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Abstract: Infant dietary patterns tend to be insufficient sources of fruits, vegetables, and fiber, as well
as excessive in salt, added sugars, and overall energy. Despite the serious long-term health risks
associated with suboptimal fruit and vegetable intake, a large percentage of infants and toddlers in
the U.S. do not consume any fruits or vegetables on a daily basis. Since not all fruits and vegetables
are nutritionally similar, guidance on the optimal selection of fruits and vegetables should emphasize
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especially because during the early stages of development, a baby’s swallowing and digestive systems
are not yet fully developed for the intake and processing of non-liquid food sources [3]. As an infant
grows and develops, it experiences physiological shifts in nutrient and energy requirements that can
no longer be supported by breast milk alone [2]. Additionally, as an infant transitions from a strictly
maternal-sourced food supply to a varied diet and familial table foods, the emphasis on energy and
nutrient requirements is placed on a whole new set of dietary options—many of which are not ideal
for young children.

Although the timeframes for complementary and transitional feeding are not officially defined,
for this review, the complementary feeding period is considered to start when the first foods
(other than breast milk or formula) are consumed and continues throughout the infant’s first year
of life (approximately six to 12 months), while the transitional feeding period covers a toddler’s
dietary pattern during their second year of life (13–24 months). Nutrient and energy deficiencies
during the early developmental stages can have lasting effects on the health of the offspring [4–6].
Therefore, nutrient-rich foods that are also moderately energy-dense (while being low in sugar content)
are ideal early foods for infants [7,8]. The first food exposures should meet the infant’s/toddler’s high
nutritional requirements for energy, certain fatty acids, and key vitamins and minerals, such as vitamin
A/provitamin A carotenoids, several B vitamins, iodine, iron, and zinc [9,10]. Deficiencies in any of
these nutrients during the critical times of development can have both immediate and long-lasting
effects on the health of the offspring.

Fruits and vegetables are some of the most consistently recommended early food options, but few
of the most popular fruit options such as apples, bananas and grapes have the characteristics of being
both moderate in energy-density and low in sugar content. Avocados—technically classified as fleshy,
single-seeded berries—differ from most other fruits, however, in that they are a source of several
promising non-essential compounds, such as fat-soluble antioxidants and monounsaturated fatty acids
(MUFA). The sugar content is less than 1 g per serving, which is the lowest amount compared to
all other fresh fruits. A 1-ounce (30 g) serving of avocado is higher in key developmental nutrients
such as folate, vitamin E, and lutein compared to a Nutrition Labeling and Education Act (NLEA)
serving size of the most popular complementary and transitional feeding fruits (i.e., apples, pears,
bananas, grapes, strawberries, and peaches) (Table 1) [11–13]. A standard serving of avocados is
also less than one fourth the weight of any of the other commonly consumed fruits, making them a
very efficient vehicle food for delivering essential nutrition in a portion size that an infant or toddler
would more likely be able to consume in one sitting. Avocado is also higher in unsaturated fatty acids
compared to most fruits and vegetables [14] (Table 1). The fatty acids in avocados allow for greater
absorption of fat-soluble nutrients, either inherent in the fruit or from other foods eaten with avocado,
when compared to other fruits and vegetables that are low in fat (or fat-free) [15,16].

This paper is the second of a two-part series on ideal food and nutrient intake and related health
outcomes covering the first 1000 days of life (i.e., from the time of conception to the end of a toddler’s
second year). The first paper in the series provides evidence for the regular inclusion of key nutrients
as well as low-glycemic fruits and vegetables, such as avocados, in a maternal diet for improving birth
outcomes and various aspects of maternal health extending from the pre-conceptional period through
pregnancy and lactation [17]. This report provides further evidence regarding the regular inclusion of
such key nutrients and their food sources, including avocados, on many potential early- and later-life
health benefits, as well as explore the potential beneficial effects of monounsaturated fatty acids
and bioactive compounds during the complementary and transitional feeding periods. The paper
also addresses nutrition topic questions posed by the U.S. Department of Agriculture (USDA) and
U.S. Department of Health and Human Services (HHS) expert work groups that comprise the Birth
to 24 months and Pregnant Women Dietary Guidance Development Project—specifically Work Group
2–Infancy: Period of Complementary Feeding (6–12 months) and Work Group 3–Period of Transitional
Feeding (12–24 months):
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‚ What types and amounts of complementary foods are necessary for infants fed human milk,
formula, or mixed feedings to promote favorable health outcomes, such as (1) growth and
physical development; (2) cognitive, behavioral or neuromotor development?

‚ What strategies can be used to improve dietary quality and micronutrient intake in infants
six to 12 months of age?

‚ What are the evidence-based strategies to enhance acceptance of nutrient-dense foods like fruits
and vegetables?

‚ Does exposure (timing, quantity, frequency) to nutrient-dense foods in weaned infants increase
acceptance of nutrient-dense foods?

‚ Does increased acceptance/preference for nutrient-dense foods in the first year of life persist?
Does it improve dietary intake of nutrient-dense foods at 12–24 months?

‚ Does the intake of foods with added salt and sugar in infancy influence the preference and
analgesic appeal of dietary salt and sweet in infants, young children, and adults?

‚ What are the energy requirements for toddlers, ages 12–24 months, to promote optimal growth
and physical development?

‚ What is the relationship between observed intakes of fiber, vitamin A, and folate and the estimated
average requirement (EAR) and upper limits (UL) for toddlers 12–24 months of age?

‚ What food characteristics (e.g., taste/flavor characteristics, portion size, energy, nutrient-density,
novel or familiar) impact the development of food preferences and dietary intake?

Table 1. Meeting the developmental needs of infants and toddlers. Comparison of a serving (30 g) of
avocado versus a Nutrition Labeling and Education Act (NLEA) serving (Range: 126–242 g) of the most
popular complementary and transitional fruits.

Per NLEA Serving
Apples
(242 g)

Avocados
(30 g)

Bananas
(126 g)

Grapes
(126 g)

Peaches
(147 g)

Pears
(166 g)

Strawberries
(147 g)

>150 mg potassium/serving
‘ ‘ ‘ ‘ ‘ ‘ ‘

>25 μg folate/serving
‘ ‘ ‘

>0.50 mg α-tocopherol/serving
‘ ‘

>80 μg Lutein +
zeaxanthin/serving

‘ ‘ ‘

>40 IU vitamin A/serving
‘ ‘ ‘ ‘ ‘ ‘

>6 μg vitamin K/serving
‘ ‘ ‘

>2.5 g MUFA/serving
‘

ě2 g fiber/serving
‘ ‘ ‘ ‘ ‘ ‘

Data sourced from: USDA Agricultural Research Service, National Nutrient Database for Standard Reference
Release 27 [18]. Basic Report: 09003, apples, raw, with skin; 09038, avocados, raw, California; 09040, bananas,
raw; 09131, grapes, American type (slip skin) raw; 09236, peaches, yellow, raw; 09252, pears, raw; 09316,
strawberries, raw.

2. Background Information and General Recommendations for Complementary
Feeding (6 to 12 Months)

Current guidance from the World Health Organization (WHO) and other leading developed
countries is consistent in the recommendations that complementary feedings should begin at about six
months of age to support sufficient infant growth and development [19–22], and should last through
the end of the first year of life. During this period breastfeeding should still remain a primary source
of nutrition [23]. Therefore, breastfeeding mothers should pay careful attention to the quality of their
own diets, since for some nutrients (especially vitamins and fatty acids), the foods mothers eat directly
influence the nutrient profile of the milk consumed by their infants [24]. When introducing new
foods to an infant, experts recommend that parents and caregivers offer a variety of nutrient-dense,
soft- and mixed-textured fruits, vegetables, cereals, and meats that contain little or no added sugar
or salt [3,7,25]. The WHO recommends that infants start receiving complementary foods in addition
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to breast milk two to three times a day from six to eight months of age, and three to four times a day
from nine months of age through the end of the complementary feeding period [26].

A consensus statement from the American Heart Association (AHA) on dietary recommendations
for children acknowledged that only a small percentage of infants in the U.S. remain exclusively
breastfed after four months of age [27]. Corroborating the AHA findings, a recent Hass Avocado
Board (HAB) funded survey (HAB Caregiver Survey) conducted among 338 caregivers of infants
between the ages of four and 24 months also shows nearly half of the respondents introduced fruits
and vegetables between four and six months of age, while approximately one-third introduced protein
foods (meat, beans, eggs, peanut butter), grains or dairy in that same time period [28].

Infants will usually triple their body weight between birth and the end of their first year, and much
of this growth occurs in the complementary feeding period [29]. In order to accomplish the high
rate of growth and development, infants must consume both adequate amounts of energy and
essential nutrients. Foods consumed throughout the complementary feeding stage should balance
the nutrients from milk or formula, without imposing excess intakes of energy or nutrients [30].
Since complementary foods are initially consumed in very small quantities, caregivers should offer
moderately energy-dense foods, rich in multiple nutrients that are key for proper infant health and
development (i.e., iron, zinc, calcium, provitamin A/carotenoids, vitamin C, and folate) [8].

3. Background Information and General Recommendations for Transitional
Feeding (13 to 24 Months)

Similarly to complementary feeding, transitional feeding (13 to 24 months) is defined as all solid
and liquid foods consumed other than breast milk and infant formula. The main differences between
complementary foods and transitional foods are: (1) the timeframe in which they are consumed
(i.e., first year versus second year of life); (2) the texture and consistency of foods recommended,
which require more developed mastication and digestive abilities; and (3) the portions consumed,
based on individual appetite, breast milk and/or formula consumption, and nutritional needs.
Toddlers typically consume an increasingly complex diet, moving further away from milk and/or
formula towards a diet more focused on a variety of table foods, especially those consumed by
other family members [31]. On average, approximately two-thirds of a toddler’s energy intake
from 12 to 24 months comes from transitional foods [20,23], more than double the energy intake from
table foods when compared to the last months of the complementary period [32].

