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Preface to “Berry Antioxidants in Health and 
Disease” 

During the last decade, a high volume of work has been published on the health-promoting 
effects of berries (e.g., blueberries, cranberries, blackberries, etc.) that are rich in antioxidant 
phytochemicals, polyphenols. Consuming a diet rich in polyphenols has been documented to 
attenuate the risk of chronic diseases, such as cardiovascular disease, certain cancers, diabetes mellitus, 
and neurodegenerative disorders. Recent evidence also reveals that the biological effects of 
polyphenols extend beyond their traditional antioxidant role. 

This Special Issue includes 10 peer-reviewed papers, including original research papers and 
reviews. They present the most recent advances in the role of berry antioxidants, not only in 
maintaining health but also in preventing and/or reversing disease both in cell culture, animal models 
and in humans. Additionally, the molecular mechanisms and signaling pathways modulated by  
berry antioxidants are presented.  Chapters include the role of berry antioxidants in whole fruit  
and leaves on the metabolic syndrome, obesity, diabetes and glucose intolerance, cancer, 
inflammation, oxidative stress and neuroprotection as well as cardiovascular disease. As a  
guest editor, I would like to acknowledge the authors of all chapters for their valuable contributions 
and reviewers for their thoughtful and constructive suggestions and time. Special thanks to the 
publishing team of the Antioxidants Journal for their professionalism, attention to detail and timely 
completion of this volume. 

Dorothy Klimis-Zacas 
Guest Editor 
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Abstract: Metabolic Syndrome is a cluster of risk factors which often includes central obesity,
dyslipidemia, insulin resistance, glucose intolerance, hypertension, endothelial dysfunction, as well
as a pro-inflammatory, pro-oxidant, and pro-thrombotic environment. This leads to a dramatically
increased risk of developing type II diabetes mellitus and cardiovascular disease, which is the leading
cause of death both in the United States and worldwide. Increasing evidence suggests that berry fruit
consumption has a significant potential in the prevention and treatment of most risk factors associated
with Metabolic Syndrome and its cardiovascular complications in the human population. This is
likely due to the presence of polyphenols with known antioxidant and anti-inflammatory effects,
such as anthocyanins and/or phenolic acids. The present review summarizes the findings of recent
dietary interventions with berry fruits on human subjects with or at risk of Metabolic Syndrome.
It also discusses the potential role of berries as part of a dietary strategy which could greatly reduce
the need for pharmacotherapy, associated with potentially deleterious side effects and constituting a
considerable financial burden.

Keywords: berries; Metabolic Syndrome; dietary intervention studies; humans

1. Metabolic Syndrome: General Overview

Metabolic Syndrome is characterized by the simultaneous presence of multiple risk factors, which
are a direct or indirect consequence of both insulin resistance and overweight/obesity [1]. Although
it is not a disease in itself, this combination of health problems dramatically increases the risk of
developing type II diabetes mellitus and cardiovascular disease [2].

The US National Cholesterol Education Program–Adult Treatment Panel III (ATPIII) defines
Metabolic Syndrome as the combined occurrence of at least three of the following five risk factors:
abdominal obesity (waist circumference ≥102 cm in males, ≥88 cm in females); high blood triglycerides
(≥150 mg/dL); low HDL cholesterol (≤40 mg/dL in males, ≤50 mg/dL in females); high diastolic
and/or systolic blood pressure (≥130/85 mmHg) and high fasting blood glucose (≥100 mg/L) [2].

Together with these diagnostic parameters, which were selected because of their widespread
use in the clinical setting, a plethora of other dysfunctional states are often associated with Metabolic
Syndrome. Although they are not used for diagnostic purposes, they significantly contribute to the
increased cardiovascular risk and the onset of type II diabetes mellitus [2]. In particular, Metabolic
Syndrome is associated with a pro-oxidant, pro-inflammatory, and pro-thrombotic state [3,4].

Antioxidants 2016, 5, 34 1 www.mdpi.com/journal/antioxidants
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Chronic, low-grade, systemic inflammation is one of the landmark characteristics of Metabolic
Syndrome, leading to unnecessary tissue damage, endothelial dysfunction, thrombosis, insulin
resistance, high blood pressure, and all the pathologies related to such risk factors, including
cardiovascular disease, diabetes, some forms of cancer, arthritis, neurodegenerative diseases, and
many others [3,4].

Fat accumulation and obesity are major underlying causes of chronic inflammation, due to the
inherent ability of adipocytes to secrete inflammatory mediators: mainly adipocyte-derived cytokines
(called adipokines), but also hormones like leptin [5].

Inflammation and fat accumulation both lead to impairment in glucose metabolism and insulin
resistance, and in turn, impaired glucose metabolism exacerbates inflammation and tissue damage,
thus sustaining a pro-inflammatory state and endothelial dysfunction [6,7].

Indeed, another landmark characteristic of Metabolic Syndrome is the development of endothelial
dysfunction, which is strictly related to oxidative stress and inflammation via the nuclear factor
kappa-b pathway [1].

Endothelial dysfunction is characterized by an imbalance between vasoconstrictor and vasodilator
responses leading to impaired vascular tone, peripheral vascular resistance, and organ perfusion,
and is one of the earliest events in the development of atherosclerotic lesions. Metabolic Syndrome
is often associated with impaired endothelium-dependent vasodilation, likely due to insufficient
NO production or bioavailability, [8] and with exaggerated vasoconstriction, due to an increased
production of vasoconstricting mediators [9].

2. The Role of Berries in the Modulation of Metabolic Syndrome

Berries represent a variety of small fruits characterized by the red, purple, and blue color. The most
common berries are: blueberry, bilberry, cranberry, blackberry, raspberry, black, white or red currant,
and strawberry. Minor berries include: lingonberry, cloudberry, elderberry, honeyberry, whortleberry,
and chokeberry.

Berries are consumed both as fresh product as well as processed foods (i.e., juices, beverages,
jams, freeze-dried). They contain high levels of polyphenols including flavonoids (anthocyanins,
flavonols, and flavanols), condensed tannins (proanthocyanidins), hydrolyzable tannins (ellagitannins
and gallotannins), phenolic acids (hydroxybenzoic and hydroxycinnamic acids, chlorogenic acid),
stilbenoids and lignans [10,11]. Their concentration varies according to species, genotype, growing
and post-harvesting conditions [12].

Anthocyanins (ACNs) are probably the main bioactive compounds that characterize berries
with pelargonidin, cyanidin, delphinidin, petunidin, peonidin, and malvidin the most predominant
ACN compounds. They are found mainly in the external layer of the pericarp. ACNs include
aglycones–anthocyanidins and their glycosides–anthocyanins. They differ with regard to the position
and number of hydroxyl groups, degree of methylation, type and number of sugar molecules (mono-,
di- or tri-glycosides), type of sugars (the most common sugars include glucose, galactose and arabinose)
and type and number of aliphatic or aromatic acids (i.e., p-coumaric, caffeic, ferulic acid). Among
berries, blackcurrants, black elderberries, blackberries and blueberries are particularly rich in ACNs
(400 to 500 mg/100 g) [13]. Phenolic acids are represented by hydroxycinnamic acids (i.e., ferulic, caffeic,
p-cumaric acids. and caffeoylquinic esters) and benzoic acid derivatives (i.e., gallic acid, salicylic,
p-hydroxybenzoic. and ellagic acids). They occur mainly in bound forms as esters or glycosides. Gallic
acid and chlorogenic acids are abundant in blueberry (~200 mg/100 g) and blackberry (~300 mg/100 g).
Ellagic acid is the main phenolic acid in strawberries (from 300 mg to 600 mg/100 g) where it is present
in free form or esterified to glucose in hydrolysable ellagitannins. Blueberries and cranberries are also
important sources of ferulic acid, bilberries and blackcurrants of p-coumaric and caffeic acid, while
chokeberries are rich sources of caffeic, chlorogenic, and neochlorogenic acids [13].
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Flavonols, 3-hydroxyflavones and tannins are also widespread in berries. Flavan-3-ols are a
complex subclass of polyphenols without glycoside residues and with different levels of polymerization
ranging from monomeric, oligomeric, and polymeric forms. Tannins include both condensed
non-hydrolysable tannins known as proanthocyanidins, and esters of gallic and ellagic acids called
hydrolysable tannins. Tannins play an essential role in defining the sensory properties of fresh fruit and
fruit-derived products. They are responsible for the taste and changes in the color of fruit and fruit juice.
Moreover, tannins stabilize ACNs by binding to form co-polymers. The amount of flavan-3-ols and
proanthocyanidins in chokeberries, blueberries, and strawberries varies from 150 mg to 700 mg/100 g,
while in blackberries and raspberries the amount is about 300 mg/100 g [13].

Blackberries, blueberries, and strawberries are rich sources of ellagitannins (up to 600 mg/100 g),
followed by chokeberries, cloudberries and red raspberries (~260 mg/100 g), while small quantities of
tannins are found in honeyberries [13].

During recent years, a multitude of clinical research studies have focused on the health properties
of berries. In particular, increasing attention has been devoted to the role of berries and their
components in the modulation of oxidative stress [14], vascular function [15], inflammation, and
lipid metabolism [16]. In addition, research studies have explored the role of berries on chronic
diseases such as cardiovascular diseases, diabetes, and obesity with promising, albeit preliminary,
results. Several studies have also investigated the effect of berry consumption on their ability to
modulate/attenuate risk factors associated with Metabolic Syndrome.

A search of the literature on intervention studies investigating the effect of berry consumption
in the modulation of Metabolic Syndrome and/or related risk factors was carried out. Abstracts and
full texts from human acute and chronic intervention studies were screened. PUBMED, ScienceDirect,
and ScholarGoogle databases were searched to identify articles published later than 1 January 2000.
The searches used the following terms and text words alone and in combination: “berry”, “Metabolic
Syndrome”, “overweight”, “obesity”, “hypertension”, “hypercholesterolemia”, “hyperlipemia”,
“Type II diabetes”, and ”humans”. Interventions conducted in healthy subjects (not presenting
any of the risk factors characterizing Metabolic Syndrome) were excluded. Reference lists of the
obtained articles were also searched for related articles. The search was limited to English-language
articles. A total of 45 articles were obtained from the database searches and from their reference lists.
Four papers were excluded because studies were performed with a mix of fruits and vegetables and
other foods in which berries did not constitute the main food [17–20]. Therefore after exclusions,
a total of 41 studies were included in the review (Figure 1). Thirty-four explored a medium-long
term intervention, four were post-prandial while three investigated both or performed a chronic
intervention followed by an acute study. Here, we summarize the main results of the human studies.
The results obtained are also reported in Table 1, describing the type of food or supplement, number
of intervention days, number of subjects and their characteristics, dose/day of test food, the use of
control/placebo food, and the significant findings.
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Figure 1. A flow chart highlighting study selection. * Studies were identified according to the
following keywords: “berry”, “Metabolic Syndrome”, “overweight”, “obesity”, “hypertension”,
“hypercholesterolemia”, “hyperlipemia”, “Type II diabetes”, and “humans”. ** Studies were excluded
because they used a mix of fruit and vegetables and other foods in which berries were not the main food.

3. Blueberry

Depending on the size of the shrubs, blueberries are classified as either lowbush (‘wild’) or
highbush: Vaccinium corymbosum, a highbush blueberry, is the most commonly cultivated species
around the world, while Vaccinum angustifolium, native to North America, is the most widespread
species of wild blueberry [62]. Anthocyanins are the distinctive and most abundant class of phenolic
compounds in blueberries, and wild blueberries contain higher amounts of anthocyanins compared to
highbush blueberries. Blueberries also contain significant amounts of phenolic acids, flavonols and
flavan-3-ols, as well as manganese [63].

In an 8-week, controlled, randomized intervention, 48 middle-aged, obese subjects with Metabolic
Syndrome were given a daily blueberry drink made with 50 g freeze-dried blueberries, resulting in
significantly lower systolic and diastolic blood pressure, plasma oxidized LDLs, and malondialdehyde
(MDA) and 4-hydroxynonenal (HNE) concentrations. No significant changes were observed for
cholesterol and triglyceride levels, inflammatory markers CRP, adiponectin and IL-6, or adhesion
molecules ICAM-1 and VCAM-1 [25].

In a 6-week, placebo-controlled, randomized intervention, 27 obese, insulin-resistant subjects
received a daily smoothie made with 45 g of blueberry powder, which resulted in improved insulin
sensitivity but did not affect markers of inflammation, blood pressure, and blood lipid profile [24]. In a
subsequent 6-week intervention with the same experimental design on 44 obese subjects with Metabolic
Syndrome, endothelial function measured as peripheral arterial tone, significantly improved with
blueberry consumption, while blood pressure and insulin sensitivity did not significantly change [22].
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In a 6-week, placebo-controlled, cross-over, randomized intervention on 18 subjects with risk
factors for cardiovascular disease receiving a daily blueberry drink made of 25 g wild blueberry
powder, endogenous and ex vivo oxidatively-induced DNA damage in blood mononuclear cells
was found to be significantly lower, but no changes were observed in blood lipid profile, markers of
inflammation, and endothelial function [23].

In an 8-week, placebo-controlled, cross-over, randomized intervention on 48 overweight or obese
hypertensive women, administration of a daily drink made with 22 g of blueberry powder resulted
in significantly lower systolic and diastolic blood pressure and brachial-ankle pulse wave velocity,
and higher plasma levels of nitric oxide, but no changes in the inflammatory marker CRP [21].

In conclusion, the effect of blueberries in the modulation of Metabolic Syndrome-related risk
factors has been investigated in five interventions, documenting an effect on blood pressure, oxidative
stress, endothelial function, and insulin sensitivity, but not on inflammatory marker levels or blood
lipid profile.

4. Bilberry

Bilberries (Vaccinium myrtillus), the wild European blueberries, have a phenolic profile and content
which is comparable to that of blueberries, and are also exceptionally rich sources of anthocyanins.

In a 4-week, controlled, randomized intervention, 62 subjects with risk factors for cardiovascular
disease received 330 mL/day of bilberry juice, resulting in decreased serum concentrations of
inflammatory markers CRP, IL-6, IL-15 and TNF-α, while markers of antioxidant status and oxidative
stress remained unaffected [28].

When 100 g/day of fresh bilberries were given to 80 overweight or obese women with or without
Metabolic Syndrome for 5 weeks, body weight, waist circumference and concentrations of VCAM-1 and
TNF-α, but also adiponectin, significantly decreased, insulin and glycated hemoglobin concentrations
increased, while fat percent, blood pressure, blood lipids, and IL-6 levels were not affected [27].

In an 8-week, controlled, randomized intervention, in 27 overweight or obese subjects with
Metabolic Syndrome receiving 200 g/day of fresh bilberry purée and 40 g/day of dried bilberries,
serum concentrations of inflammatory markers hs-CRP, IL-6, IL-12, and LPS decreased, with no
changes in blood glucose and lipid profile [26].

Thus, the effect of bilberries on Metabolic Syndrome has not been fully investigated. To our
knowledge, only three interventions focused on this berry, finding a consistent effect on reducing
inflammation levels.

5. Cranberry

Native to North America, cranberry (Vaccinium macrocarpon) is a rich source of different phenolic
antioxidant compounds, primarily phenolic acids and flavonoids including anthocyanins, flavonols,
and flavan-3-ols [33]. Cranberries also contain resveratrols and the anti-inflammatory acetylsalicylic
acid [29].

A randomized, placebo-controlled intervention administering six daily capsules of cranberry
powder (equivalent to 240 mL cranberry juice) for 12 weeks to a group of 27 subjects with type 2
diabetes, did not detect any significant effect on blood glucose levels, glycated hemoglobin HbA1c,
triglyceride or cholesterol levels [40].

A 2-week intervention on 21 dyslipidemic men with abdominal obesity, reported improved total
plasma antioxidant capacity, and decreased BMI and plasma oxidized LDL levels following daily
consumption of 7 mL/kg BW of cranberry juice. Blood pressure, plasma lipid profile, and inflammatory
markers were not significantly affected [39].

When the effects of three different doses (125, 250, and 500 mL/day) of cranberry juice
administered sequentially for four weeks each, were tested on a group of 30 middle-aged
men with abdominal obesity, a significant reduction in body weight, BMI, waist circumference,
total/HDL-cholesterol ratio and apolipoprotein B, and a significant improvement in plasma total
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antioxidant capacity were reported after 250 mL and/or 500 mL consumption. A significant decrease
in plasma nitrite and nitrate, and increase in HDL cholesterol were reported only after the highest
dose. No significant effect was observed at the lowest dose, and no effect on total, LDL and VLDL
cholesterol was observed at any dose [38].

The same experimental design was tested on 30 middle-aged abdominally obese men, nine
of which with Metabolic Syndrome. HDL cholesterol and oxidized LDLs improved after 250 and
500 mL cranberry juice consumption, while systolic blood pressure and plasma ICAM-1 and VCAM-1
concentrations decreased only at the highest dose, with a stronger effect in the subset of subjects with
Metabolic Syndrome. No significant effect was observed at the lowest dose, and no effect on cholesterol,
triglycerides, diastolic blood pressure, and plasma E-selectin was observed at any dose [35].

When the post-prandial effect of a single-dose of sweetened cranberry juice was compared to
unsweetened cranberry juice in a group of 12 obese subjects with type 2 diabetes, only unsweetened
cranberry juice resulted in reduced plasma insulin levels and glycemic response, compared to both a
sweetened cranberry juice and an unsweetened control drink [37].

With a similar experimental design, the post-prandial effects of either raw cranberries, sweetened
dried cranberries or dried cranberries sweetened with less sugar were tested in 13 obese subjects with
type 2 diabetes. The effects of raw cranberries were the lowest on glycemic and insulinemic responses,
with the less sweetened, dried cranberries significantly lower compared to the fully sweetened
ones [34].

