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37.1 Background

Apples are fruits of the apple tree, Malus domestica. The apple tree belongs to the family of Rosacea, to which
plum, pear, apricot, and cherry trees, among others, also belong. The modern apple tree originates from from the
wild apple Malus sieversii, which has its home in the mountains of central Asia, and has been cultivated for sev-
eral thousand years, with a lesser influence from other wild-type apple species such as M. sylvestris (Cornille
et al., 2012), as determined via genetic analyses. Many cultivars exist; over 7500 are grown world-wide (USDA,
2015a). In most developed countries however, the market is dominated by merely a dozen or so of the .7500
existing varieties (Table 37.1), including several older cultivars which have been grown for over six decades or
so, such as Cox Orange, Boskoop, Golden Delicious, Granny Smith, and rather modern ones, which have been
around for only a few decades, such as Gala, Topaz, and Jonagold (Morgan and Richards, 2002). As many varie-
ties are also produced locally, favoring temperate to subtropical climate zones (Fig. 37.1), local apple consump-
tion may have a more favorable CO2 imprint compared to fruits transported over long distances.

Apples rank, in most cultures, especially in the western world, number one or two (together with bananas) in
terms of fruit consumption (USDA, 2012), being often as high as 20�30 kg/capita per year, thus contributing sig-
nificantly to the “5-a day” recommendation, advertised by many nutrition and health agencies such as the WHO.
Many epidemiological studies have highlighted the association between the consumption of fruits and
vegetables (especially in raw or limited processed form), encompassing apples, and reduced incidence of several
chronic diseases, including cardiovascular diseases (CVD), type-2 diabetes (T2D), and several types of cancer.
Though it is not entirely comprehended which constituents of the apple fruit contribute mostly to the associated
health benefits, it is thought that the combination of dietary fiber (e.g., pectins), vitamins (such as vitamin C),
minerals (e.g., potassium), and trace elements, together with secondary plant compounds or “phytochemicals,”
including especially polyphenols, phytosterols and triterpenes, are responsible for the observed health benefits.

In addition, apples contain digestible carbohydrates (fructose, glucose, sucrose), contributing to energy intake,
approximately 55 kcal/100 g fresh fruit (Souci et al., 2000). Given their important contribution to fruit intake, and the
attributed health aspects, “an apple a day keeps the doctor away” became a proverb in the later 19th century. This
chapter aims to highlight the important contribution of apples to our daily intake of fibers, micronutrients, and phyto-
chemicals, evaluating whether, based on current scientific criteria, apples can indeed help to keep disease at bay.

37.2 Overview on nutritional and nonnutritional composition

The typical composition of apple fruits, in short termed apple in the following, is summarized in Table 37.1.
Apples are generally low in proteins and lipids, and comparatively low in dietary fiber, of which most is
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TABLE 37.1 Composition of apple fruits with respect to macro- and micronutrients, as well as major phytochemical classes.

Constituent Amount Reference(s)

Water (g/100 g) 85 Souci et al. (2000), USDA (2015c)

Lipids (g/100 g) 0.2�0.6 Souci et al. (2000), USDA (2015c)

Proteins (g/100 g) 0.25�0.45 Souci et al. (2000), USDA (2015c)

Carbohydrates (g/100 g) 10.4�11.5 Souci et al. (2000), USDA (2015c)

• Fructose
• Glucose
• Sucrose

2.0 Souci et al. (2000)
5.7 Souci et al. (2000)
2.5 Souci et al. (2000)

Dietary fiber (g/100 g) 2.0�2.4 Souci et al. (2000), USDA (2015c)

• Water soluble
• Water insoluble

0.5
1.5

Total minerals (mg/100 g) 300 Souci et al. (2000)

• Magnesium
• Calcium
• Potassium
• Sodium

3�9
4�11
100�175
1

Phytosterols (mg/100 g) 12/30 Souci et al. (2000), Rudell et al. (2011)

• Beta-sitosterol
• Campesterol

11
1

Total polyphenols (mg/100 g) 85�430a Bouayed et al. (2011a)

Total polyphenols (mg/100 g) 50b Rothwell et al. (2013)

Total triterpenes (mg/100 g) 40�350 Jager et al. (2009), Andre et al. (2012)

Vitamin C (mg/100 g) 12 Souci et al. (2000)

Vitamin E (mg/100 g) 0.2�0.5 Souci et al. (2000), USDA (2015c)

Total carotenoids (μg/100 g) 37�46 Souci et al. (2000)

aDetermined via Folin�Ciocalteu (bearing the risk of overestimation).
bSum of individual polyphenols, determined by HPLC-UPLC.

FIGURE 37.1 Graph on apple production (left) and apple consumption (right) worldwide. Source: Data based on the World Apple and Pear
association (http://www.wapa-association.org/asp/page_1.asp?doc_id5 446) and index mundi (http://www.indexmundi.com/agriculture/?commodi-
ty5 apples&graph5 fresh-domestic-consumption).
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cellulose (40%), hemicelluloses (20%), lignins (15%), and pectins (10%) (Chen et al., 1988). Apples are relatively
rich in sugars, especially glucose, sucrose, and fructose, which are the main energy providing constituents in
apples. The mineral content, as with many other fruits, is relatively low, except for potassium. For an appropriate
taste, balancing the sugar content, various acids are of importance, notably citric acid and malic acid, with con-
tents of approximately 500 mg/100 g in total (Table 37.2; Souci et al., 2000). However, it has been questioned
whether varieties sold nowadays are containing too much sugar, and too little dietary fiber and other healthy
constituents such as antioxidants. Thus going for the most frequently sold and optically attractive apple may not
be the best strategy with respect to healthy composition.

While apples contain also a variety of other vitamins such as B6, pantothenic acid, nicotinamide (each below
300 μg/100 g), and vitamin E, that is, tocopherols (0.5 mg/100 g), they are possibly most renowned for their contri-
bution to vitamin C intake, though typical contents are around 10 mg/100 g (Souci et al., 2000; Rad et al., 2014),

TABLE 37.2 Composition of various apple varieties with respect to selected macro- and micronutrients, as well as major
phytochemical classes (results from Bouayed and Bohn, unpublished), harvested in Luxembourg in 2010/2011.

Variety (year of
market introduction)

Dry

mass Titratable acidity
Sugars

Total

phenolics Flavonoids FRAP

ABTS

/VEAC
Anthocyanins

P
macro-

minerals

P
trace

elements

% mgCA/100 g
g/
100 g

mgGA/
100 g

mgCAT/
100 g

μmol Fe
II/100 g

mgVitC/
100 g mgC3G/100 g mg/100 g mg/100 g

Jonagold (1968) 12.6 364 11.9 137 92.7 1027 261 1.04 111 0.254

Pinova (1986) 14.9 344 13.5 109 79.0 877 331 0.20 169 0.416

Cox orange (1829) 15.5 428 13.0 166 118.3 1339 396 0.48 153 0.330

Pilot (1830) 15.3 486 13.4 109 77.9 949 322 0.28 157 0.233

Rubinette (1964) 17.8 393 15.3 134 89.5 1065 293 0.13 170 0.289

Winter-Rambour
(1904)

16.0 352 13.9 229 153.6 1537 448 0.49 178 0.285

Jonagored (1985) 13.2 239 12.9 163 116.9 1181 398 0.54 107 0.242

Golden Delicious
(1914)

15.9 253 13.6 98 66.7 777 253 0.06 140 0.246

Jonaprinz (1994) 15.1 358 13.9 164 135.4 1328 664 1.14 134 0.288

Mutsu (1930) 15.8 328 14.3 176 113.4 1306 370 0.03 123 0.307

Fuji (1930) 14.9 179 14.2 86 59.1 702 232 0.19 121 0.203

Elstar (1950) 15.4 500 14.0 113 64.5 937 261 0.34 143 0.298

Braeburn (1952) 15.0 363 13.6 107 67.2 800 225 0.54 94 0.334

Boskoop (1856) 16.5 699 14.2 234 143.9 1465 632 0.24 135 0.392

Grauapfel (1500) 20.8 789 16.6 434 338.6 3143 1142 0.03 241 0.591

Roter Trierer
Weinapfel (1862)

16.5 334 12.7 198 154.7 1685 601 0.89 138 0.302

Graham apfel (1890) 13.1 450 10.2 142 113.6 1104 449 0.04 156 0.229

Florina (1980) 17.0 442 15.3 130 91.9 1097 342 2.27 187 0.417

Eifeler rambour
(1904)

16.9 376 11.5 243 189.2 1884 739 0.08 145 0.265

Topaz (1990) 14.9 692 12.7 87 57.2 695 270 0.53 143 0.360

Goldparmane (1800) 18.6 564 15.3 253 161.6 1808 675 0.19 170 0.247

Hilde (?) 14.8 534 11.7 nd nd nd nd nd 157 0.292

Granny smith (1868) 15.3 742 12.3 nd nd nd nd nd 183 0.560

Abbreviations: ABTS, 2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); GA, gallic acid equivalents; CAT, catechin equivalents; C3G, cyanidin 3-glucoside

equivalents; CA, citric acid equivalents; nd, not determined; FRAP, ferric reducing antioxidant power assay; VEAC, vitamin C equivalent antioxidant capacity;
P

macrominerals, Mg, Ca, K, Na;
P

trace elements, Fe, Zn, Se, Mn; ?, unknown.
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and are therefore not specifically high, considering the recommended dietary allowance (RDA) of 75 mg/d.
However, when expressed as total antioxidant capacity, encompassing also tocopherols, polyphenols, and other
antioxidants as vitamin C equivalent units, apples contain up to 1140 mg/100 g, contributing significantly to antiox-
idant intake (Bouayed et al., 2011a).

Most notably, apples are reasonably rich in polyphenols and triterpenes, both up to ca. 100 mg/100 g
(Table 37.1), and also contain around 12 mg/100 g phytosterols, all of which will be discussed in more detail in
this chapter. As these phytochemicals are not essential, that is, their absence in the diet is not related to the devel-
opment of a specific deficiency disease, they are not strictly classified as nutrients, though the misnomer “phyto-
nutrients” is occasionally employed. Accordingly, no RDA or similar recommendation exists for phytochemical
intake. However, as discussed in the following, their consumption has been related to the reduced risk of several
chronic diseases. Historically, in animal trials, several of these phytochemicals have been earlier termed “antinu-
trients,” due to their ability to reduce the bioavailability of several essential nutrients, notably divalent minerals,
and in part of proteins and carbohydrates, limiting animal growth rates. These “antinutrients” include several
polyphenols, especially tannins (Maniyan et al., 2015), due to their ability to complex digestion enzymes, limiting,
for example, glucose uptake, and dietary fiber, chelating (together with polyphenols) several divalent minerals,
making them unavailable for absorption (Bohn, 2014). In addition, apples, specifically apple skin, contain low
amounts of phytic acid (ca. 90 mg/100 g dry mass (Maniyan et al., 2015)), which also has the tendency to com-
plex divalent minerals, rendering them unavailable (Bohn et al., 2004). Nevertheless, compared to certain cereals
or legumes rich in tannins (up to 10% of their dry mass (Berard et al., 2011)) and rich in phytic acid (up to 6% for
some bran types such as wheat bran, (Reddy and Sathe, 2002)) apples’ antinutritive content and their effects can
be judged as low.