Currently, little research exists on nutrition and health in the toddler age group (13–24 months).
The existing evidence is further complicated by datasets that do not distinguish between age groups
and combine one- and two-year-olds together without teasing out the differences between these age
groups [1]. This gap in scientific knowledge is reflected in the DRI for toddlers, which were generally
derived by extrapolating data from studies involving infants or adults [33]. Toddlers’ nutrition needs
are different however. They are less dependent on breast milk for their nutrients and need more fiber,
while experiencing greater growth velocity than older children [1]. Therefore ideal toddler foods
should contain adequate energy, as well as fiber and key nutrients not found in sufficient amounts in
breast milk or other popular family foods [23,34].

4. Ideal Complementary and Transitional Foods: Recommendations versus Reality

Many of the nutrient-rich foods recommended by the 2015 Dietary Guidelines for Americans
(DGA) [35] for child and adult health have been linked to allergy development and are thought
to be contraindicated in the complementary feeding period for infants. These foods include seafood,
nuts, and eggs [36,37], although recent evidence has challenged the early exposure hypothesis linking
these foods to the development of allergies [38,39]. Other nutrient-dense food options contain too
much saturated fat, added salt, sugar, spices, preservatives, additives or artificial ingredients [8,20].
Furthermore, in addition to their nutritional properties, ideal complementary and transitional foods
should also have specific physical and chemical attributes such as a proper texture and consistency,
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along with natural and relatively neutral flavors, to encourage toddlers to develop familiarity and
taste preferences for them [20,31].

Data from the landmark Feeding Infants and Toddlers Studies (FITS I and FITS II) along with
recent National Health and Nutrition Examination Survey (NHANES) data (from children over two
years old) show that young children consume nearly 40% of their total energy from foods like refined
grains, sugar-sweetened beverages, and fruit juice. [40,41]. The findings also showed a general decline
in fruit and vegetable intake, especially fiber-rich fruits and vegetables as children age from infancy into
toddlerhood [27]. The data also showed that infants and toddlers were much more likely to consume
sweets, such as cookies or candies rather than nutrient-rich options such as fruits or vegetables [5].
This trend continued through the end of the transitional feeding period, when approximately one-third
of U.S. toddlers consumed no fruit on a daily basis [42] and deep yellow vegetable intake went from
being consumed by nearly 40% of infants during the middle of the complementary feeding period
down to 13% by the time they reached the end of the transitional feeding period [31]. Nutrient- and
antioxidant-dense dietary options were consistently replaced by lower-nutrient and higher-energy
options such as candies, desserts, and sugar-sweetened beverages [31,43].

The most popular fruits consumed by infants were apples, bananas, peaches, and pears [42],
and often times these were in forms that contained added sugars. Apples, bananas, grapes, peaches,
and strawberries ranked as the most popular in a child’s second year of life [41,42]. Apples and bananas
were also the most popular fruits among infants [28]. In summary, despite the popularity of these fruits,
only avocados, actually meet almost all of the expert recommendations (i.e., nutrient-rich, colorful,
naturally soft texture, low in sugar/not overly sweet, low-glycemic). This positions avocados as both a
unique and ideal food for infants and toddlers.

5. Fruits and Vegetables: Early Exposure Can Lead to Life Long Benefits

Fruits and vegetables are vital to a healthy eating pattern as they contain essential nutrients,
various forms of fiber, and potentially beneficial bioactive components such as antioxidants and
phytosterols [44,45]. Yet, increasing fruit and vegetable exposure and intake among infants/toddlers
remains a challenge for both caregivers and dietetic professionals [46,47]. Both fruit and vegetable
intake in children of all ages remains below recommendations in most countries worldwide [48], and a
large percentage of U.S. infants from six to 12 months of age do not consume any fruits or vegetables
on a daily basis [42,49]. A practical goal would be simple dietary changes focused on exchanging
empty-calorie foods and beverages for nutrient-rich, high-fiber fruits and vegetables containing no
added sugar.

Experts suggest that vegetables and low-sugar fruits, such as avocados, should be introduced in
the early stages in order to avoid invoking an early preference for sweet foods, which may influence
early childhood and later life eating behaviors [7,8]. The dietary patterns of infants and young children
have been shown to correlate to patterns in later childhood [50,51] and even to adulthood [52];
adult health factors, such as cholesterol metabolism, may be programmed from the lipids consumed in
infancy [53].

Observational studies have demonstrated later health benefits of healthful early nutrition choices.
Better body weights in later years were observed in infants who consumed higher amounts of
fruits and/or vegetables and thus less total energy in their diets [5]. Infants given home-prepared
fruits or vegetables more frequently at six months of age were more likely to eat more fruits and
vegetables several years later compared to infants who were given similar foods less often [54].
Furthermore, frequent fruit and vegetable consumption by younger children was associated with
lower blood pressure and a lower risk of stroke in their adult years [55,56], and a lower risk for some
cancers [6]. While these studies showed associations between early and later life dietary patterns and
health outcomes, very little research has addressed the introduction of specific fruits and vegetables
in the complementary and transitional feeding periods, or how consumption of specific “ideal” or
popular complementary foods or specific nutrients in those foods (e.g., iron-fortified cereal grains,
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bananas, apples, avocados, potatoes) may promote long-term health, help build good dietary habits,
or assist in reducing health risks. Avocados, and other foods that fit the description of an “ideal
complementary food” deserve more clinical research attention, especially since the health status of an
infant in its first year of life affects its risk for certain chronic diseases in later years [57].

6. Macronutrients: Amount and Specific Structural/Functional Characteristics are Key for Infant
and Toddler Health

6.1. Dietary Fat: Quantity and Quality Both Matter for Growth and Development

In infancy, fat should comprise about 50% of energy intake in order to provide adequate energy
for rapid growth and the essential fatty acids for brain development [58]. With the introduction of
complementary foods, energy intake may become inadequate as foods such as fruits, vegetables and
cereal grains are generally very low in fat. Complementary foods that are a good source of both fat
and energy are important to maintain energy intake. Once in the toddler period, the percentage of fat
in the diet may be reduced; however, the total energy and nutrients, including essential fatty acids,
must increase to cover the energy cost of activity and growth. Achieving adequate fat intake may
be a challenge since in the FITS II data, total fat intakes were below the acceptable macronutrient
distribution range in one in four toddlers from the U.S. [59]. Diets of infants and toddlers that are
low fat are associated with lower vitamin and mineral intakes [58], and lower fat-soluble vitamin
absorption [60]. A Joint Food and Agriculture Organization (FAO)/WHO Expert Consultation report
underlined the importance of not only the quantity, but also the quality of fat for proper infant health
and development [60].

A joint statement from Health Canada, the Canadian Pediatric Society, Dietitians of Canada,
and Breastfeeding Committee for Canada suggests that parents and caregivers should provide
adequate amounts of healthy fats in addition to breast milk, and specifically includes avocados
as an example of a nutritious fat-containing food for infant health [20]. Avocados are unique among
the commonly recommended complementary and transitional fruits and vegetables in that they
contain 3.5 g of unsaturated fats per 1-ounce (30 g) serving, accounting for more than 75% of their
fat content. The unsaturated fatty acids are primarily in the form of the MUFA oleic acid (C18:1;
n = 9), while a lesser amount comes from other MUFA, polyunsaturated fatty acids (PUFA), and
saturated fatty acids (SFA). Although oleic acid is not considered an essential fatty acid because the
human body can synthesize it from other fatty acids, it is the most abundant fatty acid in breast
milk [61]. MUFA, such as oleic acid, has also been shown to be important for the normal growth and
development of the central nervous system and brain [62], as well as being beneficial for fat-soluble
nutrient absorption [15,16]. A 30 g serving of avocado contains approximately 0.5 g of the PUFA
linoleic acid (18:2n-6) [14], which comprises roughly 10%–15% of the fatty acid content in avocados [63].
Evidence exists showing that as little as 3%–4.5% of total energy intake from linoleic acid is associated
with optimal growth and development for infants and toddlers [60].

Since avocados provide energy, MUFA, and PUFA, they would contribute to achieving nutrient
balance in infant diets, as well as aiding in absorption of fat-soluble nutrients, providing a source of
antioxidants, and thereby potentially contributing to health benefits [16,64,65].

6.2. Fiber: Balancing Intake for Optimal Health

Breast milk contains various non-digestible oligosaccharides, which are small-chain prebiotic fiber
compounds that are important for infant gut health and immune development [66,67]. While other
infant foods are not rich sources of non-digestible oligosaccharides, many fruits and vegetables are
rich sources of both soluble and insoluble fibers (e.g., non-digestible carbohydrates and lignin), which
may have health benefits even in young children [68]. Currently, there is no infant adequate intake (AI)
established for fiber, but it has been suggested by the American Academy of Pediatrics that the amount
be gradually increased to provide roughly 5 g per day by the end of the first year of life [69,70].
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Neither the appropriate amount nor type of fiber for infants is as yet determined, with both
too little and too much dietary fiber posing their own unique set of problems. Too little fiber
can lead to constipation [71], and excessive fiber intake has the potential to negatively impact
energy and nutrient intake by increasing fecal energy losses, extending satiety (therefore leading
to lower energy and nutrient intakes), and binding up minerals through fiber-associated phytates
and oxalates [71–73]. However, fiber intakes of about 4 g/day in infants at 8 months and 7 g/day in
infants at 13 months of age have been positively associated with energy intake and weight gain [74].
Additionally, higher dietary fiber intake in infancy was associated with higher intakes of vitamins and
minerals compared to lower fiber intakes [74]. In the FITS I data, infants in the highest quartile of fiber
intake were also in the highest quartile of energy and macronutrient intake from table foods, providing
further evidence that higher fiber intakes in infancy are not associated with under eating [32].

Concern is expressed by practitioners and researchers about both too much fiber intake in the early
feeding periods, and inadequate fiber consumption throughout every life stage thereafter [20,68,69,75].
A decline in fiber intake from the complementary period to transitional period was demonstrated
in Finnish infants in which 55%–70% of the fiber in an infant’s diet was from fruits and vegetables,
while only 40%–45% of fiber in a toddler’s diet comes from fruits and vegetables [76]. In American
infants in FITS I the top sources of dietary fiber for toddlers were primarily refined grains such as
non-infant cereals and breads, rolls, biscuits, bagels, and tortillas, along with carbohydrate-rich fruits
and vegetables such as bananas and white potatoes [76].

