. It now contains over 72,000 dietary
supplement labels, with new labels added at the rate of 1000 per month. Used together with food
composition databases it is possible to estimate total daily intakes of nutrients and other bioactive
ingredients from both foods and dietary supplements. A mobile version of DSLD is now available for
use on smartphones to enhance consumer access to it [78,80]. It is primarily aimed at researchers and
so contains information about products that are currently on the market, as well as those that have
been removed from the market.

The Dietary Supplement Ingredient Database (DSID) provides analytically derived information
on the amount of labeled ingredients of a representative sample of commonly used categories of
supplement products sold in the USA, including adult, child and prenatal MVM supplements and
omega-3 fatty acids. DSID is now being expanded to examine botanicals and other ingredients in
supplements that are of public health interest, such as green tea products. Calculators included with
the DSID permit a consumer to examine how closely the labeled contents of a nutrient in a product
compare to chemical analyses of all products in the category [79].

4.6. Nutrition Research Methods and Review Methodology

Systematic reviews of dietary supplements require special techniques. ODS has sponsored a series
of technical reports on the application of review methodology to the field of nutrition and dietary
supplements [81-86]. Staff have also collaborated in performing systematic reviews with other groups [87,88].

4.7. Population-Based Monitoring of Dietary Supplement Use

In collaboration with the National Health and Nutrition Examination Survey (NHANES) of the
National Center for Health Statistics, ODS investigates patterns of dietary supplement use using
national and other large cohorts, and assesses supplements” effects on total nutrient intakes. Several
studies have focused on adults [89], children [90,91], and others in the population and their supplement
use. Other studies have focused on the contributions to total intakes of nutrients made by dietary
supplements. Investigators at ODS have been active in funding monitoring efforts on the links
between intakes of folic acid and health [92]. They have devoted particular attention to blood levels of
folic acid and dietary intake patterns that are associated with very low and very high intakes of the
nutrient [93-95]. The survey methods used are well documented and they may be useful for those in
other countries planning similar population-based surveys to consult [96].

The motivations for use of dietary supplements are also documented; they often differ from those
specified in regulations. NHANES contains several items that are consumer tested and available for
use in other surveys on motivations. Knowledge of motivations can improve understanding of how
people use these products and may provide clues for encouraging appropriate supplement use.
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4.8. Translation of Supplement Science for Health Professionals and the Public

ODS has produced and periodically updates a library of more than two dozen fact sheets on
the ingredients in supplements such as vitamin D, magnesium, and special products such as MVM
supplements and products marketed for weight loss. There is a detailed version for professionals
that is complete with detailed references, as well as easy-to-read versions for consumers in both
English and Spanish. ODS also works with the National Library of Medicine (NLM) to produce and
update a Dietary Supplement Subset of NLM’s PubMed. The National Center for Complementary
and Integrative Health (NCCIH) at NIH produces a series of fact sheets on many botanicals and
other non-nutrient bioactives in supplements that are also useful. They can be accessed at https:
/ /www.nccih.nih.gov. ODS also hosts an intensive, free 3-day course on issues in dietary supplement
research annually for researchers. Further information about these and other projects is accessible at:
https:/ /www.ods.od.nih.gov.

4.9. Other Resources

In order to foster the development of appropriate study methods for dietary supplement
research, ODS sponsors workshops on the latest knowledge and emerging approaches to the study of
dietary supplements. It also supports the development of cutting—edge approaches to elucidate the
mechanisms of action of complex botanical dietary supplements. It co-funds the Centers for Advancing
Research on Natural Products (CARBON) with the NCCIM, including its program to develop high
content high throughput methods to rapidly generate hypotheses on active compounds and the cellular
targets. These and other resources are announced as they become available on the ODS website.

4.10. Fostering Use of Systematic Evidence Reviews in Policy Making and Clinical Practice

ODS has strengthened the scientific framework for developing dietary recommendations by
encouraging the incorporation of systematic reviews into the development of the DRI. It has sponsored
18 systematic reviews on topics related to dietary supplements. These include ephedra, B vitamins,
MVM supplements, omega-3 fatty acids, soy, probiotics, and vitamin D. The ephedra systematic review
was helpful to the US government in banning ephedra products from the US market. The systematic
reviews of omega-3 fatty acids funded over a decade ago and more recent updates on their associations
with cardiovascular disease and infant health outcomes have been useful for planning intervention
programs as well as for regulatory purposes. Current AHRQ reviews are available on the AHRQ
website (https://www.ahrq.gov).

5. Future Needs

Attitudes toward safety, efficacy, and values about what is important in food and life will
be important in determining future needs involving supplement science in the countries we have
discussed and perhaps elsewhere in the world. Safety is critical, and requires better chains of custody
and product characterization that exists at present for these products, particularly those involving
global markets. Efficacy, that is that the health promotion claims for the product are true and not
misleading is also critical. Demonstrating efficacy requires clinical studies with well defined products
and rigorous experimental designs, and the studies must be replicable. To that end, many publishers
now require that submitted manuscripts comply with established guidelines for the reporting of
clinical trial results (e.g.,, CONSORT guidelines), while funders require demonstration of product
integrity by applicants [97,98]. Finally there are issues of personal choice and values, sometimes
involving the efficacy of supplements as complementary and alternative therapies that are part of
a larger philosophical or religious world views and systems. These must be accommodated without
abandoning safety.

Both basic and more applied challenges will continue well into the future. Much remains to be
learned about the effects of bioactive constituents such as flavonoids in foods and dietary supplements
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on health outcomes, as many recent papers in Nutrients and elsewhere indicate [99-101]. More and
better biomarkers need to be developed and their associations with health outcomes clarified [102].
Supplements intended to enhance sports performance [103] botanicals used for disease treatment [104]
and those ingredients thought to slow aging [105] all require identification of valid biomarkers of
efficacy as well as of exposure. The role of supplements and the gut microbiome also must be explored
for its associations with common diseases and conditions [106]. The associations between supplement
ingredients and health outcomes in chronic degenerative disease must be clarified [47,105,107-109].
High risk groups need more attention Certain subgroups within the population such as athletes
consume very high amounts of some supplements and it is important to monitor them to prevent
adverse outcomes and study the effects, if any, on athletic performance [110]. Others use supplements
in the hope that they will improve cognitive performance [103]. Those who practice polypharmacy
with prescription, non-prescription drugs and dietary supplements represent another high-risk group,
and interventions to limit the potential for adverse events are needed [111,112]. Collaborations among
scientists in many countries are needed to drive supplement science forward.

Irrespective of the type of health product, high quality science is fundamental to the success of any
regulatory framework. Assessments of the safety, quality and efficacy of nutrients and other bioactives
are needed to provide the scientific information that regulators need [113]. As mentioned earlier,
the nature and diversity of the sector means that regulators face a number of very specific challenges
for these low risk products. These include evaluating traditional evidence, dealing with products that
contain multiple bio-actives and addressing the growing challenges of ensuring product quality. It is
critical that scientists and regulators work together and learn from each other in both identifying issues
and developing ways in which they can be addressed. Although regulatory challenges must be met at
the national level, there must be due regard paid to the fact that national regulatory decisions about
supplements have global implications.

6. Conclusions

Science is vital in regulatory settings, and there is no reason that science and regulation should be
incompatible [114]. The challenges in supplement science and its regulation provide new opportunities
for scientists and regulators to work together both nationally and internationally, to learn from each
other, and to cooperate and when appropriate harmonize approaches to improve the public health.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/1/41/s1, Tables S1
and S2 Table S1 Standard Reference Materials (SRM®) available from the National Institute of Science and
Technology, US Department of Commerce. Table S2 Dietary supplement and nutritional assessment Standard
Reference Materials (SRM®) currently under development at the National Institute of Science and Technology,
US Department of Commerce (as of December 2016).

Acknowledgments: Funded by the National Institutes of Health, Bethesda, MD, USA. We thank Joseph M.
Betz, Leila Saldanha, Cara Welsh, for their thoughtful and critical reviews of the manuscript, and Joyce Merkel,
for technical editing and support.

Author Contributions: J.T.D. and PM.C. developed the concept for the manuscript. J.T.D., PM.C. and M.J.S.
wrote the manuscript.

Conflicts of Interest: Johanna T. Dwyer holds stock in several food and drug companies, and serves on the
scientific advisory boards of Conagra Foods, McCormick Spices, and as a consultant for Gerber/Nestle. She
accepted partial travel and per diem expenses to speak at a symposium on dietary supplements sponsored by the
International Association of Dietary/Food Supplement Associations at the International Congress of Nutrition in
Buenos Aires, Argentina in October 2017. Michael J. Smith holds stock in several food and drug companies as
well as acting as a consultant with clients in both the private and public sector including companies in dietary
supplement and natural health products sector. He sits on the scientific advisory board of ISURA and the advisory
board of the American Botanical Council. Paul M. Coates reports no conflicts of interest.

References

1. White, A. Growth-inhibition produced in rats by the oral administration of sodium benzoate: Effects of
various dietary supplements. Yale ]. Biol. Med. 1941, 13, 759-768. [PubMed]

18



Nutrients 2018, 10, 41

10.

11.

12.

13.

14.

15.

16.
17.
18.

19.

20.

21.

22.

23.

Kantor, E.D.; Rehm, C.D.; Du, M.; White, E.; Giovannucci, E.L. Trends in dietary supplement use among US
adults from 1999-2012. JAMA Intern. Med. 2016, 316, 1464-1474. [CrossRef] [PubMed]

Marik, PE.; Flemmer, M. Do dietary supplements have beneficial health effects in industrialized nations:
What is the evidence? JPEN ]. Parenter. Enter. Nutr. 2012, 36, 159-168. [CrossRef] [PubMed]

Manson, J.E.; Brannon, PM.; Rosen, C.J.; Taylor, C.L. Vitamin D deficiency—Is there really a pandemic?
N. Engl. ]. Med. 2016, 375, 1817-1820. [CrossRef] [PubMed]

Balentine, D.A.; Dwyer, J.T.; Erdman, J.W.,, Jr.; Ferruzzi, M.G.; Gaine, P.C.; Harnly, ].M.; Kwik-Uribe, C.L.
Recommendations on reporting requirements for flavonoids in research. Am. J. Clin. Nutr. 2015, 101, 1113-1125.
[CrossRef] [PubMed]

Betz, ].M.; (NIH Office of Dietary Supplements, Bethesda, MD, USA). Personal communication, 2017.
Mudge, E.M.; Betz, ].M.; Brown, P.N. The importance of method selection in determining product integrity
for nutrition research. Adv. Nutr. 2016, 7, 390-398. [CrossRef] [PubMed]

Orhan, LE.; Senol, FS.; Skalicka-Wozniak, K.; Georgiev, M.; Sener, B. Adulteration and safety issues
in nutraceuticals and dietary supplements: Innocent or risky? In Nutraceuticals, Nanotechnology in the
Agri-Food Industry; Grumezescu, A.M., Ed.; Academic Press: Amsterdam, The Netherlands, 2016; Volume 4,
pp. 153-182.

AOAC International. AOAC International guidelines for validation of botanical identification methods.
J. AOAC Int. 2012, 95, 268-272.

Dwyer, ].T.; Holden, J.; Andrews, K.; Roseland, J.; Zhao, C.; Schweitzer, A.; Perry, C.R.; Harnly, J.; Wolf, WR.;
Picciano, MLF,; et al. Measuring vitamins and minerals in dietary supplements for nutrition studies in the
USA. Anal. Bioanal. Chem. 2007, 389, 37-46. [CrossRef] [PubMed ]

Swanson, C.A. Suggested guidelines for articles about botanical dietary supplements. Am. J. Clin. Nutr.
2002, 75, 8-10. [PubMed]

Wolsko, P.M.; Solondz, D.K.; Phillips, R.S.; Schachter, S.C.; Eisenberg, D.M. Lack of herbal supplement
characterization in published randomized controlled trials. Am. J. Med. 2005, 118, 1087-1093. [CrossRef]
[PubMed]

Gagnier, ].J.; DeMelo, J.; Boon, H.; Rochon, P.; Bombardier, C. Quality of reporting of randomized controlled
trials of herbal medicine interventions. Am. J. Med. 2006, 119, 800.e1-800.e11. [CrossRef] [PubMed]
Dwyer, J.; Costello, R.B.; Merkel, ]. Assessment of dietary supplements. In Nutrition in the Prevention and
Treatment of Disease, 4th ed.; Coulston, A.M., Boushey, C.J., Rerruzai, M.G., Delahaty, L.M., Eds.; Academic
Press: London, UK, 2017; pp. 49-70.

Ahluwalia, N.; Dwyer, J.; Terry, A.; Moshfegh, A_; Johnson, C. Update on NHANES dietary data: Focus on
collection, release, analytical considerations, and uses to inform public policy. Adv. Nutr. 2016, 7, 121-134.
[CrossRef] [PubMed]

Chan, M. Forward. In WHO Traditional Medicine Strategy: 2014-2023; WHO: Hong Kong, China, 2013; pp. 7-8.
Dickinson, A. History and overview of DSHEA. Fitoterapia 2011, 82, 5-10. [CrossRef] [PubMed]

Taylor, C.L. Regulatory frameworks for functional foods and dietary supplements. Nutr. Rev. 2004, 62, 55-59.
[CrossRef] [PubMed]

Australian Government Department of Health Therapeutic Goods Administration. The Poisons Standard
(the SUSMP). Available online: https:/ /www.tga.gov.au/publication/poisons-standard-susmp (accessed on
17 September 2017).

U.S. Food and Drug Administration. Dietary Supplements. Available online: https://www.fda.gov/food/
dietarysupplements/ (accessed on 17 September 2017).

Health Canada. Monograph: Melatonin—Oral. Available online: http://webprod.hc-sc.gc.ca/nhpid-
bdipsn/monoReq.do?id=136 (accessed on 17 September 2017).

Ventola, C.L. Current issues regarding complementary and alternative medicine (CAM) in the United States:
Part 2: Regulatory and safety concerns and proposed governmental policy changes with respect to dietary
supplements. P T 2010, 35, 514-522. [PubMed]

World Health Organization. National Policy on Traditional Medicine and Regulation of Herbal Medicines—Report
of a WHO Global Survey. Available online: http://apps.who.int/medicinedocs/en/d/Js7916e/ (accessed on
6 November 2017).

19



Nutrients 2018, 10, 41

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Health Canada Natural and Non-prescription Health Products Directorate (NNHPD) About Natural Health
Product Regulation in Canada. Available online: https://www.canada.ca/en/health-canada/services/
drugs-health-products/natural-non-prescription/regulation.html (accessed on 5 September 2017).
Australian Government Department of Health Therapeutic Goods Administration. Exposure Drafts: Therapeutic
Goods Amendment (2017 Measures No. 1) Bill 2017 and Therapeutic Goods (Charges) Amendment Bill 2017.
Available online: https:/ /www.tga.gov.au/consultation/consultation-exposure-drafts-2017 (accessed on
17 September 2017).

European Commission Directorate-General for Health and Food Safety. Herbal Medicinal Products. Available
online: https:/ /ec.europa.eu/health/human-use/herbal-medicines_en (accessed on 17 September 2017).
U.S. Food and Drug Administration. New Dietary Ingredients (NDI) Notification Process. Available online:
https:/ /www.fda.gov/food/dietarysupplements/newdietaryingredientsnotificationprocess/default.htm
(accessed on 17 September 2017).

Australian Government Department of Health Therapeutic Goods Administration. Australian Regulatory
Guidelines for Complementary Medicines (ARGCM). Available online: https:/ /www.tga.gov.au/publication/
australian-regulatory-guidelines-complementary-medicines-argem (accessed on 17 September 2017).
Australian Government Department of Health Therapeutic Goods Administration. Medicines and Medical
Devices Regulation Review. Available online: https:/ /www.tga.gov.au/mmdr (accessed on 17 September 2017).
Australian Government Department of Health Therapeutic Goods Administration. Australian Government
Response to the Review of Medicines and Medical Devices Regulation. Available online: https://www.tga.
gov.au/australian-government-response-review-medicines-and-medical-devices-regulation (accessed on
17 September 2017).

Government of Canada. Category Specific Guidance for Temporary Marketing Authorization: Supplemented
Food. Available online: https://www.canada.ca/en/health-canada/services/food-nutrition/legislation-
guidelines/guidance-documents/ category-specific-guidance-temporary-marketing-authorization-
supplemented-food.html (accessed on 17 September 2017).

Government of Canada Health Canada. Consulting Canadians on the Regulation of Self-Care Products in
Canada. Available online: https:/ /www.canada.ca/en/health-canada/programs/consultation-regulation-self-
care-products/ consulting-canadians-regulation-self-care-products-canada.html (accessed on 17 September 2017).
Physiopedia. Evidence Based Practice (EBP). Available online: https:/ /www.physio-pedia.com/Evidence_
Based_Practice_(EBP) (accessed on 17 September 2017).

Australian Government Department of Health Therapeutic Goods Administration. Complementary
Medicine Interface Issues. Available online: https:/ /www.tga.gov.au/complementary-medicine-interface-
issues (accessed on 17 September 2017).

Singapore Government Health Science Authority. ASEAN Harmonization of Traditional Medicines and
Health Supplements. Available online: http://www.hsa.gov.sg/content/hsa/en/Health_Products_Regulation/
Complementary_Health_Products/Overview /ASEAN_Harmonization_of_Traditional_Medicines_and_
Health_Supplements.html (accessed on 17 September 2017).

World Health Organization. International Regulatory Cooperation for Herbal Medicines (IRCH). Available
online: http://www.who.int/medicines/areas/traditional /irch/en/ (accessed on 17 September 2017).
Gorman, U.; Mathers, J.C.; Grimaldi, K.A.; Ahlgren, J.; Nordstrom, K. Do we know enough? A scientific and
ethical analysis of the basis for genetic-based personalized nutrition. Genes Nutr. 2013, 8, 373-381. [CrossRef]
[PubMed]

De Toro-Martin, J.; Arsenault, B.J.; Despres, J.P.; Vohl, M.C. Precision nutrition: A review of personalized
nutritional approaches for the prevention and management of metabolic syndrome. Nutrients 2017, 9, 913.
[CrossRef] [PubMed]

World Health Organization. WHO Traditional Medicine Strategy: 2014-2023. Available online: http:/ /www.
who.int/medicines/publications/traditional /trm_strategy14_23/en/ (accessed on 17 September 2017).
Drueke, T.B.; Massy, Z.A. Role of vitamin D in vascular calcification: Bad guy or good guy? Nephrol. Dial. Transplant.
2012, 27, 1704-1707. [CrossRef] [PubMed]

Rooney, M.R.; Harnack, L.; Michos, E.D.; Ogilvie, R.P,; Sempos, C.T.; Lutsey, PL. Trends in use of high-dose
vitamin D supplements exceeding 1000 or 4000 international units daily, 1999-2014. JAMA Intern. Med. 2017, 317,
2448-2450. [CrossRef] [PubMed]

20



Nutrients 2018, 10, 41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Prentice, R.L.; Pettinger, M.B.; Jackson, R.D.; Wactawski-Wende, J.; Lacroix, A.Z; Anderson, G.L.;
Chlebowski, R.T.; Manson, J.E.; Van Horn, L.; Vitolins, M.Z; et al. Health risks and benefits from calcium
and vitamin D supplementation: Women’s Health Initiative clinical trial and cohort study. Osteoporos. Int.
2013, 24, 567-580. [CrossRef] [PubMed]

Fulgoni, V.L., 3rd; Keast, D.R.; Bailey, R.L.; Dwyer, J. Foods, fortificants, and supplements: Where do
Americans get their nutrients? J. Nutr. 2011, 141, 1847-1854. [CrossRef] [PubMed]

Boyles, A.L.; Yetley, E.A.; Thayer, K.A.; Coates, P.M. Safe use of high intakes of folic acid: Research challenges
and paths forward. Nutr. Rev. 2016, 74, 469-474. [CrossRef] [PubMed]

Dwyer, ].T.; Wiemer, K.L.; Dary, O.; Keen, C.L.; King, ].C.; Miller, K.B.; Philbert, M.A_; Tarasuk, V.; Taylor, C.L.;
Gaine, P.C,; et al. Fortification and health: Challenges and opportunities. Adv. Nutr. 2015, 6, 124-131.
[CrossRef] [PubMed]

Dwyer, ].T.; Woteki, C.; Bailey, R.; Britten, P; Carriquiry, A.; Gaine, P.C.; Miller, D.; Moshfegh, A.; Murphy, M.M.;
Smith Edge, M. Fortification: New findings and implications. Nutr. Rev. 2014, 72, 127-141. [CrossRef] [PubMed]
Yetley, E.A.; MacFarlane, A.J.; Greene-Finestone, L.S.; Garza, C.; Ard, J.D.; Atkinson, S.A.; Bier, D.M,;
Carriquiry, A.L.; Harlan, W.R.; Hattis, D.; et al. Options for basing Dietary Reference Intakes (DRIs) on
chronic disease endpoints: Report from a joint US-/Canadian-sponsored working group. Am. J. Clin. Nutr.
2017, 105, 249s-285s. [CrossRef] [PubMed]

Gaine, P.C.; Balentine, D.A.; Erdman, ].W., Jr.; Dwyer, ].T.; Ellwood, K.C.; Hu, EB.; Russell, R M. Are dietary
bioactives ready for recommended intakes? Adv. Nutr. 2013, 4, 539-541. [CrossRef] [PubMed]

Brown, A.C. Liver toxicity related to herbs and dietary supplements: Online table of case reports. Part 2 of 5
series. Food Chem. Toxicol. 2017, 107, 472-501. [CrossRef] [PubMed]

Saldanha, L.; Dwyer, J.; Andrews, K.; Betz, J.; Harnly, J.; Pehrsson, P.; Rimmer, C.; Savarala, S. Feasibility of
including green tea products for an analytically verified dietary supplement database. J. Food Sci. 2015, 80,
HB883-H888. [CrossRef] [PubMed]

Sander, L.C.; Bedner, M.; Tims, M.C.; Yen, J.H.; Duewer, D.L.; Porter, B.; Christopher, S.J.; Day, R.D.;
Long, S.E.; Molloy, J.L.; et al. Development and certification of green tea-containing standard reference
materials. Anal. Bioanal. Chem. 2012, 402, 473-487. [CrossRef] [PubMed]

De Boer, Y.S.; Sherker, A.H. Herbal and dietary supplement-induced liver injury. Clin. Liver Dis. 2017, 21,
135-149. [CrossRef] [PubMed]

Avigan, M.L; Mozersky, R.P; Seeff, L.B. Scientific and regulatory perspectives in herbal and dietary
supplement associated hepatotoxicity in the United States. Int. ]. Mol. Sci. 2016, 17, 331. [CrossRef] [PubMed]
Brown, A.C. An overview of herb and dietary supplement efficacy, safety and government regulations in
the United States with suggested improvements. Part 1 of 5 series. Food Chem. Toxicol. 2017, 107, 449-471.
[CrossRef] [PubMed]

Gardiner, P.; Phillips, R.; Shaughnessy, A.F. Herbal and dietary supplement-drug interactions in patients
with chronic illnesses. Am. Fam. Physician 2008, 77, 73-78. [PubMed]

Tsai, H.H.; Lin, H.W.; Simon Pickard, A.; Tsai, H.Y.; Mahady, G.B. Evaluation of documented drug interactions
and contraindications associated with herbs and dietary supplements: A systematic literature review. Int. J.
Clin. Pract. 2012, 66, 1056-1078. [CrossRef] [PubMed]

Gagnier, J.J.; Boon, H.; Rochon, P.; Moher, D.; Barnes, J.; Bombardier, C.; Group, C. Reporting randomized,
controlled trials of herbal interventions: An elaborated CONSORT statement. Ann. Intern. Med. 2006, 144,
364-367. [CrossRef] [PubMed]

Blumberg, ].B.; Frei, B.B.; Fulgoni, V.L.; Weaver, C.M.; Zeisel, S.H. Impact of frequency of multi-vitamin/
multi-mineral supplement intake on nutritional adequacy and nutrient deficiencies in U.S. adults. Nutrients
2017, 9, 849. [CrossRef] [PubMed]

Raghavan, R.; Ashour, ES.; Bailey, R. A review of cutoffs for nutritional biomarkers. Adv. Nutr. 2016, 7,
112-120. [CrossRef] [PubMed]

Centers for Disease Control and Prevention National Center for Environmental Health Division of Laboratory
Sciences. Second National Report on Biochemical Indicators of Diet and Nutrition in the U.S. Population; Centers for
Disease Control and Prevention: Atlanta, GA, USA, 2012.

Bailey, L.B.; Stover, PJ.; McNulty, H.; Fenech, M.E,; Gregory, ].E, 3rd; Mills, J.L.; Pfeiffer, C.M.; Fazili, Z.;
Zhang, M.; Ueland, PM.; et al. Biomarkers of nutrition for development-folate review. J. Nutr. 2015, 145,
1636s-1680s. [CrossRef] [PubMed]

21



Nutrients 2018, 10, 41

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.
81.

82.

83.

Branum, A.M.; Bailey, R.; Singer, B.J. Dietary supplement use and folate status during pregnancy in the
United States. J. Nutr. 2013, 143, 486-492. [CrossRef] [PubMed]

Balk, E.M.; Lichtenstein, A.H. Omega-3 fatty acids and cardiovascular disease: Summary of the 2016 Agency
of Healthcare Research and Quality evidence review. Nutrients 2017, 9, 865. [CrossRef] [PubMed]

Ershow, A.G.; Skaeff, S.; Merkel, J.; Pehrsson, P. Development of databases on iodine in foods and dietary
supplements. Nutrients 2018, in press.

Taylor, C.L.; Sempos, C.T.; Davis, C.D.; Brannon, P.M. Vitamin D: Moving forward to address emerging
science. Nutrients 2017, 9, 1308. [CrossRef] [PubMed]

Brannon, PM.; Taylor, C.L. Iron supplementation during pregnancy and infancy: Uncertainties and implications
for research and policy. Nutrients 2017, 9, 1327. [CrossRef] [PubMed]

Kuszak, A.J.; Hopp, D.C.; Williamson, J.S.; Betz, ].M.; Sorkin, B.C. Approaches by the U.S. National Institutes of
Health to support rigorous scientific research on dietary supplements and natural products. Drug Test. Anal.
2016, 8, 413-417. [CrossRef] [PubMed]

Betz, ].M.; Fisher, K.D.; Saldanha, L.G.; Coates, PM. The NIH analytical methods and reference materials
program for dietary supplements. Anal. Bioanal. Chem. 2007, 389, 19-25. [CrossRef] [PubMed]

Betz, ] M.; Brown, PN.; Roman, M.C. Accuracy, precision, and reliability of chemical measurements in
natural products research. Fitoterapia 2011, 82, 44-52. [CrossRef] [PubMed]

LaBudde, R.A.; Harnly, ].M. Probability of identification: A statistical model for the validation of qualitative
botanical identification methods. J. AOAC Int. 2012, 95, 273-285. [CrossRef] [PubMed]

Betz, ].M.; Hardy, M.L. Evaluating the botanic dietary supplement literature. In The HERBAL Guide: Dietary
Supplement Resources for the Clinician; Bonakdar, R.A., Ed.; Lippincott Williams and Wilkins: Philadelphia,
PA, USA, 2010; pp. 175-184.

Betz, ].M.; Hardy, M.L. Evaluating the botanical dietary supplement literature: How healthcare providers can
better understand the scientific and clinical literature on herbs and phytomedicines. HerbalGram 2014, 101,
58-67.

Brooks, S.PJ.; Sempos, C.T. The importance of 25-hydroxyvitamin D assay standardization and the Vitamin D
Standardization Program. J. AOAC Int. 2017, 100, 1223-1224. [CrossRef] [PubMed]

Phinney, KW.; Tai, S.S.; Bedner, M.; Camara, J.E.; Chia, R.R.C.; Sander, L.C.; Sharpless, K.E.; Wise, S.A;
Yen, ].H.; Schleicher, R.L.; et al. Development of an improved standard reference material for vitamin D
metabolites in human serum. Anal. Chem. 2017, 89, 4907-4913. [CrossRef] [PubMed]

Phinney, K.W.; Bedner, M; Tai, S.S.; Vamathevan, V.V,; Sander, L.C.; Sharpless, K.E.; Wise, S.A_; Yen, ].H.;
Schleicher, R.L.; Chaudhary-Webb, M.; et al. Development and certification of a standard reference material
for vitamin D metabolites in human serum. Anal. Chem. 2012, 84, 956-962. [CrossRef] [PubMed]

Dwyer, ].T.; Picciano, M.E; Betz, ] M.; Fisher, K.D.; Saldanha, L.G.; Yetley, E.A.; Coates, PM.; Milner, J.A.;
Whitted, J.; Burt, V,; et al. Progress in developing analytical and label-based dietary supplement databases at
the NIH Office of Dietary Supplements. ]. Food Compost. Anal. 2008, 21, S83-593. [CrossRef] [PubMed]
Dwyer, J.T.; Saldanha, L.G.; Bailen, R.A_; Bailey, R.L.; Costello, R.B.; Betz, ].M.; Chang, EE; Goshorn, J.;
Andrews, KW.; Pehrsson, P.R; et al. A free new dietary supplement label database for registered dietitian
nutritionists. J. Acad. Nutr. Diet. 2014, 114, 1512-1517. [CrossRef] [PubMed]

Dwyer, J.T.; (NIH Office of Dietary Supplements, Bethesda, MD, USA). Personal communication, 2017.
Andrews, KW.; (USDA-ARS Beltsville Human Nutrition Research Center, Beltsville, MD, USA). Personal
communication, 2017.

Saldanha, L.G.; (NIH Office of Dietary Supplements, Bethesda, MD, USA). Personal communication, 2017.
Lichtenstein, A.H.; Yetley, E.A.; Lau, J. Application of Systematic Review Methodology to the Field of Nutrition:
Nutritional Research Series; Agency for Healthcare Research and Quality: Rockville, MD, USA, 2009; Volume 1.
Helfand, M.; Balshem, H. AHRQ series paper 2: Principles for developing guidance: AHRQ and the effective
health-care program. J. Clin. Epidemiol. 2010, 63, 484-490. [CrossRef] [PubMed]

Trikalinos, T.A.; Lee, ].; Moorthy, D.; Yu, W.W.; Lau, J.; Lichtenstein, A.H.; Chung, M. Effects of Eicosapentanoic
Acid and Docosahexanoic Acid on Mortality across Diverse Settings: Systematic Review and Meta-Analysis of
Randomized Trials and Prospective Cohorts: Nutritional Research Series; Agency for Healthcare Research and
Quality: Rockville, MD, USA, 2012; Volume 4.

22



Nutrients 2018, 10, 41

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.
98.

99.

100.

101.

102.

103.

Trikalinos, T.A.; Moorthy, D.; Chung, M.; Yu, WW.; Lee, ] H.; Lichtenstein, A.H.; Lau, J. Comparison of
Translational Patterns in Two Nutrient-Disease Associations; Agency for Healthcare Research and Quality:
Rockville, MD, USA, 2011.

Moorthy, D.; Chung, M.; Lee, J.; Yu, WW.; Lau, J.; Trikalinos, T.A. Concordance between the Findings of
Epidemiological Studies and Randomized Trials in Nutrition: An Empirical Evaluation and Citation Analysis;
Agency for Healthcare Research and Quality: Rockville, MD, USA, 2013.

Brannon, PM.; Taylor, C.L.; Coates, PM. Use and applications of systematic reviews in public health nutrition.
Annu. Rev. Nutr. 2014, 34, 401-419. [CrossRef] [PubMed]

Ko, R.; Low Dog, T.; Gorecki, D.K.; Cantilena, L.R.; Costello, R.B.; Evans, W.J.; Hardy, M.L.; Jordan, S.A;
Maughan, R.J.; Rankin, ].W.; et al. Evidence-based evaluation of potential benefits and safety of beta-alanine
supplementation for military personnel. Nutr. Rev. 2014, 72, 217-225. [CrossRef] [PubMed]

Brooks, J.R.; Oketch-Rabah, H.; Low Dog, T.; Gorecki, D.K.; Barrett, M.L.; Cantilena, L.; Chung, M.;
Costello, R.B.; Dwyer, J.; Hardy, M.L,; et al. Safety and performance benefits of arginine supplements
for military personnel: A systematic review. Nutr. Rev. 2016, 74, 708-721. [CrossRef] [PubMed]

Bailey, R.L.; Gahche, J.J.; Miller, PE.; Thomas, P.R.; Dwyer, ].T. Why US adults use dietary supplements.
JAMA Intern. Med. 2013, 173, 355-361. [CrossRef] [PubMed]

Bailey, R.L.; Gahche, ].J.; Thomas, PR.; Dwyer, ].T. Why US children use dietary supplements. Pediatr. Res.
2013, 74, 737-741. [CrossRef] [PubMed]

Berner, L.A.; Keast, D.R.; Bailey, R.L.; Dwyer, ].T. Fortified foods are major contributors to nutrient intakes in
diets of US children and adolescents. J. Acad. Nutr. Diet. 2014, 114, 1009-1022.e8. [CrossRef] [PubMed]
Taylor, C.L.; Bailey, R.L.; Carriquiry, A.L. Use of folate-based and other fortification scenarios illustrates
different shifts for tails of the distribution of serum 25-hydroxyvitamin D concentrations. J. Nutr. 2015, 145,
1623-1629. [CrossRef] [PubMed]

Pfeiffer, C.M.; Hughes, J.P.; Lacher, D.A.; Bailey, R.L.; Berry, RJ.; Zhang, M.; Yetley, E.A.; Rader, ].I;
Sempos, C.T.; Johnson, C.L. Estimation of trends in serum and RBC folate in the U.S. population from
pre- to postfortification using assay-adjusted data from the NHANES 1988-2010. J. Nutr. 2012, 142, 886-893.
[CrossRef] [PubMed]

Pfeiffer, C.M.; Sternberg, M.R.; Hamner, H.C.; Crider, K.S.; Lacher, D.A.; Rogers, L.M.; Bailey, R.L.; Yetley, E.A.
Applying inappropriate cutoffs leads to misinterpretation of folate status in the US population. Am. ]. Clin. Nutr.
2016, 104, 1607-1615. [CrossRef] [PubMed]

Pfeiffer, C.M.; Lacher, D.A.; Schleicher, R.L.; Johnson, C.L.; Yetley, E.A. Challenges and lessons learned in
generating and interpreting NHANES nutritional biomarker data. Adv. Nutr. 2017, 8, 290-307. [CrossRef]
[PubMed]

Gabhche, J.J.; (NIH Office of Dietary Supplements, Bethesda, MD, USA). Personal communication, 2017.
NIH National Center for Complementary and Integrative Health. NCCIH Policy: Natural Product Integrity.
Available online: https:/ /nccih.nih.gov/research/policies/naturalproduct.htm (accessed on 7 November 2017).
NIH Office of Extramural Research. Grants & Funcing—Rigor and Reproducibility. Available online:
https:/ /grants.nih.gov/reproducibility /index.htm#guidance (accessed on 7 November 2017).

Sebastian, R.S.; Wilkinson Enns, C.; Goldman, J.D.; Moshfegh, A.J. Dietary flavonoid intake is inversely
associated with cardiovascular disease risk as assessed by body mass index and waist circumference among
adults in the United States. Nutrients 2017, 9, 827. [CrossRef] [PubMed]

Dwyer, ].T.; Peterson, J. Tea and flavonoids: Where we are, where to go next. Am. J. Clin. Nutr. 2013, 98,
1611s-1618s. [CrossRef] [PubMed]

Gonzélez-Sarrias, A.; Combet, E.; Pinto, P.; Mena, P; Dall’Asta, M.; Garcia-Aloy, M.; Rodriguez-Mateos, A.;
Gibney, E.R.; Dumont, J.; Massaro, M.; et al. A systematic review and meta-analysis of the effects of
flavanol-containing tea, cocoa and apple products on body composition and blood lipids: Exploring the
factors responsible for variability in their efficacy. Nutrients 2017, 9, 746. [CrossRef]

Kim, K.; Vance, T.; Chun, O. Greater total antioxidant capacity from diet and supplements is associated with
a less atherogenic blood profile in U.S. adults. Nutrients 2016, 8, 15. [CrossRef] [PubMed]

Kuhman, D.J.; Joyner, KJ.; Bloomer, R.J. Cognitive performance and mood following ingestion of a theacrine-
containing dietary supplement, caffeine, or placebo by young men and women. Nutrients 2015, 7, 9618-9632.
[CrossRef] [PubMed]

23



Nutrients 2018, 10, 41

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Costello, R.B.; Dwyer, J.T.; Bailey, R.L. Chromium supplements for glycemic control in type 2 diabetes:
Limited evidence of effectiveness. Nutr. Rev. 2016, 74, 455-468. [CrossRef] [PubMed]

Delmas, D. Nutrients Journal Selected Papers from Resveratrol Regional Meeting 2015—Special Issue.
Available online: http://www.mdpi.com/journal /nutrients/special_issues/resveratrol_regional_meeting_
2015 (accessed on 30 August 2017).

Davis, C.D. The gut microbiome and its role in obesity. Nutr. Today 2016, 51, 167-174. [CrossRef] [PubMed]
Perez-Cano, FJ.; Castell, M. Flavonoids, inflammation and immune system. Nutrients 2016, 8, 659. [CrossRef]
[PubMed]

Chamcheu, J.C; Syed, D.N. Nutrients Journal Special Issue “Nutraceuticals and the Skin: Roles in Health and
Disease”. Available online: http:/ /www.mdpi.com/journal /nutrients/special_issues/nutraceuticals_skin
(accessed on 17 September 2017).

Castell, M.; Perez Cano, EJ. Nutrients Journal Special Issue “Flavonoids, Inflammation and Immune System”.
Available online: http://www.mdpi.com/journal /nutrients/special_issues/flavonoids-inflammation-
immune-system (accessed on 1 November 2017).

Wardenaar, F; Brinkmans, N.; Ceelen, I.; Van Rooij, B.; Mensink, M.; Witkamp, R.; De Vries, ]. Micronutrient
intakes in 553 Dutch elite and sub-elite athletes: Prevalence of low and high intakes in users and non-users
of nutritional supplements. Nutrients 2017, 9, 142. [CrossRef] [PubMed]

Chiba, T; Sato, Y.; Suzuki, S.; Umegaki, K. Concomitant use of dietary supplements and medicines in patients
due to miscommunication with physicians in Japan. Nutrients 2015, 7, 2947-2960. [CrossRef] [PubMed]
Chiba, T.; Sato, Y.; Nakanishi, T.; Yokotani, K.; Suzuki, S.; Umegaki, K. Inappropriate usage of dietary
supplements in patients by miscommunication with physicians in Japan. Nutrients 2014, 6, 5392-5404.
[CrossRef] [PubMed]

Taylor, C.L.; Yetley, E.A. Nutrient risk assessment as a tool for providing scientific assessments to regulators.
J. Nutr. 2008, 138, 1987s-1991s. [PubMed]

Yetley, E.A. Science in the regulatory setting: A challenging but incompatible mix? Novartis Found. Symp.
2007, 282, 59-68; discussion 69-76, 212-218. [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

24



e nutrients ﬁw\n\py

Review

Current Status of Legislation on Dietary Products for
Sportspeople in a European Framework

José Miguel Martinez-Sanz 1>*, Isabel Sospedra 12, Eduard Baladia 23, Laura Arranz %,
g P

Rocio Ortiz-Moncada >° and Angel Gil-Izquierdo ¢

1 Nursing Department, Faculty of Health Sciences, University of Alicante, 03690 Alicante, Spain;

isospedra@ua.es
2 Research Group on Food and Nutrition (ALINUT), University of Alicante, 03690 Alicante, Spain;
e.baladia@academianutricion.org (E.B.); rocio.ortiz@ua.es (R.O.-M.); angelgil@cebas.csic.es (A.G.-L.)
3 Evidence-Based Nutrition Network (RED-NuBE), Spanish Academy of Nutrition and Dietetics (AEND),
31006 Navarra, Spain
Department of Nutrition and Food Science, Faculty of Pharmacy, University of Barcelona,
08007 Barcelona, Spain; gana_bcn@yahoo.es
Department of Community Nursing, Preventive Medicine and Public Health and History of Science Health,
University of Alicante, 03690 Alicante, Spain
Quality, Safety, and Bioactivity of Plant Foods Group, Department of Food Science and Technology,
CEBAS-CSIC, University of Murcia, 30100 Murcia, Spain
*  Correspondence: josemiguel.ms@ua.es; Tel.: +34-965909408

Received: 14 September 2017; Accepted: 5 November 2017; Published: 8 November 2017

Abstract: The consumption of nutritional ergogenic aids is conditioned by laws/regulations,
but standards/regulations vary between countries. The aim of this review is to explore legislative
documents that regulate the use of nutritional ergogenic aids intended for sportspeople in a
Spanish/European framework. A narrative review has been developed from official websites of
Spanish (Spanish Agency of the Consumer, Food Safety, and Nutrition) and European (European
Commission and European Food Safety Authority) bodies. A descriptive analysis of documents was
performed. Eighteen legislative documents have been compiled in three sections: (1) Advertising of
any type of food and/or product; (2) Composition, labeling, and advertising of foods; (3) Nutritional
ergogenic aids. In spite of the existence of these legal documents, the regulation lacks guidance
on the use/application of nutritional ergogenic aids for sportspeople. It is essential to prevent the
introduction or dissemination of false, ambiguous, or inexact information and contents that induce
an error in the receivers of the information. In this field, it is worth highlighting the roles of the
European Food Safety Authority and the World Anti-Doping Agency, which provide information
about consumer guidelines, prescribing practices, and recommendations for the prudent use of
nutritional ergogenic aids.