Not considering juices, while some apples end up in cakes or as puree, the majority are consumed in raw form.
There is a certain controversy whether apples (and also other fruits) should be consumed peeled versus nonpeeled,
that is, with or without skin, as emphasized by publications entitled “to peel or not to peel, that is the question”
(Hassan and Williams, 2002; Kuhn, 2002). In fact, apple peel or skin, due to its waxy and therefore lipophilic consis-
tency, and being in direct contact with the environment, has a tendency to accumulate certain pesticides at higher
concentrations compared to apple flesh (Kovacova et al., 2014). On the other hand, due to their liphophilicity, phy-
tosterols as well as triterpenes are almost entirely found in the peel (Rudell et al., 2011; Andre et al., 2012). In addi-
tion, polyphenol content is four (Henriquez et al., 2010) to 10 (Giomaro et al., 2014) times higher in the peel than in
the flesh; peeling may remove as much as 25% of total apple phenolics (Kevers et al., 2011). This is in part due to
the higher concentration of red-colored anthocyanins, which add (in addition to carotenoids) to apple pigmentation,
and are situated almost entirely in the skin. Peel can also contain 15%�40% of total ascorbic acid (Lata and Tomala,
2007). Peeling would thus also entirely result in loss of provitamin A carotenoids, though concentrations are also
relatively low in the peel, approximately 40 μg/100 g (Souci et al., 2000), compared to, for example, 10 mg/100 g or
so in some leafy vegetables (Biehler et al., 2012). Dietary fiber content is also higher in the peel when expressed as
per weight basis (Leontowicz et al., 2007), and peeling may remove as much as 50% fiber (USDA, 2015c). The best
solution in this respect may be to opt for organically grown apples (see also Section 37.5.2) and to consume apples
with the peel, in order to assure a higher intake of health beneficial constituents.

The most frequently consumed apple product is apple juice, with a consumption of approximately 8.3 L/year
per capita in the United States (USDA, 2015b). Compared to whole apples, apple juice is lower in dietary fiber
(,1 g) and polyphenol content, which is partly associated with the dietary fiber; and juices also contain less
(unless added to counterbalance losses) ascorbic acid (Souci et al., 2000; Rothwell et al., 2013). Consequently, it
may be assumed that nutritional and health benefits from juices may therefore be more limited, especially in
sight of the negative effects that have been associated with the consumption of fructose-containing beverages
(Stanhope, 2016). However, this also depends on the type of juice, with, for example, clear juice being lower in
dietary fiber and polyphenols than nonfiltered cloudy apple juice.

37.3 Health benefits

37.3.1 General aspects

Due to their frequent consumption in many countries, apples and their constituents have been investigated in
an array of studies with respect to their potential health benefits. In general, studies can be divided into epidemio-
logical, that is, observational studies, intervention trials (with whole apples or apple constituents or extracts),
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studies on animals, and those rather focusing on mechanistic aspects, that is, laboratory (in vitro) investigations,
often employing cell-culture models such as Caco-2 or other epithelial cells. The difficulty to prove health benefits
of apples or apple constituents rests in the complex nature of our diet and food items, including apples, and asso-
ciated confounding factors. For example, subjects regularly consuming apples may also consume other fruits and
vegetables more often, or follow a generally healthier lifestyle. Pinpointing the relevant health beneficial constitu-
ents proves even more challenging, as apples are rich in many potentially health beneficial compounds, which
often are present simultaneously, for instance, fiber and polyphenols. On the other hand, serving only individual,
isolated compounds, may significantly alter important effects that the matrix or synergistically active compounds
may have, plus potentially compromising optimal dosing and bioavailability of constituents (see Section 37.6).

37.3.2 Epidemiological evidence

Following large observational studies, many of which have been prospective, it is almost certain that the con-
sumption of fruits and vegetables is positively associated with a reduced risk of developing various chronic dis-
eases, and can reduce overall mortality, though typically three to five or even more portions per day (one portion
being defined as 80�100 g) appear to be required to show significant health effects (Joshipura et al., 2001; Crowe
et al., 2011).

Does apple consumption keep the doctor away? This colloquial proverb was tested in a cross-sectional study
in .8700 non-institutionalized US adults by Davis et al. (2015). More precisely, daily apple eaters consuming at
least 150 g apple (one)/d were compared to nonapple eaters, based on 24-h dietary recalls. Within the observa-
tion period (1�2 years), 39.0% of apple eaters avoided physician visits versus 33.9% of nonapple eaters (P5 .03).
When however adjusting for sociodemographic aspects and health-related confounders, this effect was no longer
statistically significantly different. A marginal significant effect related to fewer prescriptions was however
noticed in the apple consumers.

In a cross-sectional study targeting blood pressure (Oude Griep et al., 2013), consuming apples was positively
associated with a small but significantly reduced diastolic blood pressure (0.4 mm Hg), though only in Asian sub-
jects (n5 ca. 2000), for which in part dietary fiber, potassium, and magnesium were suggested to play a role,
with potassium perhaps contributing to lower sodium intake or uptake. Similarly, in a prospective study by
Larsson et al. (2013), including almost 75,000 participants from Sweden, the combined consumption of pears and
apples was associated with a significantly reduced risk (11%) of stroke, and certain antioxidants (vitamin C, caro-
tenoids, polyphenols) were mentioned that could have been implicated in health beneficial mechanisms.

Wedick et al. (2012) investigated the relation between apple consumption and the incidence of T2D diabetes in
70,359 women of the Nurses’ Health Study. It was found that the intake of apples and pears was significantly
correlated with lower risk of T2D (pooled HR: 0.77 from a comparison of $ 5 servings/week with ,1 serving/
month; 95% CI: 0.65, 0.83; P-trend , .001), possibly related to the influence of polyphenols on glucose uptake, on
Glut4 expression, and influences on the nuclear receptor NF-κB, involved in proinflammatory cytokine forma-
tion. These results have also been corroborated by others (Muraki et al., 2013).

In another study summarizing case-control studies, colorectal cancer rates were lower in subjects consuming
more apples (odds ratio (OR): 37%, (Jedrychowski and Maugeri, 2009)). In an additional multicenter case-control
study with almost 600 patients, the consumption of apples was significantly associated with reduced risk of several
types of cancer, including esophagus, larynx, oral cavity, colorectum, ovary, and prostate, with an OR as low as
0.58 (Gallus et al., 2005), and flavonoids and phenolic acids were mainly discussed as potential responsible agents.

It has to be noted that negative reports, especially related to apple juice consumption, have also been reported.
In a cross-sectional study based on the US NHANES data by DeChristopher et al. (2016), intake of apple juice in
2�9-year-old children was associated with increased risk of developing asthma when contrasting .5 times a
week versus ,1/month consumption, even when adjusting for other beverages (OR 2.43). These negative effects
were attributed to higher fructose consumption. In addition, excessive fruit juice consumption has been associ-
ated with negative effects on growth in children, possibly due to a reduced intake of other essential nutrients
such as proteins (Smith and Lifshitz, 1994).

In summary, despite potential negative effects of excessive apple juice consumption, there is good evidence
that whole (raw) apple consumption has health beneficial effects with respect to cardiovascular health, including
T2D, and cancer prevention, though these studies cannot, due to their observational nature and the many con-
founding factors, prove causality, nor can they shed much light on which constituents may be responsible for the
observed effects.
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37.3.3 Intervention trials with whole apples or apple juice

Intervention trials can, if conducted in a well-controlled (e.g., randomized) fashion, establish a cause-and-
effect relationship. However, they are more costly and time intensive per subject than epidemiological studies,
and due to shorter observation time, hard endpoints (disease, mortality) are more difficult to include.
Consequently, often softer, surrogate markers, have to be considered. Furthermore, as raw whole apple constitu-
ents are more difficult to measure analytically, and juice more convenient to consume, the majority of trials have
been conducted with apple juices.

In a crossover study with 20 healthy subjects by Soriano-Maldonado et al. (2014), vitamin C-rich apple juice
(60 mg/L vitamin C and 510 mg catechin equivalents/L) was contrasted with apple juice rich in polyphenols
(22 mg/L vitamin C and 993 mg catechin equivalents/L). The vitamin C-rich juice was superior in reducing
total-cholesterol as well as the HOMO-IR index, a marker of glucose handling, following 4 weeks of consumption
(250 mL/d). ICAM-1 (intercellular adhesion molecule-1) and VCAM-1 (vascular cell adhesion molecule), markers
of endothelial function, were also lowered more pronouncedly compared to the polyphenol rich juice group.
Pointing perhaps in a similar direction, in a placebo controlled intervention trial, apple consumption (40 g dried
apples/d) rich versus low in polyphenols (1.4 vs. 0.2 g/d) did not reduce plasma lipid levels or improve endo-
thelial function during a 4-week period (Auclair et al., 2010), highlighting that polyphenols alone may not be the
primary important compounds influencing health markers in apples.

In a 53 4 week crossover intervention trial with 34 healthy subjects, various apple sources (whole apple, apple
pomace, cloudy apple juice, clear apple juice) were given (Ravn-Haren et al., 2013). While no effects were observed
on HDL-C, TG, BP, hs-CRP (high sensitivity C-reactive protein), and markers of glucose metabolism (insulin, IGF-
1, IGF-BP3), cloudy apple juice and whole apples reduced LDL-C, suggesting that the effect may stem from die-
tary fiber. Consumption of cloudy apply juice (750 mL) for 4 weeks (Barth et al., 2012) also significantly reduced
the percentage of body fat during this randomized placebo controlled trial in obese (but nondiabetic) subjects.

In a study on postmenopausal women (n5 100), consumption of dried apple versus dried plums (75/d during
12 months) was compared. Though no differences were found between the groups with respect to blood lipids,
both interventions significantly improved total-C and LDL-C, as well as serum CRP and lipid hydroperoxide
levels compared to respective baseline values (Chai et al., 2012), and dietary fiber was speculated to play the
major role in explaining these observations.