Avocados could contribute to infant fiber intake as they have approximately 2 g of fiber in a 30 g
serving [14], which is equal to or greater than nearly all other commonly consumed complementary
or transitional foods or fruits by weight [11]. Of the total fiber in avocados, 30%–40% is soluble
while 60%–70% is insoluble [14]. When the fiber content of more than 30 fruits and vegetables were
compared, avocados stood out as the only food source with relatively high amounts of both soluble
fiber (2.1% by weight) and insoluble fiber (2.7% by weight). Additionally, avocados also contain
lower levels of phytates and oxalates compared to the most popular fiber sources such as cereal fibers,
vegetables, and legumes, thus minimizing loss of calcium and other key essential minerals due to
binding by such substances [77].

The higher soluble fiber content of avocados compared to other fruits may be of benefit to the
development of an infant’s/toddler’s gut microflora as it is fermented by the colonic microflora to a
greater extent. While fermentable soluble fibers (i.e., prebiotics such as oligosaccharides) from breast
milk are known to have potent beneficial effects on infant health [78], the dose response and potential
effects of plant-based soluble fiber sources on infant health requires further research. The soluble fiber
in avocados may also contribute an energy source for infants since the fermentable nature of soluble
fiber allows the colonic microflora to metabolize undigested polysaccharides and produce various
short-chain fatty acids (e.g., acetic acid, butyric acid and propionic acid), which are then able to be
absorbed [79–81].

7. Micronutrients: Avoiding Deficiencies during the Complementary and Transitional
Feeding Periods

7.1. Nutrients for Building the Blood

The selection of complementary foods to meet the micronutrient needs of infants is challenging as
essential nutrients like iron are present in low concentrations in typical infant foods, even in breast
milk [82]. Avocados, while low in iron, contain folate, vitamin C, riboflavin, and vitamin B6 that
are all essential to various aspects of iron absorption, red blood cell formation and/or hemoglobin
function. Vitamin C enhances non-heme iron absorption and is a key factor in its bioavailability [83–85].
Folate is critical for the proper synthesis of red blood cells; and is therefore important for prevention
of megaloblastic anemia [86]. Vitamin B6 plays a role in the synthesis of hemoglobin and in oxygen
transport, and a deficiency in vitamin B6 can lead to microcytic hypochromic anemia. Riboflavin is
required for the enzymatic activation of folate and vitamin B6 as well as for red blood cell production,

267



Nutrients 2016, 8, 316

and a deficiency in riboflavin can lead to normocytic anemia. Foods such as avocados, should be
considered as providing a unique combination of several blood-building nutrients that can act as
iron-absorption enhancers and/or function in red blood cell synthesis.

7.2. Potassium

As infants and toddlers begin to consume less electrolyte-rich breast milk, complementary food
sources must provide a balance of electrolytes necessary to maintain proper fluid balance and bone
turnover. However, it is observed that about 45%–80% of toddlers exceed the recommended sodium
intake levels, and only 5% of toddlers meet the recommended intake levels for potassium [59,87].
To reduce sodium and provide potassium, complementary foods like avocados offer not only a
sodium-free, complementary food, but they are also rich in potassium (Table 1) [14].

7.3. Enhanced Fat-Soluble Nutrient Absorption

Natural food sources of lipid-soluble vitamins and antioxidant compounds are important to
identify as it is known that toddlers receive a substantial amount of nutrients, such as vitamin A,
from supplements and fortified foods instead of from unprocessed whole foods [76]. More than 60%
of toddlers in the U.S. consume less vitamin E than the EAR [59]. Avocados contribute three of the
four fat-soluble vitamins such that a 1-ounce serving of avocado provides more provitamin A in the
form of carotenoids than almost all other fruits, as well as small amounts of vitamin E and vitamin
K (Table 1). Absorption of fat-soluble vitamins is enhanced in the presence of adequate fat intake,
which is known to be less than adequate in the toddler age group [58]. The MUFA content of avocados
is unique among other fruits and vegetables as fatty acids help fat-soluble vitamins and carotenoids
(e.g., lutein, lycopene, alpha-carotene, and beta-carotene) be more effectively absorbed from other
foods [15,16]. Avocado consumption can also enhance the efficiency of conversion of carotenoids to
vitamin A by two to six fold [16].

8. Avocado Dietary Bioactive Components: Playing an Important Role in Infant Health

Breast milk is known to have numerous bioactive properties (i.e., properties above and beyond
their nutritive roles) that are associated with infant health and development [88–90]. Complementary
and transitional foods contain bioactive components such as fiber, antioxidants, electrolytes,
carotenoids, and flavonoids [14,91]. Avocados also contain many lipophilic phytochemicals and
bioactive compounds that may confer health benefits (e.g., sterols, polyhydroxylated fatty alcohols
(PFA), alkaloids, acetogenins, and volatile oils) [91–93]. While understanding of the interplay of
antioxidant, prebiotic and sterol components in foods and food combinations is just emerging, it has
been suggested that a wide variety of bioactive compounds are responsible for the health benefits
of fruits and vegetables through additive and synergistic interactions by targeting multiple signal
transduction pathways [94].

For early infant foods, such as fruits and vegetables, the health effects are attributed to
different bioactive compounds such as vitamin C, carotenoids, and various phenolic compounds [95].
The antioxidant potential of components like carotenoids (beta-carotene, lutein and zeaxanthin) in
fruits and vegetables not only provide the precursors for vitamin A (which is essential for proper
growth, development, vision, immunity, hair and skin health, and mucous membrane formation) [25],
but may also act as free-radical scavenging antioxidants [96]. Additionally, these carotenoids have
functional roles in the tissues of the infant brain [97].

Lutein accounts for the majority of infant brain carotenoids, representing approximately 60%
of total carotenoids [98]. Recent metabolomics studies on post-mortem infants showed correlations
between brain lutein concentrations and energy metabolite pathways, lipid metabolite pathways,
and amino acid neurotransmission pathways [99]. Further, formula-fed infants compared to breast-fed
infants had significantly lower lutein concentrations in their blood [100]. Lutein was approved by
the FDA for use in infant formulas, despite it not being officially classified as an essential nutrient.
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As complementary foods begin to displace breast milk or formula in the diet, adequate sources of
lutein from complementary foods may be important to infant health [99]. Avocados contain some of
the highest levels of lutein and dietary fat of any fruit or vegetable (Table 1), along with the added
benefit of a dietary MUFA fat source to aid absorption of the fat-soluble lutein [15,16].

Phytosterols and PFA are two other lipid-soluble compounds that account for a large portion of the
lipid content of avocados but their potential benefits have not been studied in infants or toddlers [25].
In adults, both phytosterols and PFA have been shown to support a healthy inflammatory response [25].
Lipophilic acetogenins in avocados [92] are a group of antioxidants that are synthesized from fatty acid
precursors that have promise for their anti-proliferative and apoptotic effects on cancer cells [101–103].
The amino-acid based antioxidant glutathione, also in avocados in higher concentration (8.4 mg/30 g)
that any other fruit [104], is involved in immune function, lipid metabolism, detoxification, and several
aspects of cellular defense and replication [105]. Since heating and processing reduces glutathione
levels in foods, foods which are commonly consumed raw, such as avocados, contain higher levels of
this antioxidant compound. Future research is required to identify the types of foods with fat-soluble
nutrient absorption-enhancing properties that may optimize infant and toddler health, as well as
provide protection against free-radical damage and future chronic disease risk [95].

9. Food Preferences: Early Exposure to Flavor and Texture Can Influence Acceptability

Beyond choosing the most ideal nutrient-rich foods to feed their infants and toddlers, parents and
caregivers should also understand the roles that the flavors and textures of foods play in transitional
and complementary feeding. Food learning and flavor preferences start in utero and are heavily
influenced by breastfeeding and the infant’s complementary diet in the first year of life [106]. The early
taste preferences appear to be biologically driven with certain flavors, such as sweetness indicating
available calories, and bitter flavors indicating potentially dangerous compounds present in the
food [106]. These preferences have been shown to be somewhat malleable and dependent on
environmental factors such as repeated exposures to flavors [1,107]. Once established, many of the early
dietary preferences and habits tend to have a long-lasting influence [47], even into adulthood where
there is a tendency to favor foods the way they were initially introduced [8]. Therefore, proper early
food exposure is important for laying the foundation of a long-term varied diet. Beyond taste and
texture, early exposure to a myriad of food taste and texture profiles also teaches societal and familial
ideals, attitudes, and beliefs about food and eating behaviors [108].

In order to establish a varied eating pattern—which includes neutral, sour, and bitter taste
acceptance—the ideal initial foods should be those that are both nutritious and have a low to
moderate sweet and salty flavor profile [8]. Such presentation takes advantage of the plasticity of
early flavor learning [106]. Additionally, infants who have positive early experiences with fruits and
vegetables are significantly more likely to choose and consume those foods later in life [109–111].
Unfortunately, findings from the HAB Caregiver Survey indicate that this approach is not being
readily followed. Nearly 60% of infants and toddlers were described as picky eaters, and the most
common foods offered and consumed early in life were sweet fruits and starchy vegetables [28].
Further, the caregivers’ overarching goal was to give “foods that the infant/toddler really enjoyed
eating”, while the actual nutritional value of the food provided ranked lower on their agendas [28].
In order to combat the overly sweet and salty flavors of the standard American diet without offending
the child’s innate dislikes for bitter and sour, some pediatricians recommend introducing mild foods
(i.e., neither sweet, salty, sour, or bitter) with a neutral flavor profile in the early complementary
period [7]. Avocados can provide children with the types of nutrients and phytochemicals found in
many sweet-tasting, sugar-rich fruits and bitter-tasting vegetables.

In addition to flavor preferences, infants also have texture preferences due to their developing
abilities to chew and swallow. When foods are being introduced to infants it is important that caregivers
provide a variety of soft textures—such as creamy, lumpy, tender, pureed, mashed or ground—in order
to properly develop oro-sensory functions and the swallowing mechanism [20]. Different textures
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are necessary to gradually introduce the baby to solid foods while reducing the risk of choking or
swallowing large chunks of food that are difficult to digest. Soft fruit and vegetable consumption—such
as from peaches, bananas, and avocados—is consistent with several recommendations from the federal
feeding assistance program Special Supplemental Nutrition Program for Women, Infants, and Children
(WIC) for infant feeding (although peaches and bananas do not have an ideal sweetness/sugar factor).
Soft, neutral-flavored, and nutrient-dense avocado—which does not need to be cooked and can
easily be stored—appears to be one of the most ideal complementary and transitional foods available.
In essence, the avocado’s natural characteristics match what health professionals and caregivers are
most likely to consider important for an infant’s first food offerings [28].