In a 12-week, placebo-controlled, randomized intervention, 30 older overweight subjects with
type 2 diabetes received a daily capsule of 500 mg cranberry powder extract, resulting in lower total and
LDL cholesterol, and total/HDL-cholesterol ratio. Blood glucose, insulin, and glycated hemoglobin
HbA1c levels were unaffected, as well as CRP, blood pressure, oxidized LDLs, triglycerides, and
HDL-cholesterol [36].

In a placebo-controlled, randomized intervention, 31 obese women with Metabolic Syndrome
were given 480 mL/day of cranberry juice for eight weeks, resulting in reduced circulating levels of
oxidized LDLs, malondialdehyde (MDA), and 4-hydroxynonenal (HNE), and improved total plasma
antioxidant capacity, while blood pressure, blood lipid and glucose levels, and inflammatory markers
did not change [33].

When a single-dose of 480 mL cranberry juice was administered to 15 subjects with coronary
artery disease, post-prandial endothelial function measured as brachial artery flow-mediated dilation,
it significantly improved (Dohadwala et al., 2011). When the same serving of cranberry juice was given
daily to a group of 44 subjects with coronary artery disease in a 4-week, placebo-controlled, cross-over
intervention, central aortic stiffness, measured as carotid-femoral pulse wave velocity, significantly
decreased, as well as HDL-cholesterol levels. However, no changes were reported for total and LDL
cholesterol, triglycerides, CRP, ICAM-1, blood pressure, carotid-radial pulse wave velocity or brachial
artery flow-mediated dilation [32].

In a 12-week, placebo-controlled, randomized intervention on 58 middle-aged, overweight or
obese subjects with type 2 diabetes, receiving 240 mL/day of cranberry juice, blood glucose, ApoB
and ApoA1 concentrations significantly decreased, PON-1 activity increased, while lipoprotein(a)
concentrations were unaffected [31].

When 56 overweight or obese subjects with Metabolic Syndrome were given 700 mL/day of
low-calorie cranberry juice for four weeks, serum folic acid levels significantly increased while serum
homocysteine levels, lipid and protein oxidation significantly decreased. Inflammatory markers CRP,
TNF-α, IL-1, and IL-6 did not change [30].

Thirty five abdominally obese men with or without Metabolic Syndrome were given 500 mL/day
of low-calorie 27% cranberry juice for four weeks in a placebo-controlled, cross-over intervention.
Measures of global endothelial function and arterial stiffness significantly decreased following
cranberry consumption compared to baseline, but not compared to post-placebo (Ruel et al., 2013 [29]).
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Blood pressure and serum markers of endothelial function ICAM-a, VCAM-1 and E-selectin, as well as
oxidized LDLs, did not change [29].

In summary, the effects of cranberries on markers of Metabolic Syndrome have been investigated
in eleven interventions, resulting in a consistent effect on reducing oxidative stress, and some beneficial
effects on BMI, blood cholesterol levels, and vascular function.

6. Raspberry

Black raspberry (Rubus occidentalis) is a flavonoid-rich member of the Rosaceae family common
in Japan, China, and South Korea, where it is traditionally used to treat prostate and urinary diseases.
It also contains significant amounts of tyrosol, resveratrol, tannins, and other phenolic acids [42].

In a 12-week, randomized, controlled intervention, a group of 77 Metabolic Syndrome patients
received 750 mg/day of black raspberry powder in the form of capsules or a fiber- and sugar-matched
control. Raspberry resulted in decreased total serum cholesterol and total/HDL-cholesterol ratio, with
no other changes in serum lipid profile. Inflammatory markers IL-6 and TNF-α significantly decreased,
and anti-inflammatory adiponectin significantly increased, while CRP, ICAM-1 and VCAM-1 were
unaffected. Brachial artery flow-mediated dilation significantly improved [42].

In a controlled, cross-over intervention on a group of 10 older overweight or obese men, the
short-term effect of relatively large amounts of lyophilized black raspberry powder (45 g/day for
four days) was evaluated in countering the post-prandial inflammatory effects of a high fat meal.
Serum IL-6 concentrations significantly decreased, but not TNF-α and CRP concentrations [41].

In conclusion, the impact of raspberry consumption on subjects with risk factor for Metabolic
Syndrome has been evaluated in only two interventions, documenting some positive effects on blood
cholesterol levels, inflammation and vascular function. Research is needed to investigate more fully
the potential of this berry.

7. Chokeberry

Chokeberry (Aronia melanocarpa) is a violet-black, strongly-flavored berry, common in areas of
North America and Eastern Europe. It is a rich source of polyphenols, particularly anthocyanins
present in form of cyanidin-glucosides, but also caffeic acid, quercetin, procyanidins, and other
flavonoids [46].

An 18-week intervention on a group of 58 overweight or obese men with mild
hypercholesterolemia who were given 150 mL/day of chokeberry juice for two, 6-week long periods
separated by a 6-week wash-out, resulted in decreased circulating levels of serum total and LDL
cholesterol and increased serum HDL2 cholesterol. Furthermore, serum triglycerides, glucose,
homocysteine, and fibrinogen levels also significantly decreased, as well as blood pressure, while
inflammatory markers hs-CRP protein and lipid peroxides were not affected [46].

Eight-week administration of 300 mg/day of chokeberry extract to a group of 52 middle-aged
individuals with Metabolic Syndrome, resulted in decreased levels of serum total and LDL cholesterol,
with no changes in total HDL cholesterol. Serum triglycerides were also significantly decreased, as well
as parameters of platelet aggregation and coagulation [45].

A 4-week intervention on 20 middle-aged, obese women with 100 mL/day of a glucomannan-
enriched chokeberry juice resulted in decreased BMI, waist circumference and systolic blood pressure.
However, no changes were observed in diastolic blood pressure, blood glucose levels, serum
triglycerides, total and LDL cholesterol, with increased levels of HDL cholesterol. Membrane
composition of erythrocytes was affected, with an increase in omega-3 polyunsaturated fatty acids and
a decrease in monounsaturated fatty acids [44].

Four week administration of 200 mL/day of chokeberry juice to a group of 23 hypertensive
subjects resulted in decreased systolic and diastolic blood pressure, but blood lipid profile, glucose
and C-reactive protein levels were unaffected [43].
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The effect of chokeberries on Metabolic Syndrome has been investigated in four intervention
studies, documenting some positive but not consistent effects on blood cholesterol and triglyceride
levels, blood pressure, and erythrocyte membrane fluidity. More research is needed to better investigate
the effects of this berry.

8. Strawberry

Besides being an important source of vitamin C, strawberries (Fragaria × ananassa) contain an
abundance of various phenolic compounds, including quercetin, ellagic acid, anthocyanins, catechins,
and kaempferol [54].

Following a controlled 7-week, randomized, cross-over intervention, 28 hyperlipidemic subjects
receiving a serving of strawberries (454 g/day) showed reduced LDL oxidative damage and a reduced
LDL-cholesterol molar ratio compared to control. No significant effect was observed for plasma levels
of conjugated dienes, lipid profile, C-reactive protein, blood pressure, and body weight [57].

An 8-week randomized, controlled trial on 27 subjects with Metabolic Syndrome receiving
two cups of a strawberry beverage (composed of 25 g of freeze-dried strawberry powder each)
daily for eight weeks, documented a reduction of total and LDL-cholesterol, small LDL particle size,
and VCAM-1. No significant effect was observed for glucose, triglycerides, HDL-cholesterol, blood
pressure, waist circumference, and ICAM-1 [55].

A 4-week intervention on 16 obese women with Metabolic Syndrome receiving two daily cups of
a strawberry drink (composed of 25 g of freeze-dried strawberry powder each), reported a significant
reduction in serum total and LDL-cholesterol levels, with no changes in HDL cholesterol, triglycerides,
blood glucose levels and blood pressure. Lipid peroxidation products malondialdehyde (MDA) and
4-hydroxynonenal (HNE) significantly decreased, but not plasma oxidized LDL, and inflammatory
markers hs-CRP and adiponectin [56].

A placebo-controlled, randomized, crossover 6-week intervention on 24 middle-aged, overweight
or obese hyperlipidemic subjects receiving a daily strawberry drink (composed of 10 g of freeze-dried
strawberry powder) did not find any differences in fasting triglycerides, cholesterol or plasma oxidized
LDL concentrations. However, when the postprandial response to a high-fat meal challenge was
evaluated at the end of the intervention, subjects who were on the strawberry group had significantly
lower triglycerides as well as total, LDL and HDL-cholesterol levels [54].

A placebo-controlled, randomized, 6-week intervention on 24 overweight subjects receiving the
same strawberry drink, found no changes in serum glucose, insulin, hs-CRP, IL-6, PAI-1, IL-1β, and
TNF-α concentrations. However, when a high carbohydrate and fat meal was given to the subjects at
the end of the intervention, serum PAI-1, IL-1β levels were significantly lower in the strawberry group,
but not serum glucose, insulin, hs-CRP, IL-6, and TNF-α levels [53].

When the post-prandial effect of a single-dose of the same strawberry drink was evaluated on a
group of 26 overweight individuals consuming a high-carbohydrate moderate-fat meal, without any
pre-intervention, serum hs-CRP, IL-6 and insulin levels were found to be significantly lower, but not
PAI-1, IL-1β, TNF-α, and blood glucose concentrations [52].

Following a controlled 7-week, randomized, cross-over intervention, 20 obese individuals
receiving two servings of strawberry powder (equivalent to 320 g/day of frozen strawberries) showed
a significant reduction in serum total and small HDL-cholesterol concentrations and in LDL particle
size. No changes in serum triglycerides and inflammatory markers and oxidative stress were observed,
but serum fibrinogen concentrations decreased [51].

When a group of 36 overweight subjects with type 2 diabetes received 50 g/day of freeze-dried
strawberry for six weeks in a placebo-controlled, randomized intervention, markers of total serum
antioxidant status significantly increased while serum malondialdehyde (MDA), glycated hemoglobin
HbA1c, and hs-CRP concentrations significantly decreased, and blood glucose levels remained
unaffected [50].
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In another controlled, randomized intervention, 36 overweight or obese subjects with type 2
diabetes received the same amount of freeze-dried strawberry for six weeks, resulting in a significantly
lower diastolic blood pressure, but with no changes in systolic blood pressure as well as serum
triglycerides and cholesterol levels [49].

In a 12-week, randomized, controlled intervention, 60 obese volunteers with risk factors for
cardiovascular disease were assigned to either a low-dose or high-dose strawberry treatment (25 or
50 g freeze-dried strawberry powder in water, respectively), or a calorie- and fiber-matched control.
At the end of the intervention, malondialdehyde (MDA) and 4-hydroxynonenal (HNE) significantly
decreased with both doses, but a significant reduction in serum total and LDL-cholesterol, and derived
small LDL particles, was only observed in the high-dose group. Serum glucose, glycated hemoglobin
HbA1c, insulin, HDL, VLDL-cholesterol, HOMA-IR score, triglycerides, VCAM-1, ICAM-1, and
hs-CRP did not change significantly [48].

When a single serving of freeze-dried strawberry powder at different doses (0, 10, 20 or 40 g)
was given to a group of 21 abdominally obese subjects with insulin resistance, a significant reduction
in post-prandial plasma insulin concentrations, insulin:glucose ratio, and rate of glucose and insulin
increase was only observed after consumption of the highest dose. Interestingly, a significant reduction
in plasma oxidized LDLs was observed after the 20 g dose, but not after the 40 g dose. Plasma glucose,
triglycerides and IL-6 levels did not change at any dose [47].

Thus, ten studies focused on the role of strawberries on Metabolic Syndrome and its risk factors.
Overall, strawberry consumption led to some improvements in oxidative stress, inflammatory status,
blood lipid profile, and blood pressure, although these effects were not consistent.

9. Whortleberry

Caucasian whortleberry, or qaraqat (Vaccinium arctostaphylos), is a wild berry, common in Western
Asia with high anthocyanin content [58]. In a 4-week, placebo-controlled, randomized intervention
on 50 hyperlipidemic subjects, two daily capsules of whortleberry extract containing 45 mg of
anthocyanins each, resulted in lower serum concentrations of total and LDL cholesterol, triglycerides,
and MDA, without changes in HDL-cholesterol and inflammatory marker hs-CRP [47]. Due to the
paucity of data regarding this berry, more research is needed to investigate its effects.

10. Berry Mix

Considering the positive results obtained from single-berry studies, some research groups tested
the effect of a mix of berries in randomized interventions.

In a 12-week, placebo-controlled study on 133 older, borderline or hypertensive subjects,
consumption of 500 mL/day of a juice made from red grapes, cherries, chokeberries, and bilberries
resulted in significantly lower systolic blood pressure after six, but not after 12 week consumption ,
and no effect on diastolic pressure. When only the hypertensive sub-group was considered, the blood
pressure lowering effect was more pronounced [59].

In a 12 week intervention on 20 overweight or obese subjects with Metabolic Syndrome risk
factors, daily combined consumption of 100 g strawberry purée, 100 g of frozen raspberries, and 100 g
of frozen cloudberries, resulted in lower serum leptin levels but did not affect blood pressure, serum
lipid profile, resistin, and markers of oxidative stress [60].

In a 20 week intervention on 61 overweight or obese women with Metabolic Syndrome, a daily
mix of 163 g of lingonberry, sea buckthorn berry, bilberry, and black currant resulted in higher
anti-inflammatory adiponectin plasma concentrations, but did not affect blood pressure, blood lipid or
glucose levels, markers of oxidative stress, and other markers of inflammation [61].

More studies investigating the effects of a mix of multiple berries would be useful, since berries
are often commercialized in mixes, both as fresh products but above all in juices, smoothies, purees,
and other products.
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11. Remarks and Conclusions

In the US, more than one in every five adults meets the diagnostic criteria for Metabolic
Syndrome [64]. In turn, this condition dramatically increases the risk of developing type II diabetes
and suffering acute cardiovascular events, such as heart attacks or strokes [1]. Thus, finding economic
and effective ways to prevent and reverse Metabolic Syndrome is of key importance for public health.

Several lines of evidence suggest that diet, together with regular physical activity and avoidance
of smoking, is one of the most manageable ways of preventing the development of Metabolic Syndrome
in the human population, and at the same time it is also a tool to mitigate the symptoms and decrease
the risk of complications in patients who already suffer from this condition.

Furthermore, diet has the potential to greatly reduce the need for pharmacological treatment,
which is inevitably associated with harmful side effects and constitutes a considerable financial burden.
Being a multifactorial condition, the pharmacological approach to Metabolic Syndrome requires the use
of multiple medications, to control a wide array of metabolic abnormalities ranging from dyslipidemia
to hypertension, and from hypercholesterolemia to impaired blood glucose control. Thus, the risk of
side effects is multiplied by the need of administering multiple medications, and the opportunity to
be able to prevent or even control some of the same metabolic dysfunctions with lifestyle—including
diet—becomes especially advantageous.

Mounting evidence suggests that consumption of dietary achievable amounts of berries, whose
distinctive nutritional characteristic is the abundance of phenolic compounds, has the potential to
affect several metabolic abnormalities related to Metabolic Syndrome.

When results of the dietary interventions reviewed in this article are considered together, it appears
that the stronger and most recurrent effects of berry consumption lie in their anti-inflammatory
and anti-oxidant effects. They also have a tendency to improve lipid profile, lowering total and
LDL-cholesterol as well as triglycerides, but this outcome is not observed consistently. It is reasonable
to speculate that inter-individual variability as well as interactions with the rest of the diet, are strong
enough to mask the effects of berry consumption on lipid profile, and this seems to be confirmed
by the observation that effects on blood lipids tend to reach statistical significance in subjects with
particularly abnormal baseline values.

Several studies also report positive effects in attenuating blood pressure, especially systolic
blood pressure in hypertensive subjects, and some studies document positive effects on markers of
endothelial function.

As far as the effects on glucose and insulin metabolism are concerned, results are mixed and tend
to be absent, in a few studies even negative. It is possible that in subjects whose glucose and insulin
metabolism is already severely impaired, the benefits of phenolic compounds are outweighed by the
sugar content of berries, especially when given in form of juices and not with meals.

Another recurring observation in studies testing multiple doses is that there exists a dose-response
effect, and some positive outcomes are only observed at higher levels of consumption or with
longer interventions.

Considering the overall positive effects of berry consumption that have been reported in several
dietary interventions on multiple metabolic abnormalities related to Metabolic Syndrome, it appears
that regular berry consumption is a promising strategy to prevent Metabolic Syndrome and its
complications, certainly not by itself as a single-bullet solution, but as part of a varied, balanced, and
healthy dietary approach promoting health and preventing disease.
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Abstract: Berries are rich in polyphenols such as anthocyanins. Various favorable functions of berries
cannot be explained by their anti-oxidant properties, and thus, berries are now receiving great interest
as food ingredients with “beyond antioxidant” functions. In this review, we discuss the potential
health benefits of anthocyanin-rich berries, with a focus on prevention and treatment of obesity
and diabetes. To better understand the physiological functionality of berries, the exact molecular
mechanism of their anti-obesity and anti-diabetes effect should be clarified. Additionally, the
relationship of metabolites and degradation products with health benefits derived from anthocyanins
needs to be elucidated. The preventive effects of berries and anthocyanin-containing foods on the
metabolic syndrome are not always supported by findings of interventional studies in humans, and
thus further studies are necessary. Use of standardized diets and conditions by all research groups
may address this problem. Berries are tasty foods that are easy to consume, and thus, investigating
their health benefits is critical for health promotion and disease prevention.