In conclusion, intervention trials with whole apples or apple juices have shown several health benefits as mea-
sured by markers of CVD such as oxidative stress, inflammation, and blood lipids. Based on these results, it may
by hypothesized that in addition to polyphenols and vitamin C, also other constituents such as dietary fiber con-
tribute synergistically to the observed health effects. It also appears that fructose, when consumed in apples or
apple juices, does not appear to have negative consequences.

37.3.4 Intervention trials employing animals

Being somewhat less influenced by ethical restrictions, a number of more invasive, complex and well-
controlled studies have been conducted on animals, many of which have focused on neuroprotective aspects and
on emphasizing positive effects on colonic microflora.

In a study by Viggiano et al. (2006), rats fed for 10 weeks with a fresh apple-supplemented diet presented sig-
nificantly higher antioxidant status (superoxide dismutase (SOD)) and less anxiety compared to a control group.
Similar results were obtained following apple juice consumption by mice in a study by Rogers et al. (2004).
Animals were prone to develop Alzheimers’ disease, and received 0.1% or 0.5% apple juice in drinking water ad
libitum for 10 weeks. It was found that apple juice consumption improved TBARs (thiobarbituric acid reactive
substances) in brain, and improved performances in Y and T maze tests, suggesting neuroprotective effects. The
interrelation between polyphenol consumption and neuroprotection through reduced inflammation and oxidative
stress, possibly via altering gene expression, had been emphasized earlier by other researchers (Reglodi et al.,
2017). Such effects have even been related to anxiety, which deserves more studies. For instance, rosmarinic acid
is a polyphenol in the apple skin, which was shown to reduce anxiety in rats when given at 2�4 mg/kg bw.
(Pereira et al., 2005).

As both polyphenols and dietary fiber act via the microbiota, influencing lipid metabolism and bile metabolism,
this interrelation has recently been highlighted (Koutsos et al., 2015). Colonic effects regarding gene expression
were also shown in a study on rats receiving apple juice for 10 days, showing upregulation of antioxidant ARE-
dependent genes in the distal colon, such as GPX2, GSR, CAT, Nrf2, as well as GPX-1 and NQO in the liver
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(Soyalan et al., 2011). The superior effect of cloudy apple juice that is richer also in pectins compared to clear apple
juice has been shown in a rat study, reducing hyperproliferation and aberrant crypt formation (Barth et al., 2005).

37.4 Biocative phytochemicals—in vitro and cellular trials

37.4.1 Overview

As in apples, the more abundant bioactive compounds include dietary fiber, polyphenols, triterpenes, (Boyer
and Liu, 2004; Hyson, 2011), and, to a lesser extent, plant sterols. These plant metabolites will be discussed in the
following, though polyphenols have received the most attention. Ascorbic acid contributes to only approx. 0.4%
of total antioxidant capacity in apples (Gallus et al., 2005) and will therefore not be further discussed here.

As apples are also rich in sugars, and especially fructose has been shown to potentially have lipidogenic
effects, especially when consumed without matrix and in higher concentrations, such as in high-fructose corn
syrup (HFCS), it has been speculated whether apples lower in sugar, especially fructose, would be more health
beneficial. However, due to their fiber-containing matrix, low glycemic index (GI, around 28�44 (http://www.
glycemicindex.com)), even for apple juice (39�44), apples do possibly not pose much burden on either insulin
secretion or lipid formation in the liver, especially as the fructose content compared to total sugar content is like-
wise low, possibly not posing any detrimental health effects (Memon and Kumar, 2013).

37.4.2 Dietary fiber

Apples contain up to ca. 2.5 g/100 g of dietary fiber, the majority being water-insoluble cellulose, lignins, or
insoluble hemicelluloses (Fig. 37.2), with the remainder being partly water-soluble hemicelluloses and pectins.
While cellulose is of rather crystalline form, very stable during gastrointestinal digestion and poorly fermented
(20%�80%) by colonic microbiota, hemicelluloses are partly and pectin fermentable to a large extent, about 60%�
80% and almost 100%, respectively, with lignin almost being non-fermentable (FAO, 2015). As in most countries,
dietary fiber consumption is below the recommended 25/38 g/d (female/male, RDA), the consumption of apples
can significantly contribute to fiber intake, as actual fiber intake is only around 15 g/d for many countries.

FIGURE 37.2 Dietary fiber composition of apples (according to Anderson and Bridges, 1988).
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The soluble and fermentable fibers in particular have raised much interest, due to their potential to produce
short-chain fatty acids (SCFA), such as butyrate or propionate, which have been shown to possess ant-
iinflammatory properties. In addition, some types of fibers may act as prebitotics, influencing gut microbiota
composition, possibly fostering a more healthy microflora. Though not unanimously accepted, some types of pec-
tins could be counted as prebiotics (Yoo et al., 2012). Furthermore, due to their swelling and gel-forming proper-
ties in the gut, pectins may add to satiety (Logan et al., 2015), limiting calorie intake. For example, 12 T2D
subjects consuming 20 g apple pectin per day for 4 weeks showed significantly slower gastric emptying and
improved glucose tolerance following an oral loading test (Schwartz et al., 1988). This property has resulted in
novel ideas toward the production of functional foods. A health claim for pectin and reduced postprandial
response has been granted by the EFSA (ID 786).

Finally, dietary fiber decreases gastrointestinal total passage time, increasing the rate of defecation, possibly, in
addition to the increased colonic bulk, reducing the likelihood of negative interactions between the gut epithe-
lium and potential toxic compounds, decreasing cancer incidence (Bradbury et al., 2014). Going into further detail
here would be beyond the scope of this article, but health benefits of pectins have been reviewed elsewhere
(Babbar et al., 2016).

37.4.3 Polyphenols

Polyphenols, produced in plants via the shikimate or the acetate pathway, with several thousand compounds
existing (Bohn, 2014), comprise quite a diverse group of different compounds. Polyphenols possess at least one
phenolic group, though exact definitions vary. A major differentiation can be made between flavonoids and non-
flavonoids. Table 37.3 lists major polyphenols occurring in apples, with the main classes being flavonoids and

TABLE 37.3 Major polyphenols in raw (unpeeled) apples.

Polyphenol Polyphenol class Concentration (mg/100 g) Reference

Phenolic acids

Gentisic acid Hydrobenzoic acids 0.22 Rothwell et al. (2013)

Syringic acid 0.90 Rothwell et al. (2013)

Chlorogenic acid Hydroxycinnamic acids 12�16 Bouayed et al. (2012)

Cryptochlorogenic acid ,0.1 Bouayed et al. (2012)

Caffeic acid ,0.1�0.3 Bouayed et al. (2012), Rothwell et al. (2013)

p-Coumaric acid 0.3�1.14 Rothwell et al. (2013), Bouayed et al. (2012)

Flavonoids

Cyanindin-3-O-galactoside Anthocyanins 0.81 Rothwell et al. (2013)

Quercetin-3-O-galactoside Flavonoles 2.6�6.6 Rothwell et al. (2013), Bouayed et al. (2012)

Rutin 1.2 Bouayed et al. (2012)

Quercetin-3-O-glucoside 0.3�0.9 Bouayed et al. (2012)

Quercetin-3-O-rhamnoside 1.3�3.7 Rothwell et al. (2013), Bouayed et al. (2012)

Quercetin 3-O-arabinoside 1.4 Bouayed et al. (2012)

Quercetin 3-O-xyloside 0.8 Rothwell et al. (2013)

Catechin Flavan-3-ols 1.22 Rothwell et al. (2013)

Epicatechin 4.8�8.4 Bouayed et al. (2012), Rothwell et al. (2013)

Procyanidin B2 5�15 Bouayed et al. (2012), Rothwell et al. (2013)

Phloridzin Dihydrochalcones 2.2�2.8 Bouayed et al. (2012)

Phloretin 20-O-xylosyl-glucoside 2.58 Rothwell et al. (2013)
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phenolic acids. As many polyphenols can act as antioxidants (Scalbert et al., 2005; Bouayed and Bohn, 2010),
many health effects have been attributed to these secondary plant compounds.

As can be seen in Fig. 37.3, total phenolics in apples correlate well with antioxidant measurements such as
FRAP and ABTS (Bouayed et al., 2011a), highlighting that polyphenols can act as radical scavengers, at least
in vitro. However, this scenario cannot be simply transferred to the situation in vivo. Polyphenols are heavily
metabolized during digestion, most pronouncedly in the colon (Bohn, 2014; Bohn et al., 2015), but also in the epi-
thelium and in tissues, due to phase II enzyme activities. Furthermore, they are to a large extent either re-
excreted rapidly into the gut via efflux-transporters (P-gp, BCRP, etc.) or further metabolized, or rapidly excreted
into urine following their absorption, resulting overall in a rather low bioavailability for many polyphenols
(Bohn, 2014). It also has to be considered that in the human body, many other compounds such as other exoge-
nous antioxidants (vitamins E and C), endogenous compounds (uric acid, albumin), as well as antioxidant
enzymes (SOD, GPx) play a main role in antioxidant defense mechanisms, and polyphenols consequently do con-
tribute very little to direct antioxidant effects. Also a role as potential prebiotics has been discussed (Kaulmann
and Bohn, 2016). However, it appears that their major role could rest in altering gene expression, for example,
boosting the body’s own antioxidant defense mechanisms (Joven et al., 2014). For example, many cellular models
have suggested that polyphenols are able to reduce the expression of NF-κB (Bouayed and Bohn, 2010), responsi-
ble for the expression of further downstream proinflammatory cytokines such as IL-1ß, TNF-α, and IL-6. In addi-
tion, it has been demonstrated that polyphenols can enhance the translocation of Nrf-2 to the nucleus, boosting
the bodies’ production of antioxidant defense enzymes, such as SOD and heme-oxygenase-1 (OH-1) (Scapagnini
et al., 2011; Stepanic et al., 2015).

FIGURE 37.3 Correlation between total polyphenols and antioxidant capacity in 22 apple varieties (Jonagold, Pinova, Cox Orange, Pilot,
Rubinette, Winter-Rambour, Jonagored, Golden Delicious�Weinberg, Jonaprinz, Mutsu, Fuji, Golden Delicious, Elstar, Braeburn, Boskoop,
Grauapfel, Roter Trierer Weinapfel, Graham Apfel, Florina, Eifeler Rambour, Topaz, Goldparmäne) from Luxembourg obtained in 2010. VCE,
vitamin C antioxidant equivalents; GAE, gallic acid antioxidant equivalents (Bouayed and Bohn, unpublished results).
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In line with the hypothesis of reinforcing the bodies’ own defense mechanisms, in a human trial by Godycki-
Cwirko et al. (2010) with 12 healthy subjects consuming 1 L of clear apple juice, it was found that the increase in
plasma antioxidant capacity did not occur due to increased polyphenol levels, but due to fructose-induced uric
acid concentration, thus pointing out the limited effects of polyphenols on the body’s direct antioxidant capacity.
Earlier trials on animals have suggested similar effects.