10. Future Guidelines for Complementary and Transitional Feeding: Importance of Clear and
Specific Recommendations

A consistent message from recent literature is that fruit and vegetable intake needs to be
increased in infant and toddler dietary patterns; selection of those foods that are lower in sugar
and higher in fiber should be recommended above varieties that are higher in sugar and overly sweet.
Most specific recommendations for parents and caregivers suggest offering a wide variety of fruits
and vegetables on a daily basis, with an emphasis on colorful fruits and dark green, leafy, and deep
yellow vegetables [31]. For fruit, recommendations could be clearer to ensure caregivers are making
the best choices by specifically calling out: “colorful fruits that are a good source of fiber and low in
sugar”. Further, naming of specific examples of these types of fruits would limit confusion and clearly
point caregivers to the best options for infants and toddlers.

Avocados are a good example of a fruit that could be specifically recommended as an optimal
transitional food. Beyond its texture, flavor and nutrient profile, avocado consumption among infants
and toddlers may be able to displace empty calorie offerings more effectively than other nutrient-rich
complementary and transitional foods due to their higher amount of appetite suppressing fatty
acids and fiber [112,113]. According to the American Dietetic Association (now the Academy of
Nutrition and Dietetics), “foods that are rich in energy and nutrients such as avocado should be
used when the infant is being weaned [34]”. Therefore, the avocado with its fiber-content, MUFA,
moderate energy-density, more than 20 vitamins and minerals, and array of phytonutrients appears to
one of the most ideal fruits—and possibly foods—for complementary and transitional feeding [114].

11. Conclusions

Major transitions occur in the dietary patterns of infants and toddlers over the first two years of
life. Exposure to certain foods and nutrients during the first two years may impact their future health
through metabolic programming or development of specific tastes [115]. The most ideal complementary
and transitional foods—nutritionally and physiochemically—should be offered regularly to infants
and toddlers in order to ensure their optimal health, as well to expand their range of flavor preferences
and acceptance for nutrient-rich dietary options. As detailed in this paper, avocados are unique among
complementary and transitional foods in that they:

‚ Contain a spectrum of essential and non-essential nutrients with potential health benefits that
minimize undesirable components such as sodium, empty calories, and unhealthy fats.

‚ Provide an ideal source of energy (high in healthy unsaturated fats and low in sugar) to meet the
increasing energy and growth demands of weaning infants and toddlers.

‚ By weight and serving size, contain some of the highest levels of the antioxidants lutein,
zeaxanthin, and glutathione among complementary and transitional foods.

‚ Are rich in unsaturated fatty acids, which significantly enhance the absorption of
lipid-soluble compounds.
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‚ Contain more total fiber and soluble fiber per gram than almost all other complementary and
transitional foods, and at the same time contain less mineral-binding phytates and oxalates than
other popular high-fiber foods.

‚ Have a neutral flavor and smooth consistency that is ideal for early infant foods.

At present, the current infant feeding recommendations tend to be based on anecdotal and
observational findings, which are largely dependent on an infant’s learned preference for sweet foods.
Future development of complementary and transitional feeding recommendations should utilize
evidence from controlled studies that investigate the critical nutrient needs of infants and toddlers,
and should progress toward identifying the most ideal foods (i.e., those that meet the majority of
recommended guidelines). Future research on ideal infant and toddler foods, including avocados, is
warranted to further explore their potential in both early life and later life health outcomes.
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Abstract: Oats contain unique bioactive compounds known as avenanthramides (AVAs) with
antioxidant properties. AVAs might enhance the endogenous antioxidant cellular response by
activation of the transcription factor Nrf2. Accumulation of reactive oxygen species plays a critical
role in many chronic and degenerative diseases, including osteoporosis. In this disease, there is
an imbalance between bone formation by osteoblasts and bone resorption by osteoclasts, which is
accompanied by increased osteoblast/osteocyte apoptosis and decreased osteoclast apoptosis. We
investigated the ability of the synthethic AVAs 2c, 2f and 2p, to 1-regulate gene expression in
bone cells, 2-affect the viability of osteoblasts, osteocytes and osteoclasts, and the generation of
osteoclasts from their precursors, and 3-examine the potential involvement of the transcription factor
Nrf2 in these actions. All doses of AVA 2c and 1 and 5 μM dose of 2p up-regulated collagen 1A
expression. Lower doses of AVAs up-regulated OPG (osteoprotegerin) in OB-6 osteoblastic cells,
whereas 100 μM dose of 2f and all concentrations of 2c down-regulated RANKL gene expression
in MLO-Y4 osteocytic cells. AVAs did not affect apoptosis of OB-6 osteoblastic cells or MLO-Y4
osteocytic cells; however, they prevented apoptosis induced by the DNA topoisomerase inhibitor
etoposide, the glucocorticoid dexamethasone, and hydrogen peroxide. AVAs prevented apoptosis of
both wild type (WT) and Nrf2 Knockout (KO) osteoblasts, demonstrating that AVAs-induced survival
does not require Nrf2 expression. Further, KO osteoclast precursors produced more mature osteoclasts
than WT; and KO cultures exhibited less apoptotic osteoclasts than WT cultures. Although AVAs did
not affect WT osteoclasts, AVA 2p reversed the low apoptosis of KO osteoclasts. These in vitro results
demonstrate that AVAs regulate, in part, the function of osteoblasts and osteocytes and prevent
osteoblast/osteocyte apoptosis and increase osteoclast apoptosis; further, these regulatory actions are
independent of Nrf2.

Keywords: avenanthramides; oxidative stress; apoptosis; gene expression; bone cells
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1. Introduction

Oxidative stress is caused by the imbalance between free radical generation and the scavenging
activities of intracellular antioxidants and plays a critical role in many chronic and degenerative
diseases, including osteoporosis, cancer, and neurodegenerative diseases [1–3]. High levels of
reactive oxygen species (ROS), especially hydrogen peroxide (H2O2), in the bone/bone marrow
microenvironment play a pathogenic role in osteoporosis due to estrogen deficiency with menopause,
androgen deficiency during aging in both women and men [4], and/or glucocorticoid therapy used in
treating many inflammatory and autoimmune diseases [5]. ROS accumulation increases the number
of osteoclasts (the cells that resorb bone) by enhancing the expression by osteoblastic cells of the
pro-osteoclastogenic cytokines RANKL (Receptor Activator for Nuclear Factor κB Ligand) and TNFα
(Tumor Necrosis Factor alpha) [6–8]. ROS increase osteoclast differentiation directly by activating
the transcription factor NFATc1, which in turn increases transcription of osteoclast-specific genes [6].
ROS also promotes osteoclast survival. On the other hand, ROS accumulation decreases the number of
osteoblasts (the cells that form bone) by inhibiting their proliferation and differentiation; and induces
premature osteoblast apoptosis [9–12]. In addition, ROS induces apoptosis of osteocytes, the most
abundant cells in the bone that orchestrate osteoclast and osteoblast function [13,14].

Two main therapeutic approaches have been developed for the management of osteoporosis:
(1) Anti-resorptive medications including bisphosphonates, estrogen replacement, and anti-RANKL
antibodies; and (2) Anabolic treatments such as daily injections of parathyroid hormone (PTH) [15].
The first approach seeks to block osteoclast formation and/or function and the second stimulates
osteoblast production and function. Although therapies for treating osteoporosis have been shown
to be effective, prevention strategies through optimal lifestyle patterns (e.g., nutrition and physical
activity) are actively being sought to help decrease the overall burden of osteoporosis and high bone
fracture risk. There is an increase in the prevalence of degenerative diseases that affect bone and
involve increased oxidative stress. Therefore, alternative therapeutic interventions that counteract
ROS effects in bone without causing harmful effects in other tissues are needed.

Nuclear factor erythroid derived 2-related factor-2 (Nrf2) plays an important role in the
cellular defense against oxidative stress by inducing enzymes that regulate oxidative stress [16,17].
Recent studies have demonstrated that Nrf2 is an important regulator of bone homeostasis in bone cells,
since activation of Nrf2 can enhance the endogenous antioxidant response against ROS [1,16,18,19].

Increasing evidence, including epidemiological, clinical, and animal experimentation,
suggests that consumption of plant foods, containing polyphenols helps to protect against the
development of oxidative stress pathologies, including cancer, cardiovascular diseases, diabetes,
neurodegenerative diseases, and osteoporosis [20–23]. Oat is a commonly consumed whole-grain
cereal that is gaining scientific and public interest for their health benefits beyond basic nutrition [24,25].
Oats contain phytochemicals with high antioxidant properties, among them tocopherols, tocotrienols,
phenolic compounds, phytic acid, avenanthramides (AVAs), and flavonoids and sterols in a lesser
amount [24,26,27]. AVAs are a group of alkaloid phenols uniquely found in oats [28]. These compounds
consist of an anthranilic acid derivate and a hydroxycinnamic acid derivate linked by a pseudo-peptide
bond [29], and exhibit strong antioxidant activity and anti-inflammatory and anti-proliferative
properties both in vitro and in vivo [25,30–32]. AVAs inhibit the expression of adhesion molecules
and inflammatory cytokines, such as IL-6, IL-8, and monocyte chemoattractant protein 1 in human
aortic endothelial cell cultures [33]; and inhibit the growth of human colon cancer cells in vitro [28].
Further, dietary intake of AVAs by postmenopausal women decreased the inflammatory response
induced by physical exercise and increased the total antioxidant capacity of plasma and the superoxide
dismutase (SOD) activity of red blood cells [34]. Addition of AVAs extracts to mouse diets enhanced the
hepatic mRNA expression of Cu-Zn SOD1, Mn SOD2, and glutathione peroxidase (GPx) [35]. AVAs also
increase hemeoxygenase (HO) 1 expression in human kidney cells in a dose- and time-dependent
manner and induce the nuclear translocation of the transcription factor Nrf2 [36].
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To date, there are no studies addressing the effect of AVAs on bone cells in vitro. The aims of this
study, were to investigate the ability of the three major synthethic AVAs (2c, 2f and 2p), which differ
in the type of hydroxylcinnamic acid component (ferulic, caffeic or p-coumaric acid), to 1-regulate
gene expression in bone cells, 2-affect the viability of osteoblasts, osteocytes and osteoclasts, and the
generation of osteoclasts from their precursors, and 3-examine the potential involvement of the
transcription factor Nrf2 in these actions.