Keywords: berries; anthocyanins; obesity; diabetes; degradation products; metabolites; bioavailability

1. Introduction

Berries are rich in polyphenols such as anthocyanins. Anthocyanins, belonging to the group
flavonoids, are plant pigments that may appear red or purple, and are present in the form of
glycosides [1,2]. Figure 1 shows the structures of the aglycone moieties of major anthocyanins [2].
The types and content of anthocyanins differ among varieties of berries, and depend on cultivation
conditions and the timing of the harvest. The anthocyanin composition of some common berries is
shown in Table 1 [3]. The components of berries are known for their strong anti-oxidant properties.
It has been documented that anthocyanins have other health-related functions, such as improvement
of visual and vascular function [4–7], anti-arteriosclerosis [8], anti-cancer [9,10], anti-obesity [11],
anti-diabetes [12], and brain function-enhancing properties [13,14]. These favorable functions of
berries cannot explained by their anti-oxidant properties alone, and thus, berries are now receiving
great interest as food ingredients with “beyond antioxidant” functions. Also, the beneficial effects of
berry component metabolites (e.g., anthocyanins) are becoming known.

Among a wide array of favorable functions of berries, their preventive and normalizing effect
against obesity and diabetes will be discussed in this review, which will also outline findings regarding
metabolism and absorption related to their anti-obesity and anti-diabetic effects. Furthermore, the latest
interventional studies on the Metabolic Syndrome in humans are introduced. Finally, we summarize
the future research needs regarding studies on berries’ favorable health benefits.
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Table 1. Anthocyanin Content in Fresh Berries (Reprinted with permission from [3]. Copyright 2008
American Chemical Society).

Berries Anthocyanins mg/g Extract a

Bilberry

cyanidin 3-galactoside 3.70
cyanidin 3-glucoside 4.05

cyanidin 3-arabinoside 2.54
delphinidin 3-galactoside 4.58
delphinidin 3-glucoside 4.73

delphinidin 3-arabinoside 3.53
peonidin 3-galactoside 0.46
petunidin 3-halactoside 1.52
petunidin 3-glucoside 2.94

petunidin 3-arabinoside 0.84
malvidin 3-arabinoside 0.81

peonidin 3-glucoside/malvidin 3-galactoside 3.48
peonidin 3-arabinoside/malvidin 3-glucoside 3.62

Blackberry

cyanidin 3-glucoside 7.17
cyanidin 3-rutinoside 0.06

cyanidin 3-arabinoside 0.05
cyanidin 3-xyloside 0.47

cyanidin 3-(6-malonoyl)glucoside 0.3
cyanidin 3-dioxaloylglucoside 2.05

Blackcurrant

cyanidin 3-glucoside 1.1
cyanidin 3-rutinoside 7.08

delphinidin 3-glucoside 2.94
delphinidin 3-rutinoside 9.79

peonidin 3-rutinoside 0.11
petunidin 3-rutinoside 0.18

Blueberry

cyanidin 3-galactoside 0.28
cyanidin 3-glucoside 0.04

cyanidin 3-arabinoside 0.12
delphinidin 3-galactoside 1.37
delphinisin 3-glucoside 0.13

delphinidin 3-arabinoside 0.74
peonidin 3-galactoside 0.15
petunidin 3-galactoside 1.07
petunidin 3-glucoside 0.11

petunidin 3-arabinoside 0.46
marlidin 3-arabinoside 1.75

peonidin 3-glucoside/malvidin 3-galactoside 3.65
peonidin 3-arabinoside/malvidin 3-glucoside 0.43

Strawberry cyanidin 3-glucoside 0.09
pelargonidin 3-glucoside 5.07

a Values are expressed as mean of triplicate analyses for each sample.

Figure 1. Chemical structures of anthocyanidins [15].
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2. Preventive and Normalizing Effect on Obesity and Diabetes

2.1. Anti-Obesity

The first report that demonstrated the preventive properties of anthocyanins against body fat
accumulation was published by our group in 2003 [11]. Briefly, in C57BL/6J mice, a cyanidin
3-glucoside supplemented diet (C3G; 2 g/kg) significantly suppressed body fat accumulation induced
by a high-fat diet (60% fat), and this was attributed to a reduction in lipid synthesis in the liver and
white adipose tissue [11,16]. Anthocyanins act on adipose tissue, inducing changes, such as those in the
expression levels of adipocytokines. We have reported that C3G or its aglycones induce upregulation
of adiponectin, which enhances insulin sensitivity, in isolated rat and human adipocytes [17,18], but
these events were not observed in vivo. Prior et al. reported that feeding a high-fat diet (45% fat)
supplemented with anthocyanins extracted from blueberries significantly suppressed increases in body
weight and body fat accumulation in C57BL/6 mice, while intake of lyophilized wild blueberry powder
(WBP) did not demonstrate the same effect but induced body fat accumulation [19]. In a separate study,
the same group reported that ingestion of blueberry juice did not significantly reduce the body weight
gain and the weight of white adipose tissue (epididymal and retroperitoneal fat) in mice fed a high fat
diet (45% of energy fat) [20]. A different group also reported similar findings [21]. On the other hand,
Seymour et al. reported that supplementation of a high-fat diet (45% fat) with 2% WBP reduced the
weight of intraperitoneal fat and increased the activity of the peroxisome proliferator-activated receptor
(PPAR) in white adipose tissue and skeletal muscle in Zucker fatty rats [22]. Further, Vendrame et al.
of the University of Maine reported that 8 weeks of feeding a diet supplemented with 8% WBP
significantly increased blood adiponectin levels, and decreased levels of inflammation markers in
white adipose tissue [23], and ameliorated dyslipidemia [24], but did not influence fasting blood
glucose and insulin levels [25] in obese Zucker rats.

The effects of other types of berries have been tested. Ingestion of black raspberries did not
significantly suppress body fat accumulation and weight gain in mice fed a high-fat diet (60%
fat) [26–28]. On the other hand, ingestion of an aqueous extraction of mulberries suppressed increases
in body weight [29]. Intake of tart cherry power significantly reduced body weight gain and the
amount of retroperitoneal fat, suppressed upregulation of obesity-related inflammatory cytokines (IL-6
and TNF-α), and increased mRNA levels of PPARα and PPARγ in Zucker fatty rats [30]. In rats fed
a high-fructose diet, intake of a chokeberry extract significantly suppressed increases in the weight
of epididymal fat and blood glucose level, and at the same time, it significantly increased plasma
adiponectin level and decreased plasma TNF-α and IL-6 levels [31]. Taken together, the anti-obesity
effect of berries is controversial and findings are not consistent among studies. Use of standardized
diets and conditions in all research groups may address this problem.

2.2. Anti-Diabetes

The author’s group reported that intake of purified anthocyanin (C3G) [16,32], bilberry
anthocyanin extract (BBE) containing a variety of anthocyanins [12], and black soybean components
(C3G and procyanidin) [33] significantly ameliorate hyperglycemia and insulin sensitivity in type 2
diabetic mice. It was reported by a different group that C3G and its metabolite protocatechuic acid
caused activation of PPARγ, and also induced upregulation of Glut 4 and adiponectin in human
adipocytes [34]. However, we demonstrated that C3G does not serve as a ligand of PPARγ, and did not
observe C3G-induced upregulation of adiponectin in vivo [16,32]. Thus, it cannot be concluded that
the effect of C3G against diabetes is due to activation of PPARγ-ligand or upregulation of adiponectin.

BBE activates AMP-activated protein kinase (AMPK) in the white adipose tissue and skeletal
muscle. This activation induces upregulation of glucose transporter 4 and enhancement of glucose
uptake and utilization in these tissues. In the liver, dietary BBE suppresses gluconeogenesis
(downregulation of glucose-6-phosphatase and phosphoenol pyruvate carboxykinase) via AMPK
activation, which ameliorates hyperglycemia in type 2 diabetic mice. Meanwhile, in lipid metabolism,
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the AMPK activation induces phosphorylation of acetylCoA carboxylase and upregulation of PPARα,
acylCoA oxidase , and carnitine palmitoyltransferase-1A gene expression in the liver. These changes
lead to reductions in lipid content and enhance insulin sensitivity via reduction of lipotoxicity
(Figure 2) [12].

Figure 2. Proposed mechanism for amelioration of hyperglycemia and insulin sensitivity by dietary BBE [12].
ACC, acetylCoA carboxylase; ACO, acylCoA oxidase; CPT1A, carnitine palmitoyltransferase-1A; G6Pase,
glucose-6-phosphatase; Glut4, glucose transporter 4; PEPCK, phosphoenol pyruvate carboxykinase.

Prevention of diabetes is an important task in the elderly and menopausal women, and ingestion
of blueberries may be effective in its prevention. A research group at Louisiana State University
reported that feeding a diet supplemented with 4% blueberry power for 12 weeks improved glucose
intolerance and a fatty liver in post-menopausal mice [35].

Regarding preventive and suppressive effects of anthocyanins against diabetes, our group recently
discovered that anthocyanins induce secretion of glucagon-like peptide-1 (GLP-1), one of the incretins.
“Incretins” is a general term for a group of peptide hormones that are secreted from the gastrointestinal
tract upon food ingestion and act on pancreatic βcells, thereby inducing insulin secretion in a blood
glucose concentration-dependent manner. There are two known incretins, one of which is GLP-1.
Because enhancement of the action of GLP-1 is effective in prevention and treatment of type 2
diabetes, inhibitors of GLP-1 degradation and degradation-resistant GLP-1 receptor agonists are
used for therapeutic purposes [36,37]. Use of food-derived factors to enhance secretion of endogenous
GLP-1, thereby increasing blood GLP-1 levels, would serve as a new strategy [38]. There are several
molecular species of anthocyanins. Their individual effects are still unknown, but their preventive and
suppressive effect against diabetes may involve the action of GLP-1. Thus, we examined the inhibitory
effect of each molecular species of anthocyanins on GLP-1 secretion, and as a result, discovered
delphinidin 3-rutinoside (D3R) [15]. Furthermore, we documented that such secretion-inducing effect
is mediated by G-protein coupled receptors (GPR40 or 120) and the downstream calcium-calmodulin
dependent protein kinase II pathway (Figure 3) [15]. These findings indicate that anthocyanins, without
being absorbed, can directly act within the intestine and exert health-related effects.
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Figure 3. Proposed mechanism for stimulation of GLP-1 secretion by D3R in intestinal L-cells [15].
D3R activates G protein-coupled receptor (GPR), e.g., GPR40/120, on the L-cell surface. Activation
induces IP3R-mediated release of intracellular Ca2+ from the endoplasmic reticulum. The elevation of
cytosolic Ca2+ stimulates phosphorylation of Ca2+/calmodulin-dependent kinaseII (CaMKII). CaMKII
activation leads to an increase in GLP-1 secretion from intestinal L-cells.

3. Health Benefits of Berries and Involvement of Their Metabolites

In 1999, we reported that protocatechuic acid is a metabolite of C3G [39]. Recently, phenolic acids
(protocatechuic acid, syringic acid, vanillic acid, phloroglucinol aldehyde, phloroglucinol acid and
gallic acid), which are degradation products or metabolites of anthocyanins, are of great interest in
relation to health benefits of berries [40–47]. These phenolic acids were detected as metabolites in
humans [48]

It is believed that the bioavailability of anthocyanins is very low (about 0.1%). Also, their chemical
structures indicate that they are prone to degradation, leading to the question why they exert favorable
health benefits. A British group led by Kay reported a study that examined metabolism and absorption
of 13C-labelled C3G in humans [49]. Briefly, 500 mg 13C-labelled C3G was ingested, and its excretion
into the blood, urine, stool and expired air was monitored over a period of 48 h. It was shown that
13C was excreted even 24–48 h after ingestion and the detected conjugates and metabolites were
diverse, and that the calculated bioavailability was ě 12.38% ˘ 1.38%. In addition to conjugates of
C3G and its aglycone (cyanidin), the following degradation products and metabolites were detected
in the same study: protocatechuic acid and its glucuronate conjugate or sulfate conjugate; vanillic
acid and its derivatives and conjugates; phenylacetic acids (3,4-dihydroxyphenyl acetic acid and
4-hydroxyphenylacetic acid; phenylpropenoic acids (caffeic acid and ferulic acid); and hippuric acid.
It is likely that C3G undergoes chemical degradation in a considerably complicated metabolic processes,
influenced by enteric bacteria, and is re-absorbed. The same group prepared various C3G metabolites,
and reported that these metabolites at physiological concentrations suppress inflammation in human
vascular endothelial cells [50,51].

A British group led by Spencer also reported that a wide range of phenolic acids in plasma, most
likely to be degradation products and metabolites of anthocyanins, were present after ingestion of
a blueberry drink [52]. Some of these compounds were detected in blood and peaked only 1 h after
ingestion, while others were detected several hours after ingestion.
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A Canadian group led by Kalt examined anthocyanin metabolites after ingestion of 250 mL
blueberry juice in humans, and found that metabolites were excreted into urine over a period of
5 days [53]. This suggests that these metabolites circulate within the enterohepatic loop, and remain
in the body for a long period. To confirm this, a tracer study conducted by a British group [49] can
provide us with some important information. Concretely, examination of metabolism and absorption
of various 13C-labelled types of anthocyanin species may help confirm circulation of the metabolites
within the enterohepatic loop.

A study by a group at North Carolina State University investigated whether degradation of
anthocyanins by enteric bacteria and resulting products, namely phenol acids, are responsible for
the health benefit of anthocyanins. It was shown that feeding mice a diet containing 1% black
currant powdered extract (32% anthocyanins) for 8 weeks suppressed weight gain and improved
glucose metabolism. However, these effects were observed in mice with normal gut microbiome,
but not in mice with intestinal flora altered by antibiotics [54]. It is of great interest that the study
showed that metabolites generated by enteric bacteria from berry components are involved in exerting
health-related effects.

Taken together, the link between functional doses of anthocyanin or berry intake and metabolite
concentrations may be explored to evaluate the health benefits of berries (Figure 4).

 
Figure 4. Degradation products or metabolites derived from berry anthocyanins can have an impact
on health.

4. Interventional Studies in Humans

In this section, recent intervention studies of berries in humans are introduced. Obesity and
diabetes are closely linked to cardiovascular disease. Therefore, some studies shown here include the
role of berries in cardiovascular disease prevention.

Basu et al., conducted a randomized study wherein 48 obese men and women (mean body mass
index (BMI), 37.8) ingested lyophilized blueberries containing anthocyanins (742 mg) for 8 weeks.
It was shown that blood pressure was significantly improved and oxidized low-density lipoprotein
(LDL)-cholesterol levels were decreased, while the blood glucose levels, body weights and waist
circumferences were not improved in the group who ingested blueberries [55]. On the other hand, a US
research group conducted a randomized double-blind comparison wherein improvement of insulin
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sensitivity was demonstrated in 32 men and women who ingested blueberry powder (669 mg/day
anthocyanins) for 6 weeks [56]. Furthermore, a research team involving US, British and Singaporean
groups jointly conducted an epidemiological study, and reported significant decreases in the risk of
type 2 diabetes in the group that ingested a large amount of anthocyanins [57]. A British group also
reported the interrelation between anthocyanin intake and decreases in levels of blood insulin and
inflammatory markers [58]. A US group reported that high anthocyanin intake significantly reduced
the risk of myocardial infarction in 93,600 young and middle-aged women [59]. On the other hand,
ingestion of elderberries (500 mg/day, 12 weeks) did not improve the profile of cardiovascular disease
markers in 52 post-menopausal women [60]. Also, a randomized double-blind comparison found that
ingestion of purple carrots (daily intake of anthocyanins and phenolic acids, 118.5 mg and 259.2 mg,
respectively) for 4 weeks did not influence the body weight, LDL-cholesterol level and blood pressure,
but it significantly reduced the high-density lipoprotein (HDL)-cholesterol level in 16 obese men (mean
BMI, 32.8) [61]. In summary, the preventive effects of berries and anthocyanin-containing foods on
the Metabolic Syndrome are currently not always supported by findings of interventional studies in
humans, and thus further studies are necessary.

5. Future Research Needs and Prospects

Finally, we present the research needs on the beneficial effects of berries and anthocyanins.
First, in studies on the suppressive/normalizing effects of anthocyanins on obesity and diabetes,

interrelation between chemical structures of anthocyanin molecules and their various beneficial effects
remain largely unclear. On the other hand, simultaneous consumption of various types of anthocyanins
may be more beneficial in some cases. Thus, it is crucial to elucidate which type of anthocyanin species
or compositions of the mixture are most beneficial for their health benefits.

Second, the relationships of metabolites and degradation products derived from anthocyanins
with health benefits need to be elucidated. The following questions should be answered: whether
health-related effects of berries can be explained solely by metabolites and degradation products of
anthocyanins; what types and quantities of metabolites and degradation products of anthocyanins are
necessary for them to exert their beneficial effects; whether differences in intestinal flora influence the
beneficial effects of berries; and conversely, whether ingestion of berries affects intestinal flora.

Third, it is necessary to determine whether the effects caused by anthocyanins solely explain
the health benefits of berries, or the co-presence of other berry components is essential for their
beneficial effects.

Lastly, health benefits that may result from berries have not yet been fully studied in humans,
and findings are not consistent among studies. Use of standardized diets and conditions in all research
groups may address this problem.

Berries are tasty foods that are easy to consume, and thus, investigating their health benefits is
critical for health promotion and disease prevention.
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Abstract: Blueberries are a rich source of polyphenols, which include anthocyanin bioactive
compounds. Epidemiological evidence indicates that incorporating blueberries into the diet may
lower the risk of developing type 2 diabetes (T2DM). These findings are supported by pre-clinical and
clinical studies that have shown improvements in insulin resistance (i.e., increased insulin sensitivity)
after obese and insulin-resistant rodents or humans consumed blueberries. Insulin resistance was
assessed by homeostatic model assessment-estimated insulin resistance (HOMA-IR), insulin tolerance
tests, and hyperinsulinemic-euglycemic clamps. Additionally, the improvements in glucose tolerance
after blueberry consumption were assessed by glucose tolerance tests. However, firm conclusions
regarding the anti-diabetic effect of blueberries cannot be drawn due to the small number of
existing clinical studies. Although the current evidence is promising, more long-term, randomized,
and placebo-controlled trials are needed to establish the role of blueberries in preventing or
delaying T2DM.