Decreased blood lipid levels were also found in an intervention trial with apple polyphenol extracts, which
were given for 12 weeks (600 mg/d) to 71 subjects (Nagasako-Akazome et al., 2007), decreasing total-C and LDL-
C, and also improving visceral fat and adiponectin levels. It appeared plausible that polyphenols did bind to cho-
lesterol and/or bile acids, increasing fecal losses; hampering digestion enzymes was also discussed as a possible
mechanism. Similar hypotriglyceridemic effects of apple polyphenols (extracts) were also found in a mice study,
upregulating lipoprotein lipase (Yao et al., 2014). In a rat study by Serra et al. (2012), consuming three different
apple cultivars significantly reduced oxLDL (and decreased serum LDL-C, total-C and triglycerides (TG)), espe-
cially in varieties rich in the polyphenols catechin, epicatechin, procyanidin B1, but also beta-carotene.

Another effect of polyphenols seems to be their potential to complex digestion enzymes, as well as transpor-
ters responsible for sugar, that is, glucose uptake. Schulze et al. (2014) demonstrated that apple polyphenols
reduced SGLT-1 (sodium-glucose linked transporter 1) glucose absorption from the gut in rats and in humans.
Similarly, an unripe apple recipe rich in the polyphenol phlorizin (also containing pectins) improved glucose
handling during an oral glucose loading test in six healthy volunteers (Makarova et al., 2015), possibly further
enhancing the already glucose-lowering effect of dietary fiber.

In conclusion, it is likely that apple polyphenols may hamper digestion enzymes, limiting glucose and lipid
uptake, which consequently could contribute to improved T2D and blood lipid markers. In addition, polyphenols
may act on gene expression, fostering anti-inflammatory processes and strengthening the body’s own antioxidant
system.

37.4.4 Triterpenes

Triterpenes or triterpenoids (if further functional groups are present), as the name implies, can be thought of
consisting of three terpene or six isoprene units. Apples, especially apple peel, contains comparatively high
amounts of triterpenoids, specifically in so-called russeted varieties with a slightly rough, greenish-brownish sur-
face, while apples with a waxy surface are considered to rank lower in triterpenoids. The predominant triterpe-
noids constitute derivatives of ursolic acid, oleanolic acid, and betulinic acid (Table 37.4).

Apple triterpenoids have shown anticancer properties in in vitro cell culture trials, exhibiting antiproliferative
effects on various cells (He and Liu, 2007). In addition, they have been found to act as anti-inflammatory com-
pounds, reducing the expression levels of proinflammatory genes (TNF-α, IL-8, IP-10) in cellular trials (Mueller
et al., 2013).

Though no human trials have been reported with these interesting compounds so far, a limited number of ani-
mal trials have meanwhile been performed. In a mouse model, apple triterpenoids at 50 mg/kg/d inhibited the

TABLE 37.4 Main apple triterpenoids, concentrations and triterpenoid-rich cultivars.

Compounds

Concentrations

(mg/100 g fwa) Varieties References

Oleanolic acid c. 5�85 Merton Russet-
Niagara

Jager et al. (2009), Andre et al.
(2012)

Ursolic acid c. 5�350 Merton Russet-
Niagara

Jager et al. (2009), Andre et al.
(2012)

Betulinic acid c. 1.5�21 Rae Ime-L-Grauapfel Jager et al. (2009), Andre et al.
(2012)

2α-hydroxyursolic acid, 2α-hydroxy-3ß-
olean-12-en-28-oic acid, 3ß-trans-p-
coumaroyloxy-2α-hydroxyolean-12-en-
28-oic acid, 2α-hydroxyursolic acid,
3ß-trans-p-coumaroyloxy-2α-hydroxyolean-
12-en-28-oic acid

not quantified Red Delicious He and Liu (2007)

aFw, fresh-weight base in skin.
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growth of a mammary tumor in a nude mouse xenograft model (Qiao et al., 2015), enhancing apoptosis, with
upregulation on mitochondrial Bax/Bcl-2, regulated by SIRT1 and p53. In a mouse rheumatic model of arthritis,
ursolic acid at 50 mg/kg reduced inflammation, lowering IL-1ß and TNF-α (Padua et al., 2014).

Though no human trials to date have been published, the use of triterpenoids for treating cancer and CVD has
been advertised (Han and Bakovic, 2015). A present limitation for application may rest in their limited oral bio-
availability, as, due to their apolarity, micellarization is required prior to their epithelial uptake, similar as for
carotenoids and lipid-soluble vitamins. Consequently, bioavailability of these lipid-soluble constituents from
pure apple matrix can be assumed to be rather low.

37.4.5 Phytosterols

Phytosterols are a group of molecules including plant sterols and plant stanols, with structural similarity to
cholesterol, belonging to the steroids, characterized by the 5-ring system and various side-chains. Apples contain
beta-sitosterol and campesterol in particular (Table 37.2). Phytosterols have been advertised for their health
potential, due to their possible cholesterol-lowering effects. They also have received an EFSA health claim with
respect to helping to reduce serum cholesterol levels, given that at least 0.8 g of the compound(s) are consumed
per day. For consuming apples, this would imply consuming more than 1 kg (Table 37.2), as apples contain
much less phytosterols, compared to, for example, olive oil or wheat bran, containing up to 150 mg/100 g (Souci
et al., 2000). Thus it is unlikely that phytosterols on their own contribute significantly to any observed health ben-
efits, but may rather act in conjunction with dietary fiber and polyphenols. The potential mechanisms for lower-
ing cholesterol are still under debate, but may include (1) competition with cholesterol for absorption, as both
compounds, due to their lipophilicity, require micellarization prior to epithelial uptake, that is, emulsification
(Bohn et al., 2007); or (2) competition for cylcoenzyme A cholesterol acyltransferase-2 (ACAT-2), required for
intracellular cholesterol reesterification. In addition, phytosterols also appear to lower TG, via a yet to be con-
firmed mechanism (Plat et al., 2015), in addition to other potential benefits such as improving immune cell
functioning.

37.5 Factors influencing bioactive content

It has to be considered that the individual macronutrient, micronutrient, and also phytochemical content of
apples can depend on many factors, including the genetic background, that is, variety, soil, and climate, notably
temperature and precipitation, and also storage of the apple fruit. These factors will be briefly discussed in the
following. As sugars and polyphenols constitute the most predominant macro- and microconstituents, respec-
tively, most studies have focussed on these two classes.

37.5.1 Genotype variation

The variability in polyphenol composition in 93 apples genotypes (80 M. domestica and 13 M. sieversii) grown
at one site in New Zealand was investigated by Volz and McGhie (2011). While the genotype could explain
46%�97% of the variation of total polyphenols and individual groups in the flesh and skin of apples, the influ-
ence of year and genotype 3 year were rather small, except for some peel flavonols in M. domestica, highlighting
the predominant importance of genotype (Table 37.5). This is to some extent in line with earlier reports, stating
that seasonal influences are more important for polyphenol constituents of the peel, while the genotype rather
determines flesh and overall polyphenol profile (Lata and Tomala, 2007). This was also corroborated in another
study of antioxidant capacity and total flavonoids, with a very limited influence of year in three out of four varie-
ties (van der Sluis et al., 2001).

Differences in additional bioactive constituents, including total ascorbate, glutathione, and phenolics were
investigated in 56 apple cultivars harvested over 2 years (Lata et al., 2005), likewise emphasizing the greater
importance of genotype over year, though this depended also on the cultivar studied, that is, some cultivars
were described as more stable than others. In earlier trials, up to 5.4 times variations in total phenolics and 3.6
times in ascorbate were reported (reviewed by Lata et al., 2005).

Several reports have mentioned that a number of newly developed cultivars tended to be poorer in certain
polyphenols (less astringency taste, see Table 37.1) and in triterpenes (more smooth surface) than some of the old
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varieties (Andre et al., 2012; Francini and Sebastiani, 2013), in order to increase visual and sensory attractiveness.
However, care should be taken, as not all studies have confirmed this finding (Wojdylo et al., 2008), possibly due
to large differences with respect to variety and provenience.

37.5.2 Environmental variation and agronomic conditions

Climate, notably temperature and precipitation, have been reported to have a strong impact on general plant
growth conditions, however, our understanding of how these factors influence bioactive constituent concentra-
tions is quite limited.

As climate change may result in significant increases of local temperature in some areas, the effect of higher
temperature on fruit growth has been studied. Temperatures above 29�C have been shown to result in reduced
cell production and cell expansion of apple fruitlets (Flaishman et al., 2015). It has been reported that already the
past decades of global warming have resulted in certain trends in apple fruits, decreasing acidity levels and

TABLE 37.5 Influence of genetic and environmental factors on apple constituents.

Factor Constituent studied Variation Reference

Genotype Polyphenols—total in flesh (mg/
100 g) FWb

57.4�127.4 (. 100%) of 13 M. domestica Volz and McGhie
(2011)

Polyphenols—total in peel (μg/cm2)
FWb

224�871 (. 100%) of 13 M. domestica Volz and McGhie
(2011)

Phenolics—total (mg/100 g)a FW 86�434 (. 100%) in 22 cultivars Bouayed and Bohn
(unpublished)

Phenolics—total (mg/fruit)a FW 36�149 (. 100%) in 19 cultivars Lata and Tomala
(2007)

Phenolics—total (mg/100 g) FW in
fleshb

3�788 (. 100%) in 109 cultivars Andre et al. (2012)

Total sugars (g/100 g) 10.2�16.6 (. 50%) in 22 cultivars Bouayed and Bohn,
(unpublished)

Ascorbic acid (mg/fruit) 8.75�50.2 in 19 cultivars Lata and Tomala
(2007)

Ascorbic acid (mg/100 g) FW in skin
and flesh, respectively

1.6�11.3 and 0.4�3.1 in 109 cultivars Andre et al. (2012)

Triterpenoids (mg/100 g FW) 4.5�352 for ursolic acid in skin Andre et al. (2012)

Year Polyphenols—total in flesh (mg/
100 g) FWb

Below 20% between 3 years Volz and McGhie
(2011)

Phenolics—total (mg/fruit)a Up to 300% in 19 cultivars between 2 years Lata and Tomala
(2007)

Ascorbic acid (mg/fruit) Up to100% in 19 cultivars between 2 years Lata and Tomala
(2007)

Production Phenolics—total (mg/100 g)b FW On average c. 10% lower from conventional production
(GD) between 3 years, large variations

Stracke et al. (2009)

Climate change Acidity, 2 0.16 g/L, Sugiura et al. (2013)

Soluble content 2 0.21� Brix

Firmness 2 0.18 kg for firmness

Watercore 2 0.28 for watercore rating/decade due to climate change,
globally

aAs mg gallic acid equivalents.
bSum of individual polyphenols; GD, golden delicious.