2. Material and Methods

2.1. AVAs Preparation and Cell Treatment

The synthethic AVA 2f, 2c and 2p were provided by Quaker Oats Center of Excellence
(Barrington, IL, USA). Purity was controlled by HPLC measurements (2f > 95.1%; 2c > 94.9%;
2p > 96%). AVAs were dissolved in dimethylsulfoxide (DMSO) and added to the cell culture medium
with a maximum final DMSO concentration of 0.1%, which showed no cytotoxicity [37]. AVAs were
kept as 0.05 M stock solutions and stored at ´80 ˝C until used. Osteoblastic and osteocytic cells were
treated with doses ranging from 1 to 100 μM of the AVAs. The dose range was chosen based on
previous studies using AVAs in other cell systems [32,36].

2.2. Cell Culture

Adherent primary osteoblastic C57BL/6 wild type (WT) and Nrf2 knock-out (KO) cells
were seeded at a density of 1.5 ˆ 104/cm2 before being prepared as previously described
in the scientific literature [38–40]. The cells were cultured in growth medium consisting of
α-Minimum Essential Medium Eagle (α-MEM) supplemented with 10% fetal bovine serum (FBS),
(Invitrogen, Carlsbad, CA, USA), 1% penicillin/streptomycin (Invitrogen) and 50 mg/mL normocin
(Invivogen, San Diego, CA, USA).

Adherent OB-6 osteoblastic cells were seeded at a density of 5000 cells/cm2 in α-MEM
supplemented with 10% FBS and MLO-Y4 cells were seeded at a density of 1 ˆ 104 to 2 ˆ 104 cells/cm2

on collagen type I—coated plates in α-MEM supplemented with 2.5% FBS and 2.5% bovine calf serum
(BCS, Invitrogen), as previously published [41–43].

WT or KO bone marrow precursors were seeded at a density of 4 ˆ 105/cm2 and cultured for 48 h
in α-MEM supplemented with 15% FBS, and 1% penicillin/streptomycin and 50 mg/mL normocin.
Next, “non adherent cells”, were collected and seeded at a density of 6 ˆ 105/cm2 and cultured with
α-MEM with 10% FBS and 1% penicillin/streptomycin, and 80 ng/mL of recombinant murine soluble
Receptor Activator for Nuclear Factor κB Ligand (sRANKL) (PreproTech, Rocky Hill, NJ, USA) and
20 ng/mL recombinant murine Macrofage Colony Stimulating Factor (M-CSF) (PreproTech). Medium
was changed every 2 days for 5 days, as previously reported [44].

2.3. RNA Extraction and Quantitative RT-PCR (qPCR)

To determine the effects of AVAs on gene expression, total RNA was purified from cell
preparations using Trizol reagent (Invitrogen) according to the manufacturer’s instructions.
RNA was reverse-transcribed using a High Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA, USA). Gene expression was analyzed by quantitative PCR using the ΔCt
method as previously described with Mrps2 (mitochondrial ribosomal protein S2) or GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase) as housekeeping genes [45,46]. The following primer
probe sets were purchased from Applied Biosystems: Collagen 1A (COL1A) (Mm00801666 g1);
Osteocalcin (OCN) (AIT97T5); Osteoprotegerin (OPG) (Mm01205928 m1); RANKL (Mm00441906 m1);
Cathepsin K (Cat K) (Mm00484036 m1); Tartrate-resistant acid phosphate (TRAPase) (Mm00475698 m1);
Nrf2 (Mm00477784 m1); Mps2 (Mm00475529 m1); GAPDH (Mm99999915 g1). For the other
genes, primer probe sets were designed using the Assay Design Center of Roche Applied
Science (Indianapolis, IN, USA), and were as follows. For OSTERIX: probe 106, forward primer:
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gggaagggtgggtagtcatt, reverse primer: ctcctgcaggcagtcctc; Runt-related transcription factor 2
(RUNX2): probe 34, forward primer: tgcctggctcttcttactgag, reverse primer: gcccaggcgtatttcaga;
Calcitonin receptor (CAL R): probe 15, forward primer: agaactggagttgggctcac, reverse primer:
ggttccttctcgtgaacaggt; NAD(P)H dehydrogenase, quinone 1 (NQO1): probe 50, forward primer:
agtacaatcagggctcttctcg, reverse primer: agcgttcggtattacgatcc; HO-1: probe 17, forward primer:
tgtgttcctctgtcagcatca, reverse primer: aggctaagaccgccttcct; SOD1: probe 49, forward primer:
tgcccaggtctccaacat, reverse primer: caggacctcattttaatcctcac. Glutathione S-transferase 1 (GSTP1):
probe 105, forward primer: ggacagcagggtctcaaaag, reverse primer: tgtcaccctcatctacaccaac.

2.4. TRAPase Staining and Osteoclast Counting

After 24 h-treatment with AVAs 2f, 2c or 2p at 1 μM or vehicle (DMSO), mature osteoclasts
differentiated from WT or KO bone marrow precursors, were examined for the activity of the
osteoclast-specific enzyme TRAPase [47]. Briefly, cells were washed with PBS and fixed in 10%
formaldehyde for 10 min. Next, cells were stained using a commercial TRAPase staining kit
(Sigma-Aldrich, St. Louis, MO, USA) and counterstained with hematoxylin according to the
manufacturer’s instructions. TRAPase + cells were considered osteoclasts if having more than 3 nuclei.
Osteoclast apoptosis was assessed by quantifying the percentage of osteoclasts that presented at least
50% condensed chromatin and dark nuclei.

Results are expressed as number of osteoclast/well or as percentage of apoptotic osteoclasts.
Images were acquired using a Zeiss Axiovert 35 microscope equipped with a digital camera.

2.5. Quantification of Osteoblastic Cell Viability

Osteoblastic cells (OB-6 and WT and KO primary cells) and osteocytic cells were seeded in
a 48-well plate at a density of 1 ˆ 104 cells/well in αMEM + PSG + 10% FBS and cultured for
20 h. Next, the medium was changed to αMEM + PSG + 2% FBS + each AVA 2c, 2f, 2p at
1, 10, or 100 μM or the vehicle (DMSO) for 1 h. Cells were then exposed to the pro-apoptotic
agents dexamethasone (10´6 M), etoposide (50 μM), or H2O2, (50 μM) or vehicle (DMSO) for an
additional 6 h. Non-adherent cells were combined with adherent cells released from the culture dish
using trypsin—Ethylenediaminetetraacetic acid (EDTA), re-suspended in medium containing serum,
and collected by centrifugation. Subsequently, 0.04% trypan blue was added and the percentage of cells
exhibiting both nuclear and cytoplasmic staining was determined using a hemocytometer. Cells that
excluded the dye were considered alive, and cells stained were considered dead. Data is reported as
the percentage of dead cells [48].

2.6. Statistical Analysis

Statistical analysis was performed using SigmaPlot (Systat Software Inc., Version 12.0, San Jose,
CA, USA). All the results are presented as mean ˘ standard deviation of multiple cultures. At least
3 experiments per cell type with 5 independent replicates per experiment were performed for gene
expression and apoptosis of osteoblastic and osteocytic cells. Three independent replicates were
performed for osteoclast quantification and apoptosis. Sample differences were determined by one or
two-way ANOVA, followed by pairwise multiple comparisons using Holm-Sidak or Tukey method,
depending on the number of variables. Means were considered significantly different at p < 0.05.

3. Results

3.1. AVAs Regulate OPG and RANKL Gene Expression in OB-6 Osteoblastic and MLO-Y4 Osteocytic Cells

Gene expression analysis in OB-6 cells did not show significant changes on the expression of
the osteoblast markers OCN, RUNX2 or osterix (Figure 1A), whereas RANKL was not detected
in these cells (not shown). On the other hand, AVA 2c and 2p (1, 5 and 10 μM and 1 and 5 μM,
respectively) increased COL1A expression. Further, lower doses of the three compounds upregulated
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OPG expression with more potency than higher doses in OB-6 cells, showing an inverse dose-effect
relationship. The reason behind this unexpected biological response is not known and could be due to
the involvement of two different mechanisms or molecular mediators, one operating at lower doses
and another at higher doses of the compounds. In MLO-Y4 cells, AVAs 2f (100 μM) and 2c (at all
concentrations) downregulated the expression of RANKL, whereas AVA 2p (at 1 μM) increased it
(Figure 1B). No statistical differences were found for OPG in MLO-Y4 cells. These results suggest that
AVAs regulate in part the function of osteoblasts and osteocytes.

Figure 1. AVAs (Avenanthramides) regulate Collagen 1A (COL1A), osteoprotegerin (OPG) and
Receptor Activator for Nuclear Factor κB Ligand (RANKL) in osteoblastic and osteocytic cells,
respectively. 24-h gene expression of OB-6 osteoblastic (A), and MLO-Y4 cells (B); treated with vehicle
(C) or AVA 2f, 2c or 2p. mRNA levels were measured by qPCR and corrected by Mrps2. The bars
represent means ˘ SD, n = 5 replicates/treatment. * p < 0.05 vs. control, by One-Way ANOVA, followed
by pairwise multiple comparisons using Holm-Sidak method.