Keywords: blueberries; bilberries; strawberries; cranberries; berries; anthocyanins; diabetes; insulin;
glucose; diabetes

1. Introduction

Insulin resistance is a public health concern that can initially occur in the prediabetes stage
many years before the diagnosis of type 2 diabetes mellitus (T2DM). Insulin resistance is defined as
inefficient glucose uptake and utilization in peripheral tissues in response to insulin stimulation [1].
Insulin resistance in the prediabetes stage is a characteristic of glucose intolerance, which includes
impaired fasting glucose (fasting plasma glucose (FPG) 100–125 mg/dL or 5.6–6.9 mmol/L) and/or
impaired glucose tolerance (oral glucose tolerance test (OGTT) 2-h plasma glucose (PG) 140–199 mg/dL
or 7.8–11.0 mmol/L) [2,3]. Prediabetes is a condition in which blood glucose levels are higher than
normal, but not high enough to be classified as T2DM. The prediabetes stage is when corrective actions
need to be implemented in order to prevent or delay the development of T2DM (FPG ≥ 126 mg/dL
or ≥ 7.0 mmol/L; or OGTT 2-h PG ≥ 200 mg/dL or ≥ 11.1 mmol/L). Thirty-seven percent of adult
Americans have prediabetes, which increases their risk of developing T2DM and cardiovascular
disease [4]. To circumvent the health complications of T2DM and its related financial burdens,
primary prevention before the disease actually occurs is warranted.

Lifestyle and dietary habits are major factors determining the development and progression
of T2DM. Epidemiological studies reported that consumption of foods rich in anthocyanins,
particularly from blueberries, were associated with a lower risk of T2DM and index of peripheral
insulin resistance [5–7]. Blueberries belong to the genus Vaccinium and their health benefits may be
attributable to the bioactive compounds, anthocyanins, which also have antioxidant properties [8–10].
Anthocyanins are polyphenols that belong to the flavonoid subgroup and they are the natural dark
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pigment color in plant foods [11]. The bioactive compounds are abundant in fruits and vegetables,
such as berries, cherries, grapes, red onion, red radish, and purple potatoes [12].

Blueberries have become a popular fruit that gained the interest of the public and scientific
communities due to their role in maintaining and improving health [13]. The scientific evidence
supporting the anti-diabetic health benefits of blueberries is growing. Pre-clinical [14–21] and
clinical [22–25] studies have found improvements in insulin resistance and glucose tolerance
after blueberry consumption in obese and insulin-resistant rodents and humans. For many years,
increased consumption of blueberries has been a folk remedy in Canada for treating T2DM [26].
This review will examine the effects of blueberries on insulin resistance and glucose intolerance,
including evidence from dietary intervention studies that used rodents or humans with T2DM or
at risk of developing the disease. An overview of mechanistic insights from cell culture and gut
hormones will be explored. In addition, the review will also highlight the anti-diabetic effect of
bilberries, which also belong to the genus Vaccinium and are known outside the United States as the
“European blueberry”.

2. Anti-Diabetic Effect of Blueberries

2.1. Preclinical Dietary Interventions

Increasing insulin sensitivity (i.e., improving insulin resistance and glucose tolerance) is important
in preventing or improving T2DM. A number of animal studies have demonstrated the anti-diabetic
effects of blueberry anthocyanins (Figure 1). Obese rodents that were diet-induced and genetically
manipulated consumed a 45%–60% high fat-diet (HFD) with blueberries for 3–12 weeks and their
insulin resistance (i.e., assessed using the homeostatic model assessment-estimated insulin resistance
(HOMA-IR)) [18,21] and glucose tolerance (assessed using the glucose tolerance test) [15–18,20] were
improved. Similar results were observed when an intraperitoneal insulin tolerance test (ITT) was used
to measure insulin sensitivity. DeFuria et al. [14] found that C57BL/6 mice that consumed a 60% HFD
+ 4% blueberries for 8 weeks had a lower plasma glucose area under the curve (AUC) (i.e., increased
insulin sensitivity) during an ITT compared with the mice fed the HFD alone. The mice on the HFD
+ blueberries had similar results to the 10% low-fat diet fed mice. Additionally, similar increases in
insulin sensitivity (assessed by ITT) were found in diabetic KKAy mice that consumed a bilberry diet
for 5 weeks [19].

In opposition to the previous positive anti-diabetic blueberry studies, other researchers
documented no influence of blueberries on insulin resistance and/or glucose tolerance in obese
mice and rats [15,27–29]. Although Vendrame and Colleagues [29] did not observe any significant
changes on HOMA-IR with blueberry supplementation, they did find significant biological changes
in the glucose metabolism related plasma markers (hemoglobin A1c, retinol-binding protein 4,
and resistin concentrations). These markers were lower in the obese Zucker rats that consumed a 8%
blueberry diet for 8 weeks when compared to the rats that did not consume blueberries. Also, the gene
expression related to glucose metabolism (resistin in liver and retinol-binding protein 4 in adipose
tissue) was downregulated in the obese Zucker rats following blueberry intake [29].
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Figure 1. The effect of blueberries on preventing and improving type 2 diabetes in obese C57BL/6 mice,
KKAy mice, and Zucker rats. The rodents were fed blueberries for over 3 weeks and insulin resistance
and/or glucose tolerance were assessed using HOMA-IR (homeostatic model assessment-estimated
insulin resistance), ITT (insulin tolerance test), and GTT (glucose tolerance test). Seymour et al. [18],
Mykkanen et al. [27], and Elks et al. [15] evaluated insulin resistance and glucose tolerance. * Studies
that used bilberries.

2.2. Clinical Dietary Interventions

2.2.1. Whole Blueberries

In humans, evidence of blueberries impacting insulin resistance is sparse (Figure 2). Our lab group
was the first to publish a report on the clinical impact of blueberries on whole-body insulin sensitivity
in a population that was at risk for developing T2DM [10]. We found that consuming a smoothie
supplemented with blueberries for 6 weeks had a greater increase in insulin sensitivity in obese and
insulin-resistant adults (i.e., prediabetes) when compared to their counterparts that consumed a placebo
smoothie. Insulin sensitivity was assessed by using the “gold standard” hyperinsulinemic-euglycemic
clamp. Other studies, including our lab, have used less sensitive methods such as HOMA-IR [30] and
frequently sampled intravenous glucose tolerance test (FSIVGTT) [31] to evaluate insulin sensitivity
as a secondary measurement. Using these less sensitive methods resulted in no changes in insulin
sensitivity between the blueberry and placebo groups.
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Do blueberries have an effect on preventing or improving 
diabetes?

Humans

Berry Extracts

Insulin Resistance
(HOMA-IR)

*Li et al. [23] - Yes

Adults with type 2 
diabetes

Rebello et al. [24] - No

Insulin-resistant   
adults

Glucose Tolerance
(OGTT)

*Hoggard et al. [22] - Yes

Adults with type 2 
diabetes

Rebello et al. [24] - Yes

Insulin-resistant adults

Blueberries

Stull et al. [25] (hyperinsulinemic-
euglycemic clamp) - Yes

obese and insulin-resistant 
adults

Basu et al. [30] (HOMA-IR) - No

obese adults with metabolic                 
syndrome

Stull et al. [31] (FSIVGTT) - No

obese and insulin-resistant 
adults

Figure 2. The effect of blueberries on preventing and improving type 2 diabetes in obese
and insulin-resistant adults. Insulin resistance and/or glucose tolerance were assessed using
HOMA-IR (homeostatic model assessment-estimated insulin resistance), FSIVGTT (Frequently sampled
intravenous glucose tolerance test), and OGTT (oral glucose tolerance test). Rebello et al. [24],
used HOMA-IR and OGTT and Stull et al. [25,31], used the clamp and FSIVGTT. * Studies that
used bilberries.

2.2.2. Blueberry or Bilberry Extracts

There are clinical studies that supplemented subjects with the blueberry or bilberry extracts instead
of the whole berry (Figure 2). In overweight and obese subjects, Rebello et al. [24] used a gastrointestinal
microbiome modulator (GIMM) containing inulin from agave, β-glucan from oats, and polyphenols
from blueberry pomace as the dietary intervention. Consuming GIMM over 4 weeks improved
glucose tolerance (assessed by oral glucose tolerance test; OGTT), but no changes in insulin resistance
(assessed by HOMA-IR) were observed. Li and colleagues reported further evidence supporting
the anti-diabetic role of berry extracts. The subjects with T2DM that consumed capsules containing
80 mg of anthocyanins (purified from the bilberry and blackcurrent; twice daily) for 24 weeks had
a significant improvement in HOMA-IR (i.e., increased insulin sensitivity) [23]. Another study with
a similar population distributed a single oral capsule of either 0 g (placebo) or 0.47 g standardized
bilberry extract (36% w/w anthocyanins) to the subjects with T2DM [22]. This acute crossover design
study found that supplementation with the bilberry extract resulted in a lower incremental plasma
glucose and insulin (assessed by OGTT) when compared to consuming the placebo.

2.3. Ingredients in the Blueberry and Placebo Drinks, Pellets, or Capsules

The blueberry and placebo drinks, pellets, or capsules differed between the human and animal
studies that were reviewed in Table 1. The reviewed studies varied in the types of berries, berry
extract combinations, methods of administering the treatments (whole berry vs berry extracts),
and contents in the food matrix. Potential concerns with the placebo that could influence the outcome
data were not having a matched macronutrient placebo that was similar to the treatment and not
controlling for fiber in the placebo. Thus, fiber has been shown to positively affect glucose control [32].
Another potential problem with the placebo is the added dark dye to make it indistinguishable from
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the treatment intervention. The chemical structures of the dark dyes are closely related to anthocyanins
and this could possibly affect the study’s outcome variables. Regarding the food matrix, the smoothies
in Stull et al.’s [25,31] study contained milk and yogurt and there is controversy about whether
the proteins in milk interact with polyphenols and negate their antioxidant capacity and bioavailability.
However, there are still discrepancies between studies [33–37]. It is important to note that the milk
contained in the blueberry smoothie did not mask the beneficial effects of the blueberries on improving
insulin sensitivity and endothelial function [25,31].

Table 1. Ingredients in the Blueberry Treatment and Placebo Drinks, Pellets, or Capsules.

Study Type BB Treatment Placebo

Blueberries

Lowbush (wild)

Vuong et al. [20] Pre-Clinical BB juice (40 mL·kg−1 per day in
drinking water)

water

Prior et al. [28] Pre-Clinical 10% BB + LFD or HFD (pellets) LFD or HFD (pellets)
Vendrame et al. [29] Pre-Clinical 8% BB (pellets; regular diet) pellets; regular diet

Highbush

Defuria et al. [14] Pre-Clinical 4% BB + HFD (pellets) HFD (pellets)
Elks et al. [15] Pre-Clinical 4% BB + HFD (pellets) HFD (pellets)

Roopchand et al. [17] Pre-Clinical 40% BB-defatted soyben flour
(DSF) + HFD HFD + DSF

Seymour et al. [18] Pre-Clinical 2% BB + HFD (Semipurified diet) HFD (Semipurified diet)

Stull et al. [25,31] Clinical 22.5 g BB; 12 oz smoothie (yogurt
and milk; 4 g Fiber) (twice daily)

12 oz smoothie (food
color, BB flavor, and 4 g

fiber) (twice daily)

Basu et al. [30] Clinical 25g BB + 480 ml water (twice daily) 480 mL water
(twice daily)

Extract

Rebello et al. [24] Clinical BB ACN and polyphenols + 8.7 g
fiber + 6 oz water (twice daily)

8.7 g fiber + 6 oz water
(twice daily)

Unknown (Highbush
or Lowbush)

Nair et al. [16] Pre-Clinical 2% BB + regular diet corn + regular diet
Wu et al. [21] Pre-Clinical HFD + BB juice HFD + water

Bilberries

Takikawa et al. [19] Pre-Clinical 27 g BB/kg + laboratory diet laboratory diet
Mykkanen et al. [27] Pre-Clinical 5% or 10% BB + HFD (pellets) HFD (pellets)

Hoggard et al. [22] Clinical

single gelatin capsule; 0.47 g of
Mirtoselect® (a standardized BB

extract (36 % (w/w) of
anthocyanins); ~50 g fresh BB

microcrystalline cellulose
in an opaque single

gelatin capsule

Li et al. [23] Clinical 80 mg BB ACN + pullulan +
maltodextrin capsule (twice daily)

pullulan + maltodextrin
capsule (twice daily)

Abbreviations used: BB = blueberry or bilberry, HFD = 45% or 60% kcal high fat diet, ACN = anthocyanin.

3. Prevention of Obesity-Potential Factor That May Contribute to the Anti-Diabetic Effect
of Blueberries

The improved insulin sensitivity after blueberry supplementation that is exhibited in studies
could possibly be due to the observed body weight and adiposity reduction in rodents. It is known that
obesity is a major contributor to insulin resistance and changes in adiposity can greatly alter insulin
sensitivity [38]. As seen in obesity, accumulation of lipids in tissues is a key step in the initiation and
progression of insulin resistance to T2DM [38]. Increasing insulin sensitivity is important in preventing
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the development of T2DM. When blueberries are added to the diet, some studies have reported that
obese rodents display a decrease in body weight gain and/or lipid accumulation in tissues with
increased insulin sensitivity [17,20,21]. Contrarily, Prior et al. [28] observed increases in body weight
gain and adiposity with blueberry consumption and this could possibly explain why blueberries did
not influence insulin sensitivity in the obese mice. However, protection against obesity was observed
when the obese mice were fed purified anthocyanins from blueberries [28,39]. Other researchers
demonstrated increases in insulin sensitivity after blueberry consumption, but the blueberries
were ineffective in reducing body weight gain and adiposity in the obese rodents [14,16,19].
Mykkanen et al. [27] observed the opposite and there were reductions in the body weight gain
after bilberry supplementation in obese mice, but insulin sensitivity was not affected. In addition,
Seymour et al. and colleagues [18] incorporated blueberries in the diet and the abdominal fat was
reduced along with increases in insulin sensitivity in the obese Zucker rats. However, the total fat
mass and body weight gain were unchanged during the 12 week study duration [18].

Body weight and fat composition have been mostly explored in animals, and to a lesser extent
in humans. In clinical studies, body weight and fat composition have been explored as secondary
measurements and the blueberry intake over 6–8 weeks did not change the body composition in
the obese individuals [25,30,31]. Despite no changes in body weight and fat composition, Stull et al. [25]
still observed an increase in insulin sensitivity after 6 weeks of blueberry consumption. Thus, it is
possible that blueberries may help counteract obesity as seen in animal studies, but may not be as
effective in inducing weight loss. Thus, clinical trials evaluating the anti-obesity effect of blueberries in
humans is warranted with a longer study duration than 6–8 weeks.

4. Mechanisms of Action That are Related to the Anti-Diabetic Effect of Blueberries

4.1. Inhibition of Inflammatory Responses

Chronic inflammation is likely the link between obesity and insulin resistance [40,41]. Obesity is
associated with macrophage infiltration into adipose tissue and the activation of the inflammatory
pathway which leads to the development of insulin resistance [40,41]. The accumulation of
macrophages in the adipocytes secrete proinflammatory cytokines. Previous animal studies have
observed an anti-inflammatory effect of blueberries [14,27,42]. Vendrame et al. [42] reported that
blueberries had an anti-inflammatory effect as evidence by a decreased expression in nuclear factor
κB, interleukin-6 (IL-6), and tumor necrosis factor alpha (TNFα) in the liver and abdominal adipose
tissue and decreased plasma concentrations in IL-6, TNFα, and c-reactive protein in obese Zucker rats.
Insulin sensitivity was not evaluated in this particular study. Similarly, Defuria and colleagues [14]
found that blueberries protected against adipocyte death, and down-regulation in gene expression
indices of adipose tissue macrophage and inflammatory cytokines (TNFα and IL-10) in obese-induced
mice. The researchers concluded that these changes in gene expression of inflammatory cytokines may
have contributed to the increase in insulin sensitivity. Contrarily, an animal study reported increased
insulin sensitivity, but no significant effect of blueberry intake on plasma inflammatory markers in
obese Zucker rats [18].

In humans with hypercholesterolemia, consuming extracts from bilberry and blackcurrant
anthocyanin significantly decreased the biomarker of inflammation on the vascular endothelium,
soluble vascular cell adhesion molecule-1 (sVCAM-1), when compared to consuming the placebo [43].
When studies used the whole blueberry as the dietary intervention, the effects on the inflammatory
response were less pronounced. Our research group [25,31] and other researchers [30,44,45] found
that changes over 6–8 weeks in plasma levels of soluble intercellular adhesion molecule-1, sVCAM-1,
C-reactive protein, IL-6, monocyte chemoattractant protein 1, and TNFα did not differ between the
blueberry and placebo groups. Despite no changes in the inflammatory response, Stull el al. [25] still
observed an increase in insulin sensitivity. Thus, in humans, a longer study duration, populations
with elevated baseline inflammatory levels, and evaluation of the gene expression of the inflammatory
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markers may be necessary to observe an anti-inflammatory effect of blueberries on obesity and
insulin resistance.

4.2. Modification of the Insulin-Dependent and Independent Cellular Pathways

There is evidence in both in vitro and in vivo models that suggest blueberries may modulate
the intracellular pathways of glucose metabolism. However, there is still not a definitive answer for
the cellular mechanism(s) that contribute to the anti-diabetic effect of blueberries. It is possible that
there is more than one mechanism for blueberry-anthocyanins. Cell culture and animal studies have
found that blueberry glucose uptake was due to activity in the insulin-dependent pathway [18,26]
while other researchers have observed the activity in the insulin-independent pathway [19,46].
Contrarily, Roopchand et al. [17] found that blueberry-anthocyanins did not increase glucose uptake
in L6 myotubes (i.e., skeletal muscle cells). However, these researchers did observe reduced glucose
production in the H4IIE rat hepatocytes after adding blueberry anthocyanins.