Keywords: food legislation; health claims; nutritional ergogenic aids

1. Introduction

Ergogenic aids have been defined as substances or methods used to improve endurance,
total fitness level, and sports performance; they could be anything that gives a mental or physical edge
while exercising or competing. These aids are classified as nutritional, pharmacologic, physiologic,
or psychological [1,2]. In the field of nutrition, foods and food components that can improve the
capacity of an individual to perform an exercise task have also been described as ergogenic aids [3].

In the context of sport, nutritional ergogenic aids are commonly known as dietary or sport
supplements, sports food, or food aids, and have been used for different purposes: in particular,
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to increase energy, maintain strength, health and the immune system, enhance performance,
and prevent nutritional deficiencies [4-7]. However, the use of sports food involves both benefits and
risks. Its inadequate consumption can cause adverse effects on the athlete’s health [6,8]. An example
of these undesirable effects are unintentional doping situations, caused by the intake of nutritional
ergogenic aids containing substances prohibited by the World Anti-Doping Agency (WADA) [9].

The consumption of nutritional ergogenic aids by athletes is conditioned by specific laws,
regulations, or instructions. Such legislation should provide advice or recommendations regarding
the usage, dose, security, and any precautions and warnings for these substances. It should also
provide information about their market access and availability, as well as their efficiency with respect
to enhancing sport performance.

These are general principles of action on public health to ensure that the population can achieve
or maintain the highest standard of health [10]. However, some popular products are marketed as
ergogenic aids despite a lack of objective evidence to support claims of an ergogenic effect [11].

Standards and regulations on nutritional ergogenic aids vary between countries and also between
different types of products. In the European Union and its member states, several provisions on
sport foods can be found. All of them include labeling (health or performance claims in labels),
safety, and marketing aspects and the contents of vitamins, minerals, and other substances [12,13].
However, currently there is no specific legislation on nutritional ergogenic aids.

Misleading advertising as well as an incomplete labeling may also have consequences for the
health of the consumers due to a chemical risk linked to doping substances, if non-approved ingredients
are used or contamination occurs [14,15].

Beyond European borders, similar situations can be found. In the United States, the Food and
Drug Administration (FDA), broadly speaking, regulates quality and the Federal Trade Commission
supervises the marketing and advertising of dietary supplements [16]. According to the Dietary
Supplement Health and Education Act (DSHEA) [17], dietary supplements, including nutritional
ergogenic aids, that are not intended to diagnose, treat, cure, or prevent any disease currently do not
need to be evaluated by the FDA prior to their commercialization. The manufacturers are responsible
for the determination of the purity, benefits, efficacy, safety, and compositional specifications that the
supplement is required to meet [18].

On the basis of the level of scientific evidence and its practical applications, the American Dietetic
Association and the Australian Institute of Sport proposed a provisional classification of nutritional
ergogenic aids: (1) Supported for use in specific situations in sport using evidence-based protocols;
(2) Deserving of further research and could be considered for provision to athletes under a research
protocol or case-managed monitoring situation; (3) Having little meaningful proof of beneficial effects;
(4) Banned or at high risk of contamination with substances that could lead to a positive drug test [19].

The absence of supporting legislation in Europe contributes to the misleading advertising. As a
result of this lack of legislation on nutritional ergogenic aids, the companies can make unsubstantiated
claims about the efficacy of the products. Advertisements and health/performance claims in labels
with references to improved athletic performance without any scientific evidence can be found on
the market.

Thus, since there is no specific legislation on nutritional ergogenic aids, the aim of the present
study is to explore legislative documents that regulate the use of nutritional ergogenic aids intended
for sportspeople in the Spanish and European frameworks.

2. Materials and Methods

The methodology was developed by different strategies, as follows:

(1) A narrative review of legislative documents related to nutritional ergogenic aids, especially
for sportspeople, has been developed. The information was extracted from the official websites of
Spanish and European bodies. A legislative document is considered to be the laws, regulations, and/or
standards laid down by the competent authority in the national or European field.
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The search for Spanish documents was carried out on the website of the Spanish Agency for the
Consumer, Food Safety, and Nutrition (AECOSAN) of the Spanish Ministry of Health, Social Policy,
and Equality and, in particular, on the “legislation” section (http://aesan.msssi.gob.es/ AESAN/web/
legislacion/seccion/especifica_ambito_alimentario.shtml). The “General” category was consulted
to obtain information about “Labeling and advertising of foods” and the “By Sectors” category was
explored to compile information about “Food products for special groups”.

In the search for European legislation, the section “Dietetic Foods/Foods for specific
groups” on the European Commission website was consulted: http://ec.europa.eu/food/safety/
labelling_nutrition/special_groups_food/sportspeople/index_en.htm. Also consulted was the section
“The Panel on Dietetic Products, Nutrition and Allergies (NDA)” from the European Food Safety
Authority (EFSA) (http://www.efsa.europa.eu/en/panels/nda).

(2) The selection process was performed by two independent reviewers, reaching a consensus
and finally approving its inclusion or exclusion.

(3) The selection of the compiled documents was carried out using classification criteria according
to the information contained in the publication. Three sections were established:

- Section 1: legislative documents on advertising (for every type of products including foods).

- Section 2: legislative documents on the composition, labeling, and advertising of foods (only
for foods).

- Section 3: specific legislative documents on nutritional ergogenic aids (only nutritional/
dietary supplements).

3. Results

A total of 18 relevant legislative documents have been compiled. All of them deal with nutritional
ergogenic aids in a general or specific way and in the Spanish or European framework. For the sake of
clarity, the documents are grouped in sections as follows:

Section 1, documents that refer to the advertising for any type of food and/or product.
Six documents applicable in Spain were found; the results are shown in Table 1.

Table 1. Legislative documents on advertising.

Legislative Documents Information Related to Nutritional Ergogenic Aids

Law 34/1988, of 11 November  Applicable law in Spain about advertising. It establishes the requirement about legal and
of General Advertising. Official  illegal advertising (misleading, unfair, subliminal) in product labeling.
State Bulletin No. 274. [20] Article 8 speaks about the need to declare derived risks arising out of their normal use.

Unfair Commercial Practices Spanish Directive. This Directive states the laws on unfair
commercial practices, including unfair advertising, which directly harm the consumers’
economic interests and thereby indirectly harm the economic interests of

legitimate competitors.

The law describes the situations that can be considered unfair competition and the
actions deriving from it.

Law 3/1991, of 10 January of
Unfair Competition, Official
State Bulletin No. 10. [21]

Voluntary agreement applicable in Spain on health claims in advertising of food.

This labeling legislation prohibits the attribution to any foodstuff of the property of
preventing, treating, or curing a human disease or referring to such properties.

-Each health claim should be adequately and sufficiently demonstrated, based on and
substantiated by generally accepted scientific evidence.

-In order to ensure that the claims made are truthful, it is necessary that the substance
that is the subject of the claim is present in the final product in quantities that are
sufficient, or that the substance is absent or present in suitably quantities, to produce the
nutritional or physiological effect claimed.

-Health claims in labeling and advertising should be accompanied by a declaration on
the importance of a varied and balanced diet to address feeding requirements.

-A particular brand should not be suggested if similar products can produce the same
health effects.

Ministry of Health and
Consumer Affairs and the
Spanish Federation of Food
and Drink Industries.
Interpretative agreement on
the advertising of the
properties of food in relation to
health. 1998. [22]
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Table 1. Cont.

Legislative Documents

Information Related to Nutritional Ergogenic Aids

Royal Legislative Decree 1/2007 of 16
November, approving the revised text
of the General Law for the Protection
of Consumers and Users and other
complementary laws. Official State
Bulletin No. 287. [23]

Law applicable in Spain about relations between users or consumers and
businesspeople. The law establishes the basic rights of consumers and the
protection against risks that may affect their health or safety.

Law 7/2010, of 31 March, General
Audiovisual Communication. Official
State Bulletin No. 79. [24]

Law regulating the audio-visual communication of state coverage. It establishes
the basic rules in the audiovisual field.

Article 18 talks about commercial practices that are prohibited, such as “Any
commercial practice that encourages behavior prejudicial to health or safety

is prohibited”.

Royal Decree 1907/1996, of 2 August,
on advertising and sales promotion
products, activities or services
intended for health purposes.

Official State Bulletin No. 189. [25]

Article 4. Prohibitions and Limitations of advertising intended for

health purposes.

Any advertising, direct or indirect, massive or individualized promotion of
products or substances that suggest/indicate their use/consumption improves
physical, mental, or sexual performance sports is prohibited.

Section 2, laws and legislative records related to the composition, labeling, and advertising that
affect all food and products. Six documents, mostly applicable in Europe, were compiled (Table 2).

Table 2. Legislative documents on composition, labeling, and advertising of foods.

Legislative Documents

Information Related to Nutritional Ergogenic Aids

Commission of the European
Communities. White Paper on food
safety of 12/1/2000. [26]

The establishment of an independent European Food Authority is considered
by the Commission to be the most appropriate response to the need to
guarantee a high level of food safety.

To outline a comprehensive range of actions needed to complement and
modernize existing EU food legislation, to make it more coherent,
understandable and flexible, to promote better enforcement of that legislation,
and to provide greater transparency to consumers; in addition, to guarantee a
high level of food safety.

Regulation (EC) No. 178/2002 of the
European Parliament and of the
Council of 28 January 2002 laying
down the general principles and
requirements of food law, establishing
the European Food Safety Authority
and laying down procedures in
matters of food safety. [27]

Establishing the European Food Safety Authority and laying down
procedures in matters of food safety. This Regulation provides the basis for
the assurance of a high level of protection of human health and consumers’
interest in relation to food, taking into account in particular the diversity in
the supply of food including traditional products, whilst ensuring the
effective functioning of the internal market.

Note the creation of a Scientific Committee and Scientific Panels as the Panel
on dietetic products, nutrition and allergies (Section 2).

Regulation (EC) No. 1924 /2006 of the
European Parliament and of the
Council of 20 December 2006 on
nutrition and health claims made on
foods. [28]

This Regulation harmonizes the provisions laid down by law, regulation or
administrative action in Member States that relate to nutrition and health
claims in order to ensure the effective functioning of the internal market
whilst providing a high level of consumer protection. Also apply to nutrition
and health claims made in commercial communications, whether in the
labeling, presentation or advertising of foods to be delivered as such to the
final consumer, including foods that are placed on the market unpacked or
supplied in bulk.

Commission Regulation (EC) No.
353/2008 of 18 April 2008 establishing
implementing rules for applications
for authorization of health claims as
provided for in Article 15 of
Regulation (EC) No. 1924 /2006 of the
European Parliament and of the
Council. [29]

This Regulation establishes implementing rules for the following:

1. Applications for authorization, submitted in accordance with Article 15 of
Regulation (EC) No. 1924/2006; and 2. Applications for the inclusion of a
claim in the list provided for in Article 13(3) submitted in accordance with
Article 18 of Regulation (EC) No. 1924/2006.
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Table 2. Cont.

Legislative Documents

Information Related to Nutritional Ergogenic Aids

Regulation (EU) No. 1169/2011 of the
European Parliament and of the Council of 25
October 2011 on the provision of food
information to consumers, amending

Regulations (EC) No. 1924 /2006 and (EC) No.

1925/2006 of the European Parliament and of
the Council, and repealing Commission
Directive 87/250/EEC, Council Directive
90/496/EEC, Commission Directive
1999/10/EC, Directive 2000/13/EC of the
European Parliament and of the Council,
Commission Directives 2002/67/EC and
2008/5/EC and Commission Regulation (EC)
No. 608/2004. [30]

This Regulation provides the basis for the assurance of a high level of
consumer protection in relation to food information, taking into account
the differences in the perception of consumers and their

information needs.

Establishes the general principles, requirements and responsibilities
governing food information, and in particular food labeling. It lays
down the means to guarantee the right of consumers to information and
procedures for the provision of food information, taking into account
the need to provide sufficient flexibility to respond to future
developments and new information requirements (Chapter IV,
Sections 1, 2 and Chapter VII).

EU Register on nutrition and health
claims. [31]

European Union Register of nutrition and health claims made on foods,
showing: 1. Permitted nutrition claims and their conditions of use;

2. Authorized health claims, their conditions of use and applicable
restrictions, if any; 3. Non-authorized health claims and the reasons for
their non-authorization; 4. EU legal acts for the specific health claims;
and 5. National measures mentioned in Art. 23(3) of Regulation

EC 1924/2006.

URL: http:/ /ec.europa.eu/nuhclaims/

Section 3, this section contains the main specific legislative documents about foodstuffs intended
for particular nutritional uses. Among them are the foods intended to satisfy the expenditure of intense
muscular effort, especially for sportspeople. This section also includes reports issued by the EFSA on
the health claims made for nutritional ergogenic aids. Table 3 shows the information about the six
documents found.

Table 3. Specific legislative documents on nutritional ergogenic aids.

Legislative Documents

Information Related to Nutritional Ergogenic Aids

Royal Decree 2685/1976 Technical health
regulations on foodstuffs intended for
particular nutritional uses. Official State
Bulletin No. 284. [32]

This Regulation defines food prepared for dietary regimens and/or
special uses and establishes the legal regulation of such products.

Directive 2009/39/EC of the European
Parliament and of the Council of 6 May 2009
on foodstuffs intended for particular
nutritional uses. [33]

The Directive defines foodstuffs for particular nutritional uses are
foodstuffs.

Annex 1. Groups of foodstuffs for particular nutritional uses for which
specific provisions will be laid down by specific Directives: Group 5
“foods intended to meet the expenditure of intense muscular effort,
especially for sportsmen”.

Commission Regulation (EC) No. 953/2009
of 13 October 2009 on substances that may
be added for specific nutritional purposes in
foods for particular nutritional uses. [34]

Article 1. Regulation shall apply to foods for particular nutritional uses,
excluding those covered by Directive 2006/125/EC and

Directive 2006/141/EC.

Article 2. Among the substances belonging to the categories appearing
in Annex to this Regulation, only those listed in that Annex, complying
with the relevant specifications as necessary may be added for specific
nutritional purposes in the manufacture of foodstuffs for particular
nutritional uses covered by Directive 2009/39/EC. Without prejudice to
Regulation (EC) No. 258/97 of the European Parliament and of the
Council (6), also substances not belonging to the categories appearing in
the Annex to this Regulation may be added for specific nutritional
purposes in the manufacture of foods for particular nutritional uses.
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Table 3. Cont.

Legislative Documents

Information Related to Nutritional Ergogenic Aids

Regulation (EU) No. 609/2013 of the
European Parliament and of the Council of
12 June 2013 on food intended for infants
and young children, food for special
medical purposes, and total diet
replacement for weight control and
repealing Council Directive 92/52/EEC,
Commission Directives 96/8/EC,
1999/21/EC, 2006/125/EC and
2006/141/EC, Directive 2009/39/EC of the
European Parliament and of the Council
and Commission Regulations (EC)

No. 41/2009 and (EC) No. 953/2009. [35]

This regulation excludes products for athletes from the category of
“dietetics”. Applicable from 20 July 2016.

With regard to food intended to meet the expenditure of intense
muscular effort, especially for sportsmen, no successful conclusion
could be reached as regards the development of specific provisions due
to widely diverging views among the Member States and stakeholders
concerning the scope of specific legislation, the number of subcategories
of food to be included, the criteria for establishing compositional
requirements and the potential impact on innovation in product
development. Therefore, specific provisions should not be developed at
this stage. Meanwhile, on the basis of requests submitted by food
business operators, relevant claims have been considered for
authorization in accordance with Regulation (EC) No. 1924/2006.
Different views exist as to whether additional rules are needed to ensure
an adequate protection of consumers of food intended for sportsmen,
also called food intended to meet the expenditure of intense muscular
effort. The Commission should, therefore, be invited, after consulting
the Authority, to submit to the European Parliament and to the Council
a report on the necessity, if any, of provisions concerning food intended
for sportsmen. The consultation of the Authority should take into
account the report of 28 February 2001 of the Scientific Committee on
Food on composition and specification of food intended to meet the
expenditure of intense muscular effort, especially for sportsmen. In its
report, the Commission should, in particular, evaluate whether
provisions are necessary to ensure the protection of consumers.

Taking into account the existing situation on the market and Directives
2006/125/EC and 2006/141/EC, and Regulation (EC) No. 953/2009,

it is appropriate to establish and include in the Annex to this Regulation
a Union list of substances belonging to the following categories of
substances: vitamins, minerals, amino acids, carnitine and taurine,
nucleotides, choline and inositol.

Article 13. Food intended for sportspeople. By 20 July 2015, the
Commission shall, after consulting the Authority, present to the
European Parliament and to the Council a report on the necessity, if any,
of provisions for food intended for sportspeople. Such a report may,

if necessary, be accompanied by an appropriate legislative proposal.

EFSA Panel on Dietetic Products, Nutrition
and Allergies (NDA). Guidance on the
scientific requirements for health claims
related to physical performance.

EFSA Journal 2012;10(7):2817. [36]

Document prepared by The Panel on Dietetic Products, Nutrition and
Allergies (NDA) of the EFSA about scientific requirements for health
claims related to physical performance.

Scientific and technical assistance on food
intended for sportspeople. Question
Number: EFSA-Q-2015-00403. [37]

Technical report of the EFSA to compile existing scientific advice in the
area of nutrition and health claims and Dietary Reference Values for
adults that is relevant to sportspeople and to inform the Commission on
how such scientific advice relates to the different conclusions and
specifications of the report of the Scientific Committee on Food (SCF) of
2001 on the composition and specification of food intended to meet the
expenditure of intense muscular effort, especially for sportspeople.

4. Discussion

In the present work the importance of the creation of the EFSA in 2002 is emphasized. This agency
is an essential asset for Europe’s food security in the context of public health.

In the European framework, and according to Action plan No. 55 of the European Commission,
there are several legislative documents for food destined to alleviate intense muscle loss, particularly in
athletes. Nevertheless, despite the existence of the EFSA, the analyses of legislative documents
uncovered ambiguity in the regulations.

The documents related to laws and resolutions in Spain and Europe are orientated towards the
general regulation of advertising and food marketing. However, specific documents referring to
nutritional ergogenic aids show more ambiguity or are inconsistent or are inexistent.
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Action plan No. 56 of the European Commission (2001) has been reflected in Directive
2009/39/C [33] and in Regulation (EC) No. 953/2009 [34]. Both documents highlight the need
to create a more specific legislation for ergonutritional aids. However, in both of them, ergonutritional
aids and sport foods are considered together as the group of “foods intended to meet the expenditure
of intense muscular effort, especially for sportsmen”.

The guidance of the EFSA on the scientific requirements for health claims related to physical
performance [36] represents the views of the NDA panel based on its experience with the evaluation
of health claims for physical performance, endurance capacity, muscle function, and physiological
effects. This is a compilation about scientific opinions from NDA panel that have been approved by
the European Commission to be applied on the European Union countries.

4.1. Legislative Documents in Spain

This guide is based on Regulation (EC) No. 1924/2006 [28] and its subsequent amendments,
concerning nutrition and health claims made for foods, and also on Regulation (EU) No. 1169/2011 [30],
concerning the provision of food information to consumers.

Domestically, in Spain, several regulations on the advertising of any food and/or product
exist. These establish common considerations related to unfair competition and illicit advertising on
labeling [20,21,23,24].

In this context, it is worth noting the agreement signed in 1998 between the Ministry of Health
and Consumer Affairs and the Spanish Federation of Food and Drink Industries (FIAB). This provides
criteria for assessing the conformity of a product with the general safety requirements and the right
of consumers to obtain accurate, truthful, and reliable information. These criteria have subsequently
been reinforced by Law 17/2011, of 5 July 2011, on food safety and nutrition [38] and more especially
by the Co-regulation Codex on food and beverages advertising targeted at minors, obesity prevention,
and health (PAOS Codex) [39].

In Spain, sports food has been regulated for 40 years through the Royal Decree 2685/1976
“Healthcare Regulation on Formula Foods for Use in Weight Control Diets and/or in Special
Situations” [32]. This Royal Decree defined the “food destined to those people who make extraordinary
efforts or live in special environmental conditions” as “food that provides complementary nutrients”
in Section 3.1.2.2 and this is also included in Section 3.1.2 as “complementary food for situations of
great physical exertion”. Even so, the Annex constitutes an indication of the need to create specific
regulations for sports food.

4.2. Legislative Documents in Europe

In February 2001, the Health & Consumer Protection Directorate-General of the European
Commission ordered the Scientific Committee on Food (SCF) (European Commission. Health and
Consumer Protection, 2001) to write a report on the food composition and specification of food intended
to meet the expenditure of intense muscular effort, especially for sportsmen [40]. The document
concluded that a well-balanced diet is the basic nutritional requirement for athletes. Nevertheless,
taking into consideration the distinct aspects of intense muscular exercise—such as intensity, duration,
and frequency as well as specific constraints like time and convenience—individuals can benefit
from particular foods or food ingredients. Specially adapted nutritious foods or fluids may help to
solve specific problems so that an optimal nutritional balance can be reached. On the basis of such
considerations, four food categories, for which essential requirements were formulated, were identified:
(1) Carbohydrate-rich energy food products; (2) Carbohydrate—electrolyte solutions; (3) Protein and
protein components; (4) Supplements and other food components.

This report was the first step in the categorization and legislation of sport foods, as indicated in
the Action plan No. 55 of the White Paper on Food Safety [26].

Directive 2009/39/EC states the conditions that foodstuffs must comply with in order to bear
the words dietetic or dietary. Foodstuffs for particular nutritional uses are defined as “foodstuffs
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which, owing to their special composition or manufacturing process, are clearly distinguishable from
foodstuffs for normal consumption, which are suitable for their claimed nutritional purposes and
which are marketed in such a way as to indicate such suitability”. This Directive also establishes
that “A particular nutritional use shall fulfil the particular nutritional requirements of certain
categories of persons who are in a special physiological condition and who are therefore able to
obtain special benefit from controlled consumption of certain substances in foodstuffs”. Among the
products destined for a special diet, adapted food for intense muscle wastage is found, especially for
athletes [33]. Consequently, from the evaluation of new substances by the EFSA, the necessity to
update and complete lists of substances that can be added to dietetic products through Regulation
(EC) No. 953/2009 arises [34]. Substances like vitamins, minerals, amino acids, L-carnitine, taurine,
nucleotides, choline, and inositol are on this list. These compounds are frequently used for the
preparation of dietetic products and sport foods, but their use to improve sport performance has
questionable benefits [41,42].

In addition to the lack of scientific evidence about sport performance benefits, important
inaccuracies and legal loopholes can be found in this Regulation. Two examples are the sentence
“the inclusion of substances in the list of those that may be used in the manufacture of foodstuffs
for particular nutritional uses does not mean that their addition to those foodstuffs is necessary or
desirable” and point 2 of Article 2: “also substances not belonging to the categories appearing in the
Annex to this Regulation may be added for specific nutritional purposes in the manufacture of foods
for particular nutritional uses”.

Directive 2009/39/CE foresees a specific legislation of foods intended to meet the expenditure of
intense muscular effort, especially for sportsmen [33].

Due to these legal loopholes, the European Commission has elaborated recently the Regulation
(EU) No. 609/2013 on food intended for infants and young children, food for special medical
purposes, and total diet replacement for weight control and has repealed Council Directive
92/52/EEC [35]. This suppose a clear fault on food safety and consequently, inefficient control
of these nutritional /dietary supplements. This new Regulation will replace Directive 2009/39/CE [19]
and specifies that “food intended to meet the expenditure of intense muscular effort, especially for
sportsmen, no successful conclusion could be reached as regards the development of specific
provisions due to widely diverging views among the Member States and stakeholders concerning
the scope of specific legislation, the number of subcategories of food to be included, the criteria
for establishing compositional requirements and the potential impact on innovation in product
development. Therefore, specific provisions should not be developed at this stage”. Section 13 of
this Regulation discusses food intended for sportspeople and mentions that “By 20 July 2015,
the Commission shall, after consulting the Authority, present to the European Parliament and to
the Council a report on the necessity, if any, of provisions for food intended for sportspeople. Such a
report may, if necessary, be accompanied by an appropriate legislative proposal”. Considerations
previous to this Regulation indicate that the report of 28 February 2001 of the SCF should be taken into
account [40]. Today, there is no law /rule on these products and this type of food will be exclusively
governed by horizontal rules of food law.

4.3. Specific Legislation on Nutritional Ergogenic Aids or Sports Food

Until now, the European Commission has not proposed any specific legislation concerning this
field, but the Directorate General for Health and Food Safety ordered that a report be drawn up on
food for sportspeople [35]. This report indicates that there is no universally accepted definition of what
constitutes “sports food”. The scope of the report is not limited only to foods available on the market
under Directive 2009/39/EC, but considers all products specifically targeting sportspeople regardless
of their method of market placement.

Its objective is to provide the information missing in current legislation and aims to provide:
(1) A description and analysis of the market of foods intended for sportspeople; (2) A description and
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analysis of the different marketing techniques and practices used for foods intended for sportspeople,
with particular attention to the use of nutrition and health claims; (3) A description and analysis of
the consumers of foods intended for sportspeople, with particular focus on their behavior, interest,
and understanding; (4) A description of the national legislation in the 28 Member States related
to foods intended for sportspeople, when this exists, and an analysis of how this is performing;
and (5) A description and analysis of the legislations in the main trading partner countries related to
foods intended for sportspeople.

The study will help the development of a legislative proposal, in which Regulation No. 609/2013 [35]
will be applied, repealing Directive 2009/39/E [33]. Foodstuffs currently considered as “dietary
products”, but not included in Regulation 609/2013, will be regulated by legal acts applicable to
all foods so long as they do not contradict the horizontal rules of EU food law after 20 July 2016 [37,38]:
(a) Regulation (EC) No. 1924/2006 on nutrition and health claims made on foods [28]; (b) Regulation
(EC) No. 353/2008, establishing the implementation of rules for applications for authorization of health
claims as provided for in Article 15 of Regulation (EC) No. 1924/2006 of the European Parliament
and of the Council [29]; (c) Regulation (EC) No. 1925/2006 on the addition of vitamins and minerals
and certain other substances to foods [43]; (d) Regulation (EU) No. 1169/2011 on the provision of
food information to consumers [30]; (e) Directive 2002/46/EC on the approximation of the laws of the
Member States relating to food supplements [44]; and (f) Regulation (EC) No. 258 /97 on novel foods
and novel food ingredients [45] (this Regulation will be replaced, as of 1 January 2018, by Regulation
(EU) 2015/2283 on novel food [46]). Compared to the legislative framework of Directive 2009/39/EC,
there are differences regarding how and which information can be provided to the consumer and
regarding the composition of the product concerned.

Regulation (EC) No. 1924/2006 provides the legal framework and the rules for these statements.
It would facilitate the consumer’s choice, while avoiding ambiguous, illegal, misleading, or false
advertising [47]. While nutritional declarations are strictly, explicitly, and clearly defined in the
regulation, declarations of healthy properties must be requested, examined based on generally accepted
scientific tests, and be finally accepted by the European Union in positive lists [48].

General documental requirements are established for the use of health claims [49] and also there
are more specific requirements for nutritional ergogenic aids [36]. Health claims should adequately
and sufficiently demonstrate that they are based on and substantiated by generally accepted scientific
evidence, by taking into account the totality of the available scientific data and by weighing the
evidence. Health claims must satisfy the following principles [47]: (a) a comprehensive and systematic
review of data from human subjects should be conducted; (b) published and unpublished data must
be included; (c) positive and negative data must be evaluated; (d) priority must be given (in this
order) to intervention studies, observational studies, human studies, animal model studies, and studies
with cell models, and (e) the methodological quality of intervention studies, observational studies,
and meta-analysis must be evaluated.

These requirements, that would demonstrate a clear cause—effect relationship between nutritional
ergogenic aids and the declared effect, could be the cause of the scarce approval of the declarations
of healthy properties related to sports performance. While more than 2200 general declarations
have been presented, just a few of them have been approved [31]. Some examples of claims for
substances approved by the EFSA are creatine (increases physical performance in successive bursts of
short-term, high-intensity exercise) [50], carbohydrates (contribute to the recovery of normal muscle
function after highly intensive and/or long-lasting physical exercise leading to muscle fatigue and the
depletion of glycogen stores in skeletal muscle) [51], carbohydrate—electrolyte solutions (contribute
to the maintenance of endurance performance during prolonged endurance exercise or enhance the
absorption of water during physical exercise) [52], and vitamin C (contributes to maintaining the
normal function of the immune system during and after intense physical exercise) [53]. These approvals
are based on scientific opinions issued by the American Academy of Nutrition and Dietetics [41]
and the Australian Sport Commission and these substances have a relationship with sportspeople’s
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health and performance [19]. For example, the health effect of carbohydrate—electrolyte solutions is
maintenance of endurance performance, while that of Vitamin C is to maintain the function of the
immune system during and after extreme physical exercise. It should be noted that caffeine is an
exceptional case. Although it has a positive evaluation by the EFSA [54], it was not authorized by
the European Commission. The latest scientific opinion, after public consultation, informed that a
dosage of 3 mg/kg (200 mg approx.) consumed within 2 h before intense physical exercise in normal
environmental conditions does not show any problem [55].

Nutrition claims and the health claims made for proteins, vitamins, and minerals based on
Regulation (EC) No. 1924 /2006 are, by and large, general in nature but are also applicable to nutritional
ergogenic aids [28,31].

According to Directive 2002/46/EC, a food supplement “means foodstuffs the purpose of which
is to supplement the normal diet and which are concentrated sources of nutrients or other substances
with a nutritional or physiological effect, alone or in combination, marketed in dose form, namely
forms such as capsules, pastilles, tablets, pills and other similar forms, sachets of powder, ampoules of
liquids, drop dispensing bottles, and other similar forms of liquids and powders designed to be taken
in measured small unit quantities” [44]. These represent the most common forms of presentation for
companies commercializing nutritional ergogenic aids. The labeling of nutritional ergogenic aids is
regulated by Regulation No. 1169/2011 on the provision of food information to consumers [30].

With the entry into force of Regulation No. 1169/2011, nutritional labeling became compulsory.
In addition to the declaration of particular elements of the qualitative and quantitative compositions,
the declaration of allergens and nano-nutrients has become mandatory, as well as an increase in the size
of the letters. Regulation No. 1169/2011 amends rule 7 of Regulation (CE) No. 1924 /2006: “Nutrition
labeling of products on which a nutrition and/or health claim is made shall be mandatory, with the
exception of generic advertising. The information to be provided shall consist of that specified in
Article 30(1) of Regulation (EU) No. 1169/2011 of the European Parliament and of the Council of
25 October 2011 on the provision of food information to consumers (*). Where a nutrition and/or
health claim is made for a nutrient referred to in Article 30(2) of Regulation (EU) No. 1169/2011 the
amount of that nutrient shall be declared in accordance with Articles 31 to 34 of that Regulation” and
“The amount(s) of the substance(s) to which a nutrition or health claim relates that does not appear
in the nutrition labeling shall be stated in the same field of vision as the nutrition labeling and be
expressed in accordance with Articles 31, 32 and 33 of Regulation (EU) No. 1169/2011. The units of
measurement used to express the amount of the substance shall be appropriate for the individual
substances concerned”.

On 24 September 2015, the EFSA issued a technical report called “Scientific and technical assistance
on food intended for sportspeople” based on the SCF report of 2001 [37,40] and on EFSA scientific
opinions about sports. The report does not take into account new scientific reports about nutritional
ergogenic aids published in recent years, after the issue of its scientific views. Because of this, the report
could be outdated and out of context [41,56,57]. On the other hand and according to the Directorate
General for Health and Food Safety, the report should contribute to the development of a legislative
proposal. However, none of the points it mentions have been accomplished.

The majority of national competent authorities believe that the existing horizontal rules of food
law are either quite suitable or very suitable for the regulation of sports food. Six national competent
authorities have recognized the need for specific rules for sports food [58].

4.4. Considerations of the World Anti-Doping Agency

Finally, the list of forbidden substances issued by the WADA [59] and its World Anti-Doping
Code [60] must be heeded. Although this information is important because prohibited substances
could be a health risk for athletes and their sporting careers [61], the WADA reports are not taken into
account in the current legislation on control measures, product supervision, and food complements
that contain substances prohibited in sports activities. The WADA warns that dietetic products and
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herbal products, especially those destined for sport, can contain non-declared substances that could
give positive results in anti-doping controls (ephedrine and anabolic substances). The agency also
points out that control policies regarding dietetic products are usually quiet lax [62].

The scientific literature contains studies that prove the presence of doping substances in
supplements like growth hormones [41], androgen receptor modulators, anabolic hormones [63-65],
and stimulants [66]. Many supplements contain hazardous substances, such as illegal anabolic
steroids, that have serious known side effects. In more than 15% of the supplements analyzed,
substances were identified at concentrations that are potential positives in “anti-doping” tests and
with potential secondary effects for consumers [67-69]. The main causes were cross-contamination
during manufacturing, processing, or packaging, poor quality control, or bad labeling [14,70,71].
Studies related to the WADA considerations recommend the establishment of better and more effective
controls in the elaboration and commercialization of dietetic products. Hence, the WADA has approved
programs that guarantee the quality of nutritional ergogenic aids. The quality of the products, suppliers,
factory installations, and anti-doping laboratories is certified with a logo that guarantees that these
products do not contain prohibited substances.

5. Conclusions

Currently, legislation related to the regulation and application of nutritional ergogenic aids or
sports food products can be found in the following documents: Regulation (EU) No. 1169/2011,
Regulation (EC) No. 353/2008, Regulation (EC) No. 1924/2006, Regulation (EC) No. 1925/2006,
Directive 2002/46/EC, and Regulation (EC) No. 258/97. Regulation (EU) No. 609/2013, proposed
by the European Commission, came into force on 20 July 2016. In spite of the existence of this legal
framework, the regulation lacks a normative sector regarding the use and application of nutritional
ergogenic aids by sports food consumers. These legislative documents should also take into account
the WADA considerations on the quality control programs of these substances.

The direct marketing and free sale of sports food could be a health risk in the case of indiscriminate
consumption by athletes. So, Regulation (EC) No. 1924/2006, Regulation (EU) No. 1169/2011, and the
guidance on the scientific requirements for health claims related to physical performance are essential
for the commercialization and advertising of sports food. It is essential to prevent the introduction
or dissemination of false, ambiguous, or inexact information and contents that induce an error in the
receivers of the information.

We wish to highlight the importance of the steps taken by the authorities and institutions regarding
legislative measures for sports food products. Among them stand out the institutionalization of the
EFSA as a European body and the work developed by international scientific societies /companies such
as the WADA. All of them have contributed information about consumer guidelines, prescribing
practices, prudent use recommendations, and the advantages and limitations of nutritional
ergogenic aids.

However, the results obtained show the absence in the European legislation of a normative sector
applied directly to nutritional ergogenic aids for sportspeople. To establish a policy recommendation
and to move this process forward, an appropriate institutional setting is needed. Consumer protection
provisions should promote greater levels of policy development, regulatory enforcement, and consumer
education. Public health measures must be based on the principles of precaution, evaluation,
transparency, and the safety of nutritional ergogenic supplements.
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Abstract: Introduction: The use of dietary supplements is increasing among athletes, year after
year. Related to the high rates of use, unintentional doping occurs. Unintentional doping refers to
positive anti-doping tests due to the use of any supplement containing unlisted substances banned
by anti-doping regulations and organizations, such as the World Anti-Doping Agency (WADA).
The objective of this review is to summarize the presence of unlabeled doping substances in dietary
supplements that are used in sports. Methodology: A review of substances/metabolites/markers
banned by WADA in ergonutritional supplements was completed using PubMed. The inclusion
criteria were studies published up until September 2017, which analyzed the content of substances,
metabolites and markers banned by WADA. Results: 446 studies were identified, 23 of which fulfilled
all the inclusion criteria. In most of the studies, the purpose was to identify doping substances
in dietary supplements. Discussion: Substances prohibited by WADA were found in most of the
supplements analyzed in this review. Some of them were prohormones and/or stimulants. With
rates of contamination between 12 and 58%, non-intentional doping is a point to take into account
before establishing a supplementation program. Athletes and coaches must be aware of the problems
related to the use of any contaminated supplement and should pay special attention before choosing
a supplement, informing themselves fully and confirming the guarantees offered by the supplement.

Keywords: dietary supplements; doping; ergonutritional aids; WADA

1. Introduction

According to European Parliament Directive (2002/46/EC), a food supplement is defined as a
product intended to supplement the normal diet, consisting of a concentrated source of a nutrient
or of other substances that have a nutritional or physiological effect, in a simple or combined form,
commercialized in dosed formulas, capsules, tablets, pills and other similar forms, bags of powder,
vials of liquid, dropper bottles and other similar forms of liquids and powders, which is taken in
small, quantified amounts [1]. In sport—understood as a set of motor situations codified in the
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form of competition, and institutionalized—athletes use ergogenic aids (any nutritional, physical,
mechanical, psychological, or pharmacological maneuver or method) in order to increase their ability
to perform physical work and improve performance [2]. In sport, dietary supplements (also known as
ergonutritional aids) have been used since the first Olympic Games, although recently there has been a
notable increase in their consumption by certain population groups [3-5]. Athletes consume a wide
variety of dietary supplements and are the main target of the industry that produces them [6]. The
“Sports Nutrition and Weight Loss Report”, published by the Nutrition Business Journal, showed that
sales of sports nutrition and weight loss products have increased year-on-year in the North American
market, with nutritional supplements being in second place in the sales ranking [7].

This indicates that the sale and consumption of supplements have increased both in the general
population and in the sports population. In a study of 3168 British Royal Army soldiers, a rate
of supplement use of 38% at the time of the study was reported, reaching 54% when the use of
supplements referred to the 12 months prior to the study [8]. In order of prevalence, the most used
supplements were: protein powders/bars (66%), isotonic sports drinks (49%), creatine (38%), recovery
drinks (35%), multivitamins (31%), and Vitamin C (25%). The work of Tscholl et al. was performed on
3887 athletes, and found a total consumption of 6523 supplements (1.7 per athlete) [9].

Some athletes have been reported to have tested positive for doping due to the intake of dietary
supplements, which had either poor labeling or product contamination [5,10]. This poses a threat to the
athlete’s career or also to his or her health depending on the dose, as the World Anti-Doping Agency
(WADA) states that it is the athlete’s responsibility to ensure no prohibited substance or its metabolite
or marker are in the samples [11]. An example of the presence of doping substances in supplements
can be seen in the study published in 2003 by Geyer et al., where 94 of the 634 supplements analyzed
(14.8%) had prohormones that were not mentioned on the label [12]. More current is the study by
Judkins et al. in which, of the 58 supplements analyzed, 25% contained low levels of contaminating
steroids and 11% were contaminated with stimulants [13]. These data have led to the investigation of
contamination in different food supplements; in most of them, small quantities of banned substances
have been found, due to cross-contamination during manufacturing, processing, or packaging [14-17].
In some cases, this contamination was not intentional and was due to poor quality control, but in
others the adulteration of the substance was intentional [10]. In the United States (US), the Food and
Drug Administration (FDA), broadly speaking, regulates quality, and the Federal Trade Commission
supervises the marketing and advertising of dietary supplements [18]. However, according to the
Dietary Supplement Health and Education Act (DSHEA), dietary supplements, including nutritional
ergogenic aids, that are not intended to diagnose, treat, cure, or prevent any disease, currently do not
need to be evaluated by the FDA prior to their commercialization [19].

Despite the proposed legislation and the pressure exerted by governments [20,21] and various
organizations, such as the WADA, through the list of prohibited substances and methods, or the
International Olympic Committee (IOC), with the acceptance of the World Anti-Doping Code [22,23],
positive tests continue to occur in anti-doping checks due to products containing prohibited substances
that are not listed in their labeling. One example is 19-norandrosterone, a substance found alongside
stimulants, such as caffeine and epinephrine, in certain dietary supplements [24]. In 2003, after
observing a series of repeated cases, a study was performed to determine the extent of the problem
of unidentified prohormones in dietary supplements, giving positive results for 19-norandrosterone
with the intake of only one capsule of product, while the proposed dose is four capsules, three times a
day [25]. More recently, in a review of 24 different types of protein supplement, carried out in 2010 by
ConsumerLab, 31% of products did not pass the proposed safety test, leaving in question the supposed
safety that these products offer the consumer [26].

Therefore, the objective of the present work is to describe the presence of doping substances
prohibited by the WADA in dietary supplements, used in the context of sport and published in research
articles, thereby highlighting the problem of plausible positive tests in anti-doping checks and the
health problems that could be generated by their unintended consumption.
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2. Materials and Methods

This is a descriptive study, consisting of a bibliographic review of the presence of
substances/metabolites /markers prohibited by the WADA in dietary supplements used in the sporting
context. Contamination is understood as introduction into a medium of substances that cause it to
be unsafe or unfit for use; in our case, the incorporation and non-declaration in the labeling of
substances/metabolites /markers prohibited by WADA into ergonutritional supplements used by
athletes. A data collection protocol was established for the research that met the inclusion criteria. The
screening of the articles was performed by two researchers, independently.