3.2. AVAs Do Not Affect Cell Death in the Absence of Pro-Apoptotic Agents but Prevent the Effect Induced by
Pro-Apoptotic Agents in Ob-6 Osteoblastic and Mlo-Y4 Osteocytic Cells

AVAs were further investigated for their effects on osteoblast and osteocyte survival in the
absence or in the presence of pro-apoptotic agents. One h pre-treatment with AVA 2f, 2c or 2p at
the concentrations tested (1, 10 and 100 μM) did not affect the survival of osteoblastic cells in the
absence of pro-apoptotic agents (Figure 2A). As previously reported, the pro-apoptotic agent etoposide,
increases the percentage of cells with increased membrane permeability [49]. However, the three
AVA compounds, at the same doses, prevented etoposide induced-apoptosis. Since the lowest
concentration of AVAs (1 μM) effectively blocked apoptosis of osteblastic cells, this dose was used
for the next set of experiments, aiming to examine whether AVAs regulate survival in the presence
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of the pro-apoptotic agents dexamethasone or H2O2. Six h-treatment with dexamethasone or H2O2

increased significantly the percentage of cells exhibiting trypan blue uptake; however 1-h pre-treatment
with AVAs prevented dexamethasone or H2O2-induced OB-6 and MLO-Y4 cell death (Figure 2B,C).
These findings demonstrate that AVAs 2f, 2c and 2p preserve the viability of osteoblastic and osteocytic
cells in vitro.

Figure 2. AVAs do not induce apoptosis and prevent cell death induced by proapototic agents in
osteoblastic and osteocytic cells. (A) Cell death was examined in osteoblastic cells pretreated for 1-h
with vehicle (control) or 3 different doses of AVA 2f, 2c and 2p, followed by exposure to vehicle (Vh,
dimethylsulfoxide (DMSO)) or etoposide for 6-h; (B,C) Cells were treated with vehicle (control) or 1 μM
AVAs for 1 h, followed by 6 h-treatment with the indicated compounds. Vh, vehicle; Eto, etoposide;
Dex, dexamethasone or H2O2. Cell death was assessed by trypan blue uptake. Bars represent the
means ˘ SD of n = 6 independent wells/treatment. * p < 0.05 vs. Vh control, and lines connect
conditions with significant differences by One-Way ANOVA, followed by Tukey method.

3.3. The Survival Effect of Avas in Osteoblastic Cells Does Not Require Nrf2 Expression

We examined whether activation of the Nrf2 pathway, a key component of the antioxidant
cellular defense mechanism, was involved in the protective effects of AVAs on osteoblastic cells,
by comparing the effects of AVAs in WT or Nrf2 KO osteoblastic cells. Pre-treatment with AVA
2f, 2c or 2p prevented cell death induced by etoposide, dexamethasone or H2O2 in WT primary
osteoblastic cells (Figure 3A). Surprisingly, AVAs were also effective in promoting survival in primary
KO osteoblastic cells (Figure 3B). Moreover, AVA 2f was more effective to decrease cell death in the
absence or in the presence of pro-apoptotic agents, in primary KO osteoblastic cells compared to WT
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cells. These findings demonstrate that the survival effect of AVAs on osteoblastic cells does not require
Nrf2 expression. Consistent with this conclusion, the mRNA expression of the Nrf2 target genes,
cytoprotective enzymes SOD1, HO-1 or GSTP1 were not affected by treatment with AVAs in MLO-Y4
osteocytic cells (Figure 3C).

Figure 3. The survival effect of AVAs in osteoblastic cells does not require the expression of Nrf2.
(A,B) Cell death was quantify by trypan blue uptake. Bars represent means ˘ SD of n = 6 samples per
treatment. * p < 0.05 vs. cells treated with vehicle, by One-Way ANOVA, followed by Tukey method;
(C) MLO-Y4 osteocytic cells mRNA levels were measured by qPCR and corrected by Mrps2. The bars
represent means ˘ SD, n = 5 replicates/treatment. * p < 0.05 vs. control, and lines connect conditions
with significant differences by One-Way ANOVA, followed by pairwise multiple comparisons using
Holm-Sidak method.

3.4. Nrf2 Is Not Required for the Regulation of Gene Expression and Survival of Osteoclasts by AVAs

We next examined the effect of AVAs on osteoclasts and the potential requirement of Nrf2.
Bone marrow osteoclast precursors lacking Nrf2 (KO cultures) treated with vehicle (control) produced
30% ˘ 2% more osteoclasts than WT control cultures (Figure 4A,B). In addition, KO control cultures
exhibited lower number of apoptotic osteoclasts compared to WT control cultures (13% ˘ 2% vs.
23% ˘ 2% for KO and WT, respectively). Although AVAs did not affect the number or the percentage
of dead osteoclasts in WT cultures (Figure 4A,B), AVAs 2f and 2p increased the percentage of apoptotic
osteoclasts in KO cultures to reach levels found in WT cultures. Consistent with the increased osteoclast
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number observed in KO cultures, the expression of genes that characterize mature osteoclasts, including
Cat K, CAL R and TRAPase, were higher in these preparations compared to WT cultures (Figure 4C).
AVA 2f did not affect osteoclastic gene expression either in WT control or KO cultures. AVA 2c increased
CAL R expression in WT cultures. Further, AVA 2p increased the expression of CAL R and TRAPase
in WT cultures, whereas it decreased CAL R in KO cultures. This latter effect is consistent with the
pro-apoptotic effect of AVA 2p on KO cultures (Figure 4A).

Figure 4. Cont.
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Figure 4. AVAs effect on the regulation of osteoclast gene expression and survival does not require
Nrf2 expression. Non adherent cells were differentiated into osteoclasts by treatment with Macrofage
Colony Stimulating Factor (M-CSF) and Receptor Activator for Nuclear Factor κB Ligand (sRANKL)
for 5 days and treated for 24-h with AVAs. (A) Osteoclast number and percentage of dead osteoclasts
were quantified by TRAPase-Hematoxylin staining n = 3 replicates/treatment; (B) Representative
images of osteoclasts stained for TRAP are shown; (C,D) Gene expression in Nrf2 WT and KO
cells. mRNA levels were measured by qPCR and corrected by GAPDH. Bars represent means ˘ SD,
n = 5 replicates/treatment. * p < 0.05 versus cells treated with vehicle by One-Way ANOVA,
followed by pairwise multiple comparisons using Holm-Sidak method. # p < 0.05 versus the
corresponding WT treatment by Two-Way ANOVA, followed by pairwise multiple comparisons
using Student-Newman-Keuls method.

As expected, KO cultures exhibit minimal expression of Nrf2 mRNA compared to WT cultures
(Figure 4D). AVAs did not change Nrf2 expression in cultures of either genotype. In addition,
NQO1 was the only antioxidant enzyme whose expression was dependent on Nrf2, as mRNA NQO1
transcripts were markedly reduced in KO compared to WT cultures (Figure 4D). In contrast, HO-1 and
SOD1 expressions were similar in cultures of both genotypes. AVA 2p increased NQO1 expression in
WT, but not in KO cultures. Similar results were obtained with AVA 2f and 2c, although the increase in
NQO1 expression did not reach significance in WT cultures. AVAs did not alter HO-1 in cells of either
genotype. In contrast, AVAs increased SOD1 expression in both WT and KO cultures, with AVA 2p
exhibiting the strongest effect. Taken together, these results show a differential effect of AVAs on the
expression of antioxidant enzymes that depends on the enzyme and of the presence or absence of Nrf2.

4. Discussion

The results of this study demonstrate that AVAs, compounds found uniquely in oats, regulate the
expression of some genes in osteoblastic cells and affect the life span of the bone cells, osteoblasts,
osteocytes and osteoclasts. Remarkably, AVAs were similarly effective in WT or Nrf2 KO cells to
exert their anti-apoptotic effects on osteoblastic cells and their pro-apoptotic effects on osteoclasts.
Although previous studies have shown that AVAs exert cytoprotective effects on other cell types
in vitro [50,51], to our knowledge, this is the first study that evaluates the effects of AVAs on bone
cell survival.

Osteoblasts express extracellular matrix proteins such as alkaline phosphatase, OCN and COL1A
during the cell proliferation, matrix maturation, and mineralization phases [52]. The levels of
mRNA expression of these osteoblast markers allows distinguishing the stages of differentiation
and maturation of osteoblasts. COL1A among others, is secreted during the early stage of osteogenic
differentiation, whereas OCN is a marker of a mature osteoblasts [53–55]. Our results revealed
that AVA 2c and 2p potentially enhanced osteogenic differentiation by increasing the expression
levels of COL1A. Cells of the osteoblastic lineage, osteoblasts, osteocytes and stromal/osteoblastic
cells, play an important role in bone remodeling by expressing pro- and anti-osteoclastogenic
cytokines [56–59]. These cells express the master osteoclast differentiation factor RANKL in response to
osteoclast-stimulating hormones and cytokines, including PTH, tumor necrosis factor and interleukin-1;
and they also express the RANKL decoy receptor OPG that inhibits osteoclastogenesis [45,58,60–62].
OPG protects bone from excessive resorption by preventing RANKL from binding to its receptor
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(RANK) [63]. In our study, the lowest doses of all three AVAs increased OPG in OB-6 cells, suggesting a
beneficial effect of AVAs by inhibiting osteoclast differentiation. Furthermore, we found that AVAs
2f and 2c decrease RANKL expression in MLO-Y4 osteocytic cells. Taken together these findings
suggest that AVAs could modulate osteoclastogenesis by altering the expression of RANKL and OPG.
Future studies are required to examine the relevance of our in vitro findings for the potential beneficial
effects of AVAs on the skeleton in vivo; and the mechanistic basis of the differential effects of individual
AVAs on bone cell gene expression.