Martineau et al. [26] showed that 21-h incubation of the blueberry (or fruit) extract in
muscle cells enhanced glucose uptake only in the presence of insulin, which is an indication that
the insulin-dependent pathway was utilized. Seymour et al. [18] reported that rats had an increase
in mRNA transcripts related to glucose uptake and metabolism (e.g., insulin receptor substrate
1 (IRS 1) and glucose transporter 4 (GLUT 4)) in the skeletal muscle and retroperitoneal fat after
consuming blueberries for 12 weeks. A different observation by Voung and Colleagues [46g] found
the increase in glucose uptake was explained by the increased phosphorylation/activation of proteins
in the insulin-independent pathway (e.g., AMP-activated protein kinase (AMPK)) in cultured muscle
cells and adipocytes. Thus, the proteins in the insulin-dependent pathway (e.g., protein kinase B/AKT
and extracellular signal-regulated kinase 1/2 (ERK)) were not affected by the blueberry treatments.
In an in vivo study, bilberries activated AMPK in the white adipose tissue and skeletal muscle in
KKAy mice [19]. This activation induced upregulation of GLUT 4 and enhancement of glucose
uptake and utilization in these tissues without using insulin. This data supported the previous
evidence [46] that blueberries increased glucose uptake into the skeletal muscle cells and adipocytes
via an insulin-independent mechanism.

4.3. Other Mechanisms

Anthocyanins may have various anti-diabetic effects via mechanisms other than cellular signaling
proteins found in the insulin-dependent and independent pathways, such as the modification of
glucagon-like peptide-1 (GLP-1), alteration of peroxisome proliferator-activated receptor (PPAR)
activities, protection against glucolipotoxicity, and modification of endogenous antioxidants. It is
possible that anthocyanins can act directly within the intestine and exert health related benefits.
Kato et al. [47] demonstrated that delphinidin 3-rutinoside (i.e., an anthocyanin) significantly increased
GLP-1 secretion in GLUTag cells via the Ca2+/calmodulin-dependent kinase II pathway. GLP-1 is
secreted from enteroendocrine L-cells and is one type of incretin that stimulates the glucose-dependent
insulin secretion and proliferation of pancreatic β-cells. Increasing endogenous GLP-1 secretion is
an alternative therapeutic approach that could possibly help treat diabetes and decrease the required
medication doses [48–50]. The transcription factor PPAR was also observed and whole blueberries,
isolated anthocyanins, and anthocyanin-rich extracts increased its activity [18,51–53]. PPARs are
nuclear fatty acid receptors that play an important role in obesity-related metabolic diseases and
PPAR agonist drugs have been used to improve insulin resistance [54]. In addition, the Chinese
blueberry has been found to effectively protect β-cells against glucolipotoxicity when compared
to metformin in vitro by reducing intracellular triglyceride levels, restoring intracellular insulin
content, lowering basal insulin secretion, and increasing glucose-stimulated insulin secretion [55].
Glucolipotoxicity is a harmful effect of elevated glucose and fatty acid levels on pancreatic beta-cell
function and survival [56]. Lastly, there are studies that demonstrated anthocyanins enhancing
the endogenous antioxidant defense system. The purified anthocyanin cyanidin-3-O-β-glucoside
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increased glutathione (i.e., antioxidant) synthesis in the liver of diabetic db/db mice through
upregulation of glutamate-cysteine ligase catalytic subunit expression [57]. Similar to the previous
study [57], Roy and Colleagues [58] observed enhanced serum levels of superoxide dismutase and
catalase after injections of pelargonidin (i.e., anthocyanidin) in the streptozotocin-induced diabetic rats.

5. Conclusions

Blueberries offer a natural “healthy package” of diverse bioactive compounds that contribute
to its many health benefits. This review highlighted a multitude of in vivo and in vitro studies that
demonstrated the anti-diabetic effects of blueberries and berry extracts in insulin-resistant rodent,
human, and cell culture models. These beneficial effects of blueberries on insulin resistance and
glucose tolerance in humans is in concordance with the animal and cell culture studies. Although there
were studies that demonstrated a positive anti-diabetic effect of blueberries, this review also discussed
studies with less pronounced effects. It is important to note that majority of the human studies that
did not observe a positive outcome with whole blueberry supplementation used a less sensitive
measurement to assess insulin sensitivity and also insulin sensitivity was a secondary measurement
in the study.

The varying types of berries, berry extract combinations, the methods of administering
the treatments (whole berry vs berry extracts), population studied, and the specifics of each study
design bring a substantial amount of variation amongst the results in the various blueberry studies.
There is a great need for more well designed, randomized, and placebo-controlled clinical trials
that further explore dose responses, whole blueberries versus bioactive compounds, longevity of
any health benefits, and interactions between blueberry bioactives and other foods and drugs.
In addition, the cellular mechanisms are still controversial and findings are not consistent among
studies. Therefore, more cellular mechanistic studies are warranted in in vivo models to elucidate
the specific cellular signaling pathway involved in the improvement of insulin sensitivity after
blueberry consumption. To date, there are a limited number of clinical studies that have evaluated
the effect of blueberries on insulin sensitivity and more clinical trials are warranted before a definitive
conclusion can be drawn about the anti-diabetic effect of blueberries.
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Abstract: Blueberries are rich in antioxidants and may protect against disease. Uric acid accounts
for about 50% of the antioxidant properties in humans. Elevated levels of serum uric acid (SUA) or
hyperuricemia is a risk factor for cardiovascular disease (CVD). The aim was to determine the effect
of blueberries on SUA in older adults. Participants (n = 133, 65–80 years) experiencing mild cognitive
impairment (MCI) were randomized in a double-blind 6-month clinical trial to either blueberry or
placebo. A reference group with no MCI received no treatment. The mean (SD) SUA at baseline
were 5.45 (0.9), 6.4 (1.3) and 5.8 (1.4) mg/dL in reference, placebo, and treatment groups, respectively.
Baseline SUA was different in men and women (6.25 (1.1) vs. 5.35 (1.1), p = 0.001). During the first
three months, SUA decreased in the blueberry group and was significantly different from the placebo
group in both men and women (p < 0.0003). Sex-specific differences became apparent after 3 months,
when only men showed an increase in SUA in the blueberry group and not in the placebo (p = 0.0006)
between 3 and 6 months. At 6 months SUA had rebounded in both men and women and returned
to baseline levels. Baseline SUA was correlated with CVD risk factors, waist circumference and
triglycerides (p < 0.05), but differed by sex. Overall, 6 m SUA changes were negatively associated
with triglycerides in men, but not in women. Group-wise association between 6 m SUA changes and
CVD risk factors showed associations with diastolic blood pressure, triglycerides and high-density
lipoprotein (HDL) cholesterol in women of the Blueberry group but not in men or any sex in the
placebo group. In summary, blueberries may affect SUA and its relationship with CVD risk in
a sex-specific manner.

Keywords: hyperuricemia; blueberries; cardiovascular disease; antioxidant

1. Introduction

Uric acid accounts for more than half of the antioxidative properties in humans [1–4]. However,
elevated serum uric acid concentrations (SUA) or hyperuricemia is considered a risk factor for the
development of oxidative stress and/or inflammation-related diseases such as gout, hypertension,
cardiovascular disease (CVD) and chronic kidney disease (CKD) [1]. Uric acid has a paradoxical role
in human metabolism: on one hand, it acts as an antioxidant in hydrophilic environment, whereas on
the other hand, it can propagate a chain reaction and cause oxidative damage to cells in reaction with
other radicals [1]. However, the role of SUA in CVD remains controversial with conflicting information
being put forward regarding the link between SUA and CVD [5–7].
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Plant polyphenols have been shown to be protective against diseases such as certain cancers,
CVD, diabetes, and aging [8–10]. Blueberries contain anthocyanins, which are recognized to
possess antioxidant and anti-inflammatory properties. Human and animal studies have shown
beneficial effects of blueberry consumption on lifestyle-related chronic diseases [11]. Studies have
been conducted to understand the effect of polyphenol and anthocyanins containing foods on circulating
uric acid concentrations.On the one hand, red wine has been shown to acutely increase plasma urate
concentrations [12], whereas, on the other hand, dealcoholized red wine has been shown to decrease
plasma uric acid concentrations [13]. Similarly, cherry consumption has been shown to reduce SUA
concentrations whereas acaiberry had no effects on them [14,15]. Although, to the best of our knowledge,
blueberries have not been tested for their effects on SUA and no scientific evidence links them so far,
they are thought to be functional foods for curing gout, an inflammatory arthritic disease caused by
hyperuricemia, mainly for their anthocyanin content or antioxidant property.

The role of berry fruits in improving cardiovascular health is gaining importance [8]. Studies have
shown beneficial effects of flavonoids and anthocyanins on endothelial function, type 2 diabetes,
and hypertension. A study in 93,600 young to middle-aged women from the Nurses Health Study
(NHS) II showed that high intake of anthocyanins can help reduce risk for myocardial infarction [16].
Another study from the same group also showed that anthocyanins and specific flavones can prevent
hypertension [17] and decrease the risk for type 2 diabetes [18]. In a randomized, double-blind
placebo-controlled clinical trial, blueberry consumption was associated with improvement in endothelial
function, but not in blood pressure, in 44 adult men [19]. In contrast, in another double-blind
placebo-controlled clinical trial, blueberries were found to decrease blood pressure and arterial stiffness
in 8 weeks in postmenopausal women [20]. Additionally, a dose and time-dependent improvement was
observed in vascular function following blueberry consumption in men participating in a double-blind,
crossover intervention study [21]. However, very few studies have investigated the effect of blueberry
consumption on SUA concentration or its relationship with CVD risk factors. A literature review
revealed only one study which was conducted in 15 healthy adults that did not find any significant
differences in SUA in individuals with high, low, or no dose blueberries [22].

Thus, the aim of this study was to determine the impact of blueberries on SUA concentrations
and their relation to CVD risk factors in older adults. Our central hypothesis is that the blueberries,
when added to the diet, will enhance the body’s antioxidant status, lower SUA concentrations,
and improve related CVD risk factors.

2. Research Design and Methods

2.1. Study Population

In the context of a larger study that was designed to assess the effects of blueberries on cognitive
abilities, adults aged 65 to 80 years, who were beginning to experience mild cognitive decline, but were
generally healthy, were enrolled in a 6-month double-blind randomized clinical trial across a 3-year
rolling enrollment. Inclusion criteria included those who consumed fewer than five daily servings
of fruits and vegetables; were not diagnosed with dementia or Alzheimer’s disease, central nervous
system disorders, psychiatric disorders, gastrointestinal issues, digestive issues, or diabetes; had a body
mass index (BMI) less than 34.9 lbs./in2; were not taking certain medicines (e.g., medications with
known cognitive side-effects); and were right-handed. The study was approved by the Institutional
Review Board for the University of North Carolina at Chapel Hill, and all participants gave written
and verbal informed consent (11-2075).

Intervention participants were randomly assigned to either the blueberry or placebo group
(Figure 1). Participants were age-matched in half-decade categories (65–69, 70–74, and 75–79 years old).
Single-year-crop wild blueberries donated by the Wild Blueberry Association of North America
(Old Town, ME, USA) were freeze-dried and pulverized into a powder at Futureceuticals, Inc.
(Momence, IL, USA) and packaged in 17.5 g packets at WePackItAll (Irwindale, CA, USA). The placebo
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powder was created by Futureceuticals from a recipe developed by the High Bush Blueberry Council
and was also packaged at WePackItAll. The packaging was blank with the exception of one of
four letters (C, D, E, or F), which constituted the blind. Powders were analyzed for nutrient content
and antioxidant activity by Medallion Labs (Minneapolis, MN, USA) at least semi-annually during the
study to insure the powders maintained consistency over time (see Table 1 for nutrient composition).

Figure 1. A Consort diagram of the participant flow of the parent clinical trial.

Table 1. Average nutrition provided by powders per day if participants were 100% compliant.

Composition Blueberry Placebo

Calories 139 137
Saturated Fat (g) 0.084 0.000

Monounsaturated Fatty Acids (g) 0.138 0.000
Polyunsaturated Fatty Acids (g) 0.403 0.004

Trans Fatty Acids (g) 0.003 0.000
Cholesterol (g) 0.37 0.35
Sodium (mg) 2.60 7.46

Carbohydrates (g) 32.08 34.26
Fiber (g) 7.05 0.02

Fructose (g) 11.47 4.56
Glucose (g) 10.65 0.30
Sucrose (g) 0.05 0.04
Maltose (g) 0.07 0.54
Lactose (g) 0.04 0.04
Protein (g) 1.08 0.27

Calcium (g) 37.25 3.54
Iron (g) 0.54 0.05

Vitamin C (g) 9.34 0.25

Participants were instructed to consume two packets of powder (35 g)—which for the blueberries
was the equivalent of two cups of fresh blueberries—daily for 180 days. Participants were further
instructed that the powders were not to be heated, cooked, or added to already hot foods; it was also
recommended that they not mix the powder with dairy products [23,24]. Participants recorded powder
consumption times and details in a provided food diary. Any packets not consumed were returned to
researchers; compliance was calculated from returned packets.

Participants were interviewed about the foods listed in their diary using a 3-pass diet recall
system. Data were collected in a standardized format with the aid of food models for accurate portion
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determination utilizing the Nutrition Data System for Research (NDSR) software (Minneapolis, MN,
USA). The NDSR software calculates average daily caloric and nutrient intake.

2.2. Uric Acid

Twelve-hour fasted blood was obtained from participants at baseline, 3 months, and 6 months.
Blood was collected by a trained phlebotomist through blood draw using ethylenediaminetetraacetic
acid (EDTA) coated tubes and serum tubes. Blood was centrifuged for 15 min at 1500g at 4 ◦C;
layers were aliquoted into separate tubes and immediately stored at −80 ◦C. The blood was
processed by Carolinas Medical Center LabCorp (Charlotte, NC, USA); the blood was assayed
for creatinine, glucose, cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol and
low-density lipoprotein (LDL) cholesterol.

2.3. Physical Examination

Anthropometrics and blood pressure were collected from participants at each session by trained
research assistants. After participants sat quietly for five min with both feet on the floor, blood pressure
was measured using an Omron HEM-907XL digital blood pressure monitor. Waist circumference was
measured 1 inch above the navel using a soft tape measure. Participants’ weights and heights were
measured without shoes and after emptying pockets and removing excess clothing. The Cardinal
Detecto Pro Doc Series digital physician scale was used to measure weight. Height was measured to
the nearest quarter inch using a Charder portable stadiometer situated against the wall.

2.4. Statistical Analysis

All statistical analyses were computed using STATA, version 14.0 (StataCorp LP, College Station,
TX, USA). A test of normality was performed and the variables showing skewed distribution were log
transformed to meet the normal distribution. t-tests and ANOVA were used to analyze group and
sex differences. Pearson correlation tests and multiple linear regression analyses were used to assess
the relationship between SUA concentrations and CVD risk factors. A value of <0.05 (two-tailed) was
considered to be statistically significant after adjustment for multiple tests.

3. Results

A total of 58 men and 75 women aged 65 to 80 years participated in the larger study. Of the
133 enrolled participants, 107 provided blood samples and were included in the analysis: 47 men and
60 women. Their descriptive characteristics are depicted in Table 2. The 6-month period treatment
showed no differences in body weight and waist circumferences in any of the three groups. No other
metabolic risk factors showed any significant changes across the 6-month period.

Table 2. Descriptive statistics at baseline, 3 months, and 6 months.

Trait Baseline Mean (SD) 3 Months 6 Months

Age 72.68 ± 4.3
Body weight (lb) 170.17 ± 31.7 171.43 ± 31.2 171.52 ± 31.5

Waist circumference (in) 39.60 ± 4.0 39.86 ± 4.2 39.61 ± 4.0
Systolic blood pressure (mmHg) 131.76 ± 17.3 129.47 ± 16.3 130.59 ± 16.9
Diastolic blood pressure (mmHg) 74.42 ± 9.1 73.68 ± 9.2 73.44 ± 10.9

Glucose (mg/dL) 100.22 ± 11.5 98.97 ± 13.3 99.88 ± 12.6
Triglycerides (mg/dL) 137.29 ± 97.7 131.28 ± 69.2 127.82 ± 64.4

Total cholesterol (mg/dL) 177.98 ± 34.4 179.48 ± 33.0 177.70 ± 36.7
LDL cholesterol (mg/dL) 98.50 ± 28.3 99.00 ± 27.0 97.10 ± 30.6
HDL cholesterol (mg/dL) 53.64 ± 16.0 54.73 ± 16.5 54.68 ± 16.5

SUA (mg/dL) 5.75 ± 1.3 5.21 ± 1.4 5.66 ± 1.3

LDL-low-density lipoprotein: HDL-high-density lipoprotein: SD-standard deviation; SUA-serum uric acid.
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3.1. Compliance

In both treatment groups, although not significant, women seem to be more compliant with
powder consumption than men. In the placebo group, compliance was 93% and 81% in men at
three and six months, respectively, whereas it was 97% in women at both the three- and six-month
timepoints. In the blueberry group, however, compliance was lower at 78% and 70% in men at three
and six months, respectively and 81% and 62% in women at three and six months, respectively.

3.2. Changes in SUA Following Supplementation with Blueberries or Placebo

At baseline mean (SD) SUA, levels were 5.91 (1.3) mg/dL. When categorized by sex and treatment
groups, SUA concentrations were higher in men than women (6.25 (1.1) vs. 5.35 (1.1) mg/dL, p = 0.001)
but not significantly different between placebo and treatment groups (6.1 (1.2) vs. 5.8 (1.4), p = 0.43)
at baseline. Changes in SUA between baseline and 3 months (0–3 months), 3 to 6 months (3–6 months)
and baseline to 6 months (0–6 months) were adjusted for age, waist circumference, total calorie intake
and blueberry intake compliance and residuals were used for further analysis. Figure 2 depicts the
differences in these changes between the two sexes and groups. SUA during 0–3 months decreased
significantly in the blueberry group as compared to the placebo group in both men (p = 0.0002) and
women (p = 0.00001). However, during 3–6 months, in men, SUA increased significantly in the
blueberry group as compared to the placebo group (p = 0.0006) but not in women (p = 0.87). By the
end of 6 months, SUA had decreased to its baseline levels and was not significantly different between
groups in both men (p = 0.23) and women (p = 0.54).
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Figure 2. SUA (serum uric acid) changes over 6 months according to sex and treatment group.
Residual values are shown as mean (SD); * p = 0.0002, # p = 0.00001, & p = 0.0006.