A structured restrictive search was performed in the PubMed, Tripdatabase, and Epistemonikos
databases using controlled and natural vocabulary descriptors related to “doping agents” and
“Dietary supplements” concepts. The full electronic search strategy for PubMed was: (“prohibited
substance” [tiab (title/abstract)] or “banned substance” [tiab] or “banned substances” [tiab] or
“Doping in Sports” [Mesh] or “Doping in Sports” [tiab] or Doping [tiab] or “doping agent” [tiab]
or “doping agents” [tiab]) AND (“Dietary Supplements” [Mesh] or “Dietary Supplements” [tiab] or
“Dietary Supplement” [tiab] or Nutraceuticals [tiab] or Nutraceutical [tiab] or Nutriceutical [tiab] or
Nutriceuticals [tiab] or Neutraceutical [tiab] or Neutraceuticals [tiab] or “Food Supplementations”
[tiab] or “Food Supplementation” [tiab] or “Ergogenic aids” [tiab] or “Ergogenic aid” [tiab] or “dietary
supplement, SPORT” [Supplementary Concept] or “nutritional supplement” [tiab] or “nutritional
supplements” [tiab]). Also, relevant references related to the topic of the selected articles were searched
for manually, using a snow-ball method. No additional filters were applied, and the last search was
performed on 17 September 2017.

The eligibility criteria to select articles was:

e  Evaluation of marketed dietary supplements for intended use in sports

e Evaluation of any type of prohibited substance, as defined by WADA (World Anti-Doping Agency.
2017 List of prohibited substances and methods. 2017 [22].)

e  Only primary research was allowed, but secondary research was screened (by bibliography)

e  No limits were set according language, years considered, or publication status or availability.

Two independent researchers screened titles and abstracts to pre-select studies from the list of
articles retrieved by the search strategy. One researcher screened the pre-selected articles, by full-text
reading, to apply eligibility criteria and a second researcher reviewed the selections, to ensure that all
studies should be included. One researcher performed the data extraction without piloted forms, but a
second researcher reviewed the extracted data to avoid extraction mistakes or missing information.

From selected studies, the extracted data set was composed of the following variables:

Author/year: authors and year of publication.

Country: geographical area from which the results obtained in the study come.
Aim of the study: results that were intended to be achieved with the study.
Sample: number and type of supplements analyzed.

Methodology for the analysis of banned substances/metabolites/markers.

Selected markers: tested substances/metabolites/markers that give positive results in

anti-doping controls.

e  Main results: final outcomes of the study, in which it is shown whether the proposed objectives
have been achieved, and the main results obtained are listed.

e  Conclusions: arguments and statements concerning the data obtained in the studies.

No risk of bias analysis in the included studies was performed and data was summarized through
table summaries. No additional analysis was performed.
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3. Results

The search strategy retrieved 446 articles (PubMed n = 378; Tripdatabase n = 67; Epistemonikos
n = 0; 1 added manually from a review screening), which resulted in 423 unique articles after duplicate
removal. After title and abstract screening, 54 titles were pre-selected, from which 23 were finally
included, after full-text reading and eligibility criteria was applied.

Table 1 shows the study variables of the bibliographic review. The articles that met the inclusion
requirements were published between 2000 and 2017. In regard to the countries of origin, six articles
came from Germany, three from the USA, two from Switzerland, United Kingdom and Poland, while
Belgium, Canada, Italy, Australia, Serbia, Czech Republic and South Africa contributed one article
each (column 1 of Table 1). Column 2 shows that the goal of most of the studies was to identify doping
substances (substances/metabolites/markers) in dietary supplements. Six studies determined whether
the intake of contaminated dietary supplements could result in a positive test in anti-doping controls.
The characteristics of the sample of supplements or study subjects are shown in column 3. Column 4
identifies the tested substances/metabolites/markers that give positive results in anti-doping controls.
Column 5 refers to the main results, and column 6 to the conclusions of the studies included in
the review.

Regarding the number of samples selected, more than 100 supplements were analyzed, when
considering all the articles incorporated in this review. In five of the studies included, it was the
subjects who had taken the substances of interest that were analyzed. In 13 of the 23 articles, more than
two contaminating substances were studied, while in three articles, two contaminants were studied
and in seven articles there was only a single substance under study. The contamination rate found in
studies where more than two ergonutritional supplements were analyzed, ranged from 12% to 58%.
While nine of the 10 studies that analyzed one or two supplements had rates of contamination of 100%,
in the study by Goel et al. [27], where a single supplement was analyzed, the results obtained showed
no contamination. In one of the 23 studies, the metabolic effects, produced two hours after the ingestion
of an ergonomic supplement, contaminated by 19-nor-4-androstenedione and 4-androsten-3,17-dione,
were identified after the collection of urine samples, for a total of five individuals. In five of the
23 studies, banned substances were sought in three specific supplements, by analyzing urine samples.

The most commonly used methodology for the detection of any unidentified substance or one
prohibited in ergonomic supplementation by any of the official bodies was gas chromatography
coupled to mass spectrometry (GC-MS) (1 = 10), followed by liquid chromatography coupled to mass
spectrometry (LC-MS) (n = 3), combined GC-MS + LC-MS (n = 2), nuclear magnetic resonance (NMR)
(n=2), HPLC-DAD (n = 1), UHPL-MS/MS (1 = 1) and the modified Geyer method (1 = 1).
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4. Discussion

Among the main findings of the present review is the presence of doping substances in studied
dietary supplements or aids, which are not substances identified in the nutritional composition
declared on the labeling, or whose amounts stated therein differ from their actual content. Among the
substances found, but not listed, on the label are prohormones, anabolic steroids, mental enhancers,
and 1,3-dimethylamylamine. All of these are substances that are prohibited by the WADA, which
would give a positive doping test result for the athletes who have consumed these supplements or
ergonutritional aids. Some of the studies analyzed the presence of contaminants in human subjects
after the consumption of contaminated supplements or ergonutritional aids; in other studies, the
products themselves were analyzed.

4.1. Consumption and Contamination of Ergonutritional Supplements

The consumption of ergonutritional supplements is one of the most common practices in the
sports world; advertisements for such products claim that their use will prevent injuries or enhance
performance [27]. They can be used by as many as 90% of participants, depending on the sport [28].
Linked to these high frequencies of consumption, we have found that one of the most serious and
increasingly frequent problems regarding the intake of dietary supplements is unintentional doping.
The consumption of these supplements forms part of the daily routine of most athletes, who must be
completely sure of the efficacy and safety of any type of dietary supplement before its consumption, as
well as of its detailed composition. The data reported by some studies are noteworthy; for instance,
the rate of contamination in ergonutritional supplements varied from 12% to 58% in samples analyzed
between 2002 and 2005, and in 216 cases, hormones were found in dietary supplements that should not
have contained them [17,29,30]. To avoid this, the controls and legislative strategies related to these
supplements need to be improved, to guarantee the safety of products that are freely available to the
general population and athletes.

Specifically, in the present review, all the papers included showed the presence of substances
that are prohibited by the WADA in some of the dietary supplements analyzed. The most frequently
encountered components in these products were anabolic steroids (banned by the IOC since 1974
after the positives detected at the Commonwealth Games held in New Zealand), although other
prohibited substances were also present—such as certain stimulants (ephedrine, nor-pseudoephedrine,
sibutramine) [11,31,32]. In addition to the serious effects that the consumption of these contaminated
substances can have on health—such as hepatotoxicity, cardiac and hormonal problems, carcinogenesis,
and even death in some cases [4,31]—the following can be added: social damage, related to
moral damage, loss of sponsors, and penalties (among others), deriving from possible detection
in doping tests.

The presence of substances not listed on labeling and banned by the WADA is not the only
problem derived from the consumption of supplements. The lack of precision in the labeling of these
products, in terms of quantity, is another of the problems associated with the consumption of such
substances, according to various studies [17,29,33-35].

This review of the literature indicated that the consumption of supplements occurs in a high
percentage of athletes, mainly driven by coaches, relatives, and other athletes, with the aim of achieving
better results. One of the most important studies regarding the consumption of supplements is the
one made by Tscholl et al. in 2010 [9], in which the data of 3887 questionnaires were collected during
the world championship of the International Association of Athletics Federations. This study showed
the consumption of 6523 supplements (1.7 per athlete); the consumption was greatest in adults and
in participants in outdoor competitions. A study of 567 Canadian athletes between the ages of 11
and 25 found daily intake of supplements by 28% of them, with the main goal being to improve the
consumption of vitamins and minerals and to improve performance [36]. Another study, involving 292
Portuguese athletes, from 13 different federations, showed a consumption rate of 66%, with an average
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of four supplements per athlete, with acceleration of recovery (63%) and improvement of performance
(62%) being the main reasons for consumption [45].

It was from the year 2000 when the problems caused by unintentional doping began to take on
importance, and the first studies on the quality of nutritional supplements were carried out [17,46]. The
contamination rate due to errors in labeling, either by omission of substances present in the product,
or by errors in the quantification of the concentrations, is relatively high, according to the various
studies carried out [4,10,12,46-48]. One of the most relevant studies, due to the number of supplements
analyzed, which laid the groundwork for the determination of the contamination of nutritional
supplements, is that performed by Geyer et al., in 2001, in Germany, where 634 non-hormonal
supplements were analyzed in the search for testosterone and its prohormones, nandrolone and its
prohormones, and boldenone [12]. The results showed that 15% of the samples contained hormones or
prohormones that were not identified in the labeling. A similar study was conducted by Kamber et al.,
in 2001, in which the objective was the detection of anabolic steroids or stimulants, not indicated, or
poorly described, on the label [17]. The study analyzed 75 products, of which 17 were prohormonal
supplements, and all contained substances not described in the labeling. In 2004, a study was published,
in which 103 supplements, purchased online, and divided into four categories (creatine, prohormones,
mental enhancers, and branched-chain amino acids), were analyzed. In this case, the most common
contaminant was testosterone and the products with the highest contamination rate were prohormones.
The labeling error rate was 18%, whereas 20% of the products contained metabolites of different
hormones not allowed by the WADA [49].

Many of the studies involving contamination in supplements are aimed at validating a precise
method of analysis for the detection of compounds banned by entities, such as the World Anti-Doping
Association. An example of this is the study by Martello et al., in which gas chromatography
coupled to tandem mass spectrometry (GC-MS/MS) was used as a screening system to detect certain
androgenic steroids and ephedrine in dietary supplements. Thus, 64 nutritional supplements, obtained
from stores and by judicial procedures (and classified as four vitamins/mineral supplements, seven
glutamine/creatine, nine amino acids, 12 protein, eight prohibited substances, 12 herbal extracts and
four others) were analyzed. Through this method, anabolic steroids and ephedrine were detected in
12.5% of the analyzed samples [34].

Finally, the online expansion of the advertising and marketing of ergonutritional supplements
for sportsmen and women on the Internet has begun to constitute a public health problem. This
is due to the free sale of these products without the health authorities carrying out the necessary
inspections of the distribution and marketing. A study published by Van Poucke in 2006 analyzed 19
dietary supplements obtained via the internet. Fifteen of these claimed, on the labeling, the presence
of between one and five prohormones, but 11 supplements were suspected of containing at least one
anabolic steroid. Liquid chromatography showed that all the suspect substances contained at least
one anabolic steroid, with testosterone and b-boldenone being the banned substances with the highest
rates of use [31].

As for the factors causing this contamination, there are two main causes: (1) cross-contamination
and (2) intentional contamination. Cross-contamination occurs unintentionally, as described by Hon
and Coumans, because the prohormone concentration is low, which would not produce a potentiating
effect of the supplement [16]. This occurs mainly because the manufacturers of prohormones (sold
legally as supplements in the United States until 2004) also make other nutritional supplements.
Cross-contamination could be due to the lack of cleaning of the vitamin containers, since the same
production line is used without sufficient cleaning of the machinery [4,10]. The consumption of
supplements affected by cross-contamination, despite the low concentration of contaminants, can lead
to cases of unintentional doping [17]. Intentional contamination occurs when high concentrations
of prohormones are added to the supplement by the manufacturer, with the aim of enhancing its
effects [46].
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Geyer et al. analyzed the number of nutritional supplements subject to cross-contamination with
prohormones in different countries, between 2001 and 2002. The United States and Germany were the
countries with the highest production of supplements, although The Netherlands and Austria had the
highest contamination rates in their products [48].

4.2. Anti-Doping Organizations

Because of this, mechanisms of action have been put in place to combat contamination in
supplements. The purpose is to produce a reliable source of information in which the athlete can
check the safety of the supplement to be consumed [50]. The WADA, one of the main bodies that
deals with the detection and prevention of doping in athletes, has established a strict liability policy,
which states that unintentional doping is the responsibility of the athlete. Therefore, even if the athlete
had no intention of improving his/her performance through the use of prohibited substances, if a
doping control proves positive due to the use of contaminated ergonutritional supplements, it is the
athlete, not the manufacturer or the seller, on whom the established sanction would fall. To avoid this
type of situation, the WADA publishes—via the internet—the novelties and adverse findings for the
supplements analyzed by its accredited laboratories. Other entities, such as the Court of Arbitration for
Sport (TAS) [51], make athletes aware of registered doping cases and provide information regarding
the possible source of the prohibited substance. Contributions are also made by National Anti-Doping
Organizations (NADOs), such as that of Australia (ASADA) [52]—which offers an online search tool
(Global DRO) to athletes and support personnel, to find out whether the most commonly prescribed
and over-the-counter medicines in Australia are permitted or prohibited in their sport. Two other
organizations pursuing similar strategies are the UK Anti-Doping Authority (UKAD) [53] and the
US Anti-Doping Agency (USADA) [54]. In addition, there are other ways to check the safety of
ergonutritional supplements, unofficially and without being endorsed by the WADA or the respective
NADO—such as the Anti-Doping Authority the Netherlands (NZVT) project in Holland [55], the
Cologne List in Germany [56], Informed Sports in the UK [57], the NSF Certified for Sports program of
the Canadian Center for Sports Ethics [58], the Drug-free Sport NZ application of the New Zealand
Anti-Doping Agency [59], the Supplement 411 program of USADA [60], or the “Alerts” section of the
website of the Spanish Agency for the Protection of Health in Sport (AEPSAD) [61].

4.3. Limitations

Some limitations of this review, inherent in the use of electronic searches and retrieval of
documents, should be pointed out. One of the most important limitations is that not all papers
included analyzed the same prohibited compounds neither the same kind of samples, so several
prohibited substances not analyzed could be also present in those products.

5. Conclusions

The safety issue regarding dietary supplements is real and therefore an improvement of the
current legislation regulating the market for dietary supplements is needed to ensure the safety,
efficacy, potency, and legality of the available ergonutritional supplements. Hence, the awareness of
both athletes and coaches of the possible consequences of the use of ergonutritional supplements is
especially important, as are discussions of the advantages and disadvantages and the provision of
information related to the safety, provenance, and effectiveness of any type of supplement, before its
consumption. The use of supplements without a specific need, illness, or deficiency—in addition to
not being recommended—is unnecessary, when the athlete is following a balanced and adapted diet.
Despite the strategies implemented by different governmental agencies to avoid doping in athletes,
some positive doping results might be non-intentional and caused by the consumption of dietary
supplements contaminated with doping substances.

Likewise, the fact that, in these products, information is often omitted from the labeling is a reason
for sanctioning the companies that manufacture these food substances—since they are providing
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inaccurate or incomplete data—in accordance with Spanish Law 28/2015, for the defense of food
quality [62]. This shows non-compliance with food labeling legislation, intended to protect the quality,
the regulator of which is the government.

Although our work shows the existence of several dietary supplements on sale containing
prohibited substances, more comprehensive studies are needed to know the extent and the prevalence
of this problem.

Therefore, the previously described factors that affect food quality could be considered as an
avoidable public health problem that indicates the need for governments to establish control strategies
for procedures throughout the food chain, to generate a high level of confidence in dietary supplements
which are habitually consumed by athletes. Likewise, compliance with the general principle of veracity
and demonstration of the information contained in the labeling of ergonutritional products, must
be guaranteed.
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Abstract: We summarize the 2016 update of the 2004 Agency of Healthcare Research and Quality’s
evidence review of omega-3 fatty acids and cardiovascular disease (CVD). The overall findings for
the effects of marine oil supplements on intermediate CVD outcomes remain largely unchanged.
There is high strength of evidence, based on numerous trials, of no significant effects of marine oils on
systolic or diastolic blood pressures, but there are small, yet statistically significant increases in high
density lipoprotein and low density lipoprotein cholesterol concentrations. The clinical significance
of these small changes, particularly in combination, is unclear. The strongest effect of marine oils is
on triglyceride concentrations. Across studies, this effect was dose-dependent and related to studies’
mean baseline triglyceride concentration. In observational studies, there is low strength of evidence
that increased marine oil intake lowers ischemic stroke risk. Among randomized controlled trials
and observational studies, there is evidence of variable strength of no association with increased
marine oil intake and lower CVD event risk. Evidence regarding alpha-linolenic acid intake is sparser.
There is moderate strength of evidence of no effect on blood pressure or lipoprotein concentrations
and low strength of evidence of no association with coronary heart disease, atrial fibrillation and
congestive heart failure.

Keywords: omega-3 fatty acids; alpha-linolenic acid; eicosapentaenoic acid; docosahexaenoic acid;
marine oil; cardiovascular disease; blood pressure; high density lipoprotein; low density lipoprotein
cholesterol; triglyceride; systematic review; meta-analysis

1. Introduction

The relationship between high fish consumption and low cardiovascular mortality among
Greenland Inuit was first reported in the late 1970s. Subsequently, numerous observational and
intervention studies of fish and omega-3 fatty acids (1-3 FAs) intake have reported similar findings in
many countries. The majority of the intervention trials have centered on cardiovascular disease (CVD)
risk factors and intermediate markers. However, the beneficial effects on CVD risk factors and markers
have not always been consistent with studies evaluating clinical CVD outcomes. Hence, the value of
n-3 FA to decrease cardiovascular mortality and improve risk factors remains controversial.

The n-3 FAs are a group of long-chain and very-long-chain polyunsaturated fatty acids. The major
n-3 FAs that are present in food are alpha-linolenic acid (ALA), occurring primarily in plants, and
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), occurring primarily in marine life.
Other n-3 FAs, including stearidonic acid (SDA) and docosapentaenoic acid (DPA), are present in very
low amounts in the diet. The major dietary sources of ALA are soybean and canola oils, some nuts and
flax seed. The major sources of EPA and DHA are oily fish and other marine life. Common dietary
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supplements of ALA are flax seed oil and some nut-derived oils. Common dietary supplements of
EPA and DHA are fish oil, krill oil, and algae oil. There are no major commonly consumed sources of
dietary SDA and DPA. However, SDA is relatively high in hemp oil and echium seed oil.

The term n-3 FAs is used to refer to a group of polyunsaturated fatty acids whose first double
bond involves the third carbon counting from the methyl end of the fatty acid acyl chain. In contrast,
the term omega-6 fatty acids (1-6 FA) is used to refer to a group of polyunsaturated fatty acids whose
first double bond involves the sixth carbon counting from the methyl end of the fatty acid acyl chain.
Both 1-3 FAs and 1-6 FAs are substrates for the synthesis of eicosanoids, a subcategory of oxylipins.
As a group of bioactive molecules, they are signaling factors that affect a wide range of physiological
systems. Depending on the substrate, eicosanoids can promote or inhibit immune responses, act as
endocrine agents or have a broad range of other functions. The metabolic products of n-3 FAs and 1-6
FAs tend to result in different and frequently opposite physiological effects. Metabolic products of -3
FAs tend to be anti-inflammatory. In addition to being substrates for eicosanoid synthesis, -3 FAs also
serve as structural components of cell membranes, higher levels resulting in increased fluidity.

In 2002, the Institute of Medicine concluded that the evidence was inadequate to establish
a Recommended Dietary Allowance for n-3 FAs. Instead, for healthy adults, they established an
Adequate Intake for ALA of 1.1 g per day for females and 1.6 g per day for males [1,2]. On the basis of
data for CVD and stroke, they further established an Acceptable Macronutrient Distribution Range
for ALA of 0.6 to 1.2 percent of energy, with approximately 10 percent of this range contributed
by EPA and/or DHA. To get an adequate n-3 FA intake, the 2015-2020 Dietary Guidelines for
Americans recommends two fish meals, preferably oily fish, per week. This is consistent with prior
editions of Dietary Guidelines for Americans and the American Heart Association’s Diet and Lifestyle
Recommendations [3,4]. While the intake of ALA in the U.S. is generally adequate, intakes of EPA and
DHA tend to be low. Despite consistent recommendations to increase fish intake, from 19992000 to
2011-2012 estimated fish intake has only increased from 1.12 to 1.33 servings per week [5].

In 2004, evidence reviews of #-3 FA and CVD and CVD risk factors commissioned by the Agency
of Healthcare Research and Quality (AHRQ) were published [6-10]. Since then, the evidence for a
relationship between 1n-3 FA and CVD has continued to be inconsistent. In the past decade, there
have been numerous secular trends that may have had an impact upon the potential effects of n-3 FA
dietary intake and supplementation on CVD risk factors and outcomes. These include higher diagnosis
rates of and pharmacologic treatment for CVD risk factors (e.g., statins, anti-hypertensive agents, and
low dose aspirin), resulting in lower cardiovascular event rates. Smoking rates have also fallen [11],
although obesity rates have remained stable [12]. These trends could lower the potential population
level benefit of -3 FAs because of a lower underlying risk, making comparisons with older studies
somewhat tenuous.

For these reasons, the AHRQ commissioned an update of the earlier review on n-3 FA and
CVD [13]. The updated review focused on clinically relevant CVD risk factors (lipoproteins and blood
pressure (BP)) and CVD events. In addition, due to concerns about the accuracy of dietary n-3 FA
intake estimates, the updated review added evaluations of associations between measures of nutrient
biomarkers and clinical outcomes. The biomarkers of #-3 FA intake include fatty acid profiles of
adipose tissue, erythrocytes, plasma, and plasma phospholipids, reflecting not only current intake but
subsequent metabolism [14-16]. The results of the updated review are summarized below.

2. Materials and Methods

Standard systematic review methodology was employed to address three Key Questions on:
(1) the efficacy or association of -3 FA and CVD outcomes and risk factors; (2) differences in efficacy
or association by patient characteristics, confounders, diet, and other factors on these outcomes and
risk factors; and (3) adverse event data (Table 1). The Key Questions are summarized graphically
in an Analytic Framework mapping linkages among populations of interest, exposures, modifying
factors, and outcomes of interest (Figure 1). For each topic, the strength of evidence was rated as high,
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moderate, low, or insufficient, based on the number of studies, their limitations, consistency, precision,
and other factors. Details about the study eligibility criteria and other methodology can be found in
the full report [13].

Table 1. Key Questions.

Key Question Question Text

What is the efficacy or association of n-3 FA (EPA, DHA, EPA+DHA, DPA, SDA, ALA,
or total n-3 FA) exposures in reducing CVD outcomes (incident CVD events, including

1 all-cause death, CVD death, nonfatal CVD events, new diagnosis of CVD, peripheral
vascular disease, CHF, major arrhythmias, and hypertension diagnosis) and specific
CVD risk factors (BP, key plasma lipids)?

What is the efficacy or association of -3 FA in preventing CVD outcomes in people
o Without known CVD (primary prevention)

11 o At high risk for CVD (primary prevention), and
e With known CVD (secondary prevention)?
12 What is the relative efficacy of different -3 FA on CVD outcomes and risk factors?
1.3 Can the CVD outcomes be ordered by strength of intervention effect of n-3 FA?
2 n-3 FA variables and modifiers:

How does the efficacy or association of -3 FA in preventing CVD outcomes and with
2.1 CVD risk factors differ in subpopulations, including men, premenopausal women,
postmenopausal women, and different age or race/ethnicity groups?

What are the effects of potential confounders or interacting factors—such as plasma
2.2 lipids, body mass index, BP, diabetes, kidney disease, other nutrients or supplements,
and drugs (e.g., statins, aspirin, diabetes drugs, hormone replacement therapy)?

What is the efficacy or association of different ratios of 12-3 FA components in dietary

2.3 X .
supplements or biomarkers on CVD outcomes and risk factors?

How does the efficacy or association of -3 FA on CVD outcomes and risk factors differ

24 by ratios of different #7-3 FA—DHA, EPA, and ALA, or other -3 FA?

How does the efficacy or association of -3 FA on CVD outcomes and risk factors differ
2.5 by source (e.g., fish and seafood, common plant oils (e.g., soybean, canola), fish oil
supplements, fungal-algal supplements, flaxseed oil supplements)?

How does the ratio of 1-6 FA to 1n-3 FA intakes or biomarker concentrations affect the

26 efficacy or association of -3 FA on CVD outcomes and risk factors?

27 Is there a threshold or dose-response relationship between 1n-3 FA exposures and CVD
’ outcomes and risk factors? Does the study type affect these relationships?

28 How does the duration of intervention or exposure influence the effect of #-3 FA on
’ CVD outcomes and risk factors?

29 What is the effect of baseline n-3 FA status (intake or biomarkers) on the efficacy of n-3
’ FA intake or supplementation on CVD outcomes and risk factors?
3 Adverse events:

31 What adverse effects are related to n-3 FA intake (in studies of CVD outcomes and
’ risk factors)?

32 What adverse events are reported specifically among people with CVD or diabetes

(in studies of CVD outcomes and risk factors)?

Abbreviations: ALA = alpha-linolenic acid, BP = blood pressure, CHF = congestive heart failure, CVD =
cardiovascular disease, DHA = docosahexaenoic acid, DPA = docosapentaenoic acid, EPA = eicosapentaenoic
acid, n-3 FA = omega-3 fatty acid(s), n-6 FA = omega-6 fatty acid(s), SDA = stearidonic acid.
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Target Populations
Healthy Adults Adults at high risk for CVD Adults with CVD
(No known CVD) (DM, CMS, HTN, Dyslipidemia, CKD)

n-3 FA Consumption
EPA, DHA, DPA, SDA, ALA
Source, Quantity, Duraton

Adverse
Events

Biomarkers of Intake
Blood Cell Membrane FAs
Plasma or Phospholipid FAs
Adipose Tissue FAs

Modifiers
Demographics, CVD risk factors,
n-3 FA type & source, n-6 to n-3 FA ratio,
Background n-3 FA intake, Other nutrients,
Medications*, Exposure duraton

""""""""" Intermediate Outcomes

Blood Pressuret

Plasma Lipidst
(Others¥)

Clinical Cardiovascular Outcomes
Death (all-cause, CVD)
Ml and other CHD events
CHF and other cardiac events
CVA and other Cerebrovascular events
New vascular diagnoses (cardiac, cerebrovascular, peripheral)
New arrhythmia (ventricular, supraventricular)
CVD-related procedures (e.g., PCl, amputation)

Figure 1. Analytic framework for omega-3 fatty acid exposure and cardiovascular disease.This
framework concerns the effect of omega—3 fatty acid (1-3 FA) exposure (as a supplement or from food
sources) on cardiovascular disease (CVD) events and risk factors. Populations of interest are noted in
the top rectangle, exposure in the oval, outcomes in the rounded rectangles, and effect modifiers in the
hexagon. * Specifically, cardiovascular medications, statins, anti-hypertensives, diabetes medications,
hormone replacement regimens. T Systolic blood pressure, diastolic blood pressure, mean arterial
pressure, high density lipoprotein cholesterol (HDL-c), low density lipoprotein cholesterol (LDL-c),
total/HDL-C ratio, LDL-C /HDL-C ratio, triglycerides. ¥ Many other intermediate outcomes are likely
in the causal pathway between n-3 FA intake and CVD outcomes, but only blood pressure and plasma
lipids were included in the review. Other Abbreviations: ALA = alpha linolenic acid, CHD = coronary
heart disease, CHF = congestive heart failure, CKD = non-dialysis-dependent chronic kidney disease,
CMS = cardiometabolic syndrome, CVA = cerebrovascular accident (stroke), DHA = docosahexaenoic
acid, DM = diabetes mellitus, DPA = docosapentaenoic acid, EPA = eicosapentaenoic acid,
FA = fatty acid, HTN = hypertension, MI = myocardial infarction, n-6 = omega—6, PCI = percutaneous
coronary intervention, SDA = stearidonic acid.

3. Results

In total, 147 articles met eligibility criteria, representing 61 randomized controlled trials (RCT, in
82 articles) and 37 longitudinal observational studies (in 65 articles). Across studies, there were few risk
of bias concerns. The RCTs of clinical outcomes were almost all conducted in populations at increased
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risk of CVD, largely related to dyslipidemia, or with CVD. The RCTs that reported intermediate
outcomes (BP and lipoproteins) were conducted in generally healthy, at-risk, and CVD populations.
The observational studies, in contrast, were almost all conducted in general (unrestricted by CVD or

risk factors) or healthy populations.

3.1. Key Question 1: Efficacy or Association of n-3 FA and CVD Outcomes or Risk Factors

Findings of effects or associations of increased #-3 FA intake on CVD outcomes or risk factors are
summarized in Table 2. Findings of no effect or association are summarized in Table 3. Details about
study results and summaries across studies can be found in the full report [13].

Table 2. Main findings of high, moderate, or low strength of evidence of significant effects or
associations between omega-3 fatty acids and outcomes.

Strength of

Effect or Association Evidence Finding Study Types Effect Sizes
ngher -3 FA intake Marine Oil * Supplementation Summary net change
or biomarker levels . . RCTs (of mostly .
with lower CVD risks High (Or Increased Intake) Raises supplements) in HDL-C: 0.9 mg/dL
HDL-C PP (95% C10.2, 1.6)
or events
. Marine oil supplementation (or ~ RCTs (of mostly ngmary net change
High increased intake) lowers T; supplements) in Tg: —24 mg/dL
8 PP (95% CI —31, —18)
s . Summary net change
. MarAme oil suPplementahon (or RCTs (of mostly in TC/ HDL-C ratio:
High increased intake) lowers supplements) —0.17 (95% CI —0.26,
TC/HDL-C ratio PP : o =0
~0.09)
. o . Observational By metaregression:
Low Marine oil increased intake o ¢ (of total 0,51 (95% C10.29, 0.89)
lowers risk of ischemic stroke . .
dietary intake) per g/day
leg};})lieoxiklze[: ll:t:fe Hieh Marine Oil Supplementation (Or  RCTs (of mostly ??Sﬁg ;%t ila;lgi
©° ve's g Increased Intake) Raises LDL-C supplements) -0 mg

with higher CVD risk

(95% CI1 0.4, 3.6)

* All statements about “marine oil” are based on all evidence of analyses of EPA+DHA+DPA, EPA+DHA,
EPA, DHA, and DPA. Abbreviations: CHD = coronary heart disease (also known as coronary artery disease),
CHEF = congestive heart failure, CI = confidence interval, CVD = cardiovascular disease, DHA = docosahexaenoic
acid, DPA = docosapentaenoic acid, EPA = eicosapentaenoic acid, HDL-C = high density lipoprotein cholesterol,
HR = hazard ratio, LDL-C = low density lipoprotein cholesterol, 7-3 FA = omega-3 fatty acids, RCT = randomized
controlled trial, TC = total cholesterol, Tg = triglycerides.

3.1.1. Total n-3 FA

Overall, there is insufficient evidence regarding the effect of or association between total n-3 FA

(combined ALA and marine oils) and most clinical and intermediate outcomes. There is low strength of

evidence of no association between total n-3 FA intake and stroke death, and total (fatal and nonfatal)

myocardial infarct, based on longitudinal observational studies of dietary intake.
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Table 3. Main findings of high, moderate, or low strength of evidence of no significant effects or

associations between omega-3 fatty acids and outcomes.

Strength of Omega-3 Fatty Acid and .
Evidence Outcome Study Types Summary Effect Sizes
Marine oil* supplementation ~ RCTs (of mostly supplements),
High (or increased intake) and supported by observational RCTs: 0.96 (95% CI10.91, 1.02)
MACE studies (of total dietary intake)
. s RCTs (of mostly supplements) RCTs: 0.97 (95% C10.92, 1.03).
High Ma;ii;j;:;zl;ihand and observational studies (of Observational studies: 0.62 (95%
total dietary intake) CI0.31, 1.25) per g/day
RCTs (of mostly supplements),
High Marine oil intake and SCD supported by observational RCTs: 1.04 (95% C10.92, 1.17)
studies (of total dietary intake)
. Marine oil intake and RCTs (of mostly supplements), Not significant, not
High coronary revascularization supported by observational meta-analyzed
y studies (of total dietary intake) 4
RCTs: summary net change in
. o systolic blood pressure: 0.1
) Marine oil intake and mg/dL (95% CI —0.2, 0.4);
High systolic or diastolic blood RCTs (of mostly supplements) h in diastoli
ressure summary net change in diastolic
P blood pressure: —0.2 mg/dL
(95% CI —0.4, 0.5)
Marine oil intake and atrial RCTs (of most'Iy supplements) Not significant, not )
Moderate N and observational studies (of meta-analyzed. Observational
fibrillation . . . . .
total dietary intake) studies were inconsistent.
Purified DHA
supplementation and Not significant, not
Moderate systolic or diastolic blood RCTs (of supplements) meta-analyzed
pressure
Purified DHA Not significant, not
Moderate supplementation and LDL-C RCTs (of supplements) meta-analyzed
ALA intake and systolic or Not significant, not
Moderate diastolic blood pressure RCTs (of mostly supplements) meta-analyzed
ALA intake and LDL-C, Not significant, not
Moderate HDL-C, and Tg RCTs (of mostly supplements) meta-analyzed
Low Total n-3 FA intake and Observational studies (of total Not significant, not
stroke death dietary intake and biomarkers) meta-analyzed
Total -3 FA intake and Observational studies (of total Not significant, not
Low S . . .
myocardial infarction dietary intake) meta-analyzed
. o RCTs (of mostly supplements) RCTs: 0.92 (95% C10.82, 1.02).
Low Marine oil énta?;e and CVD and observational studies (of Observational studies: 0.88 (95%
ea total dietary intake) CI0.82, 0.95) per g/day
. . RCTs (of mostly supplements) RCTs imprecise. Observational
Low Marine oil g?:tl;e and CHD 4 observational studies (of  studies: 1.09 (95% CI 0.76, 1.57)
total dietary intake) per g/day
. . Observational studies (of total ~ Observational studies: 0.94 (95%
Low Marine oil intake and CHD dietary intake and biomarkers) CI0.81, 1.10) per g/day
Low Marine o ! 1{1take a'nd RCTs (of mostly supplements) RCTs: 0.88 (95% CI10.77,1.02)
myocardial infarction
Low Marine oil intake and angina RCTs (of mostly supplements) Not significant, not

pectoris

meta-analyzed
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Table 3. Cont.

Strength of

Omega-3 Fatty Acid and

Evidence Outcome Study Types Summary Effect Sizes
RCTs (of mostly supplements) RCTs not significant, no t
. - . . meta-analyzed. Observational
Low Marine oil intake and CHF and observational studies (of X o
. . studies: 0.76 (95% CI 0.58, 1.00)
total dietary intake)
per g/day
Mta“]z‘e (‘;‘lt“l‘takg andft‘ztil RCTs (of mostly supplements) ~ RCTs: 0.97 (95% CI 0.83, 1.13).
Low Stroke {latal and nonfata and observational studies (of Observational studies: 0.68 (95%
ischemic and hemorrhagic . .
total dietary intake) CI0.53,0.87) per g/day
stroke)
L Marine oil intake and Observational studies (of total ~ Observational studies: 0.61 (95%
ow hemorrhagic stroke dietary intake) CI0.34, 1.11) per g/day
Low EPA intake and CHD Observah‘onal sFudles (of total Not significant, not
dietary intake) meta-analyzed
EPA biomarkers and atrial Observational studies (of Not significant, not
Low s .
fibrillation biomarkers) meta-analyzed
Low DHA intake and CHD Qbserv@onal stud{es (of total Not significant, not
dietary intake and biomarkers) meta-analyzed
DPA biomarkers and atrial Observational studies (of Not significant, not
Low s .
fibrillation biomarkers) meta-analyzed
Observational studies (of total
dietary intake), supported by . . o
Low ALA intake and CHD death ~ RCT (of supplementation) and Obseé;’gté(;n?l;;ldl:rs' (/)d9;1 (95%
observational study (of 69, L00) per g/ day
biomarkers)
. Observational studies (of total ~ Observational studies: 0.97 (95%
Low ALA intake and CHD dietary intake) C1092,1.03) per g/day
Low ALA intake and atrial Observational studies (of total Not significant, not
fibrillation dietary intake and biomarkers) meta-analyzed
Observational studies (of total
. dietary intake and biomarkers), Not significant, not
Low ALA intake and CHF supported by RCT (of meta-analyzed
supplementation)

* All statements about “marine oil” are based on all evidence of analyses of EPA+DHA+DPA, EPA+DHA, EPA, DHA,
and DPA. Abbreviations: ALA = alphalinolenic acid, CHD = coronary heart disease, CHF = congestive heart failure,
CI = confidence interval, DHA = docosahexaenoic acid, DPA = docosapentaenoic acid, EPA = eicosapentaenoic
acid, HDL-C = high density lipoprotein cholesterol, LDL-C = low density lipoprotein cholesterol, MACE = major
adverse cardiovascular event (including cardiac and stroke events and death; variously defined by studies), n-3 FA
= omega-3 fatty acids, RCT = randomized controlled trial, SCD = sudden cardiac death, Tg = triglycerides.

3.1.2. Marine Oils

There is high strength of evidence of that marine oils (primarily EPA and DHA) statistically
significantly lower triglyceride concentrations—possibly with greater effects with higher doses
and in people with higher baseline triglyceride concentrations—and they statistically significantly
raise high density lipoprotein cholesterol (HDL-C) and low density lipoprotein cholesterol (LDL-C)
concentrations by similar amounts (2.0 and 0.9 mg/dL, respectively). There is also high strength of
evidence that marine oils significantly lower the total cholesterol (TC)/HDL-C ratio (by —0.17). There
is low strength of evidence that marine oils significantly lower risk of ischemic stroke (effect size per
g/day = 0.51).

There is a high strength of evidence of no effect of marine oils on risk of major adverse
cardiovascular events, all-cause death, sudden cardiac death, revascularization, and blood pressure
(BP); moderate strength of evidence of no effect of marine oils on risk of atrial fibrillation; and low
strength of evidence of no effect of marine oils on risk of CVD death, coronary heart disease (CHD)
death, total CHD, myocardial infarction, angina pectoris, congestive heart failure, total stroke, and
hemorrhagic stroke. There is insufficient evidence for other outcomes.
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3.1.3. Specific Marine Oils

There is insufficient evidence regarding the effect of or association between oils high in EPA, DHA,
or DPA (each marine oil individually) and most CVD clinical and intermediate outcomes. There is low
strength of evidence of no association between EPA intake and CHD and between EPA biomarkers and
atrial fibrillation. There is moderate strength of evidence of no effect of purified DHA supplementation
on BP or LDL-C concentrations, and low strength of evidence of no association between DHA intake
and incident CHD. There is low strength of evidence of no association between DPA biomarker levels
and risk of atrial fibrillation.

There is insufficient evidence regarding effect of or association between SDA and CVD clinical
and intermediate outcomes.

There is moderate strength of evidence of no significant effect of ALA intake on BP, or LDL-C,
HDL-C, and triglyceride concentrations. There is low strength of evidence of no association between
ALA intake or biomarker level and CHD or CHD death, atrial fibrillation, and congestive heart failure,
each based on observational studies. There is insufficient evidence regarding other outcomes.

3.1.4. Sub-Questions

3.1.4.1. People with No Known CVD, At Increased Risk for CVD, and With Known CVD.

Almost all studies reporting CVD intermediate outcomes included study participants based on BP
or lipoprotein concentrations; i.e., at increased risk for CVD, but no known CVD. Most observational
studies evaluated general population registries or other large databases (for primary prevention).
In contrast, RCTs with CVD event outcomes were conducted mostly in people with known history of
CVD (for secondary prevention).

Based on the applicability of the different studies, in the population without known CVD, there is
observational evidence of no association for major adverse cardiovascular events, CVD death, total
stroke death, incident CHD, total stroke, ischemic stroke, hemorrhagic stroke, atrial fibrillation, and
congestive heart failure. There is strong RCT evidence of no effect for BP (systolic and diastolic), mean
arterial pressure, LDL-C and HDL-C concentrations, and strong RCT evidence for a significant effect
on lowering triglyceride concentrations.

In people at increased risk for CVD, there is strong RCT evidence for no effect on major adverse
cardiovascular events, all-cause death, BP (systolic and diastolic), LDL-C and HDL-C concentrations,
TC/HDL-C ratio, and LDL-C/HDL-C ratio, and strong RCT evidence for a significant effect for
lowering triglyceride concentrations.

In people with known CVD, there is RCT evidence of no effect for major adverse cardiovascular,
CHD death, all-cause death, myocardial infarction, revascularization, total stroke, sudden cardiac
death, atrial fibrillation, and congestive heart failure. There is strong RCT evidence of no effect on BP
(systolic and diastolic) and LDL-C concentrations, and strong RCT evidence of a protective effect for
HDL-C and triglyceride concentrations.