Apoptosis plays a central role in the maintenance of skeletal mass and strength and several
molecular mechanisms are involved in apoptosis regulation in bone cells [64,65]. Changes in the
prevalence of osteoblast apoptosis have a significant impact in the number of osteoblasts present at
sites of bone formation and their function [66]. Hence, increased osteoblast apoptosis is at least partially
responsible for the decreased bone formation associated with the osteopenia induced by glucocorticoid
excess [67], and conversely, inhibition of osteoblast apoptosis might contribute to the anabolic effect
of intermittent administration of PTH [40,68]. Several studies have emphasized the importance of
osteocyte viability for the maintenance of bone structure and strength [69]. Accumulation of apoptotic
osteocytes preceded the increase in osteoclasts, suggesting a cause-effect relationship between dead
osteocytes and bone resorption [70,71]. Thus, the increased bone fragility that occurs as consequence
of glucocorticoid excess, sex steroid deficiency, immobilization and aging, is associated with increased
osteoblast and osteocyte apoptosis [72]. It is known that osteoclasts die by apoptosis after completing
a bone resorption cycle and that the majority of osteoblasts also die, whereas the remainders become
lining cells or osteocytes. Osteocytes also can die prematurely with devastating consequences for bone
fragility. Furthermore, it is recognized that systemic hormones, local growth factors, cytokines and
pharmacological agents, as well as physical stimuli such as mechanical forces regulate the rate of
bone cell apoptosis [66]. The data presented in this report indicate that AVAs do not induce apoptosis
of osteoblastic or osteocytic cells. However, AVAs inhibit the effect of several pro-apoptotic stimuli.
Moreover, AVA 2p induced apoptosis of KO osteoclasts. Similar to our findings with osteoclasts, AVA
2p induced apoptosis of the human cervical cancer cell line HeLa [73]. Because exaggerated ROS
induces apoptosis of osteoblasts and osteocytes whereas it preserves osteoclast viability, it is possible
that AVA actions are mediated by their antioxidant properties.

The Nrf2 pathway constitutes one of the major cellular defense mechanisms against oxidative
stress, as evidenced by the fact that mice lacking Nrf2 are prone to the damaging effects of oxidative
stress in different tissues [18,74]. The Nrf2 signaling pathway is emerging as a critical factor in
the regulation of bone metabolism [75]. Deletion of Nrf2 suppresses antioxidant enzymes and
elevates the intracellular ROS level in osteoclasts, increasing osteoclast number and stimulating
osteoclast activity [76,77]. Consistent with this previous evidence, we found that bone marrow
precursors in KO cultures presented higher number of osteoclasts and that the lack of Nrf2 also
enhances osteoclast survival. Furthermore, we showed that AVAs induce osteoclast apoptosis in KO
cultures. These findings are consistent with the fact that ROS is required for osteoclast generation
and survival. On the other hand, WT, as well as KO primary osteoblastic cells treated with
AVAs, were protected from apoptosis. This finding suggests that the pro-survival effect of AVAs
on osteoblastic cells as well as the pro-apoptotic effect on osteoclasts does not require Nrf2 expression.
Collectively, these outcomes demonstrate that AVAs, at the concentrations and exposure times tested,
act by mechanisms independent of Nrf2 in bone cells of both osteoblastic and osteoclastic lineage.
Future experiments are needed to determine whether the effective concentrations of AVAs in the
current study are found in the bone tissue after dietary intakes of these compounds.

We also found that NQO1 was the only antioxidant enzyme which expression is strictly dependent
on Nrf2; and that the expression of other antioxidant enzymes, including HO-1 and SOD1 was still high
in KO cultures, strongly suggesting that they are controlled by alternative factors. AVAs did not have a
major effect on the expression of these enzymes, recognized as Nrf2 target genes. However, AVA 2p
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increased NQO1 in WT cultures and SOD1 in both WT and KO cultures, suggesting that it activates
the endogenous antioxidant defense by a mechanism that does not involve Nrf2.

Our results demonstrating actions of AVA independent of Nrf2 appear to be inconsistent with
findings demonstrating that the increase in the expression of the antioxidant enzyme HO-1 induced by
AVAs is associated with Nrf2 nuclear translocation in human kidney cells [36]. This difference could
be due to the cell type, as well as the dose and time of treatment.

5. Conclusions

In conclusion, although further studies are needed to examine the mechanism(s) by which AVAs
regulate bone cell survival, our findings demonstrate that AVAs affect gene expression in bone cells
in vitro, as well as cell viability, preventing osteoblastic and osteocytic cell apoptosis and increasing
osteoclast apoptosis; and that these effects of AVAs in the studied cells are not mediated by Nrf2.
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Abstract: Yacon (Smallanthus sonchifolius), a perennial plant of the family Asteraceae native to
the Andean regions of South America, is an abundant source of fructooligosaccharides (FOS).
This comprehensive review of the literature addressed the role of yacon supplementation in promoting
health and reducing the risk of chronic diseases. According to several preclinical and clinical trials,
FOS intake favors the growth of health-promoting bacteria while reducing pathogenic bacteria
populations. Moreover, the endproducts of FOS fermentation by the intestinal microbiota, short chain
fatty acids (SCFA), act as substrates or signaling molecules in the regulation of the immune response,
glucose homeostasis and lipid metabolism. As a result, glycemic levels, body weight and colon cancer
risk can be reduced. Based on these findings, most studies reviewed concluded that due to their
functional properties, yacon roots may be effectively used as a dietary supplement to prevent and
treat chronic diseases.

Keywords: yacon; prebiotics; fructooligosacharides; functional food; chronic diseases

1. Introduction

Yacon (Smallanthus sonchifolius) is a perennial herbaceous plant of the family Asteraceae, native
to the Andean regions of South America [1,2]. This plant has a branching system that gives rise to
aerial stems about 2 to 2.5 m high. Yacon yields starchy, fruit-like roots of different shapes and sizes
that are usually consumed raw and taste sweet. Their crunchy texture very much resembles that of
an apple. One plant is estimated to produce more than 10 kilos of roots [3,4]. The fact that the yacon
plant adapts to different climatic regions, altitudes and soils explains its expansion outside the Andean
region. Yacon is currently cultivated in Argentina, Bolívia, Brazil, the Czech Republic, Ecuador, Italy,
Japan, Korea, New Zealand, Peru and the United States [4].

There is a variety of common names for yacon around the world. These include aricoma
and aricuma in Bolivia, jicama, chicama and shicama in Ecuador, and arboloco in Colombia.
However, the Spanish term yacon, derived from the Quéchua word “yaku” which means “watery”, is
the most used worldwide. Interestingly, water is the most abundant component of the yacon root [2,4].

Yacon roots’ water content usually exceeds 70% of the fresh weight while the major portion of the
dry matter consists of fructooligosacharides (FOS) [5]. FOS content ranges from 6.4% to 70% of the dry
matter (0.7% to 13.2% of the fresh weight) depending upon the specific crop and location. In yacon
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roots, the antioxidant capacity varies between 23 and 136 μmol/g trolox equivalent of the dry matter,
and total phenolic compounds represent 0.79% to 3.08% of the dry matter [6–8]. Figure 1 summarizes
the physicochemical and functional characteristics of yacon roots.

Figure 1. Chemical composition and functional properties of yacon roots.

The high content of FOS in yacon roots is considered to offer health benefits, as it can
reduce glycemic index, body weight and the risk of colon cancer [9]. Yacon functional properties,
long recognized by folk medicine, have been the subject of a number of research projects and clinical
trials [10]. Thus, the nutraceutical potential of yacon roots has garnered great public interest as a
dietary supplement. In this comprehensive review, we focused on yacon FOS health-promoting
benefits regarding human chronic diseases.

2. Fructooligosacharides: Bioactivity and Potential Health Benefits

Fructooligosacharides (FOS) are fructans consisting of linear short chains of fructose molecules.
Fructans are synthesized from sucrose in the cell vacuoles of plant leaves, stems and roots. They help
protect against drying out and are carbohydrate reserves in a wide number of plant families [11,12].
FOS are natural food components that can be found in garlic, onion, asparagus, artichoke, banana,
wheat and yacon. However, the highest concentrations of FOS are found in yacon [13].

FOS are able to escape enzymatic digestion in the upper gastrointestinal tract, reaching the
colon intact before undergoing microbial fermentation. FOS intake elicits a bifidogenic effect by
selectively stimulating the proliferation of bifidobacteria, a group of beneficial bacteria naturally
found in the human colon (Figure 2) [14–16]. Short chain fatty acids (SCFA), the endproducts of FOS
fermentation by the intestinal microbiota, can also favor the growth of health-promoting bacteria such
as Bifidobacterium spp. and Lactobacillus spp., while reducing or maintaining pathogenic populations
(e.g., Clostridium spp. and Escherichia coli) at low levels [17–19]. Thus, FOS are small soluble dietary
fibers that exhibit prebiotic activity.
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Figure 2. Yacon root consumption and health-promoting benefits of FOS.

The term prebiotic was coined by Gibson and Roberfroid in 1995 to describe a “non-digestible
food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity
of one or a limited number of bacteria in the colon, thus improving host health” [20]. This concept
was later revised by Roberfroid who redefined a prebiotic as “a selectively fermented ingredient that
allows specific changes, both in the composition and/or activity in the gastrointestinal microflora that
confers benefits upon host well-being and health” [21].

Several other concepts have been proposed since then, but they all describe a prebiotic as a
non-digestible compound able to selectively stimulate the growth of gut bacteria. According to the
criteria proposed by FAO at the technical meeting on prebiotics [22], to be classified as a prebiotic,
a compound must present the following qualifications: (a) component: a compound or substance
that can be chemically characterized—not an organism or drug normally presented as a food-grade
component; (b) health benefit: a compound or substance must resist digestion and absorption in the
small intestine, over-riding any adverse effects; and (c) modulation: a compound or substance must
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promote health-related changes in the composition and/or activities of the colonic microbiota in the
target host.

There is sufficient evidence to support the categorization of FOS as prebiotics. FOS offers
physiological benefits that justify its use as a food supplement, particularly in cases of chronic
diseases [14,23,24]. Since yacon has long been used in folk medicine for treating diabetes, constipation
and various other human diseases, the present study aimed at reviewing the mechanisms underlying
yacon FOS health benefits in colon cancer, diabetes, and obesity.

3. FOS Effects on Colorectal Cancer

Colorectal Cancer (CRC) is the third most commonly diagnosed type of cancer and a leading
cause of death in the Western world. Although family history is an important risk factor for CRC
development, only 15% of new cases have been linked to hereditary causes. In fact, the majority of
CRCs (80%) occur sporadically and are associated with acquired risk factors, such as lifestyle and
diet [25,26]. Dietary factors that potentially increase the risk of CRC include a high intake of red and
processed meat, saturated fats and refined starches [27,28]. Diabetes and obesity are also associated
with a higher risk of developing CRC [29].