3.3. Changes in SUA and Its Relation to Changes in Other CVD Risk Factors

Regardless of sex differences, baseline SUA concentration was significantly correlated with waist
circumference (r = 0.36, p < 0.001), triglycerides (r = 0.31, p < 0.01), glucose (r = 0.27, p < 0.01), and HDL
cholesterol (r = −0.43, p < 0.001). Sex-specific significant correlations of SUA concentrations were
observed with triglycerides (r = 0.30, p < 0.05) in men and with waist circumference (r = 0.50, p < 0.0001),
triglycerides (r = 0.42, p < 0.001), glucose (r = 0.45, p = < 0.001), and HDL cholesterol (r = −0.42, p = 0.001)
in women. Changes in SUA concentrations (baseline to 6 months) were positively correlated with
glucose (r = 0.32, p = 0.03) and negatively with systolic (r = −0.36, p = 0.009) and diastolic blood
pressure (r = −0.36, p = 0.009) in women (data not shown in tables). Multiple regression, adjusted for
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blueberry compliance, showed the baseline SUA concentrations were significantly correlated with
CVD risk factors, waist circumference and serum triglycerides (p < 0.05). However, the association of
changes in SUA concentrations differed by sex and treatment. Changes in SUA concentrations were
negatively associated with blood glucose and triglycerides in men whereas no significant associations
were observed in women (Table 3).

Table 3. Multiple regression analysis of baseline SUA concentrations and changes in SUA concentrations
with cardiovascular disease risk factors.

Trait ** CVD Risk Factor β (SE) t p Value *

Baseline—All

Waist circumference 0.073 (0.03) 2.67 0.009
Glucose 0.009 (0.009) 0.96 0.34

Systolic blood pressure −0.003 (0.008) −0.42 0.67
Diastolic blood pressure −0.0004 (0.01) −0.03 0.98

Triglycerides 0.003 (0.001) 2.31 0.023
Total cholesterol −0.003 (0.01) 0.44 0.66
LDL cholesterol 0.005 (0.01) −0.30 0.77
HDL cholesterol −0.010 (0.10) 0.39 0.24

Men

Waist circumference 0.0102 (0.06) 0.18 0.86
Glucose −0.002 (0.02) −0.15 0.88

Systolic blood pressure −0.16 (0.01) −1.27 0.21
Diastolic blood pressure 0.24 (0.02) 1.08 0.29

Triglycerides 0.002 (0.002) 1.51 0.14
Total cholesterol −0.002 (0.02) −0.13 0.90
LDL cholesterol −0.002 (0.01) 0.12 0.91
HDL cholesterol −0.002 (0.02) −0.15 0.88

Women

Waist circumference 0.085 (0.03) 2.72 0.009
Glucose 0.018 (0.01) 1.33 0.19

Systolic blood pressure 0.003 (0.01) 0.25 0.80
Diastolic blood pressure −0.173 (0.02) −0.95 0.35

Triglycerides 0.002 (0.01) −0.78 0.44
Total cholesterol −0.004 (0.01) −0.31 0.76
LDL cholesterol −0.008 (0.02) 0.51 0.61
HDL cholesterol −0.09 (0.1) 1.33 0.19

Changes over 6-month
period **—All

Waist circumference 0.004 (0.1) 0.08 0.94
Glucose 0.014 (0.01) 0.96 0.34

Systolic blood pressure −0.009 (0.01) −0.84 0.41
Diastolic blood pressure −0.0003 (0.01) −0.02 0.98

Triglycerides −0.0003 (0.002) −0.17 0.87
Total cholesterol −0.008 (0.02) −0.50 0.62
LDL cholesterol 0.021 (0.02) 1.1 0.28
HDL cholesterol 0.036 (0.02) 1.58 0.12

Men

Waist circumference 0.083 (0.05) 1.6 0.14
Glucose −0.045 (0.02) −2.19 0.05

Systolic blood pressure −0.022 (0.02) −1.33 0.21
Diastolic blood pressure 0.022 (0.02) 1.23 0.24

Triglycerides −0.007 (0.002) −3.21 0.008
Total cholesterol −0.0001 (0.02) −0.01 0.99
LDL cholesterol 0.009 (0.03) 0.34 0.74
HDL cholesterol 0.070 (0.04) 1.81 0.098

Women

Waist circumference −0.062 (0.07) −0.87 0.40
Glucose 0.033 (0.02) 2.02 0.06

Systolic blood pressure −0.005 (0.1) −0.48 0.64
Diastolic blood pressure −0.033 (0.03) −1.32 0.21

Triglycerides 0.002 (0.005) 0.33 0.74
Total cholesterol −0.025 (0.02) −1.32 0.20
LDL cholesterol 0.042 (0.02) −1.78 0.08
HDL cholesterol 0.025 (0.02) 0.63 0.54

* all p values ≤ 0.06 are bolded; ** adjusted for age, compliance and total calorie intake. CVD: cardiovascular
disease. SE: Standard error of mean.
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When categorized by treatment groups (blueberry vs. placebo), changes in SUA concentrations
were not associated with any CVD risk factors in the placebo group. Conversely, in the blueberry
group, changes in SUA concentrations were significantly associated with diastolic blood pressure,
and serum levels of triglycerides and HDL cholesterol and showed suggestive evidence of association
with changes in total cholesterol in women but not in men (Table 4). At baseline, SUA, total cholesterol
and changes in SUA and total cholesterol were similar in both sexes in the placebo group. However, in
the blueberry group, beta coefficient was in opposite direction for association between changes in
SUA and diastolic blood pressure, triglycerides, HDL and total cholesterol between men and women.
Thus, there seems to be an effect modification by sex in the relationship of SUA with these CVD
risk factors.

Table 4. Multiple regression analysis of changes in SUA concentrations with cardiovascular disease
risk factors in the treatment groups.

Trait ** CVD Risk Factor β (SE) t p Value *

Placebo group—Men

Waist circumference −0.036 (0.06) −0.63 0.59
Glucose 0.029 (0.14) 0.21 0.86

Systolic blood pressure −0.00009 (0.01) 0.02 0.99
Diastolic blood pressure 0.006 (0.02) 0.29 0.80

Triglycerides 0.0004 (0.001) 0.36 0.75
Total cholesterol −0.003 (0.008) −0.40 0.73
LDL cholesterol −0.004 (0.007) −0.59 0.57
HDL cholesterol −0.047 (0.05) −0.86 0.48

Women

Waist circumference −0.107 (0.08) −1.37 0.21
Glucose 0.0034 (0.01) 0.19 0.85

Systolic blood pressure −0.0105 (0.01) −0.74 0.48
Diastolic blood pressure 0.0031 (0.02) 0.14 0.90

Triglycerides 0.0047 (0.007) 0.72 0.50
Total cholesterol −0.0163 (0.02) −0.96 0.37
LDL cholesterol 0.002 (0.009) 0.25 0.81
HDL cholesterol 0.0043 (0.04) 0.11 0.91

Blueberry group—Men

Waist circumference 0.007 (0.04) 0.18 0.86
Glucose 0.002 (0.06) 0.03 0.98

Systolic blood pressure −0.022 (0.01) −0.19 0.86
Diastolic blood pressure −0.0003 (0.01) −0.02 0.99

Triglycerides 0.0025 (0.002) 1.21 0.28
Total cholesterol −0.004 (0.007) −0.56 0.60
LDL cholesterol −0.003 (0.005) −0.05 0.96
HDL cholesterol 0.077 (0.04) 2.12 0.09

Women

Waist circumference −0.029 (0.10) −1.91 0.15
Glucose −0.198 (0.01) −2.05 0.13

Systolic blood pressure 0.0052 (0.003) 1.65 0.20
Diastolic blood pressure 0.045 (0.008) 5.38 0.01

Triglycerides −0.015 (0.003) −4.87 0.02
Total cholesterol 0.011 (0.004) 2.98 0.06
LDL cholesterol −0.001 (0.003) −0.42 0.68
HDL cholesterol −0.117 (0.02) −5.83 0.01

* p values ≤ 0.06 are bolded; ** adjusted for age, total calorie intake and compliance.

4. Discussion

In the present study, we investigated the effects of blueberry consumption on SUA levels and its
relationship with CVD risk factors in older adults. Uric acid, a major antioxidant in humans, can also
act as pro-oxidant and increase the risk for major chronic diseases such as hypertension, type 2 diabetes,
CVD, and CKD thus has contradictory effects on metabolism. Elevated SUA concentrations have
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been associated with increased risk for all-cause and CVD mortality [25]. A number of studies have
investigated the role of uric acid in the development of CVD, however, very limited studies have
been conducted in older adults. Moreover, no studies have investigated the effect of nutritional
intervention (blueberry) on SUA concentrations in older individuals. Considering that both have
anti-oxidative properties, it is important that we understand the effect of blueberry supplementation
on SUA concentrations.

Our results show that, at baseline, men had significantly higher levels of SUA than women.
Significant differences have been observed in the levels of SUA concentrations in men and women.
Several studies have reported higher levels of SUA in men as compared to women [26–33], which is
similar to our results. Similarly, sex-specific differences have also been reported with respect to
association of SUA with CVD risk factors. Chou et al. [34] conducted a stratified analysis and found
association of SUA with insulin resistance and plasma glucose levels in women but not in men.
Previous studies from our group and others have shown a positive association between SUA and
waist circumference [27,28,32,34]. In the current study, we found a strong correlation between SUA
and waist circumference at baseline, mainly in women.

Many studies have observed the association between CVD risk factors and SUA concentrations to
be stronger in women than men [32,33,35]. We also observed strong correlations of baseline SUA with
serum triglycerides. This, again, is a replication of observations reported by several studies [32,35–37].
A retrospective analysis of the database from the Laboratory Information System—a database of data
from a cohort of outpatient adults referred by general practitioners for routine medical check-ups for
three years from 2005–2008—showed that triglycerides were significantly associated with circulating
uric acid in women but not in men [35]. Similarly, a study conducted in elderly adults reported
that high SUA levels predicted metabolic syndrome in older women but not men [31]. In our study,
we observed a similar pattern of associations. Changes in SUA between baseline and the 6-month
time-period were significantly associated with CVD risk factors (glucose and triglycerides) in men
but not women. Changes in SUA regardless of treatment group also showed sex-specific differences
in associations between SUA and CVD risk factors. Thus, our study replicates and confirms that the
association of baseline SUA and changes in SUA are significantly associated with some CVD risk
factors in a sex-specific manner.

As a next step, we investigated whether blueberry consumption affected SUA concentrations.
We found that SUA concentrations initially decreased regardless of sex differences. However, after
the 3-month time point, sex-specific differences became apparent. Significant differences between
placebo and blueberry groups between 3 and 6 months were found only in men and not in women.
Likewise, changes in SUA concentration were significantly associated with diastolic blood pressure,
and serum levels of triglycerides and HDL cholesterol only in women but not men in the blueberry
group. No significant associations or sex-specific differences were observed in the placebo group.
However, the sex-specific differences in changes in SUA between and within groups are noteworthy.
To the best of our knowledge, this is the first study to focus on the effects of blueberry on SUA
concentrations over a 6-month long period. There is only one other study [22] in which scientists
investigated the effects of high and low dose of blueberries on measures of antioxidant status and
included SUA as one of the measures. However, this study measured only the acute effects (fasting, 1, 2,
and 3 h after sample consumption) and did not find any significant differences in SUA concentrations.
We, on the other hand, investigated the long-term effects of blueberry consumption. We also found
association of blueberry compliance with SUA concentrations where increasing compliance was
associated with deceasing SUA in women.

Our study has some limitations. Most importantly, our sample size may be too small to detect
a significant effect: the study was not powered for a sex split. Despite the small size, we were able
to find a significant association between changes in SUA, consumption of blueberries, and CVD risk
factors. Now that the evidence for sex differences is clear, future studies should include sufficient
numbers of participants to analyze by sex. In addition, eleven participants dropped out because of
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issues with the study powders. Thus, the results are only generalizable to those who can tolerate
a diet with added berries and sugars. Finally, we didn’t have measures of individual markers of
anti-oxidant status, and as a result, we could not evaluate the direct effect of blueberry consumption
on anti-oxidant status.

5. Conclusions

In conclusion, blueberry consumption seems to affect SUA concentrations and its relationship
with CVD risk factors in a sex-specific manner. Importantly, lowering of SUA with consumption of
blueberry powder in women, and not men, warrants further studies to confirm and validate these
results in a larger sample.
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Abstract: Dietary patterns, including regular consumption of particular foods such as berries as
well as bioactive compounds, may confer specific molecular and cellular protection in addition to
the overall epidemiologically observed benefits of plant food consumption (lower rates of obesity
and chronic disease risk), further enhancing health. Mounting evidence reports a variety of health
benefits of berry fruits that are usually attributed to their non-nutritive bioactive compounds, mainly
phenolic substances such as flavonoids or anthocyanins. Although it is still unclear which particular
constituents are responsible for the extended health benefits, it appears that whole berry consumption
generally confers some anti-oxidant and anti-inflammatory protection to humans and animals.
With regards to cancer, studies have reported beneficial effects of berries or their constituents including
attenuation of inflammation, inhibition of angiogenesis, protection from DNA damage, as well as
effects on apoptosis or proliferation rates of malignant cells. Berries extend effects on the proliferation
rates of both premalignant and malignant cells. Their effect on premalignant cells is important for
their ability to cause premalignant lesions to regress both in animals and in humans. The present
review focuses primarily on in vivo and human dietary studies of various berry fruits and discusses
whether regular dietary intake of berries can prevent cancer initiation and delay progression in
humans or ameliorate patients’ cancer status.

Keywords: antioxidants; anthocyanins; cancer; chemoprevention; edible berries; flavonoids;
phytochemicals

1. Background

Cancer, the uncontrolled growth of cells which can invade and spread to distant sites of the body,
is a global health problem with high mortality and disability rates. The most common forms of cancer
in males are: lung, prostate, colorectal, stomach, and liver cancer; whereas in females: breast, colorectal,
lung, uterine/cervix, and stomach cancer. Prevention, in coordination with monitoring leading to
early and accurate diagnosis when a case is confirmed, is critical, since most therapeutic options do not
confer cure but rather a deceleration of cancer progression aiming at life extension and improvement
of patients’ life quality, albeit with serious and often debilitating side-effects. According to the latest
available World Health Organization (WHO) global report (World Cancer Report 2014, as updated
in 2015) [1] cancer is one of the leading causes of morbidity and mortality worldwide, reaching
approximately 14 million new cases and 8.2 million cancer related deaths in 2012 [1] (Table 1). While
new cancer incidence is expected to rise by 70% by the year 2034, approximately 35% of cancer deaths
are attributed to the five leading behavioral and dietary risks: high body mass index (BMI), low
fruit and vegetable intake, lack of physical activity, tobacco use (primarily smoking) and harmful
alcohol use [1].
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Table 1. Deaths by major types of cancer in 2012 (world).

Type of Cancer Deaths (Figures in Millions)

Lung 1.590
Liver 0.745

Stomach 0.723
Colorectal 0.694

Breast 0.521
Esophageal 0.400

Total 4.673

Source of data: WHO—world cancer report 2014.

According to the latest published report by the Center for Disease Control (CDC), in the US alone
1,685,210 new cases of cancer are estimated in 2016 of which 841,390 pertain to males and 843,820 to
females. The same report projects an estimated 595,690 deaths from cancer in 2016 in the entire US,
of which 314,290 refer to males and 281,400 to females [2]. According to the Agency for Healthcare
Research and Quality (AHRQ) in the USA (all 50 States) the direct medical costs (total of all health care
costs) for cancer in 2011 reached US $88.7 billion [2–4]. In its latest global report on cancer issued in
2014 as updated in 2015 [1], WHO stresses that being overweight or obese on one hand and consuming
unhealthy diets with low fruit and vegetable intakes on the other, constitute important, yet modifiable
risk factors which significantly increase cancer risk for both genders. A plethora of in vitro, in vivo as
well as human studies has suggested diet as a critical factor for reducing cancer risk with a particular
emphasis on certain foods/food groups, to which specific potential for cancer risk reduction has
been attributed [1]. Diets rich in fruits and vegetables have been associated with a reduced risk of
cancer [5–7]. Many non-nutrient plant compounds known as phytochemicals, including numerous
phenolic compounds, have been identified, and found to exert anti-cancer activity [5,8]. In this
context, there has been an increasing interest in the role of polyphenols and other phytochemicals in
cancer, particularly for their anti-oxidant and anti-inflammatory properties. The intake of bioactive
compounds such as flavonoids has been inversely correlated with systemic inflammatory markers
in human populations [9,10]. Protective role of certain foods against cancer, while clearly suggested,
cannot easily be delineated as food items are highly complex, whereas protective compounds naturally
found in foods, arguably act synergistically when present in an optimal balance. Therefore, research
on the effects of whole food consumption and/or dietary schemes in relation to cancer risk is being
increasingly conducted as deemed more physiologically and practically significant.