3.1.4.2. Relative Effect of Different n-3 FAs.

Based on studies that directly compared different n-3 FAs, there is low strength of evidence of no
difference between EPA, DHA, and combined EPA+DHA. There is low strength of evidence of greater
efficacy of marine oils over ALA.

3.1.4.3. Ordering of n-3 FAs by Strength of Effect.

Based on the summary effect sizes of meta-analyzed RCTs, marine oils had no statistically
significant effect on CVD outcomes. The order of effect sizes (ignoring lack of statistical significance)
of CVD outcomes with sufficient data to allow meta-analysis, was myocardial infarction, CVD death,
major adverse cardiovascular events, all-cause death, total stroke, and sudden cardiac death.
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3.2. Key Question 2: n-3 FA Variables and Modifiers
Sub-Questions

3.2.0.1. Subpopulations

There was insufficient evidence to assess the efficacy or association of n-3 FA in preventing CVD
outcomes and with CVD risk factors in subgroups based on race/ethnicity and whether women
were pre- or postmenopausal. Five studies (mostly observational) found no significant differences
in association based on age, with cutoffs for subgroups ranging between 60 and 70 years of age.
Two studies found no interaction with age as a continuous variable. One RCT found a significant
difference in favor of women, two observational studies found a significant difference in favor of men,
and nine studies (a mix of RCTs and observational) found no difference between men and women.

3.2.0.2. Confounders or Interacting Factors

There was evidence of no interactions with body mass index, hypertension status, diabetes
status, and baseline TC/HDL-C ratio. There was inconsistent evidence for the following potential
confounders or interacting factors: triglyceride concentrations, statin use, B-vitamin use, and baseline
LDL-C concentrations. There was insufficient evidence to assess the following potential confounders
or interacting factors: beta-blocker use, baseline HDL-C concentrations, insulin glargine use, nitrate
use, digoxin use, diuretic use, estimated glomerular filtration rate, angiotensin-converting enzyme
inhibitor use, anticoagulant use, total cholesterol concentrations, or use of fish oil supplements.

3-6. Different Ratios of 1-3 FA Components, Different n-3 FA Sources, and 7-6 FA to n-3 FA Ratio

There was insufficient information across studies to evaluate different ratios of #-3 FA components
(e.g., EPA-to-DHA ratio) or to compare different ratios. Also, studies neither fully reported on n-3
FA source (e.g., soybean oil, canola oil) nor compared the different sources; therefore, there was
insufficient evidence regarding differential effects based on source. No RCTs or observational studies
directly evaluated 7n-6 FA to n-3 FA intake concentrations, and no differences across studies by this
ratio was evident.

3.2.0.4. Threshold or Dose-Response Relationship

Among RCTs, for all clinical CVD outcomes, there is insufficient evidence regarding a
dose-response relationship within or between RCTs. For BP, LDL-C and HDL-C concentrations, RCTs
do not find significant differences in effect by marine oil dose either within or between RCTs. RCTs
comparing marine oil doses mostly found no significant differences between higher and lower dose
marine oils. However, a possible pattern could be discerned such that higher doses (3.4 or 4 g/day)
reduced triglyceride concentrations by at least 30 mg/dL more than lower doses (1 to 2 g/day).
By meta-regression, each increase of EPA+DHA dose by 1 g/day was associated with a greater net
change triglyceride concentrations of —5.9 mg/dL (95% CI —9.9 to—2.0; P = 0.003); no inflection
point was found above which the association plateaued. Meta-regressions of observational studies
yielded the following conclusions. For all-cause death, there may be a ceiling effect at about 0.2 g/day,
such that increasing marine oil intake up to this level may be associated with lower all-cause death,
but increasing intake above this level may not be associated with further decreased risk. For total
stroke, ischemic stroke, and congestive heart failure, at lower ranges of intake, there were statistically
significant associations between higher marine oil intake level and lower risk of outcome, in contrast
to associations found at higher ranges of intake. However, the associations at lower and higher doses
were not statistically significantly different from each other. For ischemic stroke, associations between
higher doses and risk of stroke were stronger and statistically significant across lower doses than
at higher doses (with thresholds between lower and higher doses from 0.1 and 0.4 g/day) and the
differences in associations between lower and higher doses were statistically significant. Any dose
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inflection point that may exist is likely to be beyond the range of testable thresholds (i.e., >0.4 g/day),
based on available evidence. Similarly, for congestive heart failure, significant associations were found
at lower doses, in contrast to at higher doses, with thresholds ranging from 0.1 to 0.5 g/day, and
the differences were statistically significant at most thresholds. Any dose inflection point that may
exist is likely to be beyond the range of testable thresholds (i.e., >0.5 g/day). For CVD death, CHD
death, total CHD, and hemorrhagic stroke, there were no apparent differences in association between
marine oil intake dose and outcome at lower or higher dose ranges. For CHD death and CHD, there
were no apparent differences in association between ALA intake dose and outcome at lower or higher
dose ranges.

3.2.0.5. Duration of Intervention or Exposure

None of the meta-regressions identified a significant interaction for follow-up time. No difference
in effect was identified within studies at different durations of intervention. Observational studies did
not evaluate differences in duration of exposure.

3.2.0.6. Effect of Baseline n-FA Status

The very few studies that investigated potential differential effects associated with baseline fish
or n-3 FA intake found no significant differences.

3.3. Adverse Events
Sub-Questions

3.3.0.1. Adverse Events across All Studies

No serious or severe adverse events were related to n-3 FA intake (supplementation).
Most reported adverse events were mild and gastrointestinal in nature. However, two of 25 RCTs
reported statistically significant differences in adverse events between 1-3 FA supplements and placebo.

3.3.0.2. Adverse Events among People with CVD or Diabetes

Among 10 RCTs of patients with CVD (9 with marine oil, 1 with total n-3 FA, 2 with ALA), either
no adverse events or no significant difference between n-3 FA and placebo were reported. A single
study reported adverse events from an RCT of people with diabetes, finding no significant differences
in serious or non-serious adverse events between marine oil and placebo.

4. Discussion

The overall findings for the effects of marine oil supplements on intermediate CVD outcomes
remain largely unchanged since a similar review in 2004 [7,13]. In summary, there is high strength of
evidence, based on numerous trials, of no significant effects of marine oils (0.3-6 g/day) on systolic
or diastolic BP, but small, yet statistically significant increases in HDL-C (0.9 mg/dL) and LDL-C
(2.0 mg/dL) concentrations. However, the clinical significance of these small changes in both HDL-C
and LDL-C concentrations on CVD outcomes, particularly in combination, is unclear. For both lipid
outcomes, no differences in effect across studies were found by marine oil dose, follow-up duration, or
population. The strongest effect of marine oils (0.3-6 g/day) was found on triglyceride concentrations.
Across studies, this effect was dose-dependent and also dependent on the studies’ mean baseline
triglyceride concentrations. Recent genetic evidence from a wide range of investigations, including
mutational analyses, genome-wide associations and Mendelian randomization, has linked triglycerides
and triglyceride-rich lipoprotein particles in the causal pathway for CVD, possibly through promotion
of low-grade inflammation [17,18].

In observational studies, there is a low strength of evidence that increased marine oil intake
lowers the risk of ischemic stroke, but among both RCTs and observational studies there is evidence
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of variable strength of no association of increased marine oil intake with lower risks of a range of
CVD events. Evidence regarding ALA intake is sparser. There is moderate strength of evidence of no
effect of ALA on BP or lipoprotein concentrations, and low strength of evidence of no association with
coronary heart disease, atrial fibrillation, and congestive heart failure.

The potential intake threshold-effects of #-3 FA on CVD events (the maximum dose above which
no further benefit is attained) could not be determined from the RCTs; meta-analyses of observational
studies found variable evidence of possible threshold effects. Most notably, intakes of EPA and
DHA greater than 0.6 g/day do not provide additional benefit to lower risk of ischemic stroke
than lower doses. Comparative differences in effects or associations of increased 7-3 FA intake in
different populations based on CVD risk, a question of particular interest, could not be adequately
addressed because few RCTs were conducted in healthy populations (with normal CVD risk) and few
observational studies were conducted in at-risk or CVD populations.

Of interest, the current National Institute for Health and Care Excellence (NICE) recommendations
for CVD prevention concluded that the evidence does not support the use of omega-3 fatty acid
supplements for people who are being treated for primary prevention or secondary prevention, and
people with chronic kidney disease, type 1 diabetes, or type 2 diabetes [19].

5. Limitations

Overall, both RCTs and observational studies generally had few risk of bias concerns. However,
as noted, the RCTs were mostly applicable to people with elevated BP or lipoprotein concentrations,
without known CVD. In contrast, for clinical CVD outcomes, all but one of the RCTs was conducted
in either high-risk individuals or people with existing CVD, but most observational studies were
conducted in generally healthy populations. Furthermore, the doses of marine oil supplements in RCTs
were often much higher than the highest intake reported for observational studies. Studies generally
failed to account for differences in background diet or n-3 FA intake and did not fully characterize the
n-3 FA under investigation.

While this report represents a complete systematic review, it does not encompass all trials or
longitudinal observational studies that report on CVD and intermediate outcomes. Due to time and
resource constraints, this review included only the largest RCTs of CVD risk factors and the largest
observational studies. Smaller studies may have yielded more complete or conflicting findings.

6. Conclusions

In brief, there is high strength of evidence that marine oils have small effects on LDL-C and HDL-C
concentrations, and a large, dose-dependent effect on triglyceride concentrations. In contrast, there is
moderate strength of evidence that ALA has no significant effect on lipoprotein concentrations. Neither
marine oils nor ALA have a significant effect on systolic or diastolic BP. There is moderate strength
of evidence that marine oil supplementation lowers risk of major adverse cardiovascular events and
CVD death, and low strength of evidence that higher marine oil intake is associated with lower risk of
coronary heart disease and congestive heart failure. However, there is variable strength of evidence of
no significant effect or association of marine oil intake and numerous different CVD outcomes.

The generalizability of specific findings to all populations is somewhat limited because studies
tended to restrict their eligibility criteria. RCTs evaluating clinical outcomes included only people with
known CVD while observational studies evaluated only databases of generally health populations
(without known CVD). Furthermore, while there were few risk of bias concerns across the studies, very
few studies fully characterized the n-3 FAs under investigation or attempted to account for differential
effects in different populations or based on people’s background diet or other characteristics. Also, few
studies directly compared different #-3 FA components, ratios, doses, or duration of intake. Therefore,
there was no or insufficient evidence to address most of the review’s key questions.
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Abstract: Little is known about arachidonic acid (ARA) and docosahexaenoic acid (DHA)
requirements in toddlers. A longitudinal, double blind, controlled trial in toddlers (n = 133) age
13.4 + 0.9 months (mean =+ standard deviation), randomized to receive a DHA (200 mg/day) and
ARA (200 mg/day) supplement (supplement) or a corn oil supplement (control) until age 24 months
determined effects on neurodevelopment. We found no effect of the supplement on the Bayley Scales
of Infant and Toddler Development 3rd Edition (Bayley-III) cognitive and language composites and
Beery-Buktenica Developmental Test of Visual-Motor Integration (Beery VMI) at age 24 months.
Supplemented toddlers had higher RBC phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and plasma DHA and ARA compared to placebo toddlers at age 24 months. A positive relationship
between RBC PE ARA and Bayley III Cognitive composite (4.55 (0.21-9.00), B (95% CI), p = 0.045) in
supplemented boys, but not in control boys, was observed in models adjusted for baseline fatty acid,
maternal non-verbal intelligence, and BMI z-score at age 24 months. A similar positive relationship
between RBC PE ARA and Bayley III Language composite was observed for supplemented boys
(11.52 (5.10-17.94), p < 0.001) and girls (11.19 (4.69-17.68), p = 0.001). These findings suggest that
increasing the ARA status in toddlers is associated with better neurodevelopment at age 24 months.

Keywords: toddlers; long chain polyunsaturated fatty acids; arachidonic acid; docosahexaenoic
acid; neurodevelopment

1. Introduction

The 1-6 and n-3 long chain polyunsaturated fatty acids, arachidonic acid (20:4n-6, ARA), and
docosahexaenoic acid (22:6n-3, DHA), are found at high concentrations in the brain, predominantly
as components of phospholipids, and have important roles in brain development [1-3]. Brain DHA
accumulation in phosphatidylethanolamine (PE) and phosphatidylcholine (PC) begins during gestation
and is estimated to continue postnatally into childhood [4].

Considerable emphasis has been placed on dietary ARA and DHA requirements for infants under
one year of age. Arachidonic acid and DHA can be synthesized from the dietary essential fatty acids,
linoleic acid (18:2n-6, LA) and alpha linolenic acid (18:3n-3, ALA), respectively. However, studies
in animals have reported that DHA from maternal diet is a more efficient source of DHA for the
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developing fetal and infant brain compared to ALA in maternal diet [5,6]. Randomized trials of DHA
and ARA supplementation have reported that infants fed with formula supplemented with DHA
and ARA from the first week after birth have better visual acuity at 12 months of age than infants
consuming formula with no DHA or ARA [7], better attention at four and nine months of age [8],
and higher cognitive scores at 18 months of age [9]. The long-term benefits of the DHA and ARA
supplementation have also been reported. The infants that were fed the formulas supplemented with
DHA and ARA performed better in executive function, vocabulary, and intelligence at 3-5 years of age
compared to the infants that were fed the formula with no DHA and ARA [10]. Other studies have
also reported beneficial effects of DHA and ARA supplementation during infancy on indicators of
cognitive function at six years of age [11].

Less is known about requirements of DHA and ARA during the period from 12 to 24 months
of age. This time point is one of rapid neurological and physical development, but also a time of
great transition in diet and well-known vulnerability to nutrient deficiencies. Human milk is the
recommended and best sole source of nutrition for infants from birth to six months of age, and
provides the infant with ARA and DHA. Current Canadian infant feeding guidelines state that whole
(homogenized, full-fat) cows’ milk may be fed as a human milk alternate beginning at 9-12 months
of age [12]. Cows’ milk is a rich source of protein and calcium, but is low in n-6 and n-3 fatty acids
and has negligible ARA and DHA. One randomized, controlled trial reported that the median daily
intake of DHA in toddlers (18-36 months of age) was 13.3 mg and that those who received a formula
supplemented with DHA for 60 days had fewer upper respiratory tract infections compared to toddlers
that received no DHA supplementation [13]. This suggests some potential benefits of dietary DHA
in this age group. The objective of the current study is to examine the effects of ARA and DHA
supplementation in toddlers from 12 to 24 months of age compared to children following their usual
diet on cognitive, language and visual-motor development, and biomarkers of ARA and DHA status.

2. Materials and Methods

2.1. Subjects and Study Design

This was a prospective, longitudinal double blind, randomized placebo-controlled trial of DHA
and ARA supplementation. Healthy term (37-41 weeks gestation) toddlers (1 = 133) born in 2009-2013
were recruited through advertisements at community centers and local family events, and Vancouver
Coastal Health immunization clinics in Vancouver, Canada at 12-14 months of age. Inclusion criteria
at the time of enrollment included the following: healthy 12-14 month £7 days toddlers; appropriate
weight for gestational age at birth (2500-4000 g); singleton birth; maternal age 20—40 years at delivery;
English as the primary language in the home; non-smoking home environment; currently breast-fed
<2 times per day or fed <236 mL/day infant formula containing ARA and DHA; primary source of
milk for the toddler was cow’s milk or other milk substitutes not containing ARA and DHA; and not
received fish oil or other oil supplements and no intent to provide these during the duration of the study.
Toddlers with known food allergies, metabolic, neurological, genetic, or immune disorders; and those
that had been hospitalized for surgery, growth failure or any other event which was considered likely
to impact the outcomes in this study were excluded. The recruitment and enrollment of toddlers in the
study was completed under the direction of Dr. Sheila Innis and her staff at BC Children’s Hospital
Research Institute from January 2010 to September 2014.

Toddlers were randomized and assigned without bias to receive the DHA/ARA supplement
(200 mg/day DHA from DHASCO®-S oil, 200 mg/day ARA from ARASCO® oil, DSM Nutritional
Products) or control (400 mg/day corn oil), provided as sprinkles that were added to the toddlers’
food daily, from baseline until 24 months of age. Home visits were scheduled to provide the nutrition
supplements and to collect study diaries on infant feeding and health. Our goal was to provide a
nutrition supplement of DHA + ARA to maintain DHA and ARA nutrition equivalent to what a toddler
would receive if the mother were to continue breast-feeding the toddler from 12 to 24 months of age.
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To avoid any possibility that participation in this study could lead to discontinuation of breast-feeding,
only mothers and their toddlers in whom breast-feeding had stopped or were breast-feeding twice a
day or less were enrolled. During the first week, the parents were contacted twice by phone to check
for any problems and to answer questions. The parents were also contacted when the toddler was 15,
17,19, 21 and 23 months of age to provide the nutrition supplements as needed and collect routine
information on illnesses. Toddler assessments for development, growth and dietary intake occurred at
baseline and when the infant was 18 and 24 months of age. The data collection sheets were keptin a
locked cabinet in the Innis Lab at the BC Children’s Hospital Research Institute.

Informed consent was provided by the child’s parent/guardian for inclusion in the study before
they participated. The study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the Ethics Committee of the University of British Columbia Clinical
Research Ethics Board and the Children’s and Women’s Health Centre of British Columbia Research
Ethics Board (certificate number: H09-02028). Clinical Trial Registry: NCT01263912 at clinicaltrials.gov.

2.2. Supplements

The DHA is derived from DHASCO-S, an algal (Schizochytrium sp.) triglyceride oil, and the ARA
is derived from ARASCO, a fungal (Mortierella alpina) triglyceride oil, and are regarded as safe for
use in foods and supplements [14,15]. Details of the composition of the supplement and control are

provided in Table 1.
Table 1. Composition of supplements.
Supplement (mg/Package) Control (mg/Package)
Fish Gelatin 325-460 325-460
Sucrose 325-460 325-460
Corn Starch 310-440 310-440
Sodium Ascorbate 75-105 75-105
DHA 100 0
ARA 100 0
Corn Oil 0 445-625

Abbreviations: ARA, arachidonic acid; DHA, docosahexaenoic acid; the source of DHA and ARA was DHASCO-S,
algal (Schizochytrium sp.) triglyceride oil; ARASCO, fungal (Mortierella alpina) triglyceride oil.

The supplement and control were prepared in individual packages of sprinkles, about two grams
each. Two packages were taken per day. The supplement provided 100 mg DHA and 100 mg ARA per
package. In appearance, the sprinkles resembled skim milk powder and had a very faint odor similar
to skim milk powder. The placebo sprinkles contained corn oil and no DHA or ARA. The amounts of
saturated, monounsaturated and LA from the corn oil are insignificant relative to the usual intake of
fat and these fatty acids in the usual diet.

The parents were instructed to give one full serving (one package) twice a day, at separate meals,
preferably one in the morning and one in the afternoon. The parents were instructed to mix the entire
contents of one package with milk, or food such as yogurt or cereal. Written instructions were provided
and explained in-person at the beginning of the study. The parents were also instructed not to exceed
two sachets a day; not to “catch-up” missed supplements on another day; and if the child spilled part
of the milk, replacement supplements should not be given.

The parents were given a calendar for each month of the 12 months that they were in the study,
with one line for each week, and each day having two check boxes for administering one for each of
the two servings (packages) of sprinkles per day. The parents were asked to complete the calendar at
the end of each day. The supplements and control were provided in a container to store in the fridge;
containers for empty, unused or damaged packages were also provided. Empty supplement packages
and unused supplements were kept and returned at the study visits and were used as a measure
of compliance.
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2.3. Randomization

Each subject was assigned a unique random code number system, with the codes held in opaque
sealed envelopes. The random number subject code was used on all data collection forms and blood
samples. If a toddler withdrew from the study, that toddler’s unique random number code was not
reassigned. Once the consent form was reviewed and signed, the random number code was opened.
The supplement and control were prepared in identical packages, two identical supplement and
two identical control packages, giving four groups each identified with a letter code, W, X, Y or Z.
Each subject random number code was linked to one of the four potential study groups, W, X, Y, or Z.
All research staff involved with the toddlers or with analyses of the samples were blinded to the group
codes. The identity of the four codes was held in four separate sealed envelopes, in a locked cabinet,
and opened at the completion of the study.

2.4. Measures of Nutritional Status

Venous blood (~10 mL) was collected from each toddler at baseline, enrolment at 12-14 months of
age (£1 weeks); and at 24 months (+2 weeks) of age. For analyses of fatty acids status, plasma was
separated from red blood cells by centrifugation, the buffy coat removed, and the plasma stored at
—70 °C until later analysis. The red blood cells (RBC) were washed with saline two times to remove
contaminating plasma, and stored at —70 °C until further analyses. Plasma and RBC lipids were
extracted and lipid classes separated by HPLC, quantified with an evaporative light scattering detector,
and recovered using a fraction collector. Fatty acids in the fractions of interest were converted to
methyl esters, separated, and quantified by gas liquid chromatography as described previously [5,16].

2.5. Dietary Assessments

Dietary history information was collected using a food frequency questionnaire (FFQ). The FFQ
included a diet history at baseline, and at ages 18 and 24 months to capture duration of breast-feeding,
age of introduction and type of formula, dairy milks, milk substitutes and weaning foods. The FFQ
was administered by interview with the parent or primary caregiver and covered the infant’s intake
for the previous 4 weeks. Information on the frequency with which a food was eaten, portion size,
brand name, methods of preparation, and types of meat, fish, poultry, eggs, fish and seafood(s) were
collected. Care was taken to guide parents to capture foods provided by daycares or given by other
caregivers [17-19].

The 3-day food diary was completed at baseline, 18 months of age, and 24 months of age and
included a written record of all beverages and foods consumed and vitamin and mineral supplements,
and included questions on the infant’s eating behavior, with the same format at each age. Food records
were analyzed using Food Processor Nutrition Software (ESHA Research, Salem, OR) and the Canadian
Nutrient File (Health Canada, CNF version 2007b) and USDA Nutrient File. Total fat, LA, ALA, ARA,
and DHA intakes were determined.

2.6. Child Outcome Measures

The Bayley Scales of Infant and Toddler Development 3rd Edition (Bayley-III) is a standardized
test of infant development based on age-referenced norms [20]. At age 24 months, Cognitive and
Language scales of the Bayley-III were administered. The Beery—Buktenica Developmental Test of
Visual-Motor Integration (5th Ed.) (Beery VMI) was administered at age 24 months and involved the
child copying geometric designs arranged in order of increasing complexity [21].
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Measures of attention during play with age appropriate toys are widely used [22]. At age 18
and 24 months, single object free play (5 min), multiple object free play (5 min), and a distractibility
task (3 min) were given, following the methods of Columbo and colleagues [22,23]. The child was
positioned on the parent’s lap facing a table on which age appropriate toys were placed. Parents were
asked to be quiet and avoid distracting or interacting with their child. The tester limited interaction to
encouragement to play with the toy. Verbal communication with the child followed a standard script,
and the sessions were timed with a stopwatch and recorded by a video camcorder, which also recorded
elapsed time for detailed coding. In the distractibility task, show clips on a TV in the periphery of the
play area were used as the distraction. All videos were viewed and analyzed by coders blinded to the
infant’s study group and all other information about the child and family. Videos were coded using
Observer XT 12 (Noldus Information Technology). For the single-object task and the multiple-objects
task, mean duration and total duration of looking at the toy, total number of looks to the toy and total
number of inattention episodes were measured. For the distractibility task percentage of duration
the child turned away from the toy, latency to turn from the toy to the distractor, and the duration of
looking at the distractor were calculated.

2.7. Maternal Intelligence

The Test of Nonverbal Intelligence (TONI-3rd Ed.), a language-free measure, was used to assess
mother’s cognitive ability. The TONI-3 is a norm-referenced measure of intelligence, aptitude, abstract
reasoning, and problem solving that requires no reading, writing, or speaking; subjects only have to
point to indicate their response choice [24].

2.8. Statistical Analyses

Descriptive statistics were used to present baseline characteristics; group differences were
determined by t-test for linear variables and by chi-squared test for categorical variables. Group
differences in circulating n-6 and 1-3 fatty acids and dietary intakes at baseline and age 24 months were
determined by f-tests for linear variables and chi-squared test for categorical variables. The primary
outcomes of the study were the Bayley-III Cognitive and Language composite scores and the Beery
VMIL. Differences in primary outcomes between supplement and control groups were determined
by general linear models. Secondary outcomes of the study were the attention and distractibility
scores. Generalized Linear Modeling (GZLM) and General Estimating Equations (GEE) were used to
investigate the relationships between circulating ARA and DHA and primary outcomes.

3. Results

3.1. Baseline Characteristics of Subjects

A total of 133 toddlers were enrolled into the trial; n = 68 in the supplement group and 1 = 65 in
the control group (Figure 1). Of these, 82.7% (n = 110) completed the trial. The dropout rate was 14.7%
(n = 10) in the supplement group and 20.0% (7 = 13) in the control group. There were no differences
in baseline characteristics between subjects that completed the study and those that dropped out of
the study.
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Assessed for eligibility Excluded (n=1694)
(n=1 827) « No reply to follow-up (n=437)
* Not interested (n=411)
« Breast feeding 23 times/day (n=403)
« Formula with DHA/ARA or fish oil (n=158)
« Health problems (n=38)
« Language in home not English (n=80)
* Moving out of area (n=85)

Randomized (n=133) « Other (n= 82)
Supplement (n=68) Control (n=65)
« No baseline blood sample (n=15) * No baseline blood sample (n=15)
« No baseline food records (n=10) « No baseline food records (n=13)
« No baseline FFQ (n=8)  No baseline FFQ (n=9)

« Discontinued (n=11)
* Lost to follow-up (n=1)
* Moved away (n=1)

l

« Discontinued (n=9)
* Moved away (n=1)

Completed to age 24 months (n=58) Completed to age 24 months (n=52)
* No blood sample (n=5) « No blood sample (n=12)
* No food records (n=15) « No food records (n=9)

Figure 1. Flow chart illustrating the study subjects in the supplement and control group.

The baseline characteristics of the subjects are given in Table 2. All toddlers were healthy term-born
babies with appropriate for gestational age birth weight. The majority of the toddlers were of European
or Asian descent. There were no significant differences in the number of male subjects, gestational age,
birth weight, age at baseline, zZBMI at baseline and age 24 months, ethnicity, family income, maternal
age at delivery, maternal education, and maternal nonverbal intelligence score (TONI-3) between the
supplement group and the control group (Table 2).

3.2. Dietary Intakes at Baseline and Age 24 Months

At baseline, the supplement group had a greater percentage of toddlers (91.7%) that consumed
fish compared to the control group (76.8%) (Table 3). There were no differences at baseline between
the groups in the percentage of toddlers consuming eggs, poultry, or human milk. The supplement
group also had a greater intake of ARA at baseline than the control group (Table 3). There were no
differences in the intake of total dietary fat, LA, ALA, EPA or DHA. At age 24 months, there were no
differences in dietary intake of any nutrients or food items.
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Table 2. Participant characteristics at baseline.

Supplement Control P
Male sex, 1 (%) 40 (59) 41 (63) 0.618
Gestational age, weeks 39.7 (1.4) 39.6 (1.2) 0.992
Birth weight, g 3396 (508) 3471 (440) 0.422
Child age at baseline, months 13.3(0.9) 13.5(0.8) 0.146
zBM], baseline 0.6 (1.0) 0.5(0.9) 0.958
zBMI, 24 months 0.9 (0.9) 0.9 (0.9) 0.898
Ethnicity
Asian 19 (27.9) 14 (21.5)
European 43 (63.2) 41 (63.1) 0273
First Nations 0 (0) 2(3.1) )
Missing 6 (8.8) 8 (12.3)
Family Income, 1 (%)
<$30,000/year 3(5.1) 9(17.6)
$30,000/ year—$50,000/ year 8 (13.6) 5(9.8) 0.079
>$50,000/ year 46 (62.7) 32 (62.7) :
Not indicated 2(3.4) 5(9.8)
Maternal age at delivery, years 32.2(4.3) 32.6 (4.9) 0.606
Maternal Education, n (%)
Did not finish high school 1(1.5) 0 (0)
High school 3(44) 3(4.6)
College/vocational diploma 11 (16.2) 10 (15.4) 0.810
University undergraduate degree 20 (29.4) 22 (32.3) ’
University graduate/professional degree 27 (39.7) 21 (86.2)
Missing 6(8.8) 9 (13.8)
Maternal Nonverbal Intelligence (TONI-3) 110.2 (16.2) 112.9 (14.6) 0.404

Abbreviations: zBMI, BMI standardized for age and sex. Data presented as mean (standard deviation), unless
otherwise stated.

3.3. Effect of the Supplement on Developmental Outcomes

The Bayley-III Cognitive and Language composite and Beery VMI scores at age 24 months
showed no significant differences between the supplement and control groups in unadjusted models
and models adjusted for baseline dietary ARA intakes (Table 4). Further separate analyses in girls and
boys showed no effect of the supplement on developmental tests.

Inter-rater reliability for the attention tasks was assessed for look duration and episodes of
attention on each task at each age (18 and 24 months) following Colombo et al. [22] using Cohen’s
Kappa on 25% of the coding, rather than percent agreement. Mean Kappa for the single-object task
was: 0.93 at age 18 months and 0.88 at age 24 months, for the multi-object task 0.99 at age 18 months
and 0.99 at age 24 months, and for distractibility was 0.94 at age 18 months and 0.94 at age 24 months.
There were no significant differences on the single-object, multiple-object or distractibility tasks
between the groups at 18 or 24 months (Table S1). We further used GEE to examine relationships
between inattention at 18 months and 24 months of age in the multiple toys task by supplementation
group and sex, adjusting for zZBMI at birth, child age at first visit, and mother non-verbal intelligence
(TONI-3) as covariates. In these models, we found that boys receiving the supplement had significantly
fewer inattention episodes than boys receiving the control at 24 months of age (p = 0.042).
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Table 4. Effect of ARA and DHA supplementation on developmental scores at age 24 months.

Supplement Control Model 1 Model 2

Bayley-III Cognition Composite 103.9 (13.6) 103.7 (13.9) p=0.932 p=0.723
Bayley-III Language Composite 105.6 (21.0) 106.9 (30.4) p=0.742 p=0.648
Beery VMI 92.6 (21.2) 93.4 (11.0) p=0.748 p=0471

Abbreviations: ARA, arachidonic acid; Bayley-III, Bayley Scales of Infant and Toddler Development 3rd Edition;
Beery VMI, Beery-Buktenica Developmental Test of Visual-Motor Integration (5th Ed.); DHA, docosahexaenoic
acid.Data presented as mean (standard deviation). Between group comparisons by general linear models. Model 1,
unadjusted. Model 2, adjusted for baseline dietary arachidonic acid intakes.

3.4. Circulating n-3 and n-6 Fatty Acid Status and Developmental Outcomes

We quantified the circulating status of LA, ALA, ARA, eicosapentaenoic acid (EPA, 20:51-3), and
DHA in plasma and RBC PC and PE in the toddlers at baseline and at age 24 months. Baseline RBC
PE and PC ARA were higher in toddlers in the supplement group compared to those in the control
group (Table 5). There were no differences at baseline in circulating levels of LA, ALA, EPA, and DHA
in toddlers from the supplement group compared to those in the control group. As expected, at age
24 months, the supplement group had a greater percentage of ARA and DHA in plasma and RBC PE
and PC, and in RBC PE EPA compared to the control group, after Bonferroni adjustment for multiple
comparisons (Table 5). This was accompanied by a lower percentage of LA, oleic acid (18:11-9) in RBC
PE and plasma, and a higher percentage of stearic acid (18:0) in RBC PC in the supplement group
compared to the control group at age 24 months (Table S2).

We further examined the relationships between circulating ARA, EPA, and DHA levels, and
the Bayley-III Cognitive and Language composite. Separate GZLM models examined relationships
between RBC PC and PE and plasma n-6 and n-3 fatty acids at age 24 months and the Bayley-III
Cognitive and Language composite. Interactions between treatment group (supplement, control) and
sex were examined, with adjustments for zZBMI at age 24 months, fatty acid levels at baseline, and
maternal nonverbal intelligence score (TONI-3). The overall omnibus test was significant (x> = 18.23,
p = 0.033). There was a significant interaction between supplement group, sex, and ARA in RBC PE
(p =0.019, Wald %2 = 9.96, Table 6). Interactions are illustrated in Figure 2A. Contrasts were performed
to further understand the significant 3-way interaction. There was a significant contrast between boys
in the supplement group compared to the control group (p = 0.045); boys in the supplement group had
higher Bayley-III Cognitive scores than boys in the control group at age 24 months (Table 7; Figure 2A)
in models adjusted for baseline fatty acid level, maternal non-verbal intelligence score (TONI), and
zBMI at age 24 months. There was no significant difference between supplement and control groups
for girls (p = 0.092) (Table 7).

The same GZLM models were used to assess Bayley-III language composite. The overall omnibus
was significant (Omnibus x> = 36.13, p < 0.001). We observed a similar interaction between the
supplement group, RBC PE ARA and sex (p = 0.004, Wald x? = 13.11, Table 6), as shown in Figure 2B.
Both boys (p = 0.0004) and girls (p = 0.003) who received the supplement had higher Bayley-III
Language composite compared to children in the control group.
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Table 6. Relationships between circulating ARA and DHA with developmental scores at age 24 months.

Supplement Group X Sex X Fatty Acid Interaction

Bayley-III Cognitive Bayley-III Language  Beery VMI

ARA (20:471-6)
RBC PE 9.96 (0.019) 13.11 (0.004) NS
RBC PC NS 4.75 (0.191) NS
Plasma NS 1.39 (0.707) NS
DHA (22:61-3)
RBC PE NS 2.43 (0.488) NS
RBC PC NS 1.35 (0.717) NS
Plasma NS 0.607 (0.895) NS

Abbreviations: ~ ARA, archidonic acid; DHA, docosahexaenoic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine. Relationships determined by separate general linear models adjusted for sex, zBMI at
24 months of age, baseline fatty acid, and maternal non-verbal intelligence (TONI-3). Supplement x sex x fatty
acid interaction. Data presented as B (p-value).

Table 7. Relationships between RBC phosphatidylethanolamine arachidonic acid levels and Bayley-III
developmental outcomes in boys and girls at age 24 months.

Bayley-III Cognitive Bayley-III Language
B (95% CI) P B (95% CI) 14
Boys
RBC PE ARA x Supplement 4.55 (0.12-9.00) 0.045 11.52 (5.10-17.94) 0.0004
Girls

RBC PE ARA x Supplement  3.86 (—0.64-8.350) 0.092 11.19 (4.69-17.68) 0.003

Abbreviations: ARA, archidonic acid; PE, phosphatidylethanolamine. Relationships determined by separate general
linear models adjusted for zZBMI at age 24 months, baseline fatty acid, and maternal non-verbal intelligence (TONI-3).
Supplement X sex.
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1307 ---- O Control girls / 1407
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Figure 2. Relationship between RBC PE arachidonic acid (ARA) level and: (A) Bayley III cognitive
composite scores; and (B) Bayley III language composite scores at age 24 months by supplement group
and sex (supplement-treated girls (M); control-treated girls (LJ); supplement-treated boys (®); and
control-treated boys (O).
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4. Discussion

The objective of this prospective, longitudinal double blind, randomized controlled trial was
to determine effects of supplementing toddlers with DHA and ARA from age 12 to 24 months on
neurodevelopmental outcomes and biomarkers of ARA and DHA status. We found no differences
between supplement and control-treated toddlers on BAYLEY-III cognition and language composite
scores [20] and the Beery VMI [21], the primary outcomes of the study. As expected, the supplement
increased circulating biomarkers of DHA and ARA status in RBC PE and PC and plasma from the
toddlers. After adjusting for baseline fatty acid, zBMI at age 24 months, and mother’s nonverbal
IQ (TONI-3), we found a positive association between ARA status in RBC PE, the largest fraction of
circulating ARA, and cognition but only for boys in the supplement group. No relationships were
observed for girls. Similarly, RBC PE ARA was positively associated with language scores for both boys
and girls in the supplement group but not for those in the control group. In contrast, no relationships
were observed between supplement group, DHA status, and neurodevelopmental outcomes. Overall,
these findings suggest that increasing the status of ARA in RBC PE in infants taking a supplement
containing ARA (200 mg/day) and DHA (200 mg/day) from 12-24 months of age is associated with
better cognition and language.

Interestingly, we found a positive relationship between RBC PE ARA and neurodevelopmental
outcomes but only in supplemented toddlers. This suggests that increasing the status of ARA to levels
observed in the supplemented toddlers has positive effects on neurodevelopment. The biological
relevance of this relationship is not known and requires further investigation. A small trial in preterm
infants (n = 45) reported better psychomotor development at age 24 months in infants that were fed
a formula with 0.67% ARA/0.33% DHA compared to those fed a formula with 0.37% ARA/0.37%
DHA suggesting a positive effect of higher ARA in the formula [25]. Similar findings of a positive
effect of ARA and DHA on neurodevelopment of preterm infants were reported in the infants at
age six months [26]. Arachidonic acid and PE are important during development; they are critical
components of neural membranes [27] and are required for the synthesis of endocannabinoids,
especially anandamide and 2-arachidonylglycerol [28]. The endocannabinoids play important roles in
neurotransmission and behavior, functioning through the cannabinoid (CB) receptor, CB1, in the brain.
A study in adult male rats reported higher levels of anandamide and 2-arachidonoylglycerol in the
brain of rats supplemented with ARA compared to rats fed a palm oil diet despite no changes in brain
phospholipid ARA [29]. It seems reasonable to predict that supplementing the infants with DHA and
ARA may affect tissue levels of endocannibinoids, especially in the brain, and mediate the relationship
between RBC PE ARA and neurodevelopmental scores that we observed in the supplemented infants.

Additional evidence supporting the importance of ARA during development has recently been
described in a mouse model. Studies in male mice deficient in delta-6 desaturase (D6D, Fads2 -/- mice),
the enzyme required for the desaturation of LA and ALA to ARA and DHA, respectively, reported that
D6D deficient mice were smaller, had reduced levels of motor activity and coordination, and reduced
ARA and DHA levels in RBC and brain compared to wild-type mice [30]. Interestingly, supplementing
the D6D deficient mice with ARA containing formula during the suckling period improved growth and
motor activity but not motor coordination [30]. Beneficial effects on growth and motor coordination
were also reported in the D6D deficient mice supplemented with DHA; but DHA supplementation
did not improve motor activity [31]. Interestingly, D6D deficient mice supplemented with both ARA
and DHA showed the greatest improvements in motor coordination compared to unsupplemented
D6D deficient mice or those supplemented with just ARA or DHA [31]. However, in contrast to these
studies, questions regarding the requirement for dietary ARA during infancy have been raised and the
subject of some current reviews [3,32]. Further, a meta-analysis of randomized trials of long chain #-3
and n-6 polyunsaturated fatty acid supplementation of term infants reported no effects on growth,
regardless of whether the formula contained ARA or not [33].

In contrast to what we predicted, this trial observed no effect of increasing DHA status in
toddlers between ages 12 and 24 months on neurodevelopmental outcomes. The DHA levels in RBC
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phospholipids and plasma from the toddlers in the supplement group on average increased 30-50%
from baseline to 24 months of age, whereas, in the control group, the levels of DHA slightly decreased
between baseline and the end of the study, clearly demonstrating effects of the supplement on DHA
status. This is in line with a small study (n = 86) that reported increases in DHA status of toddlers
supplemented with either 43 mg/day DHA or 130 mg/day DHA for 60 days at 18-24 months of
age [13]; fewer respiratory illnesses were also reported in the infants receiving 130 mg/day DHA
compared to those receiving no DHA supplementation.

Little is known regarding the nutritional status of long chain polyunsaturated fatty acids and
optimal intakes for toddlers between ages 12 and 24 months. The optimal levels of dietary intakes of
DHA and ARA to support neurological development during this time period are not known. Most
studies to date have focused on effects of prenatal (maternal) supplementation or supplementation
during the first year after birth. Findings of these studies have been variable. A systematic review of
11 randomized controlled trials of 5272 participants found no effect of maternal DHA supplementation
during pregnancy or during pregnancy and lactation on neurocognitive outcomes, except for a positive
effect of DHA supplementation on IQ scores in children at 2-5 years of age [34].

Beneficial effects of DHA and ARA supplementation of infants during the first year of life
on neurodevelopmental outcomes have been reported. The DIAMOND study was a multicenter,
double-blind, randomized controlled trial (1 = 244) conducted in Kansas City and Dallas that compared
infants that were fed a formula with no ARA and DHA with infants fed formulas supplemented with
ARA (34 mg/100 kcal) and DHA, at three different levels (17 mg/100 kcal, 34 mg/100 kcal, and
51 mg/100 kcal), from the first week of life to 12 months of age. The trial reported better visual acuity
at 12 months of age in infants fed the DHA and ARA supplemented formulas compared to infants fed
the formula with no ARA or DHA [7]. Further secondary analyses of infants in the trial reported that
those fed the DHA supplemented formulas had better attention at four, six and nine months of age
(n =122) [8]. Follow-up studies reported no effect of the DHA /ARA supplementation during the first
year of life on neurodevelopmental outcomes at 18 months of age in infants from Dallas (1 = 117) [9]
and in infants from Kansas City (n = 81) [8]. However, the children that received the DHA/ARA
supplemented formula in infancy at the Kansas City site performed better on neurodevelopmental
tests in a long term follow up study at 3-5 years of age (1 = 81) [10] and showed differences in brain
electrophysiology at 6 years of age (n = 69) [35]. Similarly, a multicenter European trial of DHA and
ARA supplementation of infants (1 = 147) during the first four months of life reported no effects of the
supplementation on IQ at six years of age but did report that the supplemented children were faster
at processing information than the unsupplemented children [11]. Together, these findings suggest
long-term neurodevelopmental effects of supplementing infants in the first year of life with DHA and
ARA. This raises question as to whether there may be, as yet unidentified, long-term benefits at later
time points during childhood of supplementing toddlers with DHA and ARA between ages 12 and
24 months.