FW, fresh weight.
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firmness in addition to watercore development (a disorder characterized by filling of intercellular spaces with
water), while soluble solids (sugars) appeared to have increased (Sugiura et al., 2013). The average estimated
changes per decade were 20.16 g/L for acid concentration, 20.21� Brix for soluble-solids concentration,
20.18 kg for firmness, and 20.28 for watercore rating. Higher temperature (5�10�C) has also been reported to
reduce anthocyanin content to half in apple fruit, reducing in part polyphenol content (Lin-Wang et al., 2011).
However, in studies on other plants, generally both low temperature (cold stress) as well as warmer tempera-
tures together with a more dry climate (heat/drought stress) may increase polyphenol content (Rivero et al.,
2001). It also can be expected that climate change will alter pest levels that infest apple trees.

Some information is available on production techniques. In a study by Stracke et al. (2009), the influence of organi-
cally grown versus conventionally grown apples was compared to the effect of season regarding polyphenol content
and antioxidant capacity. Year to year variations of polyphenol content varied by up to 20%, which was more significant
than differences according to production, which was up to 15% higher in some cases, but for some years was similar.

Since organically grown products are typically advertised as being richer also in polyphenols, a short-term ran-
domized crossover study with six healthy subjects (consuming 1 kg of apples) and a long-term (4-week) intervention
trial with 43 subjects (consuming 0.5 kg apple/d) was performed to compare organically grown versus conventionally
grown apples (Stracke et al., 2010) with comparable polyphenol content. No differences in major urine or plasma
polyphenols were found in the first study, while no increases in polyphenols compared to baseline were found in the
second trial, suggesting that also from this perspective, organically grown apples do not provide additional benefits.

Soil temperature is known to influence nitrogen uptake by the tree and amino acid concentration (Dong et al.,
2001), and may therefore have pronounced influences on additional pathways, however, the effect on polpyhe-
nols, triterpenoids, or other bioactives is generally unknown.

37.5.3 Storage

Also time of storage can have influences—typically resulting in lower vitamin C content with time, with losses as
high as 75% after 1 week of domestic storage (Kevers et al., 2011), though having apparently a more limited effect on
certain polyphenols such as flavonoids, not negatively effecting total antioxidant capacity (van der Sluis et al., 2001).
Nevertheless, postharvest storage effects on phenolic constituents seem to depend on the variety and storage time,
with effects being hard to predict. For example, in one study a drastically decreased polyphenol content in the skin
(50%) and the flesh (20%) in one of four studied apple varieties (Hilwell), was found, but not in the others (Golden
clone B, Fuji clone Kiku8, and Braeburn), following 1�C storage for 1 month (Carbone et al., 2011). Slight reductions
were also encountered in other studies, while short-time storage, even at higher temperature (20�C) did not appear to
cause any decline in other trials, even slight increases were encountered (Francini and Sebastiani, 2013). In contrast,
in a study by Rossle et al. (2010) on 10 cultivars, total phenolic content following storage at 2�4�C, even for 5 days,
significantly reduced their levels in all cultivars (up to 15% for some polyphenol groups). It also appears that changes
in the flesh are somewhat less pronounced during storage than in the peel (Veberic et al., 2010).

Sugar content appears to be reasonably stable over storage time, as shown over 21 days at room temperature
(Veberic et al., 2010), though sucrose was transformed to some extent to fructose and glucose. Regarding fiber,
storage had likewise no effect on total or soluble fiber, while lignins appeared to increase somewhat with storage
time (12 months commercial storage time, (Marlett and Marlett, 2000)).

Taken together, it can be summarized that the influence of conditions on apple bioactive constituents, mostly
measured as polyphenols, seems to follow the order genetic makeup. climate.production technique. Due to
further expected climate changes, apples likely will contain more sugar, and be less acidic in the future. With
respect to storage, only vitamin C loss truly appears to play a major role.

37.6 Bioavailability of apple bioactive constitutents

Given the importance of apple secondary plant compounds, especially of the more abundant polyphenols and
triterpenoids, it should also be discussed whether they are easily released from the matrix upon ingestion, and
can be used by the human body; in other words, to scrutinize their bioavailability, that is, the fraction of a com-
pound that can be taken up and used for physiological functions and/or storage (Fig. 37.4).

Though polyphenols are generally rather water soluble, they have to be first released, that is, become bioacces-
sible, before they could be absorbed via the intestinal epithelium. Bouayed et al. (2011b) have shown in four
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apple varieties, that the recovery of phenolics/antioxidant capacity (ABTS) is approximately 65/80%, 75/100%,
and 55/55% of the native values in the gastric, small intestinal stage of digestion, and in the dialyzable fraction,
respectively, emphasizing that in general, apple polyphenols are reasonably well released from the matrix and
are potentially available for absorption. It has however been also stated that certain polyphenols, especially phe-
nolic acids, are strongly bound to the matrix (to hemicellulose) and are not easily extracted, that is, the
nonextractable polyphenol (NEP) fraction. This constitutes so far a much understudied domain. For example,
NEP has been shown to be 2�4 times higher (depending on the methods of extraction chosen) than the
extractable fraction (Tow et al., 2011), being in line with earlier findings (Arranz et al., 2009). Whether or not this
fraction is partly released during digestion, for example, in the colon, following fermentation, is unknown.

Surely, the apple matrix appears to have some negative influence on certain polyphenol availability. In a study
by Hollands et al. (2013), epicatechin absorption (as measured via plasma levels) was lower from apple puree
compared to an extract (in beverage form), containing similar amounts of this flavan-3-ol, 59% versus 44%, possi-
bly due to negative interactions with dietary fiber. Epicatechin was shown almost to be entirely degraded in an
in vitro trial of four apple cultivars, following gastric and small intestinal digestion, and chlorogenic acid, a major
polyphenol constituent, was reduced by 40%�70%, depending on variety (Bouayed et al., 2012). This compound
was in part transformed into crypto- and neochlorogenic acid, and likely hydrolyzed to caffeic acid and quinic
acids. Thus the main human-related transformations may include cleavage of certain glucosides due to acidic pH
in the stomach and beta-glucosidase activity, possibly ester-cleavage, and further phase I/II metabolism in the
enterocytes and other tissues such as the liver (methylation, glucuroniation etc. (Bohn, 2014; Bohn et al., 2015)).
Furthermore, colonic changes include further metabolism (deglucuronidiation, ring fission, etc.), breakdown into
smaller fragments, many of which may also have health beneficial effects. However, the matrix may also have
positive effects. The sugar content of the apple may further foster bioavailability of certain phenolics, due to a
potential uptake via SGLT-1 (Bohn, 2014).

Phytosterols and triterpenoids, as opposed to most polyphenols, are poorly soluble in water, and therefore
require micellarization prior to intestinal uptake in order to be bioavailable. This emulsification is improved in
general for lipophilic constitutes if a certain amount of fat (a few g) is codigested with the respective compounds,
as shown, for example, for apolar polyphenols such as curcumine, lipid-soluble vitamins, or carotenoids (Bohn,

FIGURE 37.4 Summary of potential health beneficial compounds in apple fruits and their method of action. AA, ascorbic acid; GI, glyce-
mic index; NEPs, nonextractable polyphenols; SCFA, short-chain fatty acids.
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2008). For example, the bioavailability of α-tocopherol in humans was assessed after the consumption of d6-
α-tocopherol spiked apples. When these were consumed together with a breakfast containing no fat, 10% of the
22 mg d6-α-tocopherol was detected in the plasma of the subjects. Increasing the breakfast fat content to 6% and
21%, 20% and 33% of the d6-α-tocopherol was detected, respectively (Bruno et al., 2006). As apples contain only
very low amounts of lipids, and apple triterpenoids are situated to a large extent in the waxy skin of apples
which cannot be easily broken down during digestion, it can be speculated that triterpenoids from raw apples
should be poorly available, compared to, for example, cloudy apple juice or puree, where processing and heat
treatment has already macerated cell walls, or to products containing certain amounts of lipids, such as apple
cakes, especially when consumed with cream. Nevertheless, in a study with mice it was shown that triterpenes
(0.5% mixed in a regular diet), given in pure form, were reasonably well absorbed, with limited metabolism (Yin
et al., 2012), and tended to accumulate over time, especially in the liver. In a study with human subjects, oleanolic
acid was likewise found to be absorbable, and plasma peaks were not reached within 4 h postadministration
(Kanellos et al., 2013), similar as for other liposoluble compounds. As triterpenoids are more polar than carote-
noids, their bioacaccesibility may be superior. Efforts to enhance triterpene bioavailability via encapsulation tech-
niques are under way (Soica et al., 2014).

37.7 Concluding remarks and future trends

Apples are among the most frequently consumed fruits, available in most countries all over the world. Many
apple constituents have been related to health beneficial effects, especially dietary fiber, polyphenols, phytoster-
ols, but also triterpinoids. Plausible mechanisms of action are summarized in Fig. 37.4, and it can be assumed
that the additive or synergistic actions of various ingredients, rather than a single component, contribute to the
related health benefits. Contradictory to earlier assumptions, indirect effects such as influences on gene expres-
sion, rather than, for example, direct antioxidant effects, are likely to play important roles, in addition to potential
influences on the gut flora, a still poorly comprehended area. Some concerns for the future may be climate
change, which is potentially associated with more sugar-rich apple varieties, and the breeding of cultivars for
market appearance, rather than for healthy constituents.

Acknowledgments

The author would like to thank the EU-Cost Action Positive (FA-1403) for all valuable input and inspiration that went into this article. The
support by the Fonds National Luxembourg (FNR) who sponsored the project NEUROPROT is greatly acknowledged.