Little is known about the feasibility, safety and efficacy of using dietary yacon to modulate or
suppress CRC. Our research group was the first to report the chemopreventive effects of yacon root
intake on dimethylhydrazine (DMH)-induced colon cancer in male rats. We showed a reduction in
cell proliferation, number and multiplicity of preneoplastic lesions and invasive adenocarcinomas in
a group receiving 1% of yacon powder [30]. In a more recent study evaluating the effects of yacon
aqueous extract on the initiation step of CRC carcinogenesis, we found that yacon aqueous extract
alone or that associated with Lactobacillus acidophilus (synbiotic formulation) reduced DMH-induced
DNA damage in leukocytes. Moreover, we observed a reduction in cell proliferation indexes and a
decrease in apoptosis levels in the group supplemented with the synbiotic formulation [31].

There is growing evidence that human intestinal microbiota plays an essential role in CRC
carcinogenesis. The interplay between the intestinal microbiota, the intestinal epithelium and the host
innate immune system is associated with several human diseases, including colitis and CRC [32,33].
Dysbiosis is a condition in which an imbalance in the microbial community favors the growth of
specific pathogens that are potentially pro-carcinogenic. Intestinal microbiota disruption also exerts a
great impact on colon metabolic profiles under the influence of the microbial community [34].

The influence of dietary habits on the composition of the microbiota has been widely accepted
in the scientific community, supporting the hypothesis that diet patterns can induce dysbiosis [35].
Hence, the yacon root is thought to be a good dietary supplement, since its high content of FOS can
selectively modulate the composition and function of the intestinal microbiota. FOS promote the
growth of bifidobacteria, a genus of Gram-positive pleomorphic rods that play a regulatory role in the
colon by inhibiting the growth of putrefactive bacteria. Bifidobacteria have been suggested to decrease
the expression of xenobiotic-metabolizing enzymes and stimulate the immune system in the colonic
mucosa [36–38].

FOS consumption also leads to increased SCFA production, primarily acetate, propionate and
butyrate. Recent findings suggest that SCFA can suppress inflammation and cancer by increasing
local immune response, decreasing colon pH and promoting ammonia and amine excretion [36,38].
During carcinogenesis, SCFA production in the colon by beneficial bacteria decreases cellular
proliferation and induces apoptosis, especially in colon tumor cells. In fact, increasing butyrate
production has also been shown to decrease the development of preneoplastic aberrant crypt foci
lesions and delay tumor progression in rats [30,39,40].

FOS can indirectly influence immune activity via SCFA production that modifies the intestinal
microbiota composition. SCFA promote a state of immune tolerance and modulate interleukin
(IL) production and natural killer (NK) cell activity [41]. Vaz-Tostes et al. [42] reported that the
consumption of yacon flour (0.14 g FOS kg body weight) over 18 weeks increased serum IL-4 and fecal
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secretory IgA in overweight preschool children with an inadequate dietary intake of zinc and fiber [42].
However, the role of prebiotic-induced immunomodulation in CRC is still unclear.

Increasing evidence suggests that FOS can also directly modulate the immune system through
the gut-associated lymphoid tissue (GALT) rather than the gut microbiota [43]. Natural plant
compounds such as fructans and polysaccharides may activate specialized immune cells (macrophages,
dendritic cells, lymphocytes and neutrophils) by mimicking pathogen-associated molecular patterns
(PAMPs) that bind to toll-like receptors (TLR), causing immunomodulatory effects [44]. For instance,
TLR-mediated activation of NK cells can promote IFN-γ production and thus increase anti-tumor
cytotoxicity. Furthermore, direct and indirect immunomodulation mechanisms can synergistically
induce robust regulatory cellular immune responses [45]. Indeed, yacon treatment increased cytokine
production (i.e., IL-10, IFN-α and IL-4) and the expression of toll-like receptor 4 (TLR4) and CD206 in
cells in infant mice [46,47]. The increase in the expression of these receptors in gut-associated immune
cells results in an enhanced status of the innate immune response with remarkable macrophage activity.
The increased phagocytic activity of macrophages, mediated by the CD206 receptor and TLR4, is able
to maintain colonic homeostasis without inducing inflammatory responses, reinforcing the intestinal
barrier against pathogens and improving anti-tumor defense [47,48].

Table 1 shows that the effects of yacon consumption on colorectal cancer include: (a) suppressed
cell proliferation; (b) reduced preneoplastic lesions; (c) significantly changed composition of the colonic
microbiota; and (d) modulated immune response in CRC.

Table 1. Effects of yacon consumption on colorectal cancer.

Yacon Source
Research, Subject Randomized,

Dose and Duration
Health Properties References

Dried extract of
yacon root

Mouse (BALB/c) Dose:
340 mg/kg day in diet, for 75 days

Growth of Bifidobacteria
and Lactobacilli Bonet et al. [16]

Dried extract of
yacon root

Rats (Wistar) Dose: 0.5%, 1.0%
(20.4% FOS) in diet for 13 weeks

Reduce tumor multiplicity,
preneoplastic lesions and

cell proliferation
De Moura et al. [27]

Aqueous extract of
yacon root

Rats (Wistar) Dose: 2.2 mL
(1% FOS) for 8 months

Reduce DNA damage and
cell proliferation Almeida et al. [28]

Dried extract of
yacon root

Mouse (BALB/c) Dose: 3.0%,
5% FOS in diet for 30 days

Improves the immune
parameters Delgado et al. [46]

4. FOS Effects on Diabetes

Diabetes is the most common chronic disorder in developed countries, and a leading cause of
death worldwide, with the global prevalence being 8.4% among adults (>18 years) in 2014 [49].
Obesity and physical inactivity have been related to increased risk of developing diabetes.
Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia resulting from
defects in insulin secretion and/or insulin action. Untreated chronic hyperglycemia can cause
long-term tissue damage and dysfunction that might lead to adverse outcomes such as skin ulcers
and amputations. Type 2 diabetes mellitus, characterized by insulin resistance and pancreatic β-cell
dysfunction, is the most common form of diabetes [50,51].

The current standard care for diabetes type 2 prevention and management is dietary
intervention [52]. Hence, antidiabetic nutraceuticals, such as yacon, with reduced or no side effects have
been high in demand. Due to their hypoglycemic properties, yacon roots have long been recognized by
folk medicine as an effective alternative for diabetes treatment. Moreover, yacon roots, either crude or
refined, can be used as low-calorie sweeteners by dieters as well as people suffering from diabetes [53].

Several preclinical and clinical trials have shown that yacon root FOS have a notable hypoglycemic
effect. In an experiment using streptozotocin-induced diabetic rats, the number of insulin-positive
pancreatic cells and glucagon-like peptide-1 (GLP-1) significantly increased, while visceral abdominal
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fat was reduced and fasting insulin serum levels were slightly increased in diabetic rats supplemented
with yacon flour (340 or 6800 mg FOS/kg body weight (bw).) for 90 days [54]. In another study
using Zucker fa/fa male rats, yacon at 6.5% in chow reduced blood glucose levels and improved
hepatic insulin sensitivity. In this case, dietary yacon significantly reduced Trb3 hepatic expression
and increased Akt expression, improving insulin sensitivity in the liver [55].

In a trial evaluating the daily intake of freeze-dried yacon among elderly individuals, FOS content
(7.4 g) was positively correlated with decreasing serum glucose levels [56]. Among obese and slightly
dyslipidemic pre-menopausal women, Genta et al. observed that yacon syrup at 0.14 g/kg bw reduced
fasting serum insulin and was significantly associated with decreased beta-cell function and insulin
resistance in a homeostasis model assessment (HOMA), suggesting that yacon syrup FOS promote
glucose absorption in peripheral tissues and improve insulin sensitivity via SCFA production [57].

Plasma glucose homeostasis is achieved through a tightly controlled balance between
glucose input (food intake and liver production) and glucose uptake by multiple organs [58].
FOS putative effects on glucose disposal and insulin tolerance are mediated via multiple mechanisms.
These mechanisms are part of the milieu of interactions that take place between the intestinal
microflora and the host metabolism, and converge to a similar outcome—the production of SCFA
by FOS fermentation. SCFA produced by the intestinal microbiota are promptly absorbed in the
colon and conveyed into blood, where they play their physiological roles as substrates or signaling
molecules [59–61].

Several studies have been conducted to elucidate the underlying mechanisms of SCFA on glucose
homeostasis. For instance, acetate has been shown to reduce free fatty acids (FFA) plasma levels,
which are known to cause peripheral insulin resistance in obese individuals, inhibiting glucose uptake
and glycogen synthesis [62]. The oral administration of propionate to both diabetic hyperglycemic
and normal rats has been shown to decrease gluconeogenesis by increasing AMPK expression in the
liver [63]. SCFA have also been reported to affect glycemic levels through the gut hormones peptide
YY (PYY) and GLP-1 by directly activating colonic free fatty acid receptors 2 and 3 (Ffar2 and Ffar3).
PYY and GLP-1 have also been proposed to improve plasma glucose levels after a meal in a dependent
manner, stimulating insulin and inhibiting glucagon secretion in the pancreas [64,65].

Table 2 shows that the effects of yacon consumption on diabetes include: (a) increased glucose
absorption in peripheral tissues; (b) decreased gluconeogenesis; (c) improved insulin tolerance in the
liver; and (d) increased insulin secretion in the pancreas.

Table 2. Effects of yacon consumption on diabetes.

Yacon Source
Research, Subject Randomized,

Dose and Duration
Health Properties References

Yacon flour

Rats (Wistar)
Increase insulin-positive

pancreatic cell Habib et al. [54]Dose: Yacon flour (340 mg
FOS/kg/day) for 90 days

Dried extract of
yacon root

Rats (Zucker fa/fa) Improve insulin sensitivity
in the insulin-resistant state

Satoh et al. [55]
Dose: 6.5% yacon for 5 weeks

Dried extract of
yacon root

Elderly man and woman
Decrease in serum

glucose levels Scheid et al. [56]Dose: Yacon powder (7.4 g of FOS)
for 9 weeks

Yacon syrup

Obese and slightly dyslipidemic
pre-menopausal women Improve insulin-resistance

state
Genta et al. [57]

Dose: Yacon syrup (0.29 g and 0.14 g
FOS/kg/day), for 120 days
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