The supplement provided 200 mg/day of ARA and DHA, which is approximately six times
higher than the levels found in the diet of the toddlers at baseline and at age 24 months. In addition to
the ARA/DHA consumed from breast milk or formula during the first year of life, a large number
of the toddlers in the study (>75%) consumed DHA and ARA containing foods, including fish,
eggs, and poultry, at baseline and this number increased to >80% of the toddlers consuming these
foods at age 24 months. The question remains as to what the optimal dietary intake levels are for
children at this age and what are the best indicators of status and function. Providing 200 mg/day
of DHA increased circulating biomarkers on average by 29-50% but this was not associated with
any differences on indicators of neurodevelopment. In contrast, the 200 mg/day each of ARA and
DHA, increased circulating RBC PE ARA by only 6% and this was associated with neurodevelopment
outcomes. In contrast, the RBC PC ARA and DHA increased by 38% and 50%, respectively, and
plasma ARA and DHA increased by 43% and 54%, respectively, but we found no relationships
between these biomarkers of ARA and DHA status and neurodevelopment. It is possible that the
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neurodevelopmental tests used in this trial were not sensitive to changes in DHA status but that other
functional endpoints might be affected. As mentioned above, no effect of supplementing infants with
DHA /ARA during the first year of life on the Bayley (version 2) scores at age 18 months of age were
reported by Columbo et al. [10]. Interestingly, maternal DHA levels have been associated with better
infant attention at 12 and 18 months [22,23]. In the present study, we found that after adjusting for
baseline fatty acid, zBMI at age 24 months, and mother’s non-verbal IQ, boys in the supplementation
group showed less inattention at age 24 months. Further research is needed to identify what markers
of brain development and cognition are the best indicators of DHA and ARA function in toddlers
during the age of 12-24 months.

Some limitations to the study must be considered when interpreting our results. Most importantly
is whether the neurodevelopmental tests that were used in the trial, the Bayley-III, Beery VMI
and attention tasks, are sensitive enough to detect effects of the DHA and ARA supplement on
neurodevelopment. The sensitivity and limitations of these tests and appropriateness for nutritional
interventions in healthy children have been raised [36]. Another limitation is the reliance on circulating
concentrations of DHA and ARA as biomarkers of status. We have no other choice given we are
studying young children. However, we do not know whether the circulating concentrations of fatty
acids directly reflect levels that are found in tissues like the brain. It is reasonable to predict that uptake,
incorporation, and use of fatty acids by tissues, is tissue and cell specific, and may not always reflect
what is observed in circulation. We also cannot account for ARA and DHA stores that accrued in
the toddlers prenatally and during the first year of life. There may also be genetic determinants of
DHA and ARA metabolism that influence response of the infants to the DHA and ARA supplement.
Prior studies have focused predominantly on variants in genes encoding enzymes required for the
elongation and desaturation of essential fatty acids [37] but variants in other proteins governing
the functional effects of DHA and ARA also warrant investigation. The sample size of the trial is
also smaller than planned. The initial goal of the trial was to recruit 200 toddlers but enrollment of
toddlers in the trial was slower than anticipated because of barriers relating to toddlers not meeting
the inclusion criteria, such as breast-feeding <2 times per day; being fed <236 mL/day infant formula
containing ARA and DHA; or taking fish oil or other oil supplements.

5. Conclusions

In summary, findings from this longitudinal, double-blind, randomized controlled trial of
DHA and ARA supplementation of toddlers between 12 and 24 months of age found no effect
on neurodevelopment. However, the study is limited because the cognitive tests that were used may
not be sensitive enough to detect effects of DHA and ARA supplementation during this developmental
period. A positive relationship between the status of ARA in RBC PE, in toddlers taking the supplement
containing ARA (200 mg/day) and DHA (200 mg/day), and better neurodevelopment was observed.
Further studies are required to determine the long-term effect of the supplement at later time points in
childhood using more sensitive indicators of cognition.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/9/975/s1.
Table S1, Effect of ARA and DHA supplement on attention and distractibility measures at age 18 and 24 months;
Table S2, Major fatty acids levels of children at baseline and age 24 months.
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Abstract: Cardiovascular disease (CVD) remains one of the major causes of death and disability
worldwide. In addition to drug treatment, nutritional interventions or supplementations are
becoming a health strategy for CVD prevention. Phytosterols (PhyS) are natural components that have
been shown to reduce cholesterol levels; while poly-unsaturated fatty acids (PUFA), mainly omega-3
(w3) fatty acids, have shown to reduce triglyceride levels. Here we aimed to investigate whether
the proteins in the main lipoproteins (low density lipoproteins (LDL) and high density lipoproteins
(HDL)) as well as proteins in the lipid free plasma fraction (LPDP) were regulated by the intake
of PhyS-milk or w3-milk, in overweight healthy volunteers by a proteomic based systems biology
approach. The study was a longitudinal crossover trial, including thirty-two healthy volunteers with
body mass index (BMI) 25-35 kg/m? (Clinical Trial: ISRCTN78753338). Basal samples before any
intervention and after 4 weeks of intake of PhyS or w3-milk were analyzed. Proteomic profiling
by two dimensional electrophoresis (2-DE) followed by mass spectrometry-(MALDI/TOF), ELISA,
Western blot, conventional biochemical analysis, and in-silico bioinformatics were performed. The
intake of PhyS-milk did not induce changes in the lipid associated plasma protein fraction, whereas
w3-milk significantly increased apolipoprotein (Apo)- E LDL content (p = 0.043) and induced a
coordinated increase in several HDL-associated proteins, Apo A-I, lecitin cholesterol acyltransferase
(LCAT), paraoxonase-1 (PON-1), Apo D, and Apo L1 (p < 0.05 for all). Interestingly, PhyS-milk intake
induced a reduction in inflammatory molecules not seen after w3-milk intake. Serum amyloid P
component (SAP) was reduced in the LPDP protein fraction (p = 0.001) of subjects taking PhyS-milk
and C-C motif chemokine 2 (CCL2)expression detected by reverse transcription polymerase chain
reaction (RT-PCR) analysis in white blood cells was significantly reduced (p = 0.013). No changes
were observed in the lipid-free plasma proteome with w3-milk. Our study provides novel results
and highlights that the PhyS-milk induces attenuation of the pro-inflammatory pathways, whereas
w3-milk induces improvement in lipid metabolic pathways.

Keywords: phytosterols; omega 3; HDL; LDL; inflammation; lipid metabolism
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1. Introduction

Cardiovascular disease (CVD) is a very common pathology that is the main cause of
death and disability worldwide. The reduction of CVD risk is one of the major challenges of
cardiovascular medicine.

Nowadays, the incidence of overweight and obesity is increasing, becoming an important risk
factor for a number of diseases including atherosclerosis and CVD [1]. Moreover, several studies
have demonstrated, and it is generally acknowledged, that lifestyle and nutritional habits are closely
associated with the presentation of CVD [2—4].

A very common therapeutic strategy for the prevention of CVD is nutritional intervention or
supplementation. The cardioprotective effects of poly-unsaturated fatty acids (PUFA) intake have been
examined in several studies, which have established that diets enriched in omega 3 poly-unsaturated
fatty acids (w3-PUFA) from plants and fish have an important role in the prevention of CVD [5,6].
Some of the beneficial effects of PUFA rich foods include a reduced susceptibility to suffer from
ventricular arrhythmia, antithrombogenic and antioxidant effects, retardation of atherosclerotic plaque
growth, improved blood lipid and lipoprotein profile, and also anti-inflammatory and hypotensive
effects. PUFA supplemented foods have been shown to reduce triglyceride (TG) levels [7]. Additionally,
dietary supplementation with phytosterols (PhyS) has been shown to reduce the risk of CVD and it is
a common nutritional strategy to reduce cholesterol levels [8].

Among the different lipid-associated plasma fractions, low-density lipoproteins (LDL) and
high-density lipoproteins (HDL) are widely studied. In primary prevention, high levels of
LDL-cholesterol (LDL-C) are related with a higher incidence of cardiovascular events in the continuum
of CVD, whereas HDL-cholesterol (HDL-C) levels are commonly known as a risk-reducing factor [9].
It is now accepted that the importance of HDL in the progression of CVD, resides on their quality rather
than their quantity, highlighting the importance of their composition, structure, and function [10-13].
Indeed, apolipoprotein A-I (Apo A-I), the major protein component of HDL, has cardiovascular
protective properties [14,15]. Also, low levels of apolipoprotein E (Apo E) have been related to
hyperlipidemia and atherosclerosis [16].

In addition to apolipoproteins, HDL-associated enzymes such as paraoxonase-1 (PON-1) and
lecitin cholesterol acyltransferase (LCAT) exert antioxidant and cardioprotective effects [17]. In fact,
the association of LCAT, PON-1, and Apo A-I have been shown to increase the time span of HDL
protection against LDL oxidation [18].

Beside lipid metabolism, another key hallmark in the pathogenesis of atherosclerotic disease is
inflammation. One of the main protein families involved in systemic inflammation are pentraxins [19].
Pentraxins are serum proteins with a relatively uncommon pentameric structure, which have a
common amino acid domain in the C-terminal region (pentraxin signature), and besides their role in
inflammation they also have a role in immunity and homeostasis [20,21]. Depending on the length of
the amino acid chain, pentraxins are divided in two subfamilies, long pentraxins and short pentraxins.
Members of the short pentraxins include C-reactive protein (CRP) and serum amyloid P component
(SAP), which are acute-phase proteins secreted mainly by hepatocytes in response to pro-inflammatory
stimuli. In fact, the role of CRP as a risk marker for atherosclerosis has been widely studied [21].

Our group has previously demonstrated that the intake of low fat milk supplemented with PhyS
reduces plasma cholesterol levels; whereas w3 supplementation reduces plasma TG and very-low
density lipoprotein (VLDL) cholesterol levels [7]. Additionally, PhyS and w3 supplementation induce a
differential shift in the LDL lipidomic profile [7]. In the present study, we aimed to further characterize
and extend PhyS and w3 induced changes by analyzing the differential proteomic profile of the
lipid-associated plasma protein fraction (LDL and HDL) and the soluble protein fraction of plasma
(LPDP) in a subgroup of subjects of our previously reported study, in order to broaden our in-depth
understanding of the effect of these food supplements and evidence further effects at a molecular level
that could provide CVD protection.
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2. Materials and Methods

2.1. Study Population

This is a sub-study of a previously reported double-blinded randomized two-arm longitudinal
crossover trial [Clinical Trial: ISRCTN78753338] [7]. All subjects were submitted to two 28-day
intervention periods in which volunteers were instructed to consume 250 mL of w3-supplemented
milk (131.25 mg EPA + 243.75 mg DHA /250 mL of milk) or PhyS-supplemented milk (1.6 g of plant
sterols /250 mL of milk), separated by a 4 weeks wash-out period (Figure 1a). Both products were
prepared by CAPSA Food (Spain) and with no identification of the product administrated. PhyS-milk
was commercially available, whereas w3-milk was prepared for the study. Before the initiation of
the intervention, individuals were submitted to a 2 weeks run-in period. During the run-in and
wash-out periods, participants received a commercially available plain low-fat milk (without PhyS or
w3), with the same composition to that used for preparing the PhyS- and w3-enriched milks. These
basal samples are used as self-control to avoid variability between volunteers. The trial demonstrated
that milk-supplementation with 1.6 g of PhyS significantly reduces LDL-C and milk with 375 mg of
w3 significantly reduces TG levels [7].
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Figure 1. Study design. (a) Blood samples were obtained before and after the 28 day milk
supplementation treatment period. A 28 day wash-out was made between treatments; (b) The study
workflow of the present study comprised two phases: (I) the discovery phase in which a proteomic
approach was used to identify changes in the proteomic profile of the different plasma fractions after
the intake of supplemented milk (N = 5); and (II) the validation phase, where different selected proteins
were validated by ELISA (N = 32) and inflammatory changes were analyzed by reverse transcription
polymerase chain reaction (RT-PCR; N = 12).
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Healthy volunteers between the ages of 25 and 70 years (N = 32), attending to regular medical
controls, were eligible for participation if they had overweight or grade 1 obesity (BMI 25-35 kg/m?;
Table 1). Subjects were excluded if they reported existing chronic illnesses including cancer, overt
hyperlipidemia, diabetes mellitus, hypertension, or heart, liver, or kidney disease. Volunteers were
excluded if they were under anti-inflammatory medication or any blood thinning treatment during
the study or during the 2-weeks run-in period. Other exclusion criteria were: use of lipid-lowering
drugs, 3-blockers, or diuretics, history of CVD, lactose intolerance, or being in a weight-loss program.
To confirm health status, all subjects underwent a complete physical examination conducted by the
physician of the study. Those consuming a PhyS-enriched spread and/or fish oil supplements or with
strong aversion to milk derived products were also excluded. Compliance was controlled by telephone
and personal interview and with a written formulary on each period. The Human Ethical Review
Committee of the Hospital Sant Pau in Barcelona approved the study. Informed written consent was
obtained from all participants. Reporting of the study conforms to the STROBE (strengthening the
reporting of observational studies in epidemiology)-guidelines.

Table 1. Demographic and biochemical profile.

Product PhyS-Milk w3-Milk
Women/Men 19/13 19/13
Age (Years) 505+ 1.6 505+ 1.6
Parameter Baseline After PhyS-milk Baseline After w3-milk
BMI 282407 281407 283407 282+0.7
Ch (mg/dL) 216.0 £6.0 2045+56% 2164+ 6.1 213.78 £ 5.9
TG (mg/dL) 110.2 +10.3 115.2 +£15.1 116.3 +14.3 995 £87*
HDL-C (mg/dL) 54.5+3.1 545 £3.0 57.0£29 56.4+28
LDL-C (mg/dL) 137.7 £ 49 12724+ 4.7* 136.4 + 5.0 137.7 £ 5.0
VLDL-C (mg/dL) 22.0£20 23.0£3.0 232+£29 198 £1.7*
Non-HDL-C (mg/dL) 159.5+5.8 150.0 +5.8* 1594 £ 6.0 1573 £ 6.0

* Significant decrease after the intake of PhyS/w3-milk (p < 0.05); Data are given as mean + SEM.
BMI = body mass index; Ch = cholesterol; HDL = high density lipoproteins; LDL = low density cholesterol;
PhyS = phytosterols; TG = triglyceride; VLDL = very-low density lipoproteins.

2.2. Study Phases

The study was subdivided in two phases: (1) A discovery phase where the proteomic profile of
the LDL fraction (N = 5), HDL fraction (N = 10) and lipid-free plasma fraction (N = 5) was investigated
by bi-dimensional electrophoresis, followed by mass spectrometry (MS)identification (Figure 1b-I) in
those subjects that showed the highest response in LDL-C and TG plasma levels after the intervention;
and (2) a second phase in which the detected changes were validated by complementary methodologies
(reverse transcription polymerase chain reaction (RT-PCR) and ELISA; Figure 1b-II).

Twelve hours fasting blood samples were collected on days 1 and 28 (baseline and endpoint of the
first treatment period) and on days 56 and 84 (baseline and endpoint of the second treatment period), as
previously described [7]. Blood samples were collected without anticoagulant or in EDTA-containing
Vacutainer tubes for serum and plasma preparation, respectively. Serum and plasma fractions were
separated by centrifugation at 3000 x g for 20 min at 4 °C and stored at —80 °C until analysis.

2.3. Sample Preparation

Lipoprotein fractions were prepared in KBr density gradients (1.019-1.063 for LDL and 1.063-1.210
for HDL) [7,22-24]. Lipoprotein purity was routinely analyzed by electrophoresis (2 uL sample) in
agarose gels using a commercial assay (SAS-MX Lipo 10 kit; Helena Biosciences, Gateshead, UK), as
described by the providers. In addition, LDL purity was checked by analyzing the LDL profile in
samples of randomly selected subjects (one subject per ultracentrifugation batch) by chromatography
analysis by microgel filtration using a Superose 6 PC 3.2/30 column and an Agilent 1200 HPLC system,
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as previously described. Briefly, 10 puL of undiluted LDL sample fraction were loaded in the system
and run with a constant flow of 100 pL/min. The retention time for the LDL fraction (130 min) was
compared with that for HDL (134 min). The method of Karlsson et al. [25] was used for LDL protein
mapping, with minor modifications as previously described [26]. Briefly, 1 mL of LDLs (1 g/L Apo B)
was delipidated by mixing with 14 mL of ice-cold tributylphosphate:acetone:methanol (1:12:1) and
incubating for 90 min at —20 °C, followed by centrifugation at 2800x g for 15 min. Protein pellets
were washed sequentially with 1 mL of tributyl phosphate, acetone, and methanol, and then air dried.
Precipitates were boiled in solution containing 0.325 M DTT, 4% chaps, and 0.045 M Tris for 3 min,
cooled at room temperature, diluted (1:15) in urea/thiourea/chaps solution, and incubated at 35 °C
for 15 min. For proteomic studies, HDL samples were prepared as previously described [22-24,26] by
precipitation with pure ice-cold acetone and were solubilized in a urea/thiourea buffer (7 M urea, 2 M
thiourea, 2% CHAPS).

In order to analyze only the soluble proteins present in plasma, microparticles were removed from
LPDP samples by centrifugation at 25,000 g for 45 min at room temperature. For proteomic studies,
LPDP was sonicated in ice and filtrated (0.22 pum) by centrifugation to avoid the presence of impurities.
The 14 most abundant plasma proteins were depleted by using a specific affinity cartridge as reported
by the providers (Multiple Affinity Removal Spin Cartridge, Agilent Technologies, Santa Clara, CA,
USA). LPDP fractions were concentrated and de-salted by centrifugation with 5 kDa cutoff filter
devices and sample buffer was exchange to a urea containing buffer (8 M urea, 2% CHAPS). Protein
concentration was measured with 2D-Quant Kit (GE Healthcare, Little Chalfont, UK). All processed
samples were stored at —80 °C until use.

2.4. Differential Proteomic Profiling Analysis

2.4.1. Two-Dimensional Gel Electrophoresis (2-DE)

A protein load of 100 pug (analytical gels) and 300 ug (preparative gels) of the urea/thiourea/chaps
LDL or HDL extracts or of the urea/chaps LPDP extracts was applied to 17-cm dry strips (pH 4-7 linear
range; BioRad, Hercules, CA, USA). The second dimension was resolved in 10-12% SDS-PAGE for
LPDP and LDL or HDL samples, respectively. Gels were developed by fluorescent staining (Flamingo;
BioRad, Hercules, CA, USA). For each independent experiment, 2-DE for protein extracts from baseline
and post-PhyS/w3-milk intake were processed in parallel to guarantee a maximum of comparability.
Analysis for differences in protein extracts was performed with the PD-Quest 8.0 (BioRad, Hercules,
CA, USA). Each spot was assigned a relative value (AU) that corresponds to the single spot volume
compared to the volume of all spots in the gel, following background extraction and normalization
between gels, as previously reported [22].

2.4.2. Mass Spectrometry Analysis

Proteins were identified after in-gel tryptic digestion and extraction of peptides from the gel pieces
by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) using an AutoFlex III
Smart beam MALDI-TOF/TOF (BrukerDaltonics, Billerica, MA, USA), as previously described [23,26].
Samples were applied to Prespotted Anchor Chip plates (BrukerDaltonics, Billerica, MA, USA)
surrounding the calibrants provided on the plates. Spectra were acquired with flex control on reflector
mode, (mass range: 8504000 11/ z, reflector 1:21.06 kV; reflector 2:9.77 kV; ion source 1 voltage: 19 kV;
ion source 2:16.5 kV; detection gain: 2.37x) with an average of 3500 added shots at a frequency
of 200 Hz. Each sample was processed with FlexAnalysis (version 3.0, BrukerDaltonics, Billerica,
MA, USA) considering a signal-to-noise ratio over 3, applying statistical calibration and eliminating
background peaks. For identification, peaks between 850 and 1000 1/z were not considered. After
processing, spectra were sent to the interface BioTools (version 3.2, BrukerDaltonics, Billerica, MA, USA)
and a MASCOT server search on the Swiss-Prot 57.15 database was done (Taxonomy: Homo Sapiens,
Mass Tolerance 50 to 100, up to 2 trypsin miss cleavages, Global Modification: Carbamidomethyl (C),
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Variable Modification: Oxidation (M)). Identified proteins were accepted when a mascot score higher
than 50 was obtained by peptide mass fingerprint and confirmed by peptide fragmentation working in
the reflection mode.

2.5. Western Blot Analysis

Protein extracts were resolved by 1-DE under reducing conditions and electrotransferred to
nitrocellulose membranes in semi-dry conditions (Trans-Blot Turbo system; BioRad, Hercules, CA,
USA). Serum amyloid P (SAP) detection was performed using a mouse monoclonal antibody against
total SAP (ab27313, 1:200 dilution, abcam, Cambridge, UK). Band detection was performed using a
chemiluminiscent substrate dye (Luminata Forte Western HRP Substrate, Merck Millipore, Billerica,
MA, USA) and a molecular imager ChemiDoc XRS System, Universal Hood II (BioRad, Hercules, CA,
USA). Band quantification was performed with Image Lab 4.0 software (BioRad Laboratories, Hercules,
CA, USA). Protein load was normalized with total protein staining, as previously described [23].

2.6. Quantification of Total Protein Systemic Levels

Total Apo E, Apo A-I, and LCAT levels in the serum samples from the basal condition and after
the intake of w3-milk were measured by using a commercial sandwich-based ELISA kit in the whole
cohort (N = 32; Table 1). The detection limit of the assays were: 1.5 ng/mL for Apo E (ELH-Apo E;
Human Apo E ELISA Kit; RayBiotech, Norcross, GA, USA); 0.7 pg/mL for Apo A-1(EA5201-1; Human
Apo A-T ELISA Kit; AssayPro, St. Charles, MO, USA); and 0.27 ng/mL for LCAT (RD191122200R;
LCAT ELISA Kit; BioVendor, Brno-Reckovice a MokraHora, Czech Republic).

2.7. Gene Expression Analyses

RNA was extracted from total blood samples in a randomly selected group of volunteers using a
commercial kit (PreAnalytiX, PAX gene, Quiagen/BD Company, Hilden, Germany) and DNA synthesis
was performed using a commercial RT First Strand kit. PAX gene tubes avoid RNA degradation during
the transport and storage of blood samples. mRNA levels were analyzed by real-time PCR using
TagMan gene expression assays and the Prism 7900HT Sequence detection System (all from Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instruction. All expression
analyses were normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.8. Bioinformatic Analysis

The statistically significant neural network and canonical pathway in which the identified proteins
were involved were generated through the use of IPA (Ingenuity System, www.ingenuity.com).

2.8.1. Functional Analysis of a Network

The functional analysis of a network was used to identify the biological functions and/or diseases
that were most significant to the molecules in the network. The network molecules associated with
biological functions and/or diseases in the Ingenuity Knowledge Base were considered for the analysis.
Right-tailed Fisher’s exact test was used to calculate a p-value determining the probability that each
biological function and/or disease assigned to that network is due to chance alone.

2.8.2. Canonical Pathway Analysis

Canonical pathway analysis was used to identify the pathways from the IPA library that were
most significant to the data set. The significance of the association between the data set and the
canonical pathway was measured in two ways: (1) a ratio of the number of molecules from the data set
that maps to the pathway divided by the total number of molecules that maps to the canonical pathway
is displayed; and (2) Fisher’s exact test was used to calculate a p-value determining the probability
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that the association between the genes in the data set and the canonical pathway is explained by
chance alone.

2.9. Statistical Analysis

Data are expressed as mean and standard error unless stated. N indicates the number of subjects
tested. Statistical analysis was performed with Stat View 5.0.1 software (SAS Institute, Cary, NC, USA).
Differences between the basal condition and after 4 weeks of intake of supplemented milk were tested
using repeated measurements ANOVA analysis. A p-value < 0.05 was considered significant.

3. Results

3.1. Four Weeks w3-Milk Intake Induces Changes in the Proteomic Profile of the Lipoprotein Plasma Fraction

The intake of PhyS-milk did not induce any significant change in the LDL proteome
(Supplementary Table S1). Only a trend to increased apolipoprotein A-IV (Apo A-IV) levels was
observed (p = 0.080). On the contrary, the intake of w3-milk (Supplementary Table S2) induced a
1.5-fold significant increase in the Apo E content in LDL (p = 0.043; Figure 2a). To analyze if the observed
changes in Apo E in the LDL fraction were also found in total serum Apo E levels, a commercial ELISA
was run in serum samples of the whole cohort of individuals (N = 32). No changes were observed
in total Apo E serum levels (Figure 2b). However, a significant increase in Apo E serum levels was
observed (p = 0.015; Figure 2c) only when individuals (N = 11) that showed a reduction in TG plasma
levels (30.3% mean decrease) after the intake of w3-milk were examined.
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Figure 2. Changes in the apolipoprotein (Apo) E profile. (a) Box-Plot diagram and representative 2-DE
images showing the low density lipoprotein (LDL)-associated Apo E proteomic profile before and after
the intake of w3-milk. A significant increase of Apo E levels (p = 0.043) is observed. Box-Plot diagrams
showing serum Apo E levels (ng/mL) in basal conditions and after 4-weeks intervention with w3-milk,
measured by a commercial ELISA. No change was observed when all the volunteers were analyzed
((b); N = 32; p = 0.105). Apo E concentration of subjects with reduced triglyceride (TG) levels showed a
significant increase after w3-milk intake ((c); N = 11; p = 0.015).
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The intake of w3-milk induced a coordinated increase in the content of several key HDL protein
components. Among the observed protein changes, w3-milk induced a significant increase of the
main HDL protein component, Apo A-I (p = 0.009; Figure 3a). Furthermore, there was a coordinated
increase of two important enzymes involved in HDL metabolism, LCAT (p = 0.044; Figure 3b) and
PON-1 (p = 0.047; Figure 3c). In addition, w3-milk also increased the HDL content of Apo D (p = 0.008;
Figure 3d) and Apo L1 (p = 0.038; Figure 3e). In silicobioinformatic analysis revealed that all the
w3-milk induced changes in the plasma proteome were related to HDL metabolism-related pathways
(Supplementary Figure S1).
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Figure 3. Impact of the intake of w3-milk on the high density lipoprotein (HDL) profile. Box-Plots
and 2-DE representative images showing the significant changes induced in HDL proteins by w3-milk:
(a) Apo A-I (p = 0.009); (b) lecitin cholesterol acyltransferase (LCAT) (p = 0.044); (c) paraoxonase-1
(PON-1) (p = 0.047); (d) Apo D (p = 0.008); and (e) Apo L1 (p = 0.038).

In order to analyze if the observed HDL-associated protein changes were translated into changes
in total serum protein levels, Apo A-I and LCAT serum levels were measured with commercial ELISAs
in the whole study population. This analysis revealed a lack of differences in both Apo A-I and
LCAT (Figure 4a) total serum levels after w3-milk intake when compared to basal levels. However,
and as observed with Apo E, if only those subjects with a reduction on TG levels were analyzed,
a non-significant trend to increased Apo A-I levels (p = 0.099) and a significant increase in LCAT
levels (p = 0.0397; Figure 4b) after the intake of w3-milk was observed. These results highlight that

100



Nutrients 2017, 9, 599

the changes observed on the lipid-associated plasma protein fraction after the intake of w3-milk are
associated to the changes on the HDL proteomic profile.
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Figure 4. Changes on lecitin cholesterol acyltransferase (LCAT) serum levels after w3-milk intake.
Box-Plot diagrams showing LCAT concentration (1ug/mL) in basal conditions and after the intake of
w3-milk, measured by a commercial ELISA. (a) No change was observed when all the volunteers were
analyzed (N = 32; p = 0.346). (b) There was a significant increase in LCAT serum levels in subjects that
showed a reduction in TG levels after w3-milk intake (N = 11; p = 0.0397).

3.2. Inflammation Associated Changes after PhyS-Milk Intake

Proteomic analysis of the lipoprotein-depleted-plasma (LPDP) fraction revealed that the intake of
PhyS-milk induced a non-significant decreasing trend in the levels of the pro-inflammatory protein
SAP when compared to the basal samples (p = 0.075; Figure 5a; Supplementary Table S3). This result
was confirmed after Western blot (WB) validation where a 1.21-mean fold decrease in SAP levels was
detected in LPDP samples after the intake of PhyS-milk (p = 0.001; Figure 5b).
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Figure 5. Serum amyloid P (SAP) proteomic profile. (a) Box-Plot diagram and 2-DE representative
image showing a SAP decreasing trend in the soluble protein fraction of plasma (LPDP) proteomic
profile after the intake of PhyS-milk (p = 0.075); (b) Box-Plot and representative western blot image
showing changes in SAP in the LPDP samples after PhyS-milk intake (N = 5; 1.21-Fold change;
p =0.001).

On the contrary, no changes were observed in the LPDP fraction after the intake of w3-milk
(Supplementary Table S4).
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Due to the observed changes in the inflammation-associated pentraxin SAP after the intake
of PhyS-milk, we investigated if PhyS-milk could induce changes in the expression of the key
pro-inflammatory chemokine in inflammatory cells, C-C motif chemokine 2 (CCL2). This analysis
revealed a significant reduction of the CCL2 transcripts after the intake of PhyS-milk (p = 0.03; Figure 6).
In addition, a trend towards increased expression levels of the Interleukin 10 receptor (IL-10R; p = 0.06)
was also observed.
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Figure 6. C-C motif chemokine 2 (CCL2) gene expression. Box-plot diagram showing the significant
decrease in CCL2 gene expression after the intake of PhyS-milk in the peripheral blood leukocyte
fraction of a randomly selected group of subjects (N = 12; p = 0.026).

4. Discussion

Nutritional intervention is a useful strategy for the prevention of many diseases, especially in
those in which obesity is a risk factor [27]. Phytosterols (PhyS) are natural components derived from
plants and vegetable oils with a similar structure to cholesterol that are not synthesized in humans [28].
Through their ability to interfere with cholesterol metabolism, PhyS have been shown to effectively
reduce cholesterol levels, and possibly beneficially affect CVD risk prevention [29].

Our group and others have demonstrated that the intake of plant stanols and sterols, in different
food-platforms, reduces serum levels of total cholesterol. However, controversy exists regarding
plant sterols-mediated protection as some studies have suggested a potential deleterious effect in
relation to cardiovascular risk [30-32]. The explanation of these contradictory results seems to be
related to the amount of stanol supplementation. In fact, it has been shown that the increase in stanol
supplementation beyond the maximum recommendable dose of 3 mg/day is not associated with a
higher reduction of cholesterol levels [33]. Importantly, in our study, an intake of 1.6 g PhyS/day
(value within the recommended dose range) with low fat milk for four weeks reduced total cholesterol,
non-HDL-C, and LDL-C, and also reduced the susceptibility of LDL to oxidation [7]. It is important to
highlight, that in the present study, each patient is his/her own control as all the analyzed variables
have been compared to the baseline levels measured in each subject after a wash-out run-in period
with plain low-fat milk. Indeed, the aim of the clinical trial was to compare the effects of both PhyS-
and w3-milk interventions. Although we cannot exclude a potential effect inherent to the participation
in the study, the two-arm crossover design with the two bioactive products minimizes the potential
influence of this effect in the results.

Here, we have observed a significant decrease in the pro-inflammatory pentraxin SAP in the
soluble fraction of plasma (LPDP) of the healthy-overweight volunteers after the intake for four
weeks of PhyS-milk. SAP plays an important role in innate immunity and in the atherosclerotic
process [34]. Pentraxins have been detected within advanced human atherosclerotic plaques suggested
to play an active role in atherogenesis [35]. Indeed, we have previously demonstrated an important
increase in SAP levels in the early phase post acute myocardial infarction (AMI), and an even higher
increase of this protein 3 days after the event [36]. SAP deficiency prevents atherosclerosis [37] and
it is involved in other key biological processes for the cardiovascular system, such as inflammation,
fibrosis, and coagulation [34,38]. Specifically, pentraxins have been shown to contribute to the chronic
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low-grade inflammatory state that characterizes obesity [39]. Therefore, the intake of PhyS-milk can
reduce the cardiovascular risk associated to overweight and obesity by reducing the pro-inflammatory
protein SAP.

Moreover, we have also found a significant decrease in the expression of the gene encoding for
C-C motif chemokine 2 (CCL2), also known as monocyte chemotactic protein-1(MCP-1), and a trend to
decreased the IL10-R, two important cytokines with pro- and anti-inflammatory properties respectively
involved in CVD, after dietary intervention with PhyS-milk. In fact, it was shown that the intake of
PhyS produces an anti-inflammatory reaction by acting on cytokines” activity [40]. CCL2/MCP-1is
a key driver of adipose tissue inflammation in obesity [41]. Indeed, it is directly implicated in the
propagation of the chronic low-grade inflammatory state associated to obesity [42—44] through its role
as a monocyte attractant, which is the major cell that differentiates into macrophages and foam cells in
the atherosclerotic lesion [40]. On the other hand, IL-10 is an anti-inflammatory protein by suppressing
the synthesis of pro-inflammatory cytokines and also by inhibiting the activation of macrophages [45].
Therefore, our results highlight that PhyS-milk consumption may induce a shift towards a decreased
inflammatory state through its effect on two key cytokines, CCL2/MCP-1 and IL-10, having thus a
potential effect in the context of obesity where inflammatory pathways are exacerbated.

The cardiovascular benefits of fish oils are well known and directly attributed to the effects of
w3 fatty acids (FA) [46]. Beneficial effects of w3 and w6 FA have been compared and the results
suggest that higher levels of w3 FA are protective against atherosclerosis. Therefore, modern western
diets are directed towards a reduction of the w6/ w3 FA ratio to protect against atherosclerosis [47,48].
Previous studies of our group have shown that the ingestion of this w3-milk reduces the levels of
triglycerides (TG) and palmitic acid [7]. Palmitic acid is a major component of the western diet and
is associated with insulin resistance and glucose intolerance, becoming an important risk factor of
diabetes and CVD [49]. Importantly, these metabolic alterations are often present in obese individuals.
Our proteomic approach has shown that regular intake of w3-milk results in a significant increase
of Apo E protein level in LDL. It had been suggested that w3 FA effects in reducing TG levels are
dependent on Apo E [47]. Indeed, the beneficial effects of w3 FA are partially blunted in Apo E deficient
(Apo E~/~) mice, suggesting that Apo E is necessary for the cardioprotective effects exerted by w3 [50].
Accordingly, diverse studies have shown that Apo E~/~ mice suffer hypercholesterolemia and an
association between Apo E levels and CVD has also been reported in humans [51,52]. Even more,
it has been shown that in the absence of some isoforms of Apo E, the beneficial cardioprotective
effect of w3 PUFA may be partially lost [53,54]. Of note, our results highlight an association between
Apo E increase in LDL and an improved TG profile in obese subjects after four weeks intervention
with w3-milk.

Importantly, herein we describe for the first time that the intake of w3-milk induces a coordinated
increase of several HDL associated proteins. Diverse studies show that the antioxidant effect of HDL is
associated to a coordinated action of different proteins that allow HDL to protect LDL from oxidation
for a longer period [18,55]. This correlates with the importance of HDL composition, emphasizing on
HDL quality rather than HDL quantity. Apo A-I is the major protein component of HDL and therefore
the cardioprotective benefits of HDL are often associated to this protein. High levels of Apo A-I are
associated to a reduced vascular lesion and to an increase in the HDL plasma level [56]. It is widely
known that Apo A-I is implicated on cholesterol transport from peripheral tissues to the liver for
its clearance by the formation and stabilization of the HDL, but many additional proteins are also
implicated in this process [9]. Lipid-free Apo A-I produces the nascent HDL particles and LCAT
catalyzes HDL maturation by the esterification of free cholesterol (FC) into cholesteryl esters (CE),
being both particles accumulated into the core of the HDL particle. Then, cholesterol ester transfer
protein (CEPT) transfer CE particles for the mature form of HDL (HDL2) to VLDL and LDL to be
finally excreted and eliminated [57,58]. LCAT is essential for cholesterol esterification, but also needs
the presence of other proteins to be activated. Thus, Apo A-I and Apo E are the best LCAT activators in
plasma and PON-1 protects LCAT from its inactivation [58]. PON-1 appears predominantly associated
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to HDL, especially to HDL3 and it is activated and stabilized by Apo A-I. PON-1 is an atheroprotective
protein with an important role as an anti-oxidant [57]. Interestingly, in the present study we have
found that w3-milk intake significantly increases the HDL content of key proteins involved in HDL
metabolism such as Apo A-T and LCAT. Those changes are specifically associated to a reduction in
TG plasma levels after the intake of w3-milk. Thus, it is conceivable that w3 by increasing Apo A-I
and LCAT levels enhances both cholesterol esterification and transport, significantly improving the
lipoprotein profile (Figure 7). Furthermore, the w3-milk-induced increase observed in PON1 could
not only enhance LCAT activity but could also improve the anti-oxidant abilities of HDL particles. In
addition, we observed an increase in Apo D HDL levels after the intake of w3-milk. Apo D has been
implicated in the reduction of TG plasma levels and also binds to LCAT improving its esterification
activity [59]. Thus, the increase observed in Apo D after w3-milk intake could contribute not only to
the reduction in TG plasma levels but also to a decrease in VLDL-C levels (Figure 7). Furthermore,
our study has shown that w3-milk intake increases Apo L1 HDL content in overweight subjects. Apo
L1 is mainly studied in chronic kidney disease, but studies in our group showed that a coordinated
decrease in HDL content of both LCAT and Apo L1 seem to predispose to the presentation of acute
ischemic events in hypercholesterolemia patients [24]. Therefore, the coordinated increase in both
HDL-associated proteins after w3-milk intake could reduce the CVD risk in high risk subjects such as
those with overweight and metabolic syndrome.

Protection

%
Lipid-free Apo)
Al

Figure 7. Simplified diagram of the lipid metabolism canonical pathway. Maturation of HDL and free
cholesterol (FC) esterification are catalyzed by LCAT. Apo A-T and Apo E activate LCAT, and PON-I,
which is also activated by Apo A-I, avoiding LCAT inactivation. Apo D binds to LCAT to improve its
esterification activity. Finally, cholesterol is transported to the liver for its elimination by fecal excretion.
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5. Conclusions

In summary, our study supports the concept of supplementing diets with w3 FA and PhyS to
prevent CVD by inducing a coordinated change of the lipid-associated plasma protein fraction profile
and by reducing inflammation. These changes are then translated into a significant improvement of
the lipid profile. This is of great importance in obese subjects, since they are more predisposed to suffer
metabolic alterations and therefore increased risk of CVD. A healthy lifestyle and appropriate nutrition
are key factors in the prevention of CVD, and the results of the present study support the notion that
diet supplementation with PhyS and w3 FA has beneficial effects against CVD in overweight and obese
individuals by acting on two hallmarks of CVD progression, inflammation, and lipid metabolism.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/6/599/s1,
Figure S1: In silico analysis of HDL protein changes, Table S1: Lipid and inflammation proteins, Table S2:
Lipid and inflammation proteins, Table S3: Protein composition in lipoprotein depleted plasma after PhyS-milk
intake, Table S4: Protein composition in lipoprotein depleted plasma after w3-milk intake.
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Abstract: Background: Dietary essential omega-6 (1-6) and omega-3 (n-3) 18 carbon (18C-)
polyunsaturated fatty acids (PUFA), linoleic acid (LA) and «-linolenic acid (ALA), can be converted
(utilizing desaturase and elongase enzymes encoded by FADS and ELOVL genes) to biologically-active
long chain (LC; >20)-PUFAs by numerous cells and tissues. These n-6 and n-3 LC-PUFAs and their
metabolites (ex, eicosanoids and endocannabinoids) play critical signaling and structural roles
in almost all physiologic and pathophysiologic processes. Methods: This review summarizes:
(1) the biosynthesis, metabolism and roles of LC-PUFAs; (2) the potential impact of rapidly altering
the intake of dietary LA and ALA; (3) the genetics and evolution of LC-PUFA biosynthesis;
(4) Gene—diet interactions that may lead to excess levels of n-6 LC-PUFAs and deficiencies of n-3
LC-PUFAs; and (5) opportunities for precision nutrition approaches to personalize n-3 LC-PUFA
supplementation for individuals and populations. Conclusions: The rapid nature of transitions
in 18C-PUFA exposure together with the genetic variation in the LC-PUFA biosynthetic pathway
found in different populations make mal-adaptations a likely outcome of our current nutritional
environment. Understanding this genetic variation in the context of 18C-PUFA dietary exposure
should enable the development of individualized -3 LC-PUFA supplementation regimens to prevent
and manage human disease.