References

Anderson, J.W., Bridges, S.R., 1988. Dietary fiber content of selected foods. Am. J. Clin. Nutr. 47, 440�447.
Andre, C.M., Greenwood, J.M., Walker, E.G., Rassam, M., Sullivan, M., Evers, D., et al., 2012. Anti-inflammatory procyanidins and triterpenes

in 109 apple varieties. J. Agric. Food Chem. 60, 10546�10554.
Arranz, S., Saura-Calixto, F., Shaha, S., Kroon, P.A., 2009. High contents of nonextractable polyphenols in fruits suggest that polyphenol con-

tents of plant foods have been underestimated. J. Agric. Food Chem. 57, 7298�7303.
Auclair, S., Chironi, G., Milenkovic, D., Hollman, P.C., Renard, C.M., Megnien, J.L., et al., 2010. The regular consumption of a polyphenol-rich

apple does not influence endothelial function: a randomised double-blind trial in hypercholesterolemic adults. Eur. J. Clin. Nutr. 64,
1158�1165.

Babbar, N., Dejonghe, W., Gatti, M., Sforza, S., Kathy, E., 2016. Pectic oligosaccharides from agricultural by-products: production, characteriza-
tion and health benefits. Crit. Rev. Biotechnol. 36, 594�606.

Barth, S.W., Fahndrich, C., Bub, A., Dietrich, H., Watzl, B., Will, F., et al., 2005. Cloudy apple juice decreases DNA damage, hyperproliferation
and aberrant crypt foci development in the distal colon of DMH-initiated rats. Carcinogenesis 26, 1414�1421.

Barth, S.W., Koch, T.C., Watzl, B., Dietrich, H., Will, F., Bub, A., 2012. Moderate effects of apple juice consumption on obesity-related markers
in obese men: impact of diet-gene interaction on body fat content. Eur. J. Nutr. 51, 841�850.

Berard, N.C., Wang, Y., Wittenberg, K.M., Krause, D.O., Coulman, B.E., McAllister, T.A., et al., 2011. Condensed tannin concentrations found
in vegetative and mature forage legumes grown in western Canada. Can. J. Plant. Sci. 91, 669�675.

Biehler, E., Alkerwi, A., Hoffmann, L., Krause, E., et al., 2012. Contribution of violaxanthin, neoxanthin, phytoene and phytofluene to total
carotenoid intake: assessment in Luxembourg. J. Food Comp. Anal. 25, 56�65.

Bohn, T., Tian, Q., Chitchumroonchokchai, C., Failla, M.L., et al., 2007. Supplementation of test meals with fat-free phytosterol products can reduce
cholesterol micellarization during simulated digestion and cholesterol accumulation by Caco-2 cells. J. Agric. Food Chem. 55, 267�272.

Bohn, T., 2008. Bioavailabilty of non-provitamin A carotenoids. Curr. Nut Food Sci. 4, 240�258.
Bohn, T., 2014. Dietary factors affecting polyphenol bioavailability. Nutr. Rev. 72, 429�452.

609References

II. Fruits

http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref1
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref1
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref2
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref2
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref2
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref3
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref3
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref3
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref4
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref4
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref4
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref4
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref5
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref5
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref5
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref6
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref6
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref6
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref7
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref7
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref7
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref8
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref8
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref8
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref9
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref9
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref9
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref10
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref10
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref10
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref11
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref11
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref12
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref12


Bohn, T., Davidsson, L., Walczyk, T., Hurrell, R.F., 2004. Phytic acid added to white-wheat bread inhibits fractional apparent magnesium
absorption in humans. Am. J. Clin. Nutr. 79, 418�423.

Bohn, T., McDougall, G.J., Alegria, A., Alminger, M., Arrigoni, E., Aura, A.M., et al., 2015. Mind the gap-deficits in our knowledge of aspects
impacting the bioavailability of phytochemicals and their metabolites--a position paper focusing on carotenoids and polyphenols. Mol.
Nutr. Food Res. 59, 1307�1323.

Bouayed, J., Bohn, T., 2010. Exogenous antioxidants - double-edged swords in cellular redox state: health beneficial effects at physiologic doses
versus deleterious effects at high doses. Oxid. Med. Cell Longev. 3, 228�237.

Bouayed, J., Deusser, H., Hoffmann, L., Bohn, T., 2012. Bioaccessible and dialysable polyphenols in selected apple varieties following in vitro
digestion vs. their native patterns. Food Chem. 131, 1466�1472.

Bouayed, J., Hoffmann, L., Bohn, T., 2011a. Antioxidative mechanisms of whole-apple antioxidants employing different varieties from
Luxembourg. J. Med. Food 14, 1631�1637.

Bouayed, J., Hoffmann, L., Bohn, T., 2011b. Total phenolics, flavonoids, anthocyanins and antioxidant activity following simulated gastro-
intestinal digestion and dialysis of apple varieties: bioaccessibility and potential uptake. Food Chem. 128, 14�21.

Boyer, J., Liu, R.H., 2004. Apple phytochemicals and their health benefits. Nutr. J. 3, 5.
Bradbury, K.E., Appleby, P.N., Key, T.J., 2014. Fruit, vegetable, and fiber intake in relation to cancer risk: findings from the European

Prospective Investigation into Cancer and Nutrition (EPIC). Am. J. Clin. Nutr. 100 (Suppl. 1), 394S�398S.
Bruno, R.S., Leonard, S.W., Park, S., Zhao, Y., Traber, M.G., 2006. Human vitamin E requirements assessed with the use of apples fortified

with deuterium-labeled α- tocopheryl acetate. Am. J. Clin. Nutr. 83, 299�304.
Carbone, K., Giannini, B., Picchi, V., Lo, S.R., Cecchini, F., 2011. Phenolic composition and free radical scavenging activity of different apple

varieties in relation to the cultivar, tissue type and storage. Food Chem. 127, 493�500.
Chai, S.C., Hooshmand, S., Saadat, R.L., Payton, M.E., Brummel-Smith, K., Arjmandi, B.H., 2012. Daily apple versus dried plum: impact on

cardiovascular disease risk factors in postmenopausal women. J. Acad. Nutr. Diet. 112, 1158�1168.
Chen, H., Rubenthaler, G.L., Leung, H.K., Baranowski, J.D., 1988. Chemical, physical, and baking properties of apple fiber compared with

wheat and oat bran. Cereal Chem. 65, 244�247.
Cornille, A., Gladieux, P., Smulders, M.J., Roldan-Ruiz, I., Laurens, F., Le, C.B., et al., 2012. New insight into the history of domesticated apple:

secondary contribution of the European wild apple to the genome of cultivated varieties. PLoS Genet. 8, e1002703.
Crowe, F.L., Roddam, A.W., Key, T.J., Appleby, P.N., Overvad, K., Jakobsen, M.U., et al., 2011. Fruit and vegetable intake and mortality from ischaemic

heart disease: results from the European Prospective Investigation into Cancer and Nutrition (EPIC)-Heart study. Eur. Heart J. 32, 1235�1243.
Davis, M.A., Bynum, J.P., Sirovich, B.E., 2015. Association between apple consumption and physician visits: appealing the conventional wis-

dom that an apple a day keeps the doctor away. JAMA Intern. Med. 175, 777�783.
DeChristopher, L.R., Uribarri, J., Tucker, K.L., 2016. Intakes of apple juice, fruit drinks and soda are associated with prevalent asthma in US

children aged 2-9 years. Public. Health Nutr. 19, 123�130.
Dong, S., Scagel, C.F., Cheng, L., Fuchigami, L.H., Rygiewicz, P.T., 2001. Soil temperature and plant growth stage influence nitrogen uptake

and amino acid concentration of apple during early spring growth. Tree Physiol. 21, 541�547.
FAO, 2015. FAO Corporate Document Repository. ,http://www.fao.org/docrep/w8079e/w8079e0l.htm. (accessed 11.2015.)
Flaishman, M.A., Peles, Y., Dahan, Y., Milo-Cochavi, S., Frieman, A., Naor, A., 2015. Differential response of cell-cycle and cell-expansion regu-

lators to heat stress in apple (Malus domestica) fruitlets. Plant. Sci. 233, 82�94.
Francini, A., Sebastiani, L., 2013. Phenolic compounds in apple (Malus x domestica Borkh.): compounds characterization and stability during

postharvest and after processing. Antioxidants 2, 181.
Gallus, S., Talamini, R., Giacosa, A., Montella, M., Ramazzotti, V., Franceschi, S., et al., 2005. Does an apple a day keep the oncologist away?

Ann. Oncol. 16, 1841�1844.
Giomaro, G., Karioti, A., Bilia, A.R., Bucchini, A., Giamperi, L., Ricci, D., et al., 2014. Polyphenols profile and antioxidant activity of skin and

pulp of a rare apple from Marche region (Italy). Chem. Cent. J. 8, 45.
Godycki-Cwirko, M., Krol, M., Krol, B., Zwolinska, A., Kolodziejczyk, K., Kasielski, M., et al., 2010. Uric acid but not apple polyphenols is

responsible for the rise of plasma antioxidant activity after apple juice consumption in healthy subjects. J. Am. Coll. Nutr. 29, 397�406.
Han, N., Bakovic, M., 2015. Biologically active triterpenoids and their cardioprotective and anti- inflammatory effects. J. Bioan Biomed. S12.
Hassan, T.S., Williams, G.A., 2002. Counterpoint: to peel or not to peel: is that the question? Ophthalmology 109, 11�12.
He, X., Liu, R.H., 2007. Triterpenoids isolated from apple peels have potent antiproliferative activity and may be partially responsible for

apple’s anticancer activity. J. Agric. Food Chem. 55, 4366�4370.
Henriquez, C., Almonacid, S., Chiffele, I., Velenzuela, T., Araya, M., Cabbezas, L., et al., 2010. Determination of antioxidant capacity, total phe-

nolic content and mineral composition of different fruit tissue of five apple cultivars grown in Chile. Chil. J. Agric. Res. 70, 523�536.
Hollands, W.J., Hart, D.J., Dainty, J.R., Hasselwander, O., Tiihonen, K., Wood, R., et al., 2013. Bioavailability of epicatechin and effects on nitric

oxide metabolites of an apple flavanol-rich extract supplemented beverage compared to a whole apple puree: a randomized, placebo-
controlled, crossover trial. Mol. Nutr. Food Res. 57, 1209�1217.

Hyson, D.A., 2011. A comprehensive review of apples and apple components and their relationship to human health. Adv. Nutr. 2, 408�420.
Jager, S., Trojan, H., Kopp, T., Laszczyk, M.N., Scheffler, A., 2009. Pentacyclic triterpene distribution in various plants - rich sources for a new

group of multi-potent plant extracts. Molecules 14, 2016�2031.
Jedrychowski, W., Maugeri, U., 2009. An apple a day may hold colorectal cancer at bay: recent evidence from a case-control study. Rev.