2. Cancer Development and Associated Mechanisms

Cancer can be viewed as a gradual generation and development of a tumor, which from a
functional perspective can be divided into three phases: initiation, promotion and progression.
Genomic changes such as point mutations, gene deletion and amplification and chromosomal
rearrangements, all mark initiation, subsequently committing the cell to an irreversible status. In order
for a tumor to be formed however, survival and clonal expansion of these initiated cells is required
(Figure 1). Growth of tumor and metastasis (if it occurs) are characteristics of the progression phase.
Development of cancer is a multistage process involving multiple genetic and epigenetic events
occurring at varying rates. In order for cancer to develop, the acquisition of all six properties below is
required: (i) self-sufficient proliferation; (ii) insensitivity to anti-proliferative signals; (iii) evasion of
apoptosis/T-cell control; (iv) unlimited cellular replication ability; (v) maintenance of vascularization;
and (vi) tissue invasion and metastasis. These alterations result from a combination of proto-oncogene
activation, inactivation of tumor suppressor genes and inactivation of genomic stability genes.
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Figure 1. Schematic depiction of cancer development/progression.

Several conditions and/or mechanisms that function as risk modulators for cancer including
oxidative stress/chronic inflammation, obesity/metabolic syndrome, angiogenesis, apoptosis,
autophagy and proliferation, have been proposed to explain cancer. Depending on the type/case
of cancer any of the above and/or a combination may lead to cancer manifestation or progression
(Figure 2). There is however no definitive mode of action via which cancer is initiated and hence
prediction of cancer occurrence is not possible, while from a statistical standpoint cancer prevention is
possible to a certain degree.

Figure 2. Major nutrition/diet-related factors/stressors that can contribute to cancer.

As cancer is a step-wise procedure, several factors may influence its initiation, development and
progression. Oxidative stress can activate a variety of transcription factors including nuclear factor
kappa B (NF-κB), activator protein-1 (AP-1), p53, hypoxia-inducible factor-1α (HIF-1α), peroxisome
proliferator-activated receptor gamma (PPAR-γ or PPARG), β-catenin/Wnt, and NF-E2 related factor-2
(Nrf2). Activation of these transcription factors can lead to the expression of over 500 different
genes, including those for growth factors, inflammatory cytokines, chemokines, cell cycle regulatory
molecules, and anti-inflammatory molecules [11]. Chronic oxidative stress and inflammation can
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induce the events that essentially tip the balance so as to shift the status of a cell from the healthy to
the malignant phenotype thus giving rise to tumorigenesis (Figure 3).

 

Figure 3. Conceptual schematic representation depicting the contribution of oxidative stress and
inflammation in the deregulation/disturbance of homeostatic balance in a cell, thus leading to cancer.
Berries by means of their numerous constituents (synergistic action) can interrupt this vicious cycle,
thereby extending protective effects against cancer.

Biological, chemical, and physical factors can all, either in combination or separately, lead to
oxidative stress resulting in the production of reactive oxygen species (ROS) and/or reactive nitrogen
species (RNS). Oxidative stress causes damage to tissues and elicits an immune response that induces
inflammation in an attempt of the body to rectify the inflicted damage. During the inflammatory
response, mast cells and leukocytes are recruited to the damaged site, leading to a “respiratory
burst” because of an increased requirement and thus uptake of oxygen, hence increasing release and
accumulation of ROS at the site of damage, a development further perpetuating the damage to the
already damaged and inflamed site. As the level of inflammatory response is augmented, a series of
signaling molecules are produced by the inflammatory cells such as metabolites of arachidonic acid,
cytokines, and chemokines, acting to further intensify the inflammatory responses and the continuing
production and accumulation of ROS.

Hence, oxidative stress increases in the microenvironment of the damaged site. Simultaneously,
the signaling agents produced induce signaling cascades involving NF-κB, signal transducer and
activator of transcription 3 (STAT3), HIF1-α, AP-1, nuclear factor of activated T-cells (NFAT) and
Nrf2, which mediate immediate cellular stress responses. This includes induction of cyclooxygenase-2
(COX-2), inducible nitric oxide synthase (iNOS), aberrant expression of inflammatory cytokines:
tumor necrosis factor α (TNF-α), interleukin-1 (IL-1), IL-6 and chemokines such as IL-8; CXC
chemokine receptor 4 (CXCR4). This microenvironment now characterized by increasingly high
levels of inflammation and oxidative stress can spread damage to neighboring cells/tissues and, if
such condition is sustained and becomes chronic, it can eventually lead to carcinogenesis. Therefore,
chronic inflammation, as mediated by the induction of the immune system due to oxidative stress, can
predispose the host to cancer among various chronic illnesses [11–16].

Apart from the oxidative stress/inflammation axis and the related mechanism for induction of
carcinogenesis, tumor cells activate autophagy in response to cellular stress and/or increased metabolic
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demands related to rapid cell proliferation [17]. Autophagy-related stress tolerance can induce cellular
pro-survival mechanisms thus leading to tumor growth and therapeutic resistance. Interestingly, work
with preclinical models, demonstrated that inhibition of autophagy can restore chemosensitivity and
enhance tumor cell death thus improving response to therapy [17].

3. Risk Factors for Cancer

Although cancer is not exclusively a disease of the elderly, age constitutes one of the risk factors
for cancer, as the majority of people diagnosed with the disease are 65 years or older. Certain
habits/lifestyle choices are shown (epidemiologically) to increase risk of cancer, including use of
tobacco and tobacco products (particularly smoking), drinking more than one alcoholic drink a
day (for women of all ages and men older than age 65) or two drinks a day (for men age 65 and
younger), excessive exposure to the sun or frequent blistering sunburns, and obesity [1,4]. A small,
yet considerable proportion of cancers are due to an inherited condition. Although inherited genetic
mutations do not necessarily lead to cancer development, cancer risk is increased, as the probability
is significantly higher. The environment (natural and anthropogenic) may expose an individual to
harmful substances, such as air pollutants, water pollutants, and various hazardous chemicals and
other toxicants. Examples of chemical carcinogens are asbestos and benzene, and they are associated
with an increased risk of cancer primarily of the lungs [1,4]. Exposure to carcinogens increases the
risk of cancer at different degrees according to the type of carcinogen as the carcinogenicity/toxicity
levels of compounds vary [18]. Infectious agents, such as viruses and bacteria increase cancer risk
(e.g., human papillomavirus infections and higher risk of cervical cancer in women). Radiation,
including ionizing radiation and non-ionizing radiation constitute risk factors for a variety of
cancers [18]. Additional cancer risk factors include pharmaceutical agents and exogenous and
endogenous hormones. Moreover, poor immune system status and inflammation, particularly chronic
inflammation, are positively associated with cancer risk (e.g., Helicobacter pylori infection is strongly
related to increased gastric cancer risk) [18].

Overweight/obese status is associated with an increased risk for many cancer types such
as postmenopausal breast cancer, endometrial cancer, colorectal, esophageal, gallbladder, kidney,
pancreatic and thyroid cancer [18]. Most of the molecules that are being investigated as potential
mediators between obesity and cancer are cancer-promoting rather that cancer-causing per se, hence
they do not interfere with DNA damage/correction and mutations; instead they induce growth and
proliferation of malignant cells, while others are also involved in promoting metastasis [18]. However,
the association between obesity and cancer is strong. According to data presented by National Cancer
Institute (NCI) and the International Agency for Research on Cancer using European data, in 2002
alone 39% of endometrial cancers, 37% of esophageal cancers and 25% of kidney cancers were related
to obesity. Moreover, the American Cancer Society, as reported in 2003, attributes 14% of all cancers
in males and 20% of all cancers in females to excess weight [18]. Interestingly, on a population level,
the overweight/obesity-attributable number of cancers is approximately equal to that attributable to
current smoking. This surprising observation may be explained partly by the decreasing trends in
smoking and simultaneously increasing trends for obesity. On an individual basis nevertheless, cancer
risk due to smoking remains substantially higher than that attributed to obesity [18]. As per smoking,
apart from first-hand smoking, second- and third-hand smoking also appear to contribute to increased
risk for cancer, yet at a much lower rate [18].

A key environmental factor that interacts with the human organism at several levels is food/diet.
Dietary constituents individually, synergistically and/or as a whole can influence the way the human
body will respond from a biochemical perspective (i.e., metabolically), from a signaling perspective
and from an epigenetic perspective among others. In this context, diet can be used as a tool to evoke
the positive/desirable biological responses of an organism aiming to maximize health and protection
against diseases (particularly chronic/non-communicable diseases) by mostly means of prevention.
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Certain food groups such as fruits and vegetables among others have been significantly studied
in this regard. Fruits and vegetables in particular have been suggested to exert cancer protective effects
due to different mechanisms such as inhibition of carcinogen activation, stimulation of carcinogen
detoxification, scavenging of free radical species, control of cell-cycle progression, inhibition of cell
proliferation, induction of apoptosis, inhibition of the activity of oncogenes, inhibition of angiogenesis
and metastasis, and inhibition of hormone or growth-factor activity [5,19].

4. Berries and Cancer

4.1. Rationale of the Current Review

Edible berries are being increasingly investigated for their potential to extend chemoprevention as
well as protection against a variety of chronic diseases. Here we discuss the protective role of dietary
berries in cancer. The focus of this review, regarding the selection of studies, was predominantly placed
on in vivo and human studies. There is certainly an abundance of in vitro studies in the scientific
literature where cell-lines and berry extracts are used to delineate the chemopreventive effects of berry
extracts and/or specific compounds naturally found in berries at significant amounts. Even though
these studies are indicative of the potential berries have in exerting favorable effects in cases of cancer,
the systems are very specific and to a large extent notably simple and isolated from the physiological
state. Therefore, these studies are often met with the criticism that they are limited in terms of their
physiological significance and consequently exhibit limited applicability and translational potential.
The reductionist approach and mechanistic studies along with logical reasoning have proposed some
potentially key players in terms of chemoprevention and/or improvement of cancer prognosis in
berries, however these compounds in isolation do not seem to extend the promised and desired effects
optimally. It is highly uncertain which particular compounds extend the overall observed effects in
humans. Most likely it is the synergistic action at varying degrees of contribution of a plethora of
phytochemicals/bioactives complexly intervening at several molecular pathways. Therefore, from a
nutritionist’s standpoint whole berry consumption is strongly advocated.

In this line of thought, our decision was to review and discuss the studies that were performed,
either with intact animals or were done with humans, and where the form of the berries used was
natural whole food. In vivo studies using freeze-dried berries are included as well. In terms of the berry
types, our discussion was led by the availability of in vivo and human studies that used whole berries
irrespective of what the berry itself was. We do present a limited number of characteristics from in vitro
works that show bioactivity and chemoprevention potential for typical berry-found compounds as an
indicator of potential mechanistic evidence for the mode of action towards chemoprevention and a
lead-in to the core discussion.

A search for literature on in vivo and human studies investigating the effect of berry consumption
on cancer initiation, progression, metastasis and overall risk was conducted. Relevant abstracts and
full texts were screened. PubMed, Science Direct, Web of Science and Google Scholar databases were
searched to identify articles published later than 1 January 2000. The searches used the following terms
and text words alone and in combinations: “berry/berries”, “cancer”, “chemoprevention”, “cancer
risk”, “anthocyanins”, “flavonoids”, “polyphenols”, “phytochemicals”, “animals”, and ‘humans’.
Reference lists of the obtained articles were also searched for additional articles. The research was
limited to English-language written articles. A total of 61 relevant articles were obtained from the
database searches and from the reference lists of the obtained papers that met the aforementioned
criteria. These studies were included in the review along with supportive data obtained from
characteristic in vitro studies as well as evidence provided and discussed by recent review manuscripts.
Additionally, we reviewed data from recent official reports issued by the World Health Organization,
Center for Disease Control, and the European Commission. Here, we summarize the main results and
conclusions, and discuss the findings of in vivo and human studies testing berries in terms of their
anti-cancer properties.
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4.2. Berry Types and Composition

According to strict botanical terminology a “berry” is a simple fruit with seeds and pulp produced
from the ovary of a single flower and the pericarp (fruit wall) is fleshy (i.e., the fruit is fleshy from the
skin layer inwards and all throughout to its core but the seeds) [20]. Under common usage however,
the term berry refers to a small pulpy and often edible fruit. For example, blueberries and cranberries
would be categorized as berries under both definitions, while bananas, tomatoes, grapes and pumpkin
are berries according to the botanical definition, whereas blackberries, raspberries and strawberries,
even though they are typically considered and referred to as berries by the lay audience, from a strictly
botanical perspective they are not categorized as such. Hence, the term “berry” can indeed be fairly
confusing since there are occasional discrepancies between the strict botanical criteria set, and what
is widely used and/or accepted as being a berry. The studies included in this review refer mostly to
fruits commonly consumed and recognized as berries.

Overall, berries are rich in polyphenols and most anthocyanins. Anthocyanins, along with other
flavonoids, are localized in the skin, seeds and leaves of the berries giving them their distinctive
pigmentation. Polyphenols constitute the largest group of phytochemicals found in plants, particularly
in fruits, seeds, and leaves. There are more than 8000 chemical compounds found in the human
diet today that are identified as dietary polyphenols. They are secondary metabolites of plants that
contain one or more hydroxyl (–OH) group(s) attached to -ortho, -meta or -para position(s) on a typical
benzene ring. These metabolites are generally involved in defense against ultraviolet radiation, various
environmental pollutants, and pathogens [21]. Flavonoids on the other hand, constitute a very large
(more than 6000 have been identified thus far) and very diverse group of phytonutrients (Figures 4
and 5). Currently, even though a surplus of data from in vitro studies suggests antioxidant benefits
from berries (particularly berry-extracts) due to several bioactive compounds—mostly polyphenols
and flavonoids, (see Supplementary Materials Table S1)—a clear consensus stemming from in vivo and
corroborated from human studies is missing. Health claims that foods containing polyphenols have
antioxidant health value for consumers are not permitted on product labels by the official regulatory
authorities in the USA (Food and Drug Administration, Silver Spring, MD, USA) or the European
Union (EU-28), (European Food Safety Organization, Parma, Italy). Nonetheless, berries are widely
considered functional foods that may well extend several health benefits.

Figure 4. Major types of flavonoids (chemical structures produced via the eMolecules platform
developed by eMolecules Inc., La Jolla, CA, USA).
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Figure 5. Major types of anthocyanins and characteristic examples of foods (berries) rich in the
respective compounds (chemical structures produced via the eMolecules platform developed by
eMolecules Inc., La Jolla, CA, USA).

4.3. Mechanisms Associated with Berries’ Anticancer Capacity

Edible berries are receiving increasing attention due to the great variety of phytochemicals,
including but not limited to typical antioxidants, linked to protection against cancer among
other chronic diseases. Berry constituents that have been suggested to exert cancer protective
effects in cells include: phenolic acids (hydroxycynnamic acid, hydroxybenzoic acid), stilbenes
(resveratrol, pterostilbene, piceatannol), flavonoids (anthocyanins, flavonols, catechins), lignans, tannins
(proanthocyanidins, ellagitannins).

Berries are notably rich in compounds that are shown to exert potential for chemoprevention and
particularly flavopiridol, ellagic acid, anethole and resveratrol have been demonstrated to inhibit the
NF-κB signaling pathway, either at the point of signaling cascade activation or at the point of NF-κB’s
translocation into the nucleus. Other points of interference include the DNA binding dimmers and/or
interactions with the basal transcriptional machinery [22]. Resveratrol and anethole were also found to
inhibit AP-1, which is linked to growth regulation and cell transformation. Further, AP-1 seems to
be involved in the regulation of genes involved in apoptosis and proliferation while it can promote
the transition of a tumor cell from epithelial to mesenchymal morphology, an early step marking
metastasis [22]. Resveratrol and flavopiridol were demonstrated to down-regulate the expression
of apoptosis suppressor proteins (Bcl-2 and Bcl-XL) in a variety of cancer cell-lines [22]. A variety
of phytochemicals such as indole-3-carbinol, curcuminoids and epigallocatechin-3-gallate (EGCG)
(as well as black raspberries as a whole fruit) have been shown to suppress Akt activation thus leading
to cancer suppression signaling. Moreover, several common constituents of berries such as quercetin,
kaempferol and pterostilbene were found to attenuate ROS in HepG2-C8 cells via the Nrf2-Antioxidant
Response Element signaling pathway, suggesting that induction of antioxidant defense is likely one
of the mechanisms via which berries provide chemoprevention [23]. Polyphenols are also likely to
modify the redox state of cancer microenvironment thus rendering it more cytotoxic hence leading to
apoptosis secondary to induced oxidative stress [24,25]. In various systems, berries have been shown
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to down-regulate all major inflammatory markers such as TNF-α, IL-1β, IL-6, IL-10, iNOS, COX-2,
PGE2, NF-κB and p-p65 [24–27]. For example, anti-inflammatory pathways that have been shown
induced by berry derived anthocyanin rich extracts include the reduction of expression levels of iNOS,
COX-2, IL-1β and IL-6 in RAW264.7 macrophages [28]. In this regard, inflammation suppression may
lead to protection against cancer occurrence and/or progression. The degree to which such protection
is extended is yet unclear but appears significant. Additionally, berries are demonstrated to reduce
cellular proliferation by down-regulating PCNA and Ki-67/MKI67, as well as inhibiting signaling
pathways such as the PI3K/Akt/mTOR axis, MAPK/ERK and Wnt pathways [24]. Furthermore,
anti-cancer effects can be extended via the inhibition of STAT3 and cell cycle arrest, thus impeding
proliferation of cancer cells. Hence, cancer inhibition of cellular growth and proliferation may function
towards deceleration of cancer progression thus improving the possibility for anti-cancer treatment
success and subsequent patient’s survival. Another potential mechanism via which berries were
shown to confer protection against cancer development is the induction of apoptosis. Berries may
confer chemoprevention via the activation of caspases and the mitochondrial damage/cytochrome
c pathways hence leading to enhanced apoptosis of cancer cells [23]. Berries were observed to
up-regulate p53, caspases-3, -8 and -9 as well as inducing Bax and Cyto-c while down-regulating
Bcl-2 and PARP [24,25]. Therefore the progression of cancer can be decelerated thus assisting the
treatment efforts, consequently improving survival rates of patients. Cell cycle regulation also appears
to constitute yet another potential mechanism through which berries may exert their anticancer
function. More specifically, berries were found to increase p16, p21 and p27 while reduce a series of
cell cycle markers such as CDK2, CDK4, cyclin A, cyclin B1 and cyclin D1, Cdc2, Cdc25C and the Rb
protein [24]. Such synergies make a cell less prone to cancerous transformation and reduce the potential
for tumorigenesis. The reduction of angiogenesis has also been proposed as a potential mechanism
of berries’ function. A series of pro-angiogenic factors such as c-Myc, c-jun, c-fos and VEGF, have
been shown markedly reduced by berries [24]. Cell adhesion proteins such as β-catenin, ICAM-1 and
VCAM-1 are attenuated by berries [24], while cellular invasion is also inhibited through the repression
of MMP and u-PA by anthocyanins commonly found in berries [29]. These observations underline cell
adhesion attenuation and cellular invasion suppression as additional potential mechanisms via which
berries may provide anti-cancer protection. As for cell adhesion, invasion and migration along with
angiogenesis are all phenomena that facilitate metastasis, berries may extend inhibition of metastasis
by suppressing such pro-metastatic phenomena. Additionally, effects on phase-I and -II enzymes
have been proposed as potential mechanisms of berries’ anti-cancer function [29]. More specifically,
polyphenols have been shown to inhibit strongly phase-I detoxifying enzyme CYP1A1 while inducing
phase-II detoxifying enzymes GST and NADPH quinone oxidoreductase (NQO) in mouse epidermal
cells [29].