Keywords: omega-3 fatty acids; polyunsaturated fatty acids; gene-diet interaction; human disease;
inflammation; fatty acid desaturase genes; arachidonic acid; eicosanoids; endocannabinoids

1. Introduction

Modern humans emerged from Africa ~200,000 years ago and spread across the earth over the
past 100,000 years. During this time, available food sources created evolutionary pressure that drove
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genetic architecture which allowed our species to adapt, survive and proliferate; this was coupled
with a rapid expansion in brain size (particularly gray matter in the cerebral cortex) and, with it,
advancements in human intelligence, socialization, and innovation.

The modern Western diet (MWD) has dramatically changed the nutritional content of
ingested foods in developed countries, and given the rapid nature of these nutritional transitions,
mal-adaptations and related human diseases are a likely outcome of our current nutritional
environment [1,2]. For example, up to 72% of dietary calories consumed presently in the MWD did not
exist in hunter-gatherer diets [3]. Changes in food type (quality) and quantity in the MWD have been
largely driven by technological changes in food production and processing to provide high-calorie and
appealing food (high in sugars, refined grains and oils) to large urban populations [1,4]. These have
led to detrimental shifts in nutrient metabolism leading to gene-diet interactions responsible for
more obesity and localized and systemic inflammation [2]. In turn, this inflammation contributes
to the pathogenesis of a variety of disease states, including cardiovascular disease, diabetes and
insulin resistance, cancer, autoimmunity, hypersensitivity disorders such as asthma and allergies,
chronic joint disease, skin and digestive disorders, dementia and Alzheimer’s disease [5-14].
As challenging as these changes are for overall populations of developed countries such as the US,
they are more negative for certain populations and ethnic groups [15-20], in whom a disproportionate
burden of preventable disease, death, and disability now exists. However, the emergence of the field of
precision nutrition that factors in individual- and population-based genetic variability in the context of
human diets offers the promise to provide more specific and individualized dietary and supplement
interventions that may prevent and mitigate many of the pro-inflammatory effects of the MWD [21].

With regard to fatty acid (FA) intake, there has been marked shift (due largely to recommendations
from health agencies) to reduce levels of saturated fatty acids and replace them with polyunsaturated
fatty acids (PUFAs) in an attempt to lower serum total cholesterol and LDL lipoproteins [22,23]. From a
practical perspective, this meant a replacement of sources of saturated fat such as lard and butter with
PUFA-containing vegetable oils (soybean, corn, and canola oils, as well as margarine and shortenings),
which are rich in the 18 carbon (18C) omega-6 (1-6) PUFA linoleic acid (18:21-6, LA) and poor in both
the omega-3 (11-3) 18C-PUFA, a-linolenic acid (18:31-3, ALA) and monounsaturated fatty acids. In fact,
it has been estimated that soybean oil consumption alone (which contains 58 g LA /100 g oil) increased
>1000-fold from 1909 to 1999 and now contributes to ~7% of daily energy of the MWD [1]. Over time,
this progressive increase in the ingestion of vegetable oils has led to a 3-fold increase (to 6-8% energy)
in dietary LA content of the MWD [1,3,24-26], as well as an estimated 40% reduction in total 1#-3 long
chain (>20 carbon; LC-) PUFA levels, and a large shift in the ratio of dietary n-6/n-3 C18 PUFAs
consumed from ~5:1 to >10:1 [1,27].

The objectives of this review are first to point out how lifestyle variables and specifically
our current dietary PUFA exposure together with ancestral-based genetic variation in the
LC-PUFA biosynthetic pathway gives rise to distinct molecular profiles (levels of LC-PUFAs,
LC-PUFA metabolites, inflammatory and other disease biomarkers) that enhance disease risk for
certain individuals and populations. These gene-diet interactions may be particularly important
to health in western countries as dietary n-6 and n-3 18C PUFAs comprise almost 10% of daily
calories in the MWD. The second objective of the review is to describe how an understanding of
PUFA-based gene-diet interactions can provide a scientific basis for the development of specific dietary
and supplement strategies with n-3 LC-PUFAs to prevent and manage human diseases.

2. Long Chain Polyunsaturated Fatty Acid Biosynthesis and Biological Activities

From the work of George and Mildred Burr almost 100 years ago [28,29], which was extended by
the studies of Ralph Holman [30,31], it became clear that #-3 and #n-6 18C-PUFAs were essential for
human health. Furthermore, these 18C-PUFAs originated from the diet and were not synthesized from
acetyl and malonyl CoA ester condensations catalyzed by fatty acid synthase. The two essential dietary
PUFAs of shortest (18C) chain length, ALA and LA, are the key substrates that enter the biosynthetic
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pathways leading to biologically-active n-3 and n-6 LC-PUFAs, respectively. Figure 1 highlights the
LC-PUFA biosynthetic pathway and genes known to encode for enzymes that play key roles in the two
parallel and competing pathways that synthesize 1-3 and n-6 LC-PUFAs. Two desaturation enzymes
encoded by fatty acid desaturase 1 and 2 (FADSI and FADS2) and one elongation enzyme encoded by
ELOVL5 synthesize eicosapentaenoic acid (20:51-3, EPA) and arachidonic acid (20:41-6, ARA) from
ALA and LA, respectively [32-36]. The n-3 LC-PUFA, docosapentaenoic acid (22:51-3; DPA) and the
n-6 LC-PUFA, adrenic acid (22:4n1-6; ADA) can be generated from EPA and ARA, respectively, using an
additional elongation enzyme (encoded by ELVOL 5/2), and finally docosahexaenoic acid (22:6n-3;
DHA) can be produced from DPA with a A-4 desaturation enzyme also encoded by FADS2 [37].
EPA may also be converted to DHA utilizing three additional biosynthetic steps (2 elongation,
1 desaturation and 1 (-oxidation). Smaller quantities of LC-PUFAs can be obtained directly from
the diet. For example, preformed ARA is found in organ meats, eggs, poultry, and fish, and various
types of seafood such as cold-water fish are rich in preformed #n-3 LC-PUFAs, EPA, DPA and DHA [26].
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Figure 1. Polyunsaturated fatty acid biosynthesis. #-3 and n-6 LC-PUFA are synthesized from
dietary intake of essential fatty acids ALA and LA, respectively, through a series of enzymatic
desaturation (FADS2 and FADSI) and elongation (ELOVL2 and ELOVLS5) steps. This pathway
gives rise to primary n-3 LC-PUFAs and n-6 LC-PUFAs such as EPA, DPA, DHA and ARA.
These LC-PUFAs (as free fatty acids or complex lipids) and their metabolites impact a wide
ranges of physiologic and pathophysiologic processes. Abbreviations: FADSI1/2, fatty acid
desaturase 1/2; ELOVL 2/5, fatty acid elongase 2/5; ALA, «-linolenic acid; SDA, stearidonic
acid; EtSA, eicosatetraenoic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid;
DHA, docosahexaenoic acid; LA, linoleic acid; GLA, y-linolenic acid; DGLA, dihomo-y-linolenic
acid; ARA, arachidonic acid; ADA, adrenic acid; PG, prostaglandin; TX, thromboxane; LT,
leukotriene; HEPE, hydroxyeicosapentaenoic acid; HETrE, hydroxyeicosatrienoic acid, HETE,
hydroxyeicosatetraenoic acid; DiHETE, dihydroxyeicosatetraenoic acid; EET, epoxyeicosatetraenoic
acid; 2AG, 2-arachidonoylglycerol; AEA, arachidonoyl ethanolamide /anandamide.
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Once formed, LC-PUFAs have many roles as free fatty acids and esterified in complex lipids
(Figure 1). These include biophysical properties essential for proper plasma membrane function,
energy production by -oxidation and specific biochemical roles as precursors of bioactive lipids [38,39].
For example, in the central nervous system, the n-3 LC-PUFA DHA is the most abundant FA in complex
lipids constituting approximately 50% of the weight of neuronal plasma membranes. Its membrane
status and signaling capacity directly impact brain development and function via several mechanisms,
including maintaining membrane integrity, neurotransmission, neurogenesis, membrane receptor
function and signal transduction [38,40—44].

Importantly, both 7n-6 and n-3 LC-PUFAs are also converted to a diverse family of
metabolites including multiple forms of prostaglandins, thromboxanes, hydroxyeicosatetraenoic acids,
epoxyeicosatrienoic acids, leukotrienes, lipoxins, resolvins, protectins, maresins and endocannabinoids
(Figure 1) [45-52]. LC-PUFAs and their metabolites, along with their cellular receptors, are present in
practically all cells and tissues of the body and act as potent signaling molecules that impact a wide
range of physiologic and pathophysiologic processes [45-52].

Most evidence to date indicates that 7-6 and 1n-3 LC-PUFAs and their metabolic products have
not only different, but often opposing effects on immunity and inflammation [53-57]. In general,
n-6 LC-PUFA metabolites and particularly ARA act as local hormones to promote acute and
chronic inflammation [46,51,52]. In contrast to ARA, n-3 LC-PUFAs, such as EPA, DPA, and DHA,
can be metabolized to anti-inflammatory mediators that have “pro-resolution” properties [47,58].
An exception to this principle are the ARA-derived lipoxins that exert anti-inflammatory, pro-resolution
bioactions [59].

Over the past 20 years, one of the most fascinating areas of science has been the discovery
of the pleiotropic effects of the endocannabinoid system [60-62]. Endocannabinoids have been
shown to be complex lipids (such as 2-arachidonoyl glycerol and arachidonyl ethanolamide) derived
from the n-6 LC-PUFA, ARA [60-62]. More recent studies have demonstrated that n-3 LC-PUFA
derivatives of endocannabinoids also exist [63-65]. Endocannabinoid action via cannabinoid 1 and 2
receptors impacts a wide range of biological functions including energy balance and metabolism, mood,
memory, sleep, reproduction, thermoregulation and immune function [63-75]. Endocannabinoids
can also be metabolized by cyclooxygenases, lipoygenases, and p450 epoxygenases to form other
biologically-active complex lipids [65,76,77].

It is clear from the aforementioned studies that 11-6 and 1-3 LC-PUFAs and their metabolites have
structural and/or signaling roles throughout the human body (Figure 1). Additionally, maintaining a
proper balance of -6 and n-3 LC-PUFAs and their metabolites is critical to homeostasis in virtually
every physiologic system. Consequently, environmental and genetic mechanisms that influence their
levels and balance will impact human health and disease.

3. Impact of Dietary Linoleic Acid and x-Linolenic Acid Levels on 1#-3 LC-PUFA Biosynthesis

Several studies have warned against health and disease outcomes that could result from radical
increases of dietary LA in the MWD in such a short period of time [26,78,79]. Given the shared
enzymatic steps involved in the processing of LA and ALA, these n-6 and n-3 18C-PUFAs and
their metabolic intermediates compete with each other in the liver and other tissues as substrates
for synthetic enzymatic reactions that produce LC-PUFAs [80,81]. Additionally, there is an overall
limited capacity of 18C-PUFAs that can be converted to LC-PUFAs [53]. As discussed in detail below,
this biosynthetic limit in capacity is highly impacted at an individual level by genetic variation in the
LC-PUFA biosynthetic pathway. Consequently, a dramatic increase in LA in the MWD observed over
the past 75 years together with competition between n-6 and 1-3 substrates within the pathway has
been shown in animal models and humans to shift the pathway toward the biosynthesis of high levels
n-6 LC-PUFAs and away from n-3 LC-PUFAs [53,82-87]. In 1992, Lands and colleagues described
non-linear interactions between LA and ALA in forming LC-PUFAs utilizing a hyperbolic equation
that fit for rats, mice and humans [53]. The equation points out the limitation of generating n-3
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LC-PUFAs when n-3 ALA is ingested together with several-fold greater amounts of 7-6 LA as is the
case with the MWD. Wood and colleagues reviewed human studies that examined the effect of altering
LA and ALA on n-6 and n-3 LC-PUFA biosynthesis and concluded that it is possible to increase 1-3
LC-PUFAs by reducing LA or increasing ALA intake in humans [82]. However, LA levels need to
be reduced to <2.5% energy before levels of DHA can be increased. Again, typical LA levels in the
MWD reside between 6-8% energy; consequently, high levels of LA in the MWD would be predicted
to markedly reduce, not increase DHA. In fact, it has been estimated that LA concentrations in the
MWD have decreased the omega-3 index by 41%, from 6.51 to 3.84 [1].

A 1997 paper by Okuyama and colleagues made a compelling case that excess LA and the increase
in the LA/ALA ratio as a result of moving away from traditional diets led to ‘'Omega-3 Deficiency
Syndrome’ in the elderly in Japan [84]. The paper summarized the “evidence which indicates that
increased dietary LA and relative n-3 deficiency are major risk factors for western-type cancers,
cardiovascular and cerebrovascular diseases and also for allergic hyper-reactivity.” They also suggest
that n-3 LC-PUFAs deficiency created by excess LA and LA /ALA ratios in the MWD affects human
behavior patterns in industrialized countries. Certainly these assertions are supported by a large body
of scientific literature in both animal models and human studies discussed throughout this review.

4. The Genetics and Evolution of LC-PUFA Biosynthesis

Through a better understanding of genetic variation associated with the utilization of
specific nutrients, precision nutrition approaches offer the potential to predict the physiological
and pathological consequences of the interaction of individual genetic differences and diet to prevent
and/or manage adverse outcomes. Until recently, it was assumed that the metabolic capacity of
the LC-PUFA biosynthetic pathway was limited and fairly uniform in all humans. This premise
was supported by metabolic studies in European ancestry populations, which suggest that only
a small proportion of ingested dietary 18C PUFAs (typically 2-3% energy) are converted into
LC-PUFAs [81,88-90]. However, studies over the past decade have demonstrated common genetic
and epigenetic variation in genes (including FADS1, FADS2, ELOVL5 and ELOVL2) throughout the
LC-PUFA biosynthetic pathway are highly associated with the levels of LC-PUFAs produced in human
circulation, cells and tissues [91-116]. This body of evidence has challenged the concept that LC-PUFA
biosynthesis from 18C-PUFAs is uniform among individuals and populations.

The desaturase enzymes within the pathway, encoded by the two genes (FADS1, FADS?2) in the
FADS cluster region (chrl1: 61,540,615-61,664,170) have long been recognized as the rate-limiting steps
in the conversion of 18C-PUFAs to LC-PUFA (Figures 1 and 2). Our laboratory initially demonstrated
that there are marked differences between African and European ancestry populations in the circulating
levels of n-6 and n-3 LC-PUFAs [100,106]. This work also showed that ~80% of African Americans
carry two copies of FADS alleles associated with more efficient biosynthesis of LC-PUFAs, compared to
only ~45% of European Americans and these genetic differences explained a large proportion of the
variability in LC-PUFA levels between African and European Americans. Numerous other studies
have also revealed strong genetic influences within the FADS cluster region on circulating, cellular and
tissue levels of LC-PUFAs [2,36,117]. This region of association comprises a linkage disequilibrium (LD)
block covering the promoter regions of both FADS1 and FADS?2 (Figure 2). Importantly, the derived
haplotype that includes numerous genetic variants with common allele frequencies (when compared
to the ancestral haplotype) is associated with higher levels of LC-PUFAs and an increased efficiency
(as determined by product to precursor ratios within the LC-PUFA biosynthetic pathway) by which
LC-PUFAs are synthesized [117]. One of the most surprising aspects of these genetic studies is
the observation that there are dramatic differences in the frequencies of the ancestral and derived
haplotypes and thus the efficiency of LC-PUFA biosynthesis among diverse global populations.
For example, the ancestral haplotype is most common (97%) in Native Americans and virtually absent
in Africa, suggesting that Native Americans and individuals of Native American ancestry have a
more limited capacity than Africans to synthesize LC-PUFAs [118]. The derived haplotype is observed
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at varying frequencies (25-50%) in Europe and East Asia [117,119]. As described in detail below,
extensive evolution of the FADS cluster and thus changes in the efficiency of LC-PUFA biosynthesis
took place as early humans adapted to local environments as they moved from Africa to the Americas.
These are reflected in the dramatic differences in the FADS haplotype frequencies and LC-PUFA
biosynthetic efficiencies observed in diverse modern populations.
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Figure 2. Genetic variation near the FADS gene cluster. (A) A expanded depiction of the FADS gene
cluster on chromosome 11 illustrates the genomic location (build hg19) of: genes in this region (shown
in dark blue, from RefSeq), the FADS cluster haplotype region and single nucleotide polymorphisms
(SNPs) (region highlighted in light blue with SNPs shown as black vertical bars), and three individual
SNPs identified as the most significantly associated genetic variants genome-wide with LC-PUFA
levels (rs174537, rs174547, and rs174548); (B) The observed percentage of derived vs. ancestral FADS
cluster haplotype varies by ethnicity.

Numerous individual genetic variants within the FADS cluster (as illustrated in Figure 2)
have been identified by genome-wide association studies (GWAS) to be highly associated with
LC-PUFA levels as well a wide variety of important molecular and clinical phenotypes. For instance,
GWAS of plasma 1-3 and n-6 LC-PUFA levels in Italian, European, and Chinese populations have
identified single nucleotide polymorphisms (SNPs) such as rs174537 and rs174547 located near FADS],
which are the strongest signals genome-wide associating with levels of -3 and n-6 LC-PUFAs such
as ARA and EPA [94,101,120-122]. Genetic variants in the FADS cluster are also associated with
numerous human phenotypes including inflammatory and cardiovascular disorders, blood lipid
levels including low-density lipoprotein (LDL) and triglyceride levels, coronary artery disease,
insulin resistance, perinatal depression, atopic diseases, attention/hyperactivity, intelligence and
memory in children [36,92,96,99,102,105,109,111,116,123-128]. The strong associations between genetic
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variation in the FADS cluster, LC-PUFA levels, and important clinical phenotypes support the
concept that genetically-induced alterations in LC-PUFA levels may play important roles in several
human diseases. However, due to the high degree of LD observed between genetic variants in
this region, it is difficult to determine which variants have a casual role in altering FADS activity thus
the efficiency of LC-PUFA biosynthesis.

An important question from this work is: why are there such distinct ancestral-based genetic
variation within the FADS cluster? It is important to understand that nutrients and genomes
interact reciprocally. As described above, genetic variation confers differences in nutrient utilization.
However, changes in nutrient exposure throughout human development also created adaptive
pressures that led to selection of genetic variation that better fit nutritional environments.
Our laboratory initially examined evolutionary forces shaping patterns of variation in the FADS
cluster by examining geographically diverse populations representing 14 populations and focused on
a 300 kb region centered on the FADS loci [119]. This work confirmed that there are marked global
differences in allele frequencies of variants in the FADS gene cluster that are strongly associated with
the efficiency of conversion of LA and ALA to ARA and DHA, respectively. This study also provided
evidence that alleles associated with LC-PUFA biosynthesis were driven to near fixation in African
populations by positive selection ~85,000 years ago. The selection of these FADS variants would have
enhanced LC-PUFA synthesis from plant-sourced 18C-PUFAs. We postulate that this enhanced the
capacity to synthesize LC-PUFAs and particularly n-3 LC-PUFAs such as DHA, and was therefore
an important advantage that would have facilitated the movement of humans away from marine
sources of LC-PUFAs in isolated geographic regions and concomitant rapid expansion and migration
throughout the African continent 60,000-80,000 years ago. That same time, Ameur and colleagues
described the FADS haplotype patterns (ancestral and derived), with the derived haplotype found
in Africa, that were associated with more efficient conversion of 18C-PUFAs into LC-PUFAs [117].

However, it was unclear from these initial papers: (1) why human populations migrating out of
Africa appeared to carry the ancestral haplotype; (2) why Eurasian populations are polymorphic; and
(8) why the ancestral haplotype is at near fixation in Native American populations. Fumagalli and
colleagues provided an important clue to this puzzle by carrying out a genome-wide scan for positive
selection in the Greenlandic Inuit and showing that genetic variation in the FADS cluster to be
the strongest signatures for cold adaptation [129]. Interestingly, the two most highly differentiated
SNPs (rs7115739 and rs174570) were associated with lower levels of LC-PUFAs and higher levels
of 18C-PUFAs precursors. It was also demonstrated that these FADS cluster alleles were associated
with a decrease in weight, height, fasting serum insulin, and fasting serum LDL cholesterol [129].
These investigators posited that the challenging environmental conditions of the Arctic likely imposed
strong selective pressures on the Inuit and their ancestors and these physical and molecular phenotypes
were important to cold adaptation. However, the PUFA-related molecular mechanism responsible for
physical phenotypes such as weight and height are not yet understood. Very recently, we have
demonstrated that the ancestral haplotype frequency is also correlated to Siberian populations’
geographic location, further suggesting the ancestral haplotype’s role in cold weather adaptation [130].
Additionally, this likely explains the high haplotype frequency of the ancestral haplotype within Native
American populations [118,130].

There are several other recently published papers which have focused on the role that evolution of
the FADS cluster played in the capacity of humans to adapt to varying global nutritional environments
containing fluctuating levels of LC-PUFAs. For example, Mathieson and colleague carried out a
genome-wide scan for positive selection from ancient and present-day European genomes and
demonstrated strong selection for derived alleles over the past 4000 years [131]. Kothapalli and
colleagues studied genomes from populations in South Asia and showed positive selection for an
indel in FADS?2 that is associated with more efficient LC-PUFA biosynthesis [132]. They suggest
that this was an important adaptation as populations moved to more vegetarian diets with low
levels of dietary LC-PUFAs [132]. Buckley and colleagues compared FADS sequencing data from
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present day to the Bronze Age and concluded that selection patterns in Europeans were driven
by changes in dietary fat composition and specifically LC-PUFA levels following the transition to
agriculture [133]. Taken together, all of these studies reflect the evolutionary importance for humans to
regulate LC-PUFA biosynthesis. The complex interactions among local selective pressures in diverse
local environments along global human migration patterns appears to have given rise to the global
variation in frequencies of the derived and ancestral haplotypes that are observed today.

5. Anatomy of 1-6 LC-PUFA Excesses and #n-3 LC-PUFA Deficiencies

As outlined throughout this review, there are several components of the MWD and the diverse
genetics of LC-PUFA biosynthesis among different human populations that could combine to
create harmful gene-diet interactions, which in turn would impact levels of 1n-6 and 1n-3 LC-PUFAs,
their metabolites and ultimately human disease (Figure 3). First, gene-diet interactions can arise when
there is a major change in the exposure of a nutrient that is utilized by an important metabolic pathway.
As discussed above, following recommendations to replace dietary saturated fatty acids with PUFAs,
food production companies began replacing the saturated fatty acids, largely with n-6 18C-PUFAs,
and this led to a dramatic increase (~3 fold) in the ingestion of LA. In contrast, the ingestion of
the dietary n-3 18C-PUFA, ALA, has remained relatively constant [1]. This resulted in a significant
change in not only LA exposure but also the ratio of dietary LA to ALA that enters the LC-PUFA
biosynthetic pathway. As discussed above, LA and its -6 metabolites directly compete with ALA and
its n-3 metabolites in the synthesis of LC-PUFAs, and there is a limited capacity of the pathway to
produce LC-PUFAs. Consequently, the ratio of LA to ALA has been altered by increasing dietary LA
(to 6-8% of energy) and this dietary modification has shifted the pathway toward the biosynthesis of
higher levels n-6 LC-PUFAs and away from n-3 LC-PUFAs.

A second component of potentially harmful gene-diet interactions is exemplified in some
individuals or human populations that have a greater genetic capacity to more efficiently
utilize/metabolize a specific nutrient than others. A well-recognized example of this situation
are the variants near the LCT locus that codes for the lactase enzyme, which metabolizes lactose
in milk [134-136]. Cattle domestication ~10,000 years ago induced strong selection to be able to
utilize lactose, the primary carbohydrate in milk, as adults. In most humans, levels of the lactase
enzyme decreases after weaning, but certain populations that traditionally depended on milk have
variants near the LTC locus associated with high levels of lactase and thus retain the capacity to utilize
lactose into adulthood.

Similarly, studies over the past decade show that diverse global populations have differences
in their capacity to utilize 18C-PUFAs to synthesize LC-PUFAs, and there is now strong evidence
that common FADS variants form ancestral and derived haplotypes that account for these pathway
efficiency differences. It has been recently proposed that the derived haplotype played a crucial role in
human evolution under circumstances when dietary LC-PUFAs, especially dietary -3 LC-PUFA levels,
were low [119,131-133]. This included movement away from #-3 LC-PUFA-rich marine sources during
the ‘great expansion’ in Africa 60,000-80,000 years ago and the adaptation to largely vegetarian diets
after the development of agriculture in Europe and Asia ~12,000 years ago. Consequently, African,
African ancestry and some south Asian populations have high frequencies of a derived haplotype that
is associated with efficient LC-PUFA biosynthesis [117,119]. Additionally, the MWD provides very
high levels of LA to this genetically more efficient pathway resulting in significantly higher levels of
the n-6 LC-PUFA, ARA, when compared to most European or European ancestry populations [100,106].
Figure 4 illustrates this point by demonstrating that there are significant differences between circulating
LC-PUFAs, ARA and DHA, in African and European American populations. A major question that
arises from the data in Figure 4 is; what are the biological consequences and specifically the risk of
human disease for individuals who are either at the upper (excess ARA levels) or lower (depressed
DHA levels) end extremes?
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Figure 3. Anatomy of gene-diet interactions leading to 1n-6 LC-PUFA excesses and n-3 LC-PUFA
deficiencies. Dietary intake of n-3 and -6 18C-PUFAs, ALA and LA, respectively, interact with FADS or
ELOVL genetic and epigenetic variation (that impacts FADS or ELOVL expression or resultant activity)
to determine circulating and cellular levels of -3 and 1-6 LC-PUFAs. These interactions can result in an
unhealthy balance of LC-PUFAs, with excess levels of n-6 LC-PUFAs or deficiencies of n-3 LC-PUFAs.

Numerous studies have addressed the issue of excess ARA or efficient LA to ARA conversion in
the context of cardiovascular disease (CVD). For example, Martinelli and colleagues [116] examined
associations among 13 FADS genotypes, desaturase activity (as determined by ARA/LA ratios),
inflammation (C-reactive protein (CRP)), and coronary artery disease (CAD) in 876 individuals
with (n = 610) and without (1 = 266) CAD. Individuals carrying certain haplotypes (the derived
haplotype) had higher ARA/LA ratios in red blood cell membranes, corresponding to enhanced
desaturase activity. Importantly, the ARA/LA ratio was an independent risk factor for CAD
(Odds Ratio 2.55, p < 0.001), Furthermore, the pro-inflammatory marker, CRP increased progressively
across tertiles of ARA/LA. This study provided a powerful example of how variants in the FADS
cluster alter molecular phenotypes, which in turn alter disease risk. Li and colleagues also examined
the association of FADS genotypes and plasma fatty acids in control (n = 510) and CAD patients
(n = 505) from a Chinese Han population [111]. They also showed that the ARA /LA ratio was higher
in CAD patients and the low pathway efficiency T allele at rs174537 was associated with a lower risk
of CAD (Odds Ratio 0.74, p = 0.001). Similarly, Kwak and colleagues [105] carried out a case-control
study in a Korean cohort and discovered that minor T allele at rs174537 was associated with lower risk
of CAD (Odds Ratio 0.75, p = 0.006), and T allele carriers had significantly lower pathway efficiency as
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measured by ARA/LA and ARA/DGLA ratios. The T allele was also associated with lower total-and
LDL-cholesterol and lipid peroxides. Importantly, Lettre and colleagues performed a meta-analysis on
five African American cohorts (1 ~8,000) and confirmed the association of FADS SNPs with not only
lipid phenotypes, but CAD itself [137].

Other studies have demonstrated that high levels of ARA in adipose tissue are associated with
elevated risk of acute myocardial infarction (AMI) [138,139]. For example, Kark and colleagues showed
that ARA in adipose tissue was positively associated with AMI (O.R. 2.12, p = 0.004). Our laboratory
has demonstrated that the genotypes at the FADS1 SNP, rs174537, which increases the efficiency of
the LC-PUFA biosynthetic pathway, and thus circulating and cellular ARA levels, are also associated
with higher levels of pro-inflammatory ARA-derived eicosanoids [140]. ARA-derived eicosanoids,
such as urinary 8 epi-prostaglandin F(2«x) that are independent risk factors for CAD, are also positively
correlated with levels of ARA and ARA /LA ratios [105,141]. Together, these studies suggest that
individuals and populations that have an enhanced genetic capacity to convert high levels of dietary
LA to ARA are more likely to have high levels of ARA, ARA metabolites, inflammatory biomarkers,
and diseases of inflammation such as CAD.
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Figure 4. Serum Levels of ARA and DHA in African Americans (AfAm) and European Americans
(EuAm). Both n-6 and n-3 LC-PUFAs (arachidonic acid, ARA; and docosahexaenoic acid, DHA) are
elevated in serum from AfAm relative to EuAm from the same clinical diabetes study cohort [106].

Although the aforementioned findings show genetic variation in the FADS cluster to
be cross-sectionally associated with LC-PUFA and LC-PUFA metabolite levels, biomarkers of
inflammation and CAD risk, few studies have investigated whether genetic variation within the
FADS cluster is a significant mediator of the relationship between PUFA intake and CVD risk.
One longitudinal cohort study [142] with a mean follow-up of 14 years, which included 24,032
participants aged 4474 years, reported a borderline significant interaction by genotype of the FADS
SNP rs174546 on the incidence of CVD by PUFA intake levels. Particularly, the ALA-to-LA intake
ratio was inversely associated with CVD risk only among participants homozygous for the T-allele
of FADS SNP rs174546 (HR for quintile 5 vs. quintile 1 = 0.72; 95% CI: 0.50, 1.04; p-trend = 0.049).
Additionally, ALA intake inversely associated with ischemic stroke only among rs174546 TT genotype
carriers (HR for quintile 5 vs. quintile 1 = 0.50; 95% CI: 0.27, 0.94; p-trend = 0.02). This study provides
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some evidence, albeit weak, that genetic variation in the FADS cluster may mediate the associations
between PUFA intake and CVD risk, and that high ALA intake and a high ALA-to-LA intake ratio may
be preferable to help prevent CVD and ischemic stroke particularly among those that are homozygous
for the minor T-allele of rs174546. In summary, accumulating evidence suggests that the FADS locus
may be useful in stratification and targeting of LC-PUFA recommendations for prevention of CVD;
however, further research is necessary to better understand how genetic variation within the FADS
cluster modifies the relationship between PUFA intake and CVD risk [143].

What about individuals/populations with low levels of LC-PUFAs such as DHA? This would be
expected in those individuals/populations with FADS variants that make up the ancestral haplotype
associated with inefficient LC-PUFA biosynthesis. As discussed above, the ancestral haplotype appears
to have played a crucial role in the adaptation of Arctic populations to cold environments under
conditions where high levels of preformed n-3 LC-PUFAs were ingested from the abundant marine
sources [129]. Importantly, very high frequencies of this ancestral haplotype are also observed in
Native American populations [118,130]. This genetic architecture, together with the current levels
of LA, ALA, preformed n-3 LC-PUFAs, and specifically low levels of DHA in the MWD raises vital
questions of how modern populations with high Native American ancestry acquire DHA. Does the
near fixation of the ancestral haplotype, with its limited capacity to synthesize LC-PUFAs in Native
American ancestry individuals, together with the PUFA composition (high levels of LA and low
levels of ALA and DHA) give rise to n-3 LC-PUFA deficiencies and resulting diseases/disorders in
Native American populations? DHA is critical for brain function throughout the human life span,
but its accumulation is especially important to healthy brain development during gestation and
infancy [144-146]. Additionally, as described above, n-3 LC-PUFAs such as DHA, DPA and EPA and
their metabolites have potent anti-inflammatory properties [47,58]. There are no studies to date that
have compared circulating and cellular levels of LC-PUFAs in a Native American ancestry cohort
to other human populations. Future studies will be necessary to determine the risk of 7-3 LC-PUFA
deficiency in this population and whether n-3 LC-PUFA supplementation could provide important
health benefits to Native American ancestry populations.

Most European and Asian ancestry populations are polymorphic for derived and ancestral
haplotypes and individual genetic variants within the FADS cluster that impact LC-PUFA biosynthesis.
Consequently, these populations appear to be more diverse with respect to their capacity to synthesize
LC-PUFAs. For example, we have demonstrated in three European ancestry cohorts that ~45% of
individuals have the homozygous GG genotype at the FADST SNP rs174537, which is associated
with efficient LC-PUFA biosynthesis [36,97,100,106]. The TT genotype, which is associated with low
efficiency LC-PUFA biosynthesis, is found in ~11% of the individuals in these cohorts and the balance
(~44%) have the GT genotype. Similar to modern Native American ancestry populations, these studies
raise important questions of how the 11% of individuals of European ancestry with the TT genotype
and thus less efficient LC-PUFA biosynthesis acquire n-3 LC-PUFAs and particularly DHA when they
are consuming a MWD.

Studies are just now beginning to emerge that indicate that epigenetics and specifically the
methylation status of specific CpG sites within the FADS cluster (in a regulatory region between FADS1
and FADS? that contains the FADS1 and FADS2 promoters and an regulatory enhancer) impacts the
transcription of FADS cluster genes, LC-PUFA biosynthesis, and in one study, both immediate and
delayed memory performance in toddlers [147,148]. A separate human study shows that previous
PUFA exposure impacts the methylation status of GpG sites within this region [149]. We performed
genome-wide allele-specific methylation (ASM) with the FADS1 SNP, rs174537 in 144 human liver
samples and identified highly significant ASM with CpG sites between FADSI and FADS?2 in a enhancer
signature region [150], leading to the hypothesis that the associations of 15174537 with LC-PUFA levels
may be impacted by the methylation status of that enhancer region. Additionally, a study in rats
indicates that maternal fat intake alters ARA and DHA status and the epigenetic regulation of FADS2 in
offspring liver [151]. Although these studies are still early, collectively, they suggest that there are likely
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to be factors such as age, sex, pregnancy and prior PUFA exposure that impact epigenetic-mediated
regulatory mechanisms of the FADS cluster leading to alterations in FADS gene transcription, LC-PUFA
biosynthesis from 18C-PUFAs and ultimately LC-PUFA status [149]. Understanding the ramifications
of these epigenetic modifications will likely be important in discerning how LC-PUFA levels are
regulated both at individual and population levels.

6. Implications of Non-Uniform n-3 LC-PUFA Biosynthesis on the Efficacy of n-3 LC-PUFA
Supplementation Trials

Pioneering studies 40 years ago showed that high dietary intake of n-3 LC-PUFA-enriched
foods reduced mortality from myocardial infarction in Greenland Eskimos [152,153]. Since then,
a growing body of evidence has shown that dietary n-3 LC-PUFAs may impact cardiovascular
disease by numerous mechanisms including reducing circulating triglyceride concentrations,
inflammatory processes, platelet aggregation and the incidence of arrhythmias and improving
endothelial cell function [154]. Studies from predominantly secondary prevention trials and
meta-analyses of observational studies in the 1980s through the early 2000s demonstrated
a cardioprotective effect of fish consumption and 7n-3 PUFA supplementation [155-160].
Additionally, high circulating and dietary levels of n-3 LC-PUFAs were shown to associated with lower
total mortality, especially deaths due to coronary artery disease [161,162]. However, more recent RCTs
and meta-analyses indicate that supplementation with 1#-3 LC-PUFAs is not associated with lower risk
of adverse outcomes such as all-cause mortality, cardiac death, sudden death, myocardial infarction,
or stroke [163-167].

Similarly, several studies have shown associations between low levels of DHA and/or altered
ratios of n-6 to n-3 LC-PUFAs and cognitive function (memory and Alzheimer’s disease) as well as
psychological disorders (attention-deficit/hyperactivity-ADHD, schizophrenia, autism spectrum and
major depressive disorders) in children, adolescents or adults [168-180]. However, systematic reviews
and meta-analyses reveal that RCTs show inconsistent results for the therapeutic benefit of 1n-3
LC-PUFAs [181-187]. This pattern of erratic clinical results with 1n-3 LC-PUFAs is also observed
in several inflammatory diseases including asthma [188,189], rheumatoid arthritis [190,191] and
cancer [192-195].

Together, these studies and the controversies stemming from them have led to great confusion
among clinicians and consumers alike about the efficacy of n-3 LC-PUFAs for the prevention and
treatment of human disease. These varying clinical results have been particularly difficult to
comprehend in light of the vast numbers of studies that have examined the mechanism by which
n-3 LC-PUFAs exert their effects and convincing in vivo data with LC-PUFAs in animal models.
Recently, experts at the International Society for the Study of Fatty Acids and Lipids discussed
experimental design issues that may contribute to inconsistent results with 7-3 LC-PUFA interventions
in cardiovascular studies and thus must be considered in future clinical designs [196]. These included:
(1) the potential of current CVD drug treatments to hide 1n-3 LC-PUFA benefits; (2) the potential
impact of high background intakes of LC-PUFAs; (3) small sample sizes; (4) short treatment durations;
(5) insufficient dosages of n-3 LC-PUFAs; (6) increase in n-6 PUFA intake; and (7) failure to measure
baseline n-3 status. This current review has emphasized the potential impact of the latter three.

First, as discussed in detail above, the dramatic increase in dietary levels of the n-6 18C-PUFA,
LA, in the MWD has resulted in an imbalance of LA and ALA entering the LC-PUFA biosynthetic
pathway (Figure 1). Because these 18C-PUFAs compete for the desaturase and elongase steps in
the pathway, the imbalance in LA and ALA together with the limited capacity of the pathway results
in a disproportionate synthesis of n-6 LC-PUFAs at the expense of 7-3 LC-PUFAs. The other major
consideration is the overall capacity of the pathway to synthesize LC-PUFAs, and a large body of
evidence (summarized above) indicates that this pathway capacity is variable in individuals and
diverse populations and strongly linked to ancestry. For example, African, African ancestry and most
south Asian populations contain evolutionary-driven genetic variants, particularly in the FADS cluster,
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that are strongly associated with efficient LC-PUFA biosynthesis and thus high levels of LC-PUFAs
and particularly ARA. We have demonstrated that genetic variants associated with elevated levels
of ARA are also associated with the capacity to generate high concentrations of pro-inflammatory
eicosanoids in whole blood [140]. Consequently, we hypothesize that the combination of a marked
increase in dietary LA as a result of the MWD, together with an enhanced capacity to convert
that LA to ARA gives rise to elevated levels of a diverse family of ARA-derived mediators,
which promote obesity, inflammation and related diseases. In this case, it may be the excess in
ARA and ARA-derived mediators, created by the aforementioned gene-diet interaction, that limits the
capacity of n-3 LC-PUFAs to impact inflammatory diseases such as CVD and cancer.

On the other hand, individuals of Arctic and Native American ancestry as well as a significant
percentage of European and Asian populations have evolutionary-driven FADS variants associated
with a less efficient LC-PUFA biosynthetic pathway [130]. In this case, we postulate that high levels
of LA (relative to ALA) in the MWD are converted to sufficient levels of n-6 LC-PUFAs such as
ARA and ARA metabolites. However, because of the constraints of the less efficient LC-PUFA
biosynthetic pathway, it would be predicted that low quantities of n-3 LC-PUFAs and specifically DHA
and DHA metabolites would be generated from dietary ALA. Such gene—diet interactions in these
individuals/populations could lead to n-3 LC-PUFA deficiency, and like other nutrient deficiencies,
these may be the patients that most benefit from supplementation with n-3 LC-PUFAs. It is important
to emphasize that this is a hypothetical scenario at this point in time, and future studies will be
necessary to determine actual levels of n-3 LC-PUFAs in individuals/populations with the ancestral
FADS haplotype.

Superko and colleagues reviewed clinical investigations that actually measured blood or plasma
levels of n-3 LC-PUFAs [197]. Not surprising, their data suggest that diet and geography play a critical
role in levels of #-3 LC-PUFAs. For example, the lowest 5th percentile of Japanese living in Japan had
higher levels of n-3 LC-PUFAs than whites living in Pennsylvania and Japanese Americans living
in Honolulu. In an analysis of nine studies, Hawkey and Nigg found lower overall blood levels of
the n-3 LC-PUFAs, EPA and DHA, in individuals with ADHD versus controls [183]. They suggest
that there may be “a disruption in the conversion process from ALA to EPA/DHA in the ADHD
population”. Several GWAS combined with metabolomics analyses have now examined associations
between FADS variants and circulating levels of #-3 LC-PUFAs. Table 1 shows that FADST variants
(rs174547, rs174537, and rs174548) are strongly associated with n-3 LC-PUFAs, EPA, DPA or DHA
either as free fatty acids or in complex lipids [198-200] and further suggest that much of the variation
in background n-3 LC-PUFA levels is due to genetic variation within the FADS cluster.