Environ. Health 24, 59�74.
Joshipura, K.J., Hu, F.B., Manson, J.E., Stampfer, M.J., Rimm, E.B., Speizer, F.E., et al., 2001. The effect of fruit and vegetable intake on risk for

coronary heart disease. Ann. Intern. Med. 134, 1106�1114.
Joven, J., Micol, V., Segura-Carretero, A., onso-Villaverde, C., Menendez, J.A., 2014. Polyphenols and the modulation of gene expression path-

ways: can we eat our way out of the danger of chronic disease? Crit. Rev. Food Sci. Nutr. 54, 985�1001.
Kaulmann, A., Bohn, T., 2016. Bioactivity of polyphenols � preventive and adjuvant strategies toward reducing inflammatory bowel diseases

� promises, perspectives, and pitfalls. Oxid. Med. Cell Longev. 9346470.

610 37. Apples: an apple a day, still keeping the doctor away?’

II. Fruits

http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref13
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref13
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref13
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref14
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref14
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref14
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref14
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref15
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref15
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref15
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref16
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref16
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref16
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref17
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref17
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref17
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref18
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref18
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref18
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref19
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref20
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref20
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref20
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref21
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref21
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref21
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref21
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref22
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref22
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref22
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref23
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref23
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref23
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref24
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref24
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref24
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref25
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref25
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref26
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref26
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref26
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref27
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref27
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref27
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref28
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref28
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref28
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref29
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref29
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref29
http://www.fao.org/docrep/w8079e/w8079e0l.htm
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref30
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref30
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref30
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref31
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref31
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref32
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref32
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref32
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref33
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref33
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref34
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref34
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref34
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref36
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref36
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref37
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref37
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref37
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref38
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref38
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref38
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref39
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref39
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref39
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref39
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref40
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref40
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref41
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref41
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref41
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref42
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref42
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref42
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref43
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref43
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref43
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref44
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref44
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref44
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref45
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref45
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref45


Kanellos, P.T., Kaliora, A.C., Gioxari, A., Christopoulou, G.O., Kalogeropoulos, N., Karathanos, V.T., 2013. Absorption and bioavailability of
antioxidant phytochemicals and increase of serum oxidation resistance in healthy subjects following supplementation with raisins. Plant.
Foods Hum. Nutr. 68, 411�415.

Kevers, C., Pincemail, J., Tabart, J., Defraigne, J.O., Dommes, J., 2011. Influence of cultivar, harvest time, storage conditions, and peeling on the
antioxidant capacity and phenolic and ascorbic acid contents of apples and pears. J. Agric. Food Chem. 59, 6165�6171.

Koutsos, A., Tuohy, K.M., Lovegrove, J.A., 2015. Apples and cardiovascular health--is the gut microbiota a core consideration? Nutrients 7, 3959�3998.
Kovacova, J., Kocourek, V., Kohoutkova, J., Lansky, M., Hajslova, J., 2014. Production of apple-based baby food: changes in pesticide residues.

Food Addit. Contam. Part. A Chem. Anal. Control. Expo. Risk Assess. 31, 1089�1099.
Kuhn, F., 2002. Point: to peel or not to peel, that is the question. Ophthalmology 109, 9�11.
Larsson, S.C., Virtamo, J., Wolk, A., 2013. Total and specific fruit and vegetable consumption and risk of stroke: a prospective study.

Atherosclerosis 227, 147�152.
Lata, B., Przeradzka, M., Binkowska, M., 2005. Great differences in antioxidant properties exist between 56 apple cultivars and vegetation sea-

sons. J. Agric. Food Chem. 53, 8970�8978.
Lata, B., Tomala, K., 2007. Apple peel as a contributor to whole fruit quantity of potentially healthful bioactive compounds. Cultivar and year

implication. J. Agric. Food Chem. 55, 10795�10802.
Leontowicz, H., Leontowicz, M., Gorinstein, S., Martin-Belloso, O., Trakhtenberg, S., 2007. Apple peels and pulp as a source of bioactive com-

pounds and their influence on digestibility and lipid profile in normal and atherogenic rats. Medycyna Wet. 63 (11), 1434�1436.
Lin-Wang, K., Micheletti, D., Palmer, J., Volz, R., Lozano, L., Espley, R., et al., 2011. High temperature reduces apple fruit colour via modula-

tion of the anthocyanin regulatory complex. Plant. Cell Env. 34, 1176�1190.
Logan, K., Wright, A.J., Goff, H.D., 2015. Correlating the structure and in vitro digestion viscosities of different pectin fibers to in vivo human

satiety. Food Funct. 6, 63�71.
Makarova, E., Gornas, P., Konrade, I., Tirzite, D., Cirule, H., Gulbe, A., et al., 2015. Acute anti-hyperglycaemic effects of an unripe apple prep-

aration containing phlorizin in healthy volunteers: a preliminary study. J. Sci. Food Agric. 95, 560�568.
Maniyan, A., John, R., Mathew, A., 2015. Evaluation of fruit peels for some selected nutritional and anti-nutritional factors. Emer Life Sci. Res.

1 (2), 13�19.
Marlett, J.A., Marlett, J.A., 2000. Changes in content and composition of dietary fiber in yellow onions and red delicious apples during com-

mercial storage. J. AOAC Int. 83, 992�996.
Memon, M.Q., Kumar, A., 2013. The fructose mystery: how bad or good is it? Pak. J. Pharm. Sci. 26, 1241�1245.
Morgan, J., Richards, A., 2002. The New Book of Apples. Ebury Press, London.
Mueller, D., Triebel, S., Rudakovski, O., Richling, E., 2013. Influence of triterpenoids present in apple peel on inflammatory gene expression

associated with inflammatory bowel disease (IBD). Food Chem. 139, 339�346.
Muraki, I., Imamura, F., Manson, J.E., Hu, F.B., Willett, W.C., van Dam, R.M., et al., 2013. Fruit consumption and risk of type 2 diabetes: results

from three prospective longitudinal cohort studies. BMJ 347, f5001.
Nagasako-Akazome, Y., Kanda, T., Ohtake, Y., Shimasaki, H., Kobayashi, T., 2007. Apple polyphenols influence cholesterol metabolism in

healthy subjects with relatively high body mass index. J. Oleo Sci. 56, 417�428.
Oude Griep, L.M., Stamler, J., Chan, Q., Van, H.L., Steffen, L.M., Miura, K., et al., 2013. Association of raw fruit and fruit juice consumption

with blood pressure: the INTERMAP Study. Am. J. Clin. Nutr. 97, 1083�1091.
Padua, T.A., de Abreu, B.S., Costa, T.E., Nakamura, M.J., Valente, L.M., Henriques, M., et al., 2014. Anti-inflammatory effects of methyl ursolate

obtained from a chemically derived crude extract of apple peels: potential use in rheumatoid arthritis. Arch. Pharm. Res. 37, 1487�1495.
Pereira, P., Tysca, D., Oliveira, P., da Silva Brum, F.L., Nascimento Picada, J., Ardenghi, P., 2005. Neurobehavioral and genotoxic aspects of

rosmarinic acid. Pharmacol. Res. 52, 199�203.
Plat, J., Baumgartner, S., Mensink, R.P., 2015. Mechanisms underlying the health benefits of plant sterol and stanol ester consumption. J.

AOAC Int. 98, 697�700.
Qiao, A., Wang, Y., Xiang, L., Wang, C., He, X., 2015. A novel triterpenoid isolated from apple functions as an anti-mammary tumor agent via

a mitochondrial and caspase-independent apoptosis pathway. J. Agric. Food Chem. 63, 185�191.
Rad, A.H., Falahi, E., Ebrahimzadeh, F., 2014. Recent patents on physical, mineral & organic acid composition of golden delicious and red deli-

cious apples (malusxdomestica borkh) grown in the west of Iran. Recent. Pat. Food Nutr. Agric. 6, 93�99.
Ravn-Haren, G., Dragsted, L.O., Buch-Andersen, T., Jensen, E.N., Jensen, R.I., Nemeth-Balogh, M., et al., 2013. Intake of whole apples or clear

apple juice has contrasting effects on plasma lipids in healthy volunteers. Eur. J. Nutr. 52, 1875�1889.
Reddy, N.R., Sathe, S.K., 2002. Food Phytates. CRC Press, Boca Raton.
Reglodi, D., Renaud, J., Tamas, A., Tizabi, Y., Socias, B., Del-Bel, E., et al., 2017. Novel tactics for neuroprotection in Parkinson’s disease: role

of antibiotics, polyphenols and neuropeptides. Prog. Neurobiol. 155, 120�148.
Rivero, R.M., Ruiz, J.M., Garcia, P.C., Lopez-Lefebre, L.R., Sanchez, E., Romero, L., 2001. Resistance to cold and heat stress: accumulation of

phenolic compounds in tomato and watermelon plants. Plant. Sci. 160, 315�321.
Rogers, E.J., Milhalik, S., Orthiz, D., Shea, T.B., 2004. Apple juice prevents oxidative stress and impaired cognitive performance caused by

genetic and dietary deficiencies in mice. J. Nutr. Health Aging 8, 92�97.
Rossle, C., Wijngaard, H.H., Gormley, R.T., Butler, F., Brunton, N., 2010. Effect of storage on the content of polyphenols of minimally pro-

cessed skin-on apple wedges from ten cultivars and two growing seasons. J. Agric. Food Chem. 58, 1609�1614.
Rothwell, J.A., Perez-Jiminez, J., Neveu, V., Medina-Ramon, A., M’Hiri, N., Garcia Lobato, P., et al., 2013. Phenol-Explorer 3.0: a major update of the

Phenol-Explorer database to incorporate data on the effects of food processing on polyphenol content. Database 10 1093/database/bat070.
Rudell, D.R., Buchanan, D.A., Leisso, R.S., Whitaker, B.D., Mattheis, J.P., Zhu, Y., et al., 2011. Ripening, storage temperature, ethylene action,

and oxidative stress alter apple peel phytosterol metabolism. Phytochemistry 72, 1328�1340.
Scalbert, A., Johnson, I.T., Saltmarsh, M., 2005. Polyphenols: antioxidants and beyond. Am. J. Clin. Nutr. 81, 215S�217S.
Scapagnini, G., Vasto, S., Abraham, N.G., Caruso, C., Zella, D., Fabio, G., 2011. Modulation of Nrf2/ARE pathway by food polyphenols: a

nutritional neuroprotective strategy for cognitive and neurodegenerative disorders. Mol. Neurobiol. 44, 192�201.