In addition to blood levels, the review by Superko and colleagues also pointed out that there are
marked differences in the impact of n-3 LC-PUFA supplementation on circulating levels of LC-PUFAs
and altering ratios of 1n-3 to n-6 LC-PUFAs [197]. Consequently, large diverse RCTs typically have
sizeable subsets of individuals with high, intermediate, and low blood levels of LC-PUFAs; and the
degree to which these levels are altered appears highly variable. Thus, it is little wonder that RCTs with
n-3 LC-PUFAs have yielded perplexing results. Providing individuals with 1n-3 LC-PUFA supplements
who do not have LC-PUFA deficiencies, or diverse groups of individuals where diet—gene interactions
have created markedly different -6 to n-3 LC-PUFA levels and ratios is unlikely to provide clear results.
Given the genetic diversity in the LC-PUFA biosynthetic pathway, it may be too much to expect that
supplementation strategies that fail to stratify participants in some manner (ex, genetics, background
n-3 LC-PUFA levels, or ratio of n-6 LC-PUFAs to n-3 LC-PUFAs) will show statistical efficacy for
complex human diseases.
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Table 1. Association of key FADS SNPS with serum LC-PUFAs.

SNPs
n-3 PUFA/Metabolite 15174547 15174587 15174548 Data Source
p-Value p-Value p-Value
1-hexadecanoyl-2-docosapentaenoyl-GPC o5 93 g8 .
(16:0/22:5n3) 2.97 x 10 3.83 x 10 9.17 x 10 Draisma et al. [198]
1-tetradecanoyl-2-docosapentaenoyl-GPC 58 57 54 .
(14:0/22:513) 2.76 x 10 1.94 x 10 5.08 x 10 Draisma et al. [198]

1-octadecanoyl-2-docosapentaenoyl-GPC
(18:0/22:5n-3)

1-O-docosanyl-2-docosahexaenoyl-GPC
(0-22:0/22:6n-3)

1-O-hexadecyl-2-docosahexaenoyl-GPC
(0-16:0/22:61-3)

1-eicosanoyl-2-docosahexaenoyl-GPC
(20:0/22:6n-3)

eicosapentaenoate (EPA; 20:513) 1.12 x 102 255 x 10721 371 x 1072 Shin et al. [199]

223 x 10742 461 %1074 253 x10°%  Draisma etal. [198]

1.67 x 10~40 6.03 x 10740  315x 10~  Draisma et al. [198]

135 x 1075 490 x 1072 136 x 1072>  Draisma et al. [198]

219 x 1072*  Draisma et al. [198]

1-octadecanoyl-2-docosahexaenoyl-GPC
(18:0/22:6n-3)

1-tetradecanoyl-2-docosahexaenoyl-GPC
(14:0/22:6n-3)

1-octadecanoyl-2-docosapentaenoyl-GPC
(18:0/22:5n3)

octadecatetraenoic acid (stearidonate)
(18:4n3)

1-O-octadecyl-2-docosahexaenoyl-GPC
(0-18:0/22:6n-3)

8.48 x 10720 388x 10719 170 x 107!  Draisma et al. [198]

9.86 x 10718 272 x 10717 138 x 1071  Draisma et al. [198]

443 x 10714 983 x 10714 999 x 10716 Long et al. [200]

1.63 x 10715 1.07 x 107 197 x 1013 Shin et al. [199]

2.02 x 10715 504 x 1071 147 x 10~*  Draisma et al. [198]

I-hexadecanoyl-2-docosahexaenoyl-GPC 4 o1 10-14 4196 10-4 302 x10-13  Draisma et al. [198]

16:0/22:6
1-eicosatrienoyl-GPC (ETA; 20:3n-3) 1.30 x 10714 Shin et al. [199]
docosapentaenoate (DPA; 22:51-3) 293 x 10713 5.07 x 10713 Shin et al. [199]
1-eicosapentaenoyl-GPC (20:51-3) 1.59 x 10712 Long et al. [200]

1-octadecenoyl-2-eicosapentaenoyl-GPC
(18:1/20:5n-3)

1-palmitoyl-2-eicosapentaenoyl-GPC
(16:0/20:51-3)

Association of three key FADS SNPS with levels of serum n-3 LC-PUFAs either as free fatty acids or esterified
complex lipids. Serum levels of 7-3 LC-PUFAs and glycerol-3-phosphocholine (GPC) containing 1n-3 LC-PUFAs
were associated with three SNPS in FADS1 gene region. Data are derived from SNiPA analysis [201] of studies
by Draisma et al. [198]; Long et al. [200]; and Shin et al. [199]. Significant associations are shown for Bonferroni
adjusted p-values for each of three representative studies.

1.78 x 10712 Long et al. [200]

1.01 x 10~ Long et al. [200]

7. Conclusions

A primary goal of the emerging field of precision nutrition is to have the capacity to predict
physiological and pathological outcomes of human diets based on a better understanding of interacting
parameters such as an individual’s genetic capacity to utilize/metabolize certain dietary nutrients
and that same individual’s dietary nutrient exposure. Insights gained from such studies also
offer the potential to tailor nutritional recommendations and interventions to individuals and
populations throughout the life span. The FADS cluster and ELOVL2/5 genes are highly polymorphic,
with considerable ancestry-based variation in the frequencies of common variants. These variants are
associated with different conversion efficiencies of ALA and LA to n-3 LC-PUFAs and n-6 LC-PUFAs,
respectively, and also important molecular and clinical phenotypes linking them to the pathogenesis
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of numerous human diseases. Additionally, the imbalance of LA and ALA in the MWD alone has
been demonstrated to induce higher levels of n-6 LC-PUFA relative n-3 LC-PUFAs in circulation,
cells and tissues. Considering the high heritability of LC-PUFA biosynthetic capacity (i.e., the strong
genetic regulation), marked epigenetic regulation (i.e., potential gene environment interplay in
regulation) and differences in dietary PUFA intake (i.e., variability in the environment), it is highly likely
that #-3 LC-PUFA supplementation efficacy is individualized with a complex interplay of genetics,
epigenetics and environment.

What are the implications of all this genetic and dietary complexity from a practical application
perspective? It is clear that there have been incredible increases in consumption of LA-containing oils,
such as soybean oil, in the evolution of the MWD over the past 75 years, and that these dietary changes
have led to dramatic increases in LA/ALA ratios and ARA-derived metabolites, and reductions
in both circulating and tissue levels of n-3 LC-PUFAs. This has occurred during a time of
marked increases in obesity and obesity-related inflammatory diseases. Indeed, the concept of
‘Omega-3 Deficiency Syndrome” introduced by Okuyama and colleagues [84] as Japanese populations
moved from their native to a Western diet, may apply to most individuals exposed to the MWD.
Consequently, we believe it is safe to say that a reduction in the dietary intake of LA and ARA,
together with an increase in 1n-3 LC-PUFAs would benefit most individuals. However, the fact
that there are such individual- and population-based genetic differences in the metabolism of
dietary 18C-PUFAs, resulting in high, intermediate, and low blood levels of n-6 and n-3 LC-PUFAs
and LC-PUFA metabolites, suggests that some populations and individuals will respond to n-3
LC-PUFA supplementation better than others. Based on this premise, it is important for future
investigations that focus on n-3 LC-PUFA supplementation for the prevention and management of
human diseases to develop therapeutic strategies taking into consideration the genetic heterogeneity
in their study populations.
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Abstract: Although there is accumulating evidence for a protective role of n-3 polyunsaturated
fatty acids (n-3 PUFAs) on bone health, there are limited studies that examine the effect of altering
dietary n-6:n-3 PUFA ratio with plant and marine sources of 1#-3 PUFA on bone health. Healthy
adults (n = 24) were randomized into an eight-week crossover study with a four-week washout
between treatments, with each subject consuming three of four diets. The four diets differed in
the dietary n-6:n-3 PUFA ratios and either had an algal oil supplement added or not: (Control diet
(10:1); «-linolenic acid (ALA) diet (2:1); Eicosapentaenoic acid / Docosahexaenoic acid (EPA/DHA)
diet (10:1 plus supplement (S) containing EPA/DHA; Combination diet (2:1 + S)). The supplement
was microalgae oil that provided 1 g EPA + DHA/day. Flaxseed oil and walnuts provided 8.6 g
of ALA/day in the 2:1 diets. Serum levels of c-telopeptide (CTX), procollagen Type I N-terminal
peptide, and osteocalcin showed significant correlation with age but none of the bone markers or
peroxisomal proliferator-activated receptor-y mRNA expression was significantly different between
the diets. Serum CTX was negatively associated with red blood cell membrane linoleic acid and ALA
and positively associated with membrane DHA. Neither altering dietary #n-6:1-3 PUFA ratio from
a 10:1 to a 2:1 ratio nor adding EPA /DHA supplement significantly changed bone turnover in the
short term in healthy adults.

Keywords: dietary -3 fatty acids; bone turnover; peroxisomal proliferator activated receptor y; ALA;
EPA/DHA

1. Introduction

N-3 polyunsaturated fatty acids (n-3 PUFAs) confer many health benefits including the
prevention of cardiovascular, cardiometabolic, and other chronic diseases as well as the reduction of
inflammation [1-3]. A limited number of human studies suggest that -3 PUFAs play an important role
in bone metabolism and may represent a potentially useful non-pharmacological therapeutic strategy
to prevent bone loss and reduce the risk of osteoporosis [4,5]. The essential -3 PUFA, x-linolenic acid
(ALA) cannot be synthesized by humans, while eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) can be generated from ALA, although the conversion rate is low. Western diets are low
in n-3 PUFA and high in n-6 PUFA, which makes for a high dietary n-6:n-3 PUFA ratio. The health

Nutrients 2017, 9, 1162 135 www.mdpi.com/journal /nutrients



Nutrients 2017, 9, 1162

attributes of n-3 PUFA is due to the direct effects of ALA, or the conversion of ALA to EPA and DHA
and/or the decrease in the n-6:n-3 PUFA ratio. Animal studies have demonstrated the protective
role of fish oil in preventing bone loss in mice following ovariectomy [6,7], with a marked increase
in mineral apposition rate. In many of these studies, n-3 fatty acids or a lower ratio of n-6:1-3 PUFA
show a positive influence on bone. Accordingly, populations known to consume high amounts of #-3
PUFA-rich fish, such as the Japanese and Greenland Eskimos, have lower rates of osteoporosis [8].
N-3 PUFAs are thought to mediate their actions by regulating the fatty acid composition of skeletal
cells [9,10]. Since the concentration of ALA in mammalian cell membranes is extremely low and makes
up less than 0.5% of total fatty acids in plasma phospholipids, the specific functional and protective
effects of ALA are attributed to its conversion to longer chain n-3 fatty acids, EPA and DHA [11-13].

Intervention trials with PUFAs in skeletal metabolism in humans are limited, and findings are
controversial [14-17]. One potential explanation for this is that the skeletal effects of 1n-3 fatty acids
may depend on the type, dose, and duration of treatment. Typical Western diets are associated with
higher n-6:1-3 PUFA ratios, whereas, it is the low n-6:1-3 ratios that are correlated with optimal health
and decreased risk of disease [4,5]. Griel et al. [4] showed that plant sources of -3 PUFA lower bone
resorption, especially when the background n-6:1-3 ratio is low (1.6:1). Studies investigating the role
of marine #n-3 PUFA (EPA/DHA) in the context of low and high 1-6:n-3 PUFA ratios and comparing
plant versus marine 7-3 PUFAs in preventing bone loss in humans are sparse. Thus, the objective of
this study was to examine the effect of altering the dietary n-6:n-3 PUFA ratio from 10:1 to 2:1 with and
without adding a supplement of EPA/DHA.

2. Materials and Methods

2.1. Study Design

This study was part of a larger intervention trial assessing the changes in red blood cell (RBC)
membrane fatty acid composition when the dietary n-6:1-3 fatty acid is altered from a ratio of 10:1
to 2:1 by adding plant- and marine-based supplements [18]. This aim of this study was to assess
the effects of altering the dietary n-6:n-3 fatty acid ratio on biochemical markers of bone turnover
and gene expression in healthy adults. This study was a single-blind, randomized, 4 x 3 incomplete
crossover trial including four diets: (1) Control diet (1-6:1-3 ratio of 10:1, low in ALA, EPA/DHA);
(2) EPA/DHA diet (10:1 plus supplement (S) of algal oil, low in ALA, high in EPA/DHA); (3) ALA
diet (2:1, high ALA from walnuts and flaxseed oil, low EPA/DHA); and (4) Combination diet (2:1 + S,
high in ALA and EPA/DHA). There was an initial one-week run-in phase to assess each participant’s
adherence to the dietary protocol. Study periods were eight weeks each and included a washout of
four-six weeks between treatments. All meals were provided to the subjects and dietary compliance
was assessed by the examination of individual participant diaries and through direct observation by
research staff at each meal on campus. The complete study design and subject protocol have been
previously published [18].

2.2. Subjects

The total number of participants completing all three diet periods was 24 (15 females and 9 males,
age 42 + 3 years). Participants were recruited from the Loma Linda area, including nearby hospitals
and colleges. Participants that met all study criteria and received the highest commitment scores were
selected. All selected subjects signed the informed consent approved by the Institutional Review Board
at Loma Linda University (Loma Linda, CA, USA).

Subjects were included in the study if they had: (a) no prior affliction with hypertension,
atherosclerosis, or other metabolic diseases; (b) serum cholesterol levels between 4.2-7.8 mmol/L;
(c) serum triglyceride below 3.4 mmol/L; (d) body mass index below 30 kg/m?; (e) stable weight
within the past six months; (f) no intake of serum lipid-altering medications; (g) age range between 20
and 70 years; (h) no known food allergies to walnuts, flaxseed oil, or microalgae oil. All participants
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were non-smokers and maintained the same level of physical activity throughout the study as was
established at their baseline.

2.3. Study Diets

There were four diets in all. Two diets had an n-6:1-3 fatty acid ratio of 10:1 (Control diet without
supplement and EPA/DHA diet with supplementation, 1.40/5.04 g EPA/DHA from microalgae
oil/week). There were two other diets with an 1-6:1-3 fatty acid ratio of 2:1 (ALA diet, 42-49 g
flaxseed oil/week + 10 g walnuts, 3 times/week and Combination diet with both ALA (4249 g
flaxseed oil/week + 10 g walnuts, 3 times/week) and supplementation, 1.40/5.04 g EPA/DHA /week).
This was a rigorously controlled feeding study with all meals provided to participants by the research
staff. Participants consumed dinners on the premises at Loma Linda University Campus, with all
breakfast, lunch, and snacks provided as take out. All Saturday meals were packed and distributed
to participants during Friday dinner. In order to increase dietary compliance, all dine-in meals were
monitored by at least one senior investigator.

Menus were designed for seven levels of energy intake, ranging from 1500 to 3000 kcal/day
to accommodate the eucaloric requirements of the subjects and has been described previously [18].
The main sources of n-3 fatty acid-rich foods were EPH/DHA-rich microalgae oil and ALA-rich
flaxseed oil and walnuts. All menu plans adhered to a nine-day weekday and two-day weekend menu
cycle with lacto-ovo vegetarian meals provided throughout the study.

2.4. Data Collection and Analyses

Each participant had fasting blood drawn at baseline and at the end of each diet period. Blood
samples were collected at the standardized time of the day, i.e., 6:30 a.m. to 8:30 a.m. The variation
between subjects was expected to be much higher than the minimal variation caused by sample
collection in a 24-h time window [19]. Blood draw clinics were conducted at the Nutrition Assessment
Laboratory and serum samples were stored at —80 °C. Lipomics Laboratory (Sacramento, CA, USA)
measured RBC membrane fatty acid composition at the end of each treatment period.

Biochemical determination of all serum bone markers was carried out in duplicate runs after each
experimental diet. Bone resorption marker c-telopeptide (CTX) was measured using the Serum Crosslaps
ELISA Assay (Immunodiagnostic Systems Limited, Boldon, UK) that quantifies the degradation products
of C-terminal telopeptides of Type 1 collagen in human serum. The intra- and inter-assay coefficients
of variation were <6% and <10%, respectively. Bone formation marker procollagen type I N-terminal
propeptide (P1NP) was measured using the UNiQ P1INP RIA (Orion Diagnostica, Espoo, Finland).
This radioimmunoassay uses both labeled and unlabeled PINP to competitively bind to limited sites
located on polyclonal rabbit anti-PINP antibody. The intra- and inter-assay coefficients of variation
were 6.5-10.2% (12-173 pg/L) and 6.0-9.8% (12-167 ug/L), respectively. Bone formation marker
osteocalcin (OC) was measured using N-MID Osteocalcin ELISA (Nordic Bioscience Diagnostics,
Herlev, Denmark). This assay measures the N-Mid fragment region of OC in human serum. The intra-
and inter-assay coefficients of variation were <4% and <7%, respectively. Insulin-like growth factor 1
(IGF-1) was measured using the assay IGF-1 ELISA (Immunodiagnostic Systems Limited, Boldon, UK),
which quantifies the amount of this polypeptide in human serum. This assay uses a highly specific
purified polyclonal sheep antibody and a high affinity labeled monoclonal anti-IGF-1 with horseradish
peroxidase. The intra- and inter-assay coefficients of variation were <4% and <7%, respectively.

At the end of each diet period, samples of subcutaneous tissue were collected from the abdominal
region and used for measurement of peroxisomal proliferator activated receptor-gamma (PPAR-y)
mRNA levels by real-time polymerase chain reaction (PCR) with actin as an internal standard.

2.5. Statistical Analyses

A trained statistician using SAS software, version 9.1 (SAS Institute Inc., Cary, NC, USA) performed
the statistical analyses. Data are reported as least squares mean + standard error. A mixed-effect model
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was used that included a random-effect term for subjects nested in sequence, a fixed-effect term
for period and treatment, and a covariate term representing the amount of specific n-3 fatty acids
(ALA and/or EPA/DHA) in each respective diet. The Kenward-Roger method and Tukey-Kramer
HSD tests were performed to estimate denominator degrees of freedom for tests of fixed effects and to
evaluate significant pair-wise differences among the diets, respectively. A mixed model approach was
also used to evaluate the association between bone markers (CTX, PINP, and OC) with individual RBC
membrane fatty acids (Linoleic (LA), ALA, EPA, and DHA), adjusting for treatments and period effect.
A pre-determined level of statistical significance was set at p < 0.05. The expression changes of PPARy
mRNA levels in different subjects were standardized to expression levels of the housekeeping gene,
actin, and comparisons for different study diets made using student’s t-test.

3. Results

3.1. Nutrient Analyses and Dietary Compliance

The nutrient composition of treatment diets from chemical analyses (Covance Laboratories,
Madison, WI, USA) revealed that the percentage of total fat (=30%), saturated fat (<10%), and
trans fatty acids (<1%) were in the appropriate range [18]. The n-6:n-3 PUFA ratio for the ALA
and combination diets was 2.5:1, and for the control and EPA/DHA diets was approximately 9.3:1.
Both ratios were extremely close to the planned ratios of 2:1 and 10:1 for the ALA /combination diet
and control/EPA+DHA diets, respectively [19]. Dietary compliance assessed through RBC fatty acid
composition for each participant at the end of diet treatment indicated excellent adherence to dietary
protocol as described previously [18].

3.2. N-3 Fatty Acids and Bone Markers

Mean serum CTX, PINP, and OC concentrations among the Control, EPA/DHA, ALA, and Combination
diets are reported in Table 1. There was no significant diet effect or pair-wise differences among
treatment diets, even after adjusting for age and gender (p > 0.05).

Table 1. Mean concentrations of serum bone markers at the end of each experimental diet *.

Bone Markers

Diet CTX (ng/mL) PINP (ug/L) OC (ng/mL)
Control (10:1) 2 0.538 (0.041) 54.68 (2.96) 18.46 (1.13)
EPA/DHA (10:1 +S) 0.480 (0.041) 51.44 (2.96) 18.01 (1.13)
ALA (2:1) 0.588 (0.041) 50.10 (2.96) 16.34 (1.13)
Combination (2:1 + S) 0.583 (0.041) 50.89 (2.96) 16.91 (1.13)

! Least Square Mean (Standard Error). There was no significant diet effect among the experimental diets (p > 0.05).
2 n-6:n-3 ratio. CTX-C-telopeptide, PINP-procollagen type I N-terminal propeptide, OC-Osteocalcin, S-supplement
containing microalgae oil that provided EPA/DHA of 1 g/day.

3.3. Correlation between Bone Markers, n-3 Fatty Acids, and Age

A mixed model approach was used to examine the association between bone markers (CTX, PINP,
and OC) and individual -3 fatty acids (Table 2). There was a significant negative association between
serum CTX with RBC membrane LA (p = 0.0143) and ALA (p = 0.0477). There was a significant positive
association with serum CTX and RBC membrane DHA (p = 0.0385). Even after adjusting for gender,
results were significant.

A mixed model approach was also used to investigate an association between age and bone
markers (CTX, PINP, and OC). There was a significant negative association between age and bone
markers CTX (p < 0.0001), PINP (p = 0.0006), and OC (p = 0.0019) (Table 2).
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Table 2. Association between bone markers with individual #-3 fatty acids and age !.

Bone Markers n-3 Fatty Acid Estimate p-Value
LA —0.058 (0.023) 0.0143
ALA —0.419 (0.208) 0.0477
CTX EPA 0.068 (0.133) NS
DHA 0.038 (0.018) 0.0385
Age —0.017 (0.00345) <0.0001
LA 0.083 (1.50) NS
ALA 11.18 (13.13) NS
PINP EPA —11.46 (8.19) NS
DHA —1.50 (1.13) NS
Age —0.909 (0.225) 0.0006
LA —0.903 (0.614) NS
ALA —2.98 (5.32) NS
ocC EPA —1.81 (3.36) NS
DHA —0.102 (0.463) NS
Age —0.429 (0.122) 0.0019

1 Even after adjusting for age and gender, results were still significant. NS-Not Significant.

3.4. Correlation between Bone Markers and IGF-1

After adjusting for age and gender, there were no significant associations between CTX, PINP,
or OC and serum IGF-1 (p > 0.05). However, there was a significant negative association between
serum IGF-1 and age (p < 0.0001) (Figure 1). The correlation coefficient between serum IGF-1 levels
and age for the Control (r? = 0.3459), EPA/DHA (12 = 0.5922), ALA (12 = 0.4174), and Combination
(> = 0.5382) treatment diets in healthy adults are significant at p < 0.001 (1 = 24).
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Figure 1. The association between serum IGF-1 levels and age in different diet groups.

3.5. Gene Expression

There were no significant changes in PPAR 'y expression between the four different diets (Table 3).
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Table 3. Expression of PPARy mRNA in the subcutaneous tissue.

Diets Fold Change 4+ SEM p-Value
10:1 versus 2:1 1.72 £0.26 0.19
10:1 versus 10:1 + S 2.02 +0.32 0.11
10:1 versus 2:1 + S 2.20 + 0.55 0.38
2:1versus 10:1 + S 1.40 +0.22 0.55
2:1versus 2:1+S 1.52 +0.38 0.85
10:1 + Sversus 2:1 + S 1.32 +0.33 0.55

Values are fold change versus actin mRNA levels. SEM-Standard error of the mean.

4. Discussion

We observed that altering the n-6:1-3 fatty acid ratio from 10:1 to 2:1 by increasing ALA (8.6 g of
ALA) or by adding a supplement (1 g EPA + DHA /day) to either the 10:1 or 2:1 diet in the short term
(eight weeks) did not alter serum bone markers or PPAR-y gene expression in healthy adults. While
these amounts promote cardioprotective effects [1,20], it appears that this dose may not be sufficient
to influence bone turnover in healthy subjects. Previously, a six-week feeding trial by Griel et al. [4]
providing a significantly higher dose (17 g ALA from walnuts and flaxseed oil) showed a significant
reduction in bone resorption marker N-telopeptide. Lack of results from our cohort may be partly due
to alower ALA intake even in our 2:1 diet groups. Alternatively, the duration of intervention may have
been too short to see changes in bone turnover markers in a relatively young, healthy adult cohort.

A low dietary ratio of n-6:1-3 PUFA has been correlated with increased bone mineral density in
the hip in older adults and in the spine for healthy young men [5,21,22]. Weiler et al. [23] showed that
diets with low n-6:n-3 ratios resulted in higher plasma DHA levels and decreased bone resorption in
growing piglets. In our study, just altering the ratio from 10:1 to 2:1 did not increase RBC membrane
DHA levels [18]. Although the 2:1 ALA diet had a high amount of ALA, conversion of ALA to DHA
was poor. When the algal supplement containing EPA/DHA was added to the 2:1 diet (combination
diet), then the DHA in RBC membrane increased significantly. It was still not sufficient to alter bone
turnover markers. It appears that in healthy adults, the bone turnover rate is low and in order for
diet-induced changes to occur, either a longer duration of intervention or a higher dose of intervention
may be necessary.

The bone-protective effects observed with a low dietary n-6:1-3 ratio [4,5,21] may be attributed to
a lower concentration of eicosanoids arising from the n-6 fatty acids pathway [24]. Evidence suggests
that eicosanoids derived from arachidonic acid, a byproduct of n-6 fatty acid metabolism, have been
linked to numerous inflammatory and autoimmune disorders [11]. We observed a significant negative
association between serum CTX and RBC membrane LA and ALA. Other research also supports that
lower dietary ratios of n-6:1-3 fatty acids protect bone [9]. The plausible mechanism by which tissue
levels of ALA could influence bone resorption is via prostaglandin E2 (PGE2), a primary eicosanoid
that affects bone metabolism and inhibits the activation of receptor-activated nuclear-kappa B ligand
(RANKL), an important growth factor that promotes osteoclastogenesis [25]. In a nine-week animal
study by Mollard et al. [26], ALA-rich flaxseed oil diet significantly reduced PGE2 levels. Dietary intake
of ALA may exert an anabolic effect on bone through lowering concentrations of PGE2 [27]. Although
the RBC ALA levels increased both by increasing ALA (2:1 diet) and by adding a supplement (10:1 + S
and 2:1 + S diets) in our study, it is likely that it was insufficient to modify PGE2 or other inflammatory
markers. Perhaps individuals with elevated inflammation at baseline may better respond to -3 PUFA
with respect to markers of bone formation and resorption. This needs to be explored in future studies.

Higher endogenous DHA helps reduce bone resorption. Serum phospholipid DHA levels were
positively associated with total bone mineral density in healthy men between 16 and 22 years of
age [21]. In animal studies, a high PUFA diet incorporating DHA-rich single cell oil supplementation
increased femur bone mineral density and diets using lower ratios of n-6:n-3 fatty acids observed less
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bone resorption [27,28]. These findings suggest that high DHA supplementation may be beneficial
and may help promote bone conservation. In contrast, we found a positive correlation between DHA
levels and bone resorption, which could be due to the different age group of subjects used in this
study. There was a significant negative association between age and bone markers CTX, PINP, and OC.
These findings are in agreement with other studies showing a biphasic effect of age on bone remodeling
in specific age groups [29,30]. Bone resorption and formation markers decline with age, reaching their
lowest levels between 30 and 50 years.

The majority of participants in this study were within this age range, with only 2 participants over
55 years of age (mean age = 42). After the age of 50, markers of both bone formation and resorption
increase with resorption, exceeding the formation that is caused by lowering sex hormone levels [31].
There was also a significant negative association between age and IGF-1, which is in agreement with
what others have observed [32]. Veldhuis et al. [33] showed that IGF-1 concentrations can actually
decrease by more than 50% in healthy older adults. The effects of the different dietary PUFA ratios on
serum IGF binding protein levels may be worth exploring.

Previously, it has been shown that n-3 fatty acids modulate the expression of PPARYy [34]. However,
we did not find a significant difference in the subcutaneous tissue PPARy among the four different
diets. This lack of difference could be due to the use of subcutaneous rather than adipose tissue.
While dietary fatty acids including 17-3 PUFAs may have beneficial effects on bone, regulators of
postprandial skeletal fatty acid flux need to be identified. One of the proposed regulators is lipoprotein
lipase (LPL), involved in the metabolism of triglyceride-rich lipoproteins [35]. Since n-3 PUFAs are
known to lower triglyceride levels through improved clearance of these lipids by activating LPL, future
studies should consider exploring this relationship.

5. Conclusions

Epidemiological and intervention studies have shown that increasing -3 PUFAs (ALA, EPA/DHA)
and/or lowering the dietary #-6:1-3 PUFA ratio may have bone protective effects [4,17,21,22]. However,
our study on healthy adults did not show any change in bone formation or resorption markers,
even when the dietary n-6:1-3 PUFA ratio was altered from 10:1 to 2:1 using ALA-rich food sources or
when a supplement containing EPA/DHA was added to the two diets. A low rate of bone turnover in
these relatively young and healthy adults may be one of the reasons for the lack of favorable results.
There is still merit to exploring the role of 1-3 fatty acids on bone metabolism since these fatty acids
clearly play a role in bone remodeling and bone microstructure. However, due consideration must
be given to the type, dose, and duration of intervention and to the target population. Comparing the
different sources of 11-3 PUFAs is relevant since it will inform our dietary choices. From our current study,
it is evident that incorporating plant sources of n-3 PUFA (ALA) can help reduce the dietary n-6:n-3
PUFA ratio and increase RBC EPA levels significantly. Whether or not these translate to protective
effects on the bone metabolism of healthy adults’ remains to be further explored.
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Abstract: In vitro digestion of marine oils has been reported to promote lipid oxidation, including
the formation of reactive aldehydes (e.g., malondialdehyde (MDA) and 4-hydroxy-2-hexenal (HHE)).
We aimed to investigate if human in vitro digestion of supplemental levels of oils from algae, cod
liver, and krill, in addition to pure MDA and HHE, affect intestinal Caco-2 cell survival and oxidative
stress. Cell viability was not significantly affected by the digests of marine oils or by pure MDA and
HHE (0-90 uM). Cellular levels of HSP-70, a chaperone involved in the prevention of stress-induced
protein unfolding was significantly decreased (14%, 28%, and 14% of control for algae, cod and krill
oil, respectively; p < 0.05). The oxidoreductase thioredoxin-1 (Trx-1) involved in reducing oxidative
stress was also lower after incubation with the digested oils (26%, 53%, and 22% of control for algae,
cod, and krill oil, respectively; p < 0.001). The aldehydes MDA and HHE did not affect HSP-70 or
Trx-1 at low levels (8.3 and 1.4 uM, respectively), whilst a mixture of MDA and HHE lowered Trx-1 at
high levels (45 uM), indicating less exposure to oxidative stress. We conclude that human digests of
the investigated marine oils and their content of MDA and HHE did not cause a stress response in
human intestinal Caco-2 cells.

Keywords: Caco-2; human digests; lipid oxidation; marine oil; HHE; MDA; Trx-1; HSP-70

1. Introduction

Intake of marine omega-3 fatty acids, i.e., the long-chain -3 polyunsaturated fatty acids (LC
n-3 PUFA) eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), has been associated with
beneficial health effects related to e.g., cardiovascular diseases [1,2]. Intake of marine oils high in EPA
and DHA as dietary supplements, rather than ingesting them as a part of a complex seafood diet, has
raised concerns regarding the stability of the pure oils, i.e., oils being separated from their native matrix.
Marine oils are highly susceptible to peroxidation during storage and processing, and there are also
indications of that the oils oxidize during gastrointestinal (GI) digestion [3-5], which is supported by
several review [4,5], in vitro [3,6-9], and animal studies [10] of simulated GI digestion of marine oils.

Malondialdehyde (MDA) is one of the most well-known lipid oxidation products that is formed
from PUFA. MDA is often used as a biomarker for lipid oxidation [11-14]. MDA has been attributed
possible genotoxic features due to its ability to crosslink proteins and DNA, and it has also been
associated with the development of cardiovascular disease, as reviewed by Del Rio et al. [15],
and Uchida [16]. «,B-unsaturated aldehydes are thought to be more toxic than MDA, and are
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more reactive toward nucleophiles due to the hydroxyl-group, which is positioned close to the
double bond [13,17]. One such aldehyde is 4-hydroxy-2-hexenal (HHE), which is derived from n-3
PUFAs [18,19], and is hence an important endpoint in the investigation of oxidative stability of
marine oils.

Fish oil has been associated with anti-inflammatory properties, such as the down-regulation
of inflammatory cytokines (e.g., TNF-«, IL-6), the increase of cellular membrane content of EPA
and DHA, and the decrease of cellular membrane content of arachidonic acid (AA), all in healthy
humans [20]. Also, EPA and DHA supplementation has led to decreased T-cell reactivity in cell and
animal studies [20]. In murine models, high fat LC 1#-3 PUFA diets have been observed to decrease
the levels of inflammation markers in plasma (IL-6 and MCP-1) [21] and in the spleen (NF-kB) [22],
the same markers that increased in the study where mice were fed with an oxidized diet [10]. In another
murine study, in which the mice were fed an oxidized LC #n-3 PUFA diet, inflammatory markers such as
NF-«B and glutathione peroxidase increased [10]. In addition, it was observed that HHE given orally
to the mice was associated with an inflammatory response, as well as the formation of HHE-adducts.
HHE in plasma increased significantly in mice given the oxidized LC n-3 PUFA diet [10]. In the
search for sustainable LC n-3 PUFA rich substitutes to the traditional cod liver oil and fish oil [23,24],
krill and microalgae oil (in this article referred to as algae oil) are two plausible candidates. Krill oil
contains more EPA when compared to algae oil, while algae produce its own DHA, and therefore the
oil is richer in this fatty acid (FA) [25]. They are both high in naturally occurring antioxidants, e.g.,
astaxanthin in krill oil [25,26], and phenolic compounds, flavonoids, sterols, and 3-carotene in algae
oil [27]. A specific feature of krill oil is that most of the LC n-3 PUFA are bound in phospholipids.
In microalgae, fish muscle, and liver, the LC n-3 PUFA are incorporated in triacylglycerols (TG).

In this study, we investigated the effects of in vitro digests of three marine oils (cod liver oil, krill
oil, and algae oil) generated with human digestive fluids on a cultured human intestinal epithelium
(Caco-2 cell line). We measured the content of the secondary oxidation products MDA and HHE in
the digests, and exposed the epithelium to pure MDA and HHE at these levels and above. We also
measured the aldehyde levels in the basal medium. In addition, we examined stress-related protein
levels in the Caco-2 cells with proteome profiler arrays to evaluate if the cells were exposed to stress
during the various treatments.

2. Materials and Methods

2.1. Materials

The pre-cursor for MDA standard 1,1,3,3-tetraethoxypropane (TEP), 2,4-dinitrophenylhydrazine
(DNPH), and reagents used for cell experiments were all purchased from Sigma-Aldrich (Schnelldorf,
Germany). 4-hydroxy-2-hexenal (HHE), 4-hydroxy-2-nonenal (HNE), and 4-oxy-2-nonenal (ONE)
standards were supplied from Cayman Chemicals (Ann Arbor, MI, USA). Media and supplements
that were needed for cell culture maintenance were purchased from PAA (Pasching, Austria),
and disposables in polystyrene used for cell cultivation and maintenance were bought from
Corning (San Francisco, MA, USA). The human cell stress array kit was purchased from Bio-techne
(Abingdon, UK).

2.2. Collection of Human Digestive Fluids

Saliva was collected from seven healthy fasting volunteers at Chalmers University of Technology
(Gothenburg, Sweden) in November 2015. Saliva was collected in the morning by sterile straw
pipets (Kemikalia; Skurup, Sweden) and volunteers were shown pictures of fish dishes to stimulate
spontaneous drooling during collection. Saliva was pooled to eliminate individual effects, centrifuged,
and stored at —80 °C.

Human gastric juice (HGJ) and human duodenal juice (HDJ) were aspirated from six healthy
volunteers at Lovisenberg Diakonale Hospital (Oslo, Norway), as described by Ulleberg et al. [28],
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and Holm et al. [29]. The volunteers were semi-fasting using a stimulatory solution and aspiration
was done using gastroscopy and a triple lumen tube (Maxter Catheters, Marseille, France), aspiration
details are further described by Ulleberg et al. [28]. Aspirates were pooled, enzyme activities, and pH
of the human GI fluids were recorded according to Minekus et al. [30], and the HGJ and HDJ were
stored separately at —80 °C. All of the participants in the study were volunteers with informed consent,
and the study was performed according to the Declaration of Helsinki. Ethical approval was received
from the Norwegian Regional Ethics Committee (project no. 2012/2230, Biobank no. 2012/2210).

The human digestive fluids were characterized according to Minekus et al. [30], and enzymatic
activities were measured in connection to the in vitro digestions. The pepsin activity of HGJ was
1200 U/mL, the gastric lipase activity in the HGJ was 16 U/mL, the pancreatic lipase activity in the HDJ]
was 48 U/mL, and the bile salt concentration in the HDJ was 0.230 mM. Ascorbic acid was analyzed
by the method described by Lykkesfeldt et al. by ion chromatography followed by electrochemical
detection [31], and approximately 0.3 ppm was detected in both HGJ and HDJ. Ca®* was analyzed by
an ion chromatograph couples with UV-vis according to Fredrikson et al. [32], and was found to be
present in HGJ at 35 ppm and in HDJ at 16 ppm.

2.3. Marine Oils

Refined cod liver oil (Gadus morhua), without added antioxidants, was supplied by Lysi hf
(Reykjavik, Iceland). Unrefined algae oil from Schizochytrium sp. called Life’s DHA S35-CO100 was
supplied from DSM (Basel, Switzerland). Unrefined krill oil from Antarctic krill (Euphausia superba)
called Superba™ Krill Oil (Aker Biomarine Antarctic AS, Oslo, Norway) was provided by Sanpharm
AB (Gothenburg, Sweden). The LC n-3 PUFA profile of the oils, % as reported by Jonsdottir et al.
and according to the manufacturers specification [33], and quantitatively (mg FAME/g oil) measured
in-house according to Cavonius et al. [34], can be found in the supplementary material (Table S1).

2.4. In Vitro Digestion with Human Digests

The three marine oils were digested in vitro in a static three-step digestion model, using the
human digestive fluids. The model is based on the standardized InfoGest protocol with minor
modifications [30]. The recommended daily intake (RDI) for supplemental oils are based on the
consumption of EPA and DHA, and therefore the dose of each oil was normalized to its EPA and
DHA content before the simulated GI digestion. For each oil, an amount providing 5 mg total LC 1n-3
PUFA, i.e., EPA+DHA, was used, which corresponds to 250 mg on a human level. Water was added
to achieve samples of the same volume. In control digestions, oils were omitted and only water was
used. In short, digestion was performed in darkness and the oil-water mixture was digested by one
volume saliva, followed by HGJ addition (1:1, pH 6, 37 °C, 50 rpm, 120 min), including adjustment
of pH to pH 3 after 60 min. Intestinal digestion was performed by the addition of HDJ (1:1, pH 7,
37 °C, 250 rpm, 90 min). Digested samples were flushed with N; gas (15 s) and stored in —80 °C until
aldehyde analysis and cell experiments.

2.5. Cell Line

Caco-2 cells (HTB-37), passage 19, were obtained from the American Type Culture Collection
(Rockville, MD, USA). The cells were cultured in an incubator at 37 °C/5% CO, /95% humidified air.
The medium used was EMEM (FBS; 10%) supplemented with Normocin™ (0.2%; Invivogen, San Diego,
CA, USA). The medium was replaced every second or third day and passaging of cells was done
at approximately 80% confluence. At passage 29-37, the cells were seeded in 12-well plates with
Transwell® polycarbonate inserts (0.4 pm; Corning, San Francisco, MA, USA) at 60,000 cells/insert or
without inserts (CellBiND®, polystyrene; Corning, Kennebunk, ME, USA) at 200,000 cells/well. All of
the experiments were carried out 14 days post-seeding.
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2.6. Cell Experiments

Cells (on inserts) were treated with in vitro digested marine oils and control digests (without oil),
diluted 1:1 in the apical medium. The apical medium was added (0.5 mL) to the cells 24 h prior to
the experiments to let the cells produce endogenous trypsin inhibitor. At the time of the experiment,
0.25 mL of the apical medium was replaced by 0.25 mL of the digests and were then left in the incubator
for 2 h (37 °C). Controls with only medium were included, as well as standards with MDA in water
and HHE in DMSO (DMSO at 0.01%), corresponding to the highest levels detected in digests; 16.6 and
2.8 uM, respectively. Standards were as digests diluted 1:1 in the apical medium, hence exposure of
cells to MDA and HHE were 8.3 and 1.4 uM, respectively. From here on, these levels of MDA and HHE
are referred to as “low” levels. To separately study the toxicity of the aldehydes at different levels,
an experiment with cells in wells without inserts was performed. MDA levels tested were 8.3, 45, and
90 uM; HHE levels tested were 1.4, 45, and 90 uM. A mix (1:1) of the two aldehydes was also studied
at (1) 45 uM each of MDA and HHE; (2) 22.5 uM each of MDA and HHE, and (3) 4.15 uM MDA and
0.7 uM HHE, to test combined, e.g., synergistic, effects. 90 uM of the individual aldehydes and 45 uM
of each in a mix are from here on referred to as “high” levels. The highest aldehyde levels are in the
same range, as previously used by Awada et al. [10], the levels in the middle are half of the highest
levels, and in the same range as used by Alghazeer et al. [35]. Minimum Essential Medium Eagle,
HEPES modification powder (14.2 g/L; Sigma-Aldrich, Schnelldorf, Germany) was used to be able to
achieve high MDA concentrations without dilution, and mixed (1:1) with the ordinary medium that
was used when studying the mixed effect of MDA and HHE. After the 2 h of incubation, the medium
was aspirated and the cells were washed in PBS and lysed.