611References

II. Fruits

http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref46
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref46
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref46
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref46
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref47
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref47
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref47
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref48
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref48
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref49
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref49
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref49
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref50
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref50
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref51
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref51
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref51
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref52
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref52
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref52
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref53
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref53
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref53
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref54
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref54
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref54
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref55
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref55
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref55
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref56
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref56
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref56
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref57
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref57
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref57
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref58
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref58
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref58
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref59
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref59
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref59
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref60
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref60
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref61
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref62
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref62
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref62
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref63
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref63
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref64
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref64
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref64
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref65
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref65
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref65
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref66
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref66
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref66
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref67
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref67
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref67
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref68
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref68
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref68
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref69
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref69
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref69
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref70
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref70
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref70
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref71
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref71
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref71
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref72
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref73
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref73
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref73
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref74
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref74
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref74
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref75
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref75
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref75
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref76
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref76
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref76
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref77
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref77
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref78
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref78
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref78
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref79
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref79
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref80
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref80
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref80


Schulze, C., Bangert, A., Kottra, G., Geillinger, K.E., Schwanck, B., Vollert, H., et al., 2014. Inhibition of the intestinal sodium-coupled glucose
transporter 1 (SGLT1) by extracts and polyphenols from apple reduces postprandial blood glucose levels in mice and humans. Mol. Nutr.
Food Res. 58, 1795�1808.

Schwartz, S.E., Levine, R.A., Weinstock, R.S., Petokas, S., Mills, C.A., Thomas, F.D., 1988. Sustained pectin ingestion: effect on gastric emptying
and glucose tolerance in non-insulin-dependent diabetic patients. Am. J. Clin. Nutr. 48, 1413�1417.

Serra, A.T., Rocha, J., Sepodes, B., Matias, A.A., Feliciano, R.P., de, C.A., et al., 2012. Evaluation of cardiovascular protective effect of different
apple varieties - correlation of response with composition. Food Chem. 135, 2378�2386.

Smith, M.M., Lifshitz, F., 1994. Excess fruit juice consumption as a contributing factor in nonorganic failure to thrive. Pediatrics 93, 438�443.
Soica, C., Trandafirescu, C., Danciu, C., Muntean, D., Dehelean, C., Simu, G., 2014. New improved drug delivery technologies for pentacyclic

triterpenes: a review. Protein Pept. Lett. 21, 1137�1145.
Soriano-Maldonado, A., Hidalgo, M., Arteaga, P., de Pascual-Teresa, S., Nova, E., 2014. Effects of regular consumption of vitamin C-rich or

polyphenol-rich apple juice on cardiometabolic markers in healthy adults: a randomized crossover trial. Eur. J. Nutr. 53, 1645�1657.
Souci, S.W., Fachmann, W., Kraut, H., 2000. Food Compoisition and Nutrition Tables, vol. 6. CRC Press, Stuttgart.
Soyalan, B., Minn, J., Schmitz, H.J., Schrenk, D., Will, F., Dietrich, H., et al., 2011. Apple juice intervention modulates expression of ARE-

dependent genes in rat colon and liver. Eur. J. Nutr. 50, 135�143.
Stanhope, K.L., 2016. Sugar consumption, metabolic disease and obesity: the state of the controversy. Crit. Rev. Clin. Lab. Sci. 53, 52�67.
Stepanic, V., Gasparovic, A.C., Troselj, K.G., Amic, D., Zarkovic, N., 2015. Selected attributes of polyphenols in targeting oxidative stress in

cancer. Curr. Top. Med. Chem. 15, 496�509.
Stracke, B.A., Rufer, C.E., Bub, A., Seifert, S., Weibel, F.P., Kunz, C., et al., 2010. No effect of the farming system (organic/conventional) on the

bioavailability of apple (Malus domestica Bork., cultivar Golden Delicious) polyphenols in healthy men: a comparative study. Eur. J. Nutr.
49, 301�310.

Stracke, B.A., Rufer, C.E., Weibel, F.P., Bub, A., Watzl, B., 2009. Three-year comparison of the polyphenol contents and antioxidant capacities
in organically and conventionally produced apples (Malus domestica Bork. Cultivar ‘Golden Delicious’). J. Agric. Food Chem. 57,
4598�4605.

Sugiura, T., Ogawa, H., Fukuda, N., Moriguchi, T., 2013. Changes in the taste and textural attributes of apples in response to climate change.
Sci. Rep. 3, 2418.

Tow, W.W., Premier, R., Jing, H., Ajlouni, S., 2011. Antioxidant and antiproliferation effects of extractable and nonextractable polyphenols iso-
lated from apple waste using different extraction methods. J Food Sci 76, T163�T172.

USDA, 2012. Economic Research Service. Food Availability (per capita) data system. Online Datanbase. ,http://www.ers.usda.gov/data-pro-
ducts/food-availability-%28per-capita%29-data-system.aspx. (accessed 11.2015).

USDA, 2015a. Agricultural Research Service, version 11.07.2015. ,http://www.ars.usda.gov/News/docs.htm?docid5 25217. (accessed
11.2015).

USDA, 2015b. Economics, Statistics and Market Information System. Apple statistics. Online database. ,http://usda.mannlib.cornell.edu/
MannUsda/viewDocumentInfo.do?documentID5 1825. (accessed 10.11.2015).

USDA, 2015c. National Nutrient Database for Standard Reference Release 28. USDA, ,http://ndb.nal.usda.gov/ndb/foods/show. (accessed
05.11.2015).

van der Sluis, A.A., Dekker, M., de, J.A., Jongen, W.M., 2001. Activity and concentration of polyphenolic antioxidants in apple: effect of culti-
var, harvest year, and storage conditions. J. Agric. Food Chem. 49, 3606�3613.

Veberic, R., Schmitzer, V., Petkovsek, M.M., Stampar, F., 2010. ). Impact of shelf life on content of primary and secondary metabolites in apple
(Malus domestica Borkh.). J. Food Sci. 75, S461�S468.

Viggiano, A., Viggiano, A., Monda, M., Turco, I., Incarnato, L., Vinno, V., et al., 2006. Annurca apple-rich diet restores long-term potentiation
and induces behavioral modifications in aged rats. Exp. Neurol. 199, 354�361.

Volz, R.K., McGhie, T.K., 2011. Genetic variability in apple fruit polyphenol composition in Malus x domestica and Malus sieversii germplasm
grown in New Zealand. J. Agric. Food Chem. 59, 11509�11521.

Wedick, N.M., Pan, A., Cassidy, A., Rimm, E.B., Sampson, L., Rosner, B., et al., 2012. Dietary flavonoid intakes and risk of type 2 diabetes in
US men and women. Am. J. Clin. Nutr. 95, 925�933.

Wojdylo, A., Oszmianski, J., Laskowski, P., 2008. Polyphenolic compounds and antioxidant activity of new and old apple varieties. J. Agric.
Food Chem. 56, 6520�6530.

Yao, N., He, R.R., Zeng, X.H., Huang, X.J., Du, T.L., Cui, J.C., et al., 2014. Hypotriglyceridemic effects of apple polyphenols extract via up-
regulation of lipoprotein lipase in triton WR-1339-induced mice. Chin. J. Integr. Med. 20, 31�35.

Yin, M.C., Lin, M.C., Mong, M.C., Lin, C.Y., 2012. Bioavailability, distribution, and antioxidative effects of selected triterpenes in mice. J.
Agric. Food Chem. 60, 7697�7701.

Yoo, H.D., Kim, D., Paek, S.H., 2012. Plant cell wall polysaccharides as potential resources for the development of novel prebiotics. Biomol.
Ther. (Seoul.) 20, 371�379.

612 37. Apples: an apple a day, still keeping the doctor away?’

II. Fruits

http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref81
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref81
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref81
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref81
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref82
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref82
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref82
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref83
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref83
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref83
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref84
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref84
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref85
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref85
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref85
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref104
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref104
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref104
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref86
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref87
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref87
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref87
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref88
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref88
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref89
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref89
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref89
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref90
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref90
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref90
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref90
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref91
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref91
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref91
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref91
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref92
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref92
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref93
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref93
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref93
http://www.ers.usda.gov/data-products/food-availability-%28per-capita%29-data-system.aspx
http://www.ers.usda.gov/data-products/food-availability-%28per-capita%29-data-system.aspx
http://www.ars.usda.gov/News/docs.htm?docid=25217
http://www.ars.usda.gov/News/docs.htm?docid=25217
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1825
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1825
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1825
http://ndb.nal.usda.gov/ndb/foods/show
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref95
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref95
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref95
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref96
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref96
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref96
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref97
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref97
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref97
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref98
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref98
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref98
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref99
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref99
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref99
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref100
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref100
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref100
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref101
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref101
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref101
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref102
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref102
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref102
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref103
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref103
http://refhub.elsevier.com/B978-0-12-812780-3.00037-4/sbref103

	II. Fruits
	9 Other Fruits
	37 Apples: an apple a day, still keeping the doctor away?'
	37.1 Background
	37.2 Overview on nutritional and nonnutritional composition
	37.3 Health benefits
	37.3.1 General aspects
	37.3.2 Epidemiological evidence
	37.3.3 Intervention trials with whole apples or apple juice
	37.3.4 Intervention trials employing animals

	37.4 Biocative phytochemicals—in vitro and cellular trials
	37.4.1 Overview
	37.4.2 Dietary fiber
	37.4.3 Polyphenols
	37.4.4 Triterpenes
	37.4.5 Phytosterols

	37.5 Factors influencing bioactive content
	37.5.1 Genotype variation
	37.5.2 Environmental variation and agronomic conditions
	37.5.3 Storage

	37.6 Bioavailability of apple bioactive constitutents
	37.7 Concluding remarks and future trends
	Acknowledgments
	References