2.7. Harvesting of Caco-2 Cells and Protein Analysis

The medium was removed and the cells were washed in PBS prior to harvest. The basal medium
was collected and the cells were lysed in RIPA (Sigma-Aldrich, Schnelldorf, Germany) with EDTA-free
Pierce™ Protease and Phosphatase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA). Total
cellular protein content was measured by Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA), following the instructions from the manufacturer. From the total protein content
(which is proportional to cell number), cell viability /survival was estimated.

2.8. Analysis of Peroxide Value (PV) and Aldehydes (HHE & MDA)

Peroxide value (PV) was analysed prior to digestion in the crude oils by thiocyanate and ferric
iron complexation, according to Undeland et al. [36].

HHE and MDA were analyzed, as described by Tullberg et al. [8]. Briefly, digests and basolateral
media were acidified to precipitate proteins, followed by DNPH-derivatization and dichloromethane
extraction. Samples were evaporated and re-suspended in MeOH, aldehydes were then determined
in digests by detection on LC/APCI-MS (Agilent 1260 HPLC coupled with Agilent 6120 quadrupole;
Agilent Technologies, Waldbron, Germany) in negative mode, using external standards for MDA
and HHE. Analysis of the data was carried out using the software Agilent ChemStation (Agilent
Technologies, Boblingen, Germany).

2.9. Human Cell Stress Array Analysis

The Human Cell Stress Array Kit (Bio-techne, Minneapolis, MN, USA) was used according to
manufacturer’s protocol. Briefly, membranes coated with 26 capture antibodies were blocked (1 h,
RT). The blocking buffer was aspirated and the samples were adjusted by total cellular protein content
were added (105 pg total protein; n = 3) together with a biotinylated antibody cocktail for detection
(overnight, 130 rpm, 4 °C). Membranes were then washed in a wash buffer (10 min, repeated three
times). Streptavidin-conjugated horseradish peroxidase (HRP) was added to the membranes (30 min,
RT), and membranes were again washed (10 min, repeated 3 times). After the last washing step,
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a reaction mixture containing hydrogen peroxide and luminol (1:1) was added to the membranes,
and was instantly analyzed with a detection system for chemiluminescence (Chemidoc XRS+, Bio-Rad),
followed by software analysis of the images by ImageLab (Bio-Rad). See Table 1 for the specific
analytes detected.

Table 1. Proteins detected by the Human Cell Stress Array Kit.

Nr Analyte Nr Analyte
1 ADAMTS1 14 IDO
Phospho-JNK PAN
2 Bel-2 15 (T183/Y185)
3 Carbonic Anhydrase IX 16 NFkB1
4 Cited-2 17 p21/CIP1
5 COX-2 18 p27
Phospho-p38a
6 Cytochrome C (Cyt C) 19 (T180/Y182)
7 Dickkopf-4 (Dkk-4) 20 Phospho-p53 (546)
Fatty acid-binding
8 protein 1 (FABP-1) 21 Paraoxonase-1 (PON-1)
9 HIF-1a 22 Paraoxonase-2 (PON-2)
10 HIF-2a 23 Paraoxonase-3 (PON-3)
Phospho-HSP27 . .
11 (S78/582) 24 Thioredoxin-1 (Trx-1)
12 Heat Shock Protein-60 25 Deacetylase Sirtuin 2
(HSP-60) (SIRT2)
13 Heat Shock Protein-70 2% Superoxide dismutase
(HSP-70) 2 (SOD2)

2.10. Statistics

Calculated values are presented as mean values =+ standard deviation (SD; 1 = 3) or whenn =2
as mean values & (max — min)/2. Digestion of oils with subsequent cell experiments were made in
triplicates and repeated at three occasions, human stress arrays were done in duplicates and repeated
2-3 times. The significance of the difference between treatment and control was analyzed by Student’s
two-tailed, unpaired  test, and treatments were compared by a one- or two-way analysis of variance
(ANOVA; Microsoft Office Excel, 2013), followed by treatment to treatment f test as above, whenever
applicable. Differences were considered significant at p < 0.05. Significant levels are denoted in the
graphs and tables when applicable; * = p < 0.05, ** = p < 0.01, ** = p < 0.001.

3. Results

3.1. MDA and HHE Formation during In Vitro Digestion with Human Digestive Fluids

The initial aldehyde levels prior to digesteion were 0.013 + 0.01, 0.11 £ 0.05, and 0.38 £ 0.14
uM, for MDA, and 0.005 =+ 0.009, 0.17 £ 0.02, and 0.04 4 0.007 uM for HHE in the algae-, cod liver-
and krill oil, respectively. The corresponding peroxide values (PV) in the crude oils were 0.18 £ 0.05
in algae-, 1.48 4 0.06 in cod liver- and 1.00 £ 0.30 (mmol/kg oil) in the krill oil. According to the
PV and HHE measurement, the cod liver oil was the most oxidized oil initially, however the krill oil
contained a higher initial concentration of MDA. The aldehydes MDA and HHE both increased from
start (t = 0 min) to end (t = 210 min) of the in vitro digestion. The levels of MDA and HHE detected in
the digests were approximately 4 and 7-20 times higher in the cod liver oil as compared to the other
oils, respectively (Table 2).
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Table 2. Detected levels (M) of 4-hydroxy-2-hexenal (HHE) and malondialdehyde (MDA) in in vitro
digests (t = 210 min) using human digestive fluids. Data are shown as mean =+ standard deviation (SD),

n=3.
Marine Oil MDA uM =+ SD HHE uM =+ SD
Algae oil 445+ 1.81 0.13 + 0.039
Cod liver oil 16.6 +7.74 2.77 + 2.66
Krill oil 4.29 +0.70 0.38 £ 0.061

3.2. Cell Survival Was Not Significantly Affected by Either Oil Digests or HHE and MDA

There was no significant effect of digested oils on cell survival after 2 h of incubation and 22
additional hours with fresh medium (Figure 1). In a dose-response experiment with the oxidation
products MDA and HHE, similar results were achieved with no adverse effect on cell viability (Figure 2).
A minor increase was seen in protein levels when adding 45 uM of HHE, however this effect was
within 2 SD:s and thus natural variation.
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Figure 1. Cell survival estimated from the change in total protein level between untreated and treated
cells, data are shown as mean % 4 (max — min)/2, n = 2. Dig. Control = digests from digestion of

only water.
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Figure 2. Cell survival in the presence of increasing concentrations of the aldehydes malondialdehyde
(MDA) and 4-hydroxy-2-hexenal (HHE), data are shown as means + (max — min)/2, n =2, or n = 4 for
the lowest concentrations of MDA (8.3 uM) and HHE (1.4 uM). Significant difference (p < 0.05). MDA
and HHE is the combination of both aldehydes, at the lowest concentrations, 4.15 uM MDA and 0.7
uM HHE. * = p < 0.05.
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3.3. Cellular Levels of HSP-70 and Trx-1 Were Decreased in the Presence of Digested Marine Oils

All of the digested oils significantly decreased the expression of HSP-70 and Trx-1 (p < 0.001),
Figure 3. In addition, SOD2 levels were significantly lowered in the presence of algae and cod liver oil
digests. Krill oil digests did not significantly affect SOD2 levels. HSP-70, Trx-1 and SOD2 are all a part
of the anti-oxidative stress defense and are generally increased when the cells are exposed to oxidative
stress [37,38]. HSP-70 is a chaperone protein that reduces oxidative damage by binding to proteins,
which prevents unfolding and aggregation. Trx-1 is an oxidoreductase facilitating the reduction of
oxidized proteins and SOD2 is a superoxide dismutase that eliminates superoxide radicals. The levels
of HSP-60, coming from the same family as HSP-70, was significantly lowered in the presence of
digested algae and krill oil, however not by digested cod liver oil.
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Figure 3. (a) Representative membranes showing the expression of human stress-related proteins
(Proteome profiler™ arrays) in the presence of marine oils digested by human GI fluids.; (b) Bar graph
representation of data for pooled triplicates of lysates &= SD, n =3. * = p < 0.05,** = p < 0.01, ** =p <
0.005. HSP-60= Heat Shock Protein-60; HSP-70= Heat Shock Protein-70; SOD2= Superoxide dismutase
2; Trx-1= Thioredoxin-1.

3.4. Cellular Hsp-70 and Trx-1 Levels Were Not Affected by Low MDA and HHE Levels (8.3 and 1.4 uM)

Low concentrations of MDA (8.3 tM) and HHE (1.4 uM), corresponding to the highest aldehyde
levels in the marine oil digests, which the cells were exposed to, did not, or did only slightly, affect
the cellular levels of HSP-70, TRX-1, SOD2, Figure 4. In addition, the HSP-70 family member, HSP-60,
decreased significantly (p = 0.043) in the presence of low level HHE (1.4 uM).
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Figure 4. (a) Representative membrane showing the expression of human stress-related proteins
(Proteome profiler™ arrays) in the presence of “low” aldehyde levels, 1.4 uM 4-hydroxy-2-hexenal
(HHE) and 8.3 uM malondialdehyde (MDA), i.e., the levels found in cod liver oil digests; (b) Bar graph
of the data for pooled triplicates of lysates + (max — min)/2, n =2. * = p < 0.05. HSP-60= Heat Shock
Protein-60; HSP-70= Heat Shock Protein-70; SOD2= Superoxide dismutase 2; Trx-1= Thioredoxin-1.
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3.5. High Levels (90 uM) of MDA and HHE Did Not Affect the Cellular Levels of HSP-70 and Trx-1

High concentrations of aldehydes (90 uM), did not significantly affect the cellular levels of HSP-70
and Trx-1, Figure 5. The stress proteins detected were even closer to 100% of the control as compared
to the addition of low aldehyde levels to the cells, but HSP-60 significantly increased in the presence
of high MDA concentrations (p = 0.026). Testing a combination of MDA and HHE, both at 45 uM,
the result was a combined effect that was similar to the presence of isolated aldehydes at 90 uM.
HSP-60 however, increased (p = 0.0054, MDA & HHE) when compared to control, and Trx-1 was
significantly lower than the control when cells were exposed to the MDA and HHE mix (p = 0.032).
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Figure 5. (a) A representative membrane showing the expression of human stress-related proteins
(Proteome profiler™ arrays) in the presence of high aldehyde levels (90 uM MDA; 90 uM HHE; 45 uM
MDA & HHE); (b) Bar graph of the data for pooled triplicates of lysates of cells in the presence of MDA
(90 uM), HHE (90 uM) and a mix of MDA and HHE (45 uM each), data are shown as means + (max
—min)/2,n=2.*=p < 0.05 * =p < 0.01. MDA= malondialdehyde; HHE= 4-hydroxy-2-hexenal;
HSP-60= Heat Shock Protein-60; HSP-70= Heat Shock Protein-70; SOD2= Superoxide dismutase 2;
Trx-1= Thioredoxin-1.

3.6. Levels of MDA and HHE on the Basal Side of the Epithelium

High concentrations of MDA and HHE were found in the basal medium after the incubation of
Caco-2 cells with the oil digests (1.4, 2.1 and 0.8 uM MDA; 0.09, 0.2 and 0.06 uM HHE for algae, cod
liver, and krill oil, respectively). The absolute amounts (nmol) in the apical versus the basal medium
are presented in Figure 6. The medium with the algae oil digests contained significantly (p < 0.05)
more MDA and HHE in the basal medium when compared to the apical medium. With the present
experimental setup, we do not know if, or how much of, MDA and HHE that was actually transported
across the intestinal epithelium. The decomposition of the digested oils is expected to be extensive,
due to the elevated temperature (T = 37 °C), during the 2 h incubation time. This is expected to give
increasing levels of aldehydes in the apical medium, and therefore a ratio of the basal concentration
of MDA and HHE to the added sample concentration of MDA and HHE will not give an accurate
measure of the transport. Thus, the bioavailability cannot be correctly estimated. Awada et al., who
used deuterium labelling, estimated the basolateral transport of HHE in Caco-2/TC7 cells, which
resulted in approximately 0.2% HHE transfer (100 uM, 24 h) [10]. This gives an indication of in which
magnitude we should expect to find the transport. When we conducted a transport experiment with
pure HHE, we found that HHE was transported across the epithelium at 1.14% when incubated with
1.4 uM HHE for 2 h. Corresponding data was 10.6% when using the lower concentration of HHE
(0.65 uM, 2 h), Table 3.
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Figure 6. Aldehyde (nmol) added to the apical medium and detected in the basal medium of Caco-2
cells after incubation (f = 2 h). Data are shown as means =+ standard deviation (SD), n = 3. * = p < 0.05.

MDA= malondialdehyde; HHE= 4-hydroxy-2-hexenal.

Table 3. Absolute quantity of 4-hydroxy-2-hexenal (HHE; nmol) present in the apical and basal medium

(BM), n =3.
HHE (nmol) Added HHE (nmol), BM
0.7 0.0080 =+ 0.0042
0.0325 0.0035 £ 0.0011

4. Discussion

4.1. Oxidation of the Oils during In Vitro Digestion

Both MDA and HHE levels increased during in vitro digestion with human digestive fluids.
These results are in agreement with results from studies where cod liver oil and salmon were
subjected to in vitro digestion models, in which enzymes and bile have been of porcine or other
animal origin [9,39,40]. Increase in aldehyde formation during digestion was also observed in our
previous study, when digesting cod liver oil with human GI fluids [8].

4.2. Human Digests of Marine Oils and the Aldehydes MDA and HHE Had No Adverse Effect on the Epithelium

From these studies, we can conclude that the digested oils and their MDA /HHE content did not
have a negative impact on the cells. The absence of effects of pure MDA and HHE (1.4-90 uM) on cell
survival is supported by Awada et al. [10], in which no effect in TEER after incubating Caco-2 and
T27 cells with similar levels of aldehydes (24 h, 0-100 uM) was observed. On the contrary, proteins
associated with oxidative damage (Trx-1 and HSP-70) were down-regulated in the presence of all three
digested marine oils, suggesting that the cells actually were experiencing less oxidative stress than in
the absence of the digested oils. In addition, pure MDA and HHE, corresponding to the concentrations
found in the oil digests, did not increase oxidative stress markers in the cells, HHE even significantly
reduced the levels of Trx-1 in the cells, indicating that MDA and HHE had no harmful effect at the
levels found after in vitro digestion of the three marine oils with human GI fluids. Hence, the lipid
oxidation taking place during in vitro GI digestion in this study was not associated with harmful effects
in human intestinal cells. Although it is not directly comparable with studies of digests in intestinal cell
models, HHE has been shown to promote Nrf2 activation in HUVEC cells [41], and also, oxidized EPA
has been shown to inhibit NF-kB activation in murine aortic endothelial cells [42]. In addition, a recent
review by Roy et al. suggests that ROS play an important role for cellular redox homeostasis [43].
All of these data are in line with our findings. However, there are also some studies with digested
marine oils showing opposite results to ours regarding lipid oxidation and effects on Caco-2 cells [7,10].
Different outcomes may in several cases be a direct cause of different experimental setups, such as
exposing intestinal cells to undigested oils, exposing other cell types than intestinal cells to GI digests,
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using oils with a higher oxidation degree, using longer incubation time, or feeding a cell type of
non-intestinal origin with oils. Even though we did not identify the adverse effects of MDA and HHE
on the intestinal level, there may be potentially harmful systemic effects of lipid oxidation products,
e.g., MDA protein adducts have been implicated in coronary artery disease development [44].

4.3. Comparison of the Different Marine Oils

In the crude oils, the concentration of EPA plus DHA was in the following order: algae > krill >
cod liver oil. Digests with cod liver oil therefore contained the highest amount (mg/mL) of total oil per
digest when compared to the other oils (10% more oil than krill oil, 50% more than algae oil). Algae oil
contained mainly DHA, while the other two oils contained ratios between EPA and DHA that were 0.8
and 2.0 for cod liver oil and krill oil, respectively. The krill oil is unique in that it contains high levels
of phospholipids and the antioxidant astaxhantin. The stability of the EPA/DHA-normalized samples
differed between the oils during the GI digestion, and the cod liver oil was the one most oxidized after
completed digestion (highest [MDA] and [HHE]). In the comparison of the different oil digests, blanks
with pure digests without added oil, were always included as controls.

When comparing the effects of the digested oils on HSP-70 and Trx-1 levels, a significant difference
between the cod liver oil and the other two oils was observed; but no significant difference was
observed between algae and krill oil. Digested cod liver oil did not significantly affect HSP-60, while
both the digested algae and krill oils had a reducing effect; indicating that a low oxidation degree,
as in the algae and krill oils after digestion, could have a HSP-60 decreasing effect. However, this
effect could also be due to the protective effects from the natural antioxidants in the algae and krill
oils [24-26].

Krill oil digests did not significantly reduce the levels of the superoxide dismutase SOD2 as the
other oils did. Krill oil digests also had a lower HHE to MDA ratio than cod liver and algae oil digests,
but if there is a specific effect of HHE on the down-regulation of SOD2 levels is not known. Free fatty
acids (FFA) extracted from krill oil was previously found to inhibit cell growth and induce apoptosis
when added in undigested form to HCT-15, SW-480, and Caco-2 cells [45]. Our digests contain a
mixture of FFA, as well as partially hydrolyzed TAG and phospholipids, but indeed the FFA could play
a specific role. In another study, undigested whole krill oil was also found to have anti-inflammatory
action, thus reducing the pro-inflammatory cytokines IL-8 and TNF« that was produced by Caco-2 and
HT?29 cells [46]. In a human trial, krill oil was found to have a positive effect on intestinal endothelial
function, giving a mean EndoPAT Reactive Hyperemia Index of 2.16 after 17 weeks of supplementation,
and the ingestion of krill oil also increased the serum levels of high-density lipoprotein [47], however
it is not known whether these results had any connection to formation of lipid oxidation products in
the krill oil during digestion.

In general, our results from comparing the three different oil digests indicate that krill oil, cod
liver oil, and algae oil, have similar characteristics in regards to not being cytotoxic or stress-promoting
to intestinal epithelial cells. The oil digest with the most reducing effect on HSP-60, HSP-70, and Trx-1
was that from algae oil. Algae oil differed from the other oils in that it had a different FA profile with a
high content of DHA, a low content of the other FA, and also another antioxidant profile. Whether
these factors played a role in reducing the oxidative stress response requires future work.

5. Conclusions

Exposing the Caco-2 cells with digests of marine oils and pure aldehydes did not affect cell
survival. All of the digests significantly reduced the cellular expression of the human cellular stress
proteins HSP-70 and Trx-1, indicating that the cells were experiencing less oxidative stress. Exposure
(t =2h) to pure MDA at the same level that was present in the digests (8.3 M) significantly lowered
the expression of SOD2. Corresponding exposure of pure HHE at the level found in the digests (1.4 uM)
decreased expression of HSP-60 and Trx-1. A mix of MDA and HHE (45 puM of each) significantly
diminished the cellular expression of Trx-1, however, at high levels (90 M) there was no change
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in Trx-1 expression. Altogether, the present aldehyde concentrations, relevant to aldehyde levels
formed in vivo, did not increase the levels of the investigated stress-related proteins, indicating that
physiological levels of these aldehydes may not induce intestinal cell stress.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/11/1213/s1,
Table S1: Amounts of EPA and DHA of algae oil, cod liver oil, and krill oil.
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Abstract: Background: We assessed the effect of acute and chronic dietary supplementation of
w-3 on lipid metabolism and cardiac regeneration, through its influence on the Stromal Derived
Factor-1 (SDF-1) and its receptor (CXCR4) axis in normotensive and hypertensive rats. Methods:
Male Wistar Kyoto (WKY) and spontaneously hypertensive rats (SHR) were allocated in eight
groups (of eight animals each), which received daily orogastric administration of w-3 (1 g) for
24 h, 72 h or 2 weeks. Blood samples were collected for the analysis of the lipid profile and SDF-1
systemic levels (ELISA). At the end of the treatment period, cardiac tissue was collected for CXCR4
expression analysis (Western blot). Results: The use of w-3 caused a reduction in total cholesterol
levels (p = 0.044), and acutely activated the SDF-1/CXCR4 axis in normotensive animals (p = 0.037).
In the presence of the w-3, after 72 h, SDF-1 levels decreased in WKY and increased in SHR (p = 0.017),
and tissue expression of the receptor CXCR4 was higher in WKY than in SHR (p = 0.001). Conclusion:
The w-3 fatty acid supplementation differentially modulates cell homing mediators in normotensive
and hypertensive animals. While WKY rats respond acutely to omega-3 supplementation, showing
increased release of SDF-1 and CXCR4, SHR exhibit a weaker, delayed response.

Keywords: w-3 fatty acid; spontaneously hypertensive rats; Wistar Kyoto rats; cell homing;
hypertension; Stromal Derived Factor-1; CXCR4 receptor

1. Introduction

Hypertension (HTN) is the leading cause of cardiovascular disease [1] and strongly contributes
to worldwide mortality [2]. Although dietary interventions have been related to the control of blood
pressure levels [3,4] and reduced incidence of cardiovascular disease [5], all possible underlying
molecular and cellular mechanisms involved in these interactions are still unknown.

The World Health Organization (WHO)’s guidelines on the prevention of cardiovascular
diseases [6] point out that the consumption of fish and fish oils is associated with decreased
cardiovascular risks, something which is also defended by the so-called Mediterranean Diet
(MeDiet) [7]. In this way, the intake of marine omega-3 (w-3) polyunsaturated fatty acids (PUFA),
EPA (eicosapentaenoic) and DHA (docosahexaenoic) acids, has been related to the prevention of heart
disease by a variety of mechanisms, including management of atrial fibrillation [8], blood pressure
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control [9,10], modulation of the lipid profile [11], and coronary heart disease prevention [12,13].
Such effects of w-3 PUFA can be related to their anti-inflammatory activities, which inhibit the release
of pro-inflammatory cytokines and the formation of platelets [14,15]. In addition, w-3 PUFA influence
eicosanoid metabolism, nuclear factor kappa B (NF-«kB) gene expression, intercellular communication,
cell membrane phospholipid fatty acid composition, which also depends on the amount of dietary
PUFA intake [16]. Despite all benetfits, the role of w-3 PUFA in regenerative medicine, especially in the
process of stem cell homing, including migration, proliferation, differentiation, and engrafting of cells,
is unknown.

Stem cells are able to multiply while maintaining their undifferentiated state (self-renewal
capability) and actively replacing damaged cells in tissues, and may also differentiate into various
cell types. Therefore, it is believed that adult stem cells, present in different tissues, have a regenerative
role when they are exposed to injury [17,18]. The stromal cell-derived factor-1 (SDF-1), a chemokine
secreted in situations of tissue stress, and its receptor CXCR4 (CXC-Chemokine Receptor Type 4),
anchored to the outer membrane of stem cells and some immune system cells, are the main elements
involved in cell homing [19].

The expression and release of SDF-1 by damaged tissue acts as a positive allosteric modulator,
promoting the migration of progenitor cells from the bone marrow and different organs towards the
SDEF-1 gradient, and hence to the site of the lesion [20]. Thus, physiologically, the SDF-1/CXCR-4
axis is also responsible for organogenesis and replacement of apoptotic or senescent cells in healthy
tissues [21]. Both processes can be influenced by eating habits.

The aim of this study was to investigate the effects of w-3 PUFA supplementation on cell homing,
precisely on the expression of SDF-1 and its receptor CXCR4 in spontaneously hypertensive rats (SHR)
and normotensive Wistar-Kyoto (WKY) rats in different time intervals, to test the acute, subacute and
the chronic effects of the supplemented diet.

2. Materials and Methods

All procedures were carried out according to the National Institute of Health Guide for the Care
and Use of Laboratory Animals [22] and to the Brazilian College of Animal Experimentation (COBEA).
This study was approved by the Committee of Ethics of Instituto de Cardiologia do Rio Grande do Sul
(protocol UP4503/10).

2.1. Sample Groups, Treatments and Blood Collection

Male WKY and SHR aged 90 days were used in this study. The animals were obtained
from laboratory animal house of Fundacao Estadual de Producao em Pesquisa em Saude
(FEPPS), Porto Alegre, Brazil. The average values of pressure for these animals, at 3 months old,
were 123.16 £ 12.86 mmHg (WKY) and 183.50 + 14.27 (SHR) in the baseline and 120.20 + 11.51 mmHg
(WKY) and 179.80 & 13.91 mmHg (SHR) at the end of 2 weeks (for groups that receive w-3). The rats
were kept in plastic cages with wire floors, at 22-24 °C, 12 h light/dark cycle, and fed ad libitum with
water and a commercial rat chow (Nuvilab, Colombo, Brazil) containing 19.0% of protein, 56.0% of
carbohydrate, 3.5% of lipids, 4.5% cellulose, 5.0% of vitamins and minerals and 17.03 k] /g of energy.
Rats were treated with 1 g/day of marine w-3 (fish oil), containing 180 mg of EPA and 120 mg of DHA
by gastric gavage. The administrations were carried out early in the morning and blood collection
and/or euthanasia occurred 24 h (acute effect), 72 h (subacute effect) or 14 days (chronic effect) after.
The marine w-3 was acquired commercially (Confiare, Porto Alegre, Brazil) in form of gelatin capsules
(free from any microbe contamination) that were aseptically opened for oil removing on each day of
administration. The dosage is safe for rats [23] and compatible with the recommended amount of fish
oil for humans [24]. For both animal models (WKY and SHR), we used 8 animals per group, distributed
in: control group (Gc), animals that received only water (1 mL) by gastric gavage; 24 h group (G24h);
72 h group (G72h); and 2 weeks group (G2w). All animals were euthanized immediately after the
treatment period (24 h, 72 h or 2 weeks).
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The animals were weighed every day and subjected to blood collection (100 uL, by puncture
of tail vein) at baseline, under anesthesia with 0.2 mL/100 g of ketamine (50 mL/kg and xylazine
(20 mL/kg), and at the moment of euthanasia (2 mL by cardiac puncture), also under anesthesia
(same as described above). The G2w rats also had a blood collection in the middle of treatment,
after 1 week of fatty acid administration. This sample and the baseline sample of the control group
were respectively named “G1lw” and “Baseline”. The biological tests were carried out according to the
Guide for the Care and Use of Laboratory Animals [22] and the Brazilian legislation (law number 11794)
for the care and use of laboratory animals.

2.2. Recovery of Biological Materials

All blood samples were centrifuged at 2000 rpm for 10 min, and the plasma were aliquoted and
stored at —20 °C until use. After euthanasia, the hearts were removed, immediately weighed, placed
into cryogenic tubes and immersed in liquid nitrogen. After freezing, the samples were transferred and
stored at —80 °C. The tissues were homogenized in 5 mL of buffer (pH 7.4, 0.6057 mmol/L Tris-base,
Invitrogen; 0.18612 mmol/L Ethylenediamine tetraacetic acid (EDTA), Invitrogen; and 42.79 mmol/L
sucrose, Synth), using a mechanical homogenizer (Polytron, Marconi, Piracicaba, Brazil), as described
by Mori et al. (2008) [25]. The homogenized samples were transferred to 50 mL tubes and centrifuged at
1700 rpm, for 10 min at 4 °C. The supernatant (~3 mL), containing total protein extracts, was collected
and stored at —20 °C until use.

2.3. Biochemical Analysis of Metabolic Markers

Concentrations of total cholesterol (COL), high-density lipoproteins (HDL-cholesterol) and
triglycerides (TGL) were determined by colorimetric assay using commercial kits (Labtest Diagnostica
SA, Lagoa Santa, Brazil). Optical densities were measured by spectrophotometry (Spectramax M2e,
Molecular Devices, Sunnyvale, CA, USA) at 500-505 nm. Baseline measurements were obtained by
comparing the optical densities of the samples with the respective standards, available in the kits. Data
were expressed in milligrams per deciliter (mg/dL).

2.4. ELISA and Western Blot Analysis

Systemic levels of SDF-1x were determined by enzyme-linked immunosorbent assay (ELISA)
using a commercial kit (Cusabio, Wuhan, China), in accordance with the manufacturer’s instructions.
The optical densities were measured in a spectrophotometer (Spectramax M2e) at 450 nm and 25 °C,
with background subtraction at 570 nm. Baseline measurements were obtained by linear regression of
the 4 parameters. Data were expressed in picograms of protein per milliliter (pg/mL).

Protein concentration of the samples was determined by the Bradford method [26].
Samples containing 100 pg of total protein extract were mixed with NuPage transfer buffer (Invitrogen,
Carlsbad, CA, USA), denatured by incubation at 100 °C for 5 min, and separated on a 12% denaturing
polyacrylamide gel electrophoresis. Later, proteins were transferred to nitrocellulose membrane
Hybond ECL (GE Healthcare, Cleveland, OH, USA) using a semi-dry system (Amersham Biosciences,
Little Chalfont, UK), in the same buffer with 20% methanol (Merck, Kenilworth, NJ, USA), at 100 mA for
3 h at room temperature. After the transfer, the membranes were stained with Ponceau, photographed
and washed in phosphate-buffered saline (1X PBS) to remove the dye. The membranes were blocked
with non-fat dried milk, and subjected to immunodetection using anti-CXCR4 antibody (Santa Cruz
Biotech, Dallas, TX, USA). The membranes were incubated with 100 mg of secondary antibody
(anti-rabbit IgG, Millipore, Billerica, MA, USA; titration of 1:5000) diluted in 20 mL of 5% casein
solution for 16 h at 4 °C, followed by an additional incubation for 3 h at 37 °C under agitation.
For chemiluminescence detection, the membranes were incubated for 3 min with a solution containing
hydrogen peroxide and luminol (ECL kit, GE Healthcare, Cleveland, OH, USA). The membranes were
then exposed to X-ray film (Ge Healthcare, Cleveland, OH, USA) for 1 min, 5 min, 15 min, 30 min or
2 hiin the dark. The films were then scanned and quantified by optical densitometry with the software
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Scion Image (Scion Corporation, Frederick, MD, USA). The results were expressed as arbitrary units
(AU) and related to the total sample volume, weight of the tissue and weight of the animal.

2.5. Statistical Analysis

The normality of the variables’ distribution was analyzed by the Shapiro-Wilk test. Data with
normal distribution were represented as means and standard deviation, and those with non-normal
distribution as median and interquartile range. The differences among groups were tested using
Kruskall Wallis with Student-Newman-Keuls post-test (non-normal distribution variables) or
a generalized estimating equation (GEE) followed by Bonferroni’s post-hoc test (normal distribution
variable). Correlations were analyzed by Spearman’s rank correlation. The significance level used
for all tests was 5%. Analyses were performed using the software BioEstat version 5.3 [27] and the
Statistical Package for the Social Sciences (SPSS) version 23 (IBM).

3. Results

3.1. Omega-3 Supplementation Does not Cause Changes in Body Weight but Modifies the Lipid Profile

After two weeks of treatment, the effect of w-3 PUFA supplementation on body weight was
compared between the WKY and SHR (Table 1), and no significant changes were observed in
both groups. The initial and final body weights (WKY and SHR) were 268.97 + 26.22 g and
283.03 & 22.68 g, respectively (p = 0.073). Nevertheless, daily w-3 PUFA supplementation caused
reduction in COL levels in SHR animals after 72 h of treatment, as compared with the G24h (p = 0.044),
and WKY rats (p = 0.001) (Figure 1A). Although changes in triglycerides and HDL-cholesterol levels
were also observed (Figure 1B,C), they were not statistically significant.

Table 1. Body weight of animals that received supplementation with water (control) or w-3 in the
initial phase and ending of the treatment (2 weeks).

Model Treatment  Initial Weight (g) Final Weight (g) p-Value

WKY water 274.38 £+ 12.35 297.00 £ 16.00 0.116
WKY w-3 232.63 £ 33.51 250.25 £ 30.40 0.221
SHR water 273.63 & 46.24 285.50 & 49.49 0.410
SHR w-3 295.25 £+ 16.20 299.38 + 16.78 0.775

WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats.
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Figure 1. Lipid profile of normotensive and hypertensive rats after daily supplementation with omega-3
(w-3). The levels of total cholesterol (A), cholesterol-HDL (B) and triglycerides (C) were quantified
after 24 h, 72 h and 2 weeks of w-3 supplementation and after 2 weeks of water intake in normotensive
(WKY) and hypertensive (SHR) animals. The p values for comparisons between models at a specific
time are shown in the panel. * p = 0.001, G72h SHR vs. G72h WKY. HDL, High-Density Lipoprotein;
Gc, Control group; G24h, 24 h group; G72h, 72 h group; G2w, 2 weeks group.

3.2. w-3 PUFA Reduced the Release of SDF-1 in Normotensive Rats and Increased in Hypertensive Rats

Significant differences in SDF-1ox concentrations were found between treatment groups (p = 0.017)
(Figure 2). The animal models showed different behaviors in relation to cytokine release in response to
w-3 PUFA supplementation: WKY rats showed a greater reduction in SDF-1« release when compared
to SHR rats at 72 h (16.8%, p = 0.001) and after one week (14.3%, p = 0.006) of treatment. When the
period of w-3 PUFA supplementation was analyzed by group, a decrease in SDF-1 release was detected
in WKY rats after 24 h (55-51 pg/mL), and remained decreased after one week, and returned to basal
levels after two weeks (50-55 pg/mL) with similar concentrations of those in the Gc (56 pg/mL).
On the other hand, SHR rats showed a small increase in SDF-1 levels after 72 h of supplementation
(56-59 pg/mL), similar to the control group, but this effect was not maintained after the two-week
period (54 pg/mL) (Figure 2).

3.3. CXCR4 Expression in Cardiac Tissue Was Differentially Modulated by w-3 PUFA Supplementation in
Normotensive and Hypertensive Rats

The expression of the CXCR4 receptor was compared between WKY and SHR throughout the
two-week treatment period (Figure 3). Normotensive rats showed high expression of the receptor in
the early period (G24h vs. Gc, p = 0.001), which returned to basal levels at the end of the protocol
(G24h vs. G2w, p = 0.005). In contrast, SHR showed a significant, gradual increase in CXCR4 expression
in cardiac tissue as compared with the Gc, which remained increased after two weeks (G24h, p = 0.003;
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G72h, p = 0.016; G2w, p = 0.014). CXCR4 expression was higher in SHR than in WKY animals in
both acute (p = 0.001) and chronic period (p = 0.04). Thus, SDF-1 receptor expression is differently
modulated by w-3 PUFA supplementation in the heart tissue of SHR and WKY rats.
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Figure 2. Systemic release of SDF-1 in normotensive and hypertensive rats after daily supplementation
with w-3. Normotensive (WKY) and hypertensive (SHR) animals had plasma collected in basal period
and after 24 h, 72 h, 1 and 2 weeks of w-3 supplementation and after 2 weeks of water intake. Data are
expressed in picograms/milliliter (pg/mL). The p values for comparisons between models at a specific
time are shown in the panel. * p < 0.05 vs. Gg; § p <0.05 vs. G2w; t p < 0.05 vs. G24h; ¥ p <0.05
vs. Basal. SDF-1, Stromal-Derived Factor-1; Gc, Control group; G24h, 24 h group; G72h, 72 h group;
Glw, 1 week group; G2w, 2 weeks group.
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Figure 3. Cardiac tissue expression of CXCR4 in normotensive and hypertensive rats after daily
supplementation with w-3. Normotensive (WKY) and hypertensive (SHR) animals were submitted to
CXCR-4 protein analysis in the heart tissue after 24 h, 72 h and 2 weeks of w-3 supplementation and after
2 weeks of water intake. Data obtained by densitometry were compared to heart and animal weight,
ponceau staining and are expressed in Arbitrary Units (AU). The right panel shows representative
blots and reference bands (stained with Ponceau red) for all groups. The p values for comparisons
between models at a specific time are shown in the figure. * p < 0.05 vs. Gc; § p < 0.05 vs. G2w.
CXCR4, C-X-C chemokine receptor type 4; Gc, Control group; G24h, 24 h group; G72h, 72 h group;
G2w, 2 weeks group.
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3.4. Activation of the SDF-1/CXCR-4 Axis Was Influenced by Acute Administration of w-3 PUFA and Was
Not Dependent on Changes of Cardiovascular Dynamics

To analyze the influence of PUFA and blood pressure on the activation of the SDF-1/CXCR4
axis, we compared the results of the systemic release of SDF-1 and the cardiac tissue expression of
its receptor between the animal models. The WKY rats showed a high correlation (r = 0.9; p = 0.037)
between these parameters after the first 24 h of w-3 PUFA supplementation (Figure 4). These results
show that w-3 PUFA supplementation had an acute, transient effect on the activation of homing
molecules in normotensive animals.
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Figure 4. Correlations between the SDF-1 release and the tissue expression of CXCR-4 in normotensive
and hypertensive rats after daily supplementation with w-3. The normotensive (WKY) and
hypertensive (SHR) animals were compared as the SDF-1/CXCR-4 axis activation during the time
interval of dietary supplementation with w-3. r = Spearman’s coefficient. The p values are indicated in
the panel. Gc, Control group; G24h, 24 h group; G72h, 72 h group; G2w, 2 weeks group.

4. Discussion

The present study showed the effects of dietary supplementation with w-3 PUFA on cell homing
in the setting of HTN, compared with normal blood pressure. Here, we noticed that w-3 PUFA acutely
induced CXCR4 expression in the cardiac tissue of normotensive animals (24 h after supplementation).
In SHR rats, despite increased release of the ligand SDF-1 in response to w-3 PUFA supplementation,
only a small increase on the receptor expression was detected after 72 h of treatment.

The supplementation with w-3 PUFA did not promote weight gain, which reflected a pattern
of weight gain expected for healthy young rats. Indeed, it has been postulated that diets with high
contents of marine w-3 PUFA may decrease fat synthesis, contribute to body fat reduction, and be
used for the treatment of obesity [28]. Also, w-3 PUFA may positively influence the immune system
and reduce low-grade inflammation [29,30]. Moreover, the control groups were treated with water
instead of other vehicles to ensure that the control supplementation was inert on the activation of any
biochemical mechanism or weight gain.

It was also reported that w-3 PUFA modulates the expression of genes involved in lipid
metabolism and adipogenesis, acting as ligand to important transcription factors, such as the
peroxisome proliferator-activated receptors (PPAR) [16]. In this context, we also evaluated the influence
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of w-3 PUFA on lipid profile. The supplementation with w-3 PUFA had a positive effect in reducing
COL levels in hypertensive animals after 72 h of supplementation. Since we did not detect important
reductions in HDL-cholesterol levels in both groups, the reduction in COL levels may have been
due to a decrease in low density lipoprotein (LDL-cholesterol) levels, which were not measured
in this study. Many hypotheses about the mechanism by which PUFA decrease blood cholesterol
levels have been considered, by increasing the formation of bile acid promoting a redistribution
of cholesterol in the tissues, and by increasing LDL receptors in the liver, leading to a decrease in
cholesterol plasma concentrations [31]. Lombardo et al. (2013) [32] have indicated that w-3 PUFA have
an effect in cholesterol reduction, which corroborates the fact that the decrease in COL levels in both
normotensive and hypertensive rats in our study was due to the w-3 PUFA supplementation. However,
it is important to mention that the SHR model presents polymorphisms in the gene that encodes the
epoxide hydrolase (EPHX2), an enzyme related to renal metabolism of arachidonic acid, transient states
of anorexia and imbalances in cholesterolemic levels after ingestion of fatty acids. We believe this slight
initial increase (after ingestion of omega-3) could be resultant of an action of this and its consequent
regulation [33]. Studies that evaluated the effect of EPA and DHA on the lipid profile have shown,
in general, a reduction of LDL-cholesterol [34], triglyceridemia [35], apolipoproteins, and an increase
in lipoprotein lipase activity [36], an enzyme that hydrolyzes triglycerides. Lipid and lipoprotein
metabolism changes significantly with the regular consumption of fish or nutritional supplementation
with marine w-3 PUFA, and doses lower than 2 g/day are sufficient to produce such effects [37].
In addition, Colussi et al. (2004) showed that w-3 PUFA administered to hypertensive subjects (1 g/day
by 6 months or 4 g/day by 1 month) were able to decrease plasma levels of Lipoprotein (a), a similar
LDL particle identified as a risk factor for atherosclerotic disease [38]. Therefore, we believe that
the amounts of w-3 PUFA used in this study were able, at least in part, to positively influence the
metabolism of lipids, which, for humans, may be beneficial in the prevention and treatment of HTN
and other cardiovascular risk factors.

Regarding the effect of w-3 PUFA supplementation on cell homing in normotensive and
hypertensive animals, the intervention induced a pronounced increase in CXCR4 expression in the
cardiac tissue and a decrease in systemic SDF-1 levels in WKY animals in the acute phase, possibly
due to recruitment of the ligand by CXCR4* cells. However, such effect was not sustained in the
chronic phase, maybe due to the absence of cooperative signaling from inflammation, oxidative
stress and hypoxia response. The opposite occurred in the SHR, who showed a signaling response
that promotes the expression of cytokines in response to the injury [39] and enhances cell homing,
mainly during the chronic phase of w-3 PUFA supplementation. In fact, marine w-3 PUFA activates
PPAR [40], that triggers the immune response, as well as chronic inflammatory cytokines, reactive
oxygen species and transcription factors like the hypoxia inducible factor 1 (HIF-1) and NF-kB, which
lead to the activation of SDF-1. Both DHA and EPA also exert anti-inflammatory properties [41],
allowing a balance between anti-inflammatory molecules and pro-inflammatory cytokines involved
in cell homing.

The chemokine SDF-1 is primarily expressed in high levels by bone mar