Furthermore, other modes of berry activity via certain bioactive compounds they contain
involve modulation of miRNA expression profiles, DNA methylation and histone modifications,
all of which can lead to the inhibition of cancer cell growth, induction of apoptosis, reversal of
epithelial-mesenchymal transition, or improvement of conventional cancer therapeutics’ efficacy [30].
Epigenetic alterations such as inhibition of histone deacetylases (HDACs), miRNAs and modification of
the CpG methylation of cancer-related genes may indeed be key mechanisms by which berries reduce
cancer risk, especially when taking into account the significantly lower concentrations of bioactive
compounds in human blood compared to in vitro testing [23,30]. A plausible explanation for their
activity in humans, even at markedly lower concentrations, could be that these compounds exert their
biological activities through epigenetic modulation. There is growing interest in dietary compounds
that confer favorable epigenetic modulation against chronic diseases such as cancer. Characteristic
is the example of resveratrol, which activates class III HDACs (sirtuins) because of their potential
role in extending lifespan and in reducing, or delaying, age-related diseases including cancers [30].
A summary of the mechanisms through which berries may extend chemoprevention and/or evoke
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therapeutic responses post-cancer occurrence is provided in Table 2. Below we discuss evidence from
studies indicating anti-cancer function of specific bioactive compounds typically found in berries.

Table 2. Summary table of mechanisms and mode of action via which berries may evoke chemopreventive
and therapeutic responses against cancer.

Mechanism Mode of Action Bioactive Compound *

Anti-oxidative action ROS sequestration
↑ GSH

Epigallocatechin-3-gallate
(EGCG)

Effects on enzymes of phase-I and
-II

↓ CYP1A1
↓ LDH Quercetin, kaempferol

↑ UDPGT
↑ NQO

Ellagic acid
Chlorogenic acid

Cell-cycle arrest

↓ cyclin D, E
↓ CDK 1, 2, 4
↓ PCNA

EGCG

↑ cyclin E
↓ cyclin A, B1 Ellagic acid

Apoptosis

↑ ROS in cancer cells
↑ caspase-3, -7, -8
↑ cytochrome c
↑ Blc-2, Blc-XL

EGCG

↑ caspase-3, -7, -9
↑ cytochrome c
↑ PARP cleavage

Quercetin

Anti-proliferation/Anti-survival

↓ GFR/Ras/MAPK & PI3K/Akt
↓ c-fos
↓ erg-1
↓ PI3K
↓ ERK
↓ Akt phosphorylation
↓ NF-κB

EGCG

Anti-inflammatory action
↓ COX-1
↓ COX-2 Gallic acid

↓ TNF-α
↓ COX-2 EGCG

Anti-angiogenesis
↓ VEGF
↓ PDGF
↓ HIF-1α

EGCG, anthocyanin berry
extracts

Metastasis inhibition ↓ MMP-9
↓ mRNA stabilizing factor HuR EGCG

Cell adhesion and movement
inhibition

↓ MRLC phosphorylation
↓ Vimentin phosphorylation EGCG

Abbreviations: Akt/PKB, Protein kinase B; CDK, Cyclins-dependent kinase; COX, Cyclooxygenase; CYP,
Cytochrome P450; ERK, Extracellular regulated kinase; GFR, Growth factor receptors; GSH, Glutathione; HIF-1α,
Hypoxia-inducible factor 1α; LDH, Lactate dehydrogenase; MAPK, Mitogen-activated protein kinase; MMP-9,
Matrix metallopeptidase 9; MRLC, Myosin II regulatory light chain (protein); NF-κB, Nuclear factor—kappa
(κ) B; NQO, NADPH quinone oxidoreductase; PARP, Poly-ADP ribose polymerase; PCNA, Proliferating cell
nuclear antigen; PDGF, Platelete-derived growth factor; PI3K, Phosphatidylinositol-3-kinase; ROS, Reactive
oxygen species; TNF-α, Tumor necrosis factor alpha (α); UDPGT, UDP-glucuronosyl transferase; VEGF,
Vascular endothelial growth factorr. ↑ Up-vector indicates induction/increase. ↓ Down-vector indicates
suppression/decrease. * Other berry-derived bioactive compounds may confer similar response.
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4.4. Berries’ Potential for Cancer Risk Reduction Due to Specific Constituents

A plethora of berry-derived compounds has been studied for their chemopreventive
properties [31], but also as a proxy for establishing potential mechanisms via which berries may
be extending chemoprevention as suggested by epidemiology. The major phenolics isolated from the
apple and berry juice, such as phlorizin, rutin, quercetin and their two glucoside forms, and phloretin,
exhibited significant inhibition of cytochrome’s P4501A1 enzymatic activity [32]. Kern and colleagues
showed that the activity of protein kinase C (PKC), a well-established signaling molecule involved in
carcinogenesis induction, is significantly reduced in HT29 cells when incubated with polyphenol-rich
apple juice extract (AE02) for 24 h although the result was not sustained. More interestingly, prolonged
incubation of HT29 cells with AE02 resulted in significantly induced apoptosis via the activation of
caspase-3, DNA fragmentation, and cleavage of poly(ADP ribose) polymerase [26,33]. Wang and
Jiao [26] showed that ROS such as super-oxide radical and hydrogen peroxide (H2O2), were found to be
sequestered by different berry-juices (i.e., blackberry, strawberry, raspberry, cranberry and blueberry),
thus offering a potential mechanism for cancer risk reduction. Besides the direct scavenging ability of
berries, their antioxidant potential due to the polyphenols they contain is also an element that further
enhances their anti-cancer properties. Additionally, antioxidant enzymes such as catalase, glutathione
reductase and ascorbate peroxidase were identified in significant concentrations in strawberries and
blackberries thus offering yet another potential means of cancer chemoprevention extended by berries.
The combination of anti-ROS elements in berries could mount a resistance at the very first level/step
of carcinogenesis; ROS-induced DNA damage. On the other hand, DNA repair seems to be promoted
through the induction of oxidative adducts’ removal from the DNA at least in some cases. In a
study with mice, administration of ferulic acid, a phenolic acid commonly found in berries, was
demonstrated to significantly reduce DNA strand breaks after whole body γ-irradiation [34]. Berries
(i.e., strawberries, black raspberries and blackberries) in their lyophilized form as part of diet in
rats were shown to significantly inhibit the appearance and development of carcinogen-induced
tumors [35].

In a review of the evidence comprised by Lall and colleagues, the relationship between
polyphenols and prostate cancer was examined. Although the results are occasionally inconsistent
and somewhat variable, there is a consensus that polyphenols constitute promising agents for the
management of prostate cancer. Gallic acid (GA) for example has been shown to exert anti-cancer
function in human PCa DU145 [21] and B16 melanoma [36] cells. In separate studies with nude mice,
GA effectively inhibited growth of tumor in both DU145 and 22Rν1 prostate cancer xenografts, while
it successfully decreased micro-vessel density, as compared to controls [37].

A series of in vitro experiments with HCT-15 intestinal carcinoma cells, demonstrated that
growth was effectively inhibited by anthocyanin fractions extracted from different cherry and berry
extracts in comparison to that of flavonoid fractions [38] while berry extracts including lingonberry,
strawberry, blueberry, and bilberry extracts that contain anthocyanins inhibited the growth of
HCT-116 colon cancer cells. Studies with Caco-2 colon cancer and HT-29 colonic crypt resembling
cells demonstrated that flavonoids can significantly reduce proliferation. Dosing studies for the
flavonoids showed anti-proliferative activity of all compounds with EC50 values ranging between
39.7 ± 2.3 microM (baicalein) and 203.6 ± 15.5 microM (diosmin) [39]. The anti-oxidant activity of the
raspberry was directly related to the total amount of phenolics and flavonoids found in the raspberry
(p < 0.01). No relationship was found between anti-proliferative activity and the total amount of
phenolics/flavonoids found in the same raspberry (p > 0.05) suggesting that anti-proliferative capacity
is maxed-out at a certain level of phenolics/flavonoids exerting their function, possibly through
molecular signaling [40].

In terms of the form of berries, it has been demonstrated that wild grown species generally contain
more phenolics than cultivated ones [41]. Measurement of the antioxidant activity of anthocyanin
extracts in the case of blueberries for example, showed that there was no significant difference between
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fresh, dried, and frozen blueberries suggesting that the major compounds of interest are relatively
stable and unaffected by general food industry typical processes and relevant production methods [42].

5. The Role of Dietary Berries in Various Types of Cancer

5.1. Cancers of the GI Tract

5.1.1. Diet and Colon Cancer—Berries/Phenolics and Colon Cancer

A close link is observed between colon carcinogenesis and chronic inflammation of the intestine
in mouse models of inflammation and cancer [43–46].

Encouraging results from human studies pave the road for further clinical studies with black
raspberry/berries especially considering the possibility of formulating berry-derived foods with
consistent bioactive composition that can also be scaled-up for large clinical trials [47]. Berry phenolics,
despite extensive metabolism and structural changes, seem to maintain their protective effects in
relation to colon carcinogenesis [48].

In Vivo Studies

Protective effects of the mulberry fruit, containing flavonoids and anthocyanins, alkaloids
and carotenoids, were documented by in vitro and in vivo studies on colon cancer and intestinal
inflammation [49]. In MUC2(−/−) mice, a model of spontaneous chronic intestinal inflammation at
an early age and intestinal tumors at three months, a diet enriched with 5% or 10% mulberry extract
administered for three months, starting at 3–4 weeks of age, elicited a reduction in tumorigenesis and
intestinal inflammation as estimated by the degree of mucosal damage and lymphocyte infiltration [49].
In the same study, 6–8 week old BALB/c mice supplemented with mulberry extract (5% or 10% wt/wt)
for 10 days before exposure to 3% dextran sulfate sodium (DSS) in drinking water for 9 days, showed
an improvement in typical symptoms of DSS-induced acute colitis such as weight loss, bloody stools
and colorectal histological changes [49]. In lipopolysaccharide (LPS)-treated RAW264.7 macrophages,
mulberry extracts attenuated inflammation by reducing the expression of iNOS, COX-2, IL-1 beta and
IL-6, and inhibiting activation of NF-κB/p65 and pERK/MAPK pathways [49]. Strawberry-enriched
diets for 13 weeks were documented to inhibit chemically induced colorectal cancer in Crj: CD-1 mice
after treatment with azoxymethane (AOM) and dextran sulfate sodium (DSS). Tumor incidence of the
mice fed with freeze-dried strawberry powder at 2.5%, 5% and 10% (wt/wt) of the diet was measured
at 64%, 75% and 44%, respectively, versus the 100% of their littermates fed the control diet. Tumor
multiplicity was also reduced in all strawberry-fed mice, but reached statistically significant difference
only with the 10% strawberry diet. Colon inflammation was also reduced due to the strawberry diet as
observed by decreased nitrotyrosine, phosphorylation of PI3-kinase, Akt, ERK and NF-κB, expression
of TNF-α, IL-1β, IL-6, iNOS and COX-2, as well as activity of iNOS and COX-2 [46].

Both animal and human studies have documented the anti-carcinogenic properties of bilberry
anthocyanins [50,51]. In ApcMin mice, model of human familial adenomatous polyposis, a condition
characterized by multiple intestinal polyps potentially developing to carcinomas, an anthocyanin-rich
bilberry extract (40% anthocyanins) fed for 12 weeks at a dietary dose of 0.3% elicited a 30% reduction
o adenoma counts in a dose-dependent manner [50].

In a pilot study, a standardized bilberry extract (36% anthocyanins wt/wt) was administered
daily to 25 colorectal cancer patients for 7 days before scheduled resection of primary tumor or liver
metastases. All the three different doses provided—1.4, 2.8, or 5.6 g (0.5–2.0 g anthocyanins)—were safe
and well tolerated. Compared to pre-intervention, a significant 7% decrease of the proliferation index
was observed in all colorectal tumors from all patients. In the lowest dose to patients, a significant
9% decrease in tumor tissue proliferation was measured, while with the other doses the observed
decrease was not significant. In addition, serum insulin-like growth factor-1 levels were lower than
pre-intervention in all patients, although not significantly [51]. Similarly, animal dietary studies with
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black raspberries reveal the chemopreventive capacities of the fruit in models of ulcerative colitis,
several rodent models of colon cancer and adenoma, as well as humans [52–58].

Interleukin-10 knockout mice, model of ulcerative colitis-associated colon cancer progression,
when fed with 5% wt/wt black raspberry presented diminished colon ulceration, along with lower
levels of β-catenin nuclear translocation and inhibition of epigenetic events related to abnormal
Wnt signaling [53]. Similarly, in DSS-induced ulcerative colitis in C57BL/6J mice, a 5% wt/wt
black raspberry diet suppressed colon ulceration by restoring epigenetic regulation of systemic
inflammation [59]. Intestinal tumor formation and cell proliferation was inhibited after a 12-week
consumption of a Western-style diet supplemented with 10% (wt/wt) freeze-dried black raspberries
in Apc1638+/− and Muc2−/− mice, both models of human colorectal cancer, although via distinct
mechanisms. Tumor incidence and multiplicity was reduced by 45% and 60%, respectively in the
Apc1638+/− mouse, and by 50% in the Muc2−/− mouse. A slight, non-significant reduction of
tumor size was also observed. Signaling mediated by β-catenin and chronic inflammation, leading to
colon pathology in the Apc and Muc2−/− mouse, respectively, were both attenuated due to the black
raspberry diet. In the Apc1638+/− mouse, β-catenin was markedly reduced, while its downstream
effectors, c-Myc and cyclin D1 were slightly reduced, along a positive, but non-significant modulation
of several inflammatory markers (COX-2, TNF-α, IL-6, IL-10 and IL-1) [52].

A 5% wt/wt black raspberry supplementation for 8 weeks reduced polyp number and size in the
Apc(Min/+) mice intestine and colon, inhibiting the development of colonic adenoma. Non-targeted
metabolomics revealed that several apc-related metabolites in the mucosa, liver and feces were
positively modulated by the black raspberry diet. Among the affected metabolites, putrescine and
linolenate, are associated with colorectal cancer in humans [53]. In Fischer 344 rats consuming black
raspberries at 2.5%, 5%, or 10% (wt/wt) of diet after AOM injections, aberrant crypt foci (ACF), total
tumor and adenocarcinoma multiplicity were significantly reduced at varying percentages depending
on the berry dose, while tumor burden showed a non-significant decrease across all berry diet groups.
With regards to the dietary dose of black raspberries, the 5% dose was more effective than the 2.5% dose
in inhibiting chemically induced adenocarcinoma, while the 10% dose did not produce any greater
benefit. Finally, oxidative stress, as measured by urinary levels of 8-hydroxy-2′-deoxyguanosine
(8-OHdG), was attenuated significantly in all rats supplemented with black raspberries [54].

The chemoprevention effect of three types of berries (bilberry, lingonberry and cloudberry) on
intestinal tumorigenesis was tested in Min-mice by Misikangas et al. A diet containing 10% (wt/wt)
freeze-dried bilberry, lingonberry or cloudberry fed for 10 weeks to mice produced a 10%–30%
(statistically significant) reduction of intestinal carcinomas as well as reduced tumor burden by
more than 60% [59]. As assessed by microarray analyses, with berry enriched diets the authors
observed attenuation of genes implicated in colon carcinogenesis, including the decreased expression
of the adenosine deaminase, ecto-5′-nucleotidase, and prostaglandin E2 receptor subtype EP4, thus
suggesting some mechanistic evidence as to a potential explanation for the tumor risk reduction.
In separate in vivo experiments also on Min mice, Rajakangas et al., showed that a 10% white currant
dietary supplementation administered for 10 weeks can yield a significant reduction in the number
and size of adenomas in the total small intestine, associated with reduced nuclear beta-catenin and
NF-κB protein levels in the adenomas [60].

Many flavonoids have been shown to exert anti-carcinogenic effects in cells and animals. In
many of these cases the compounds are administered in isolation or as part of a whole food yet
processed, usually freeze-dried. Many of the chemopreventive effects observed seem to occur through
signaling pathways known to be important in the pathogenesis of colorectal, gastric and esophageal
cancers. Nonetheless, dietary flavonoid intakes are generally low and their metabolism in humans
is extremely complex [61]. Additionally, the amounts and the optimum mixture of these protective
compounds are unclear. Certain antioxidants exert undesirable pro-oxidant action when the dosing is
high. As far as the initiation and progression of cancers of the gastrointestinal (GI) tract in humans, it is
more probable that any adverse effects of diet are caused primarily by over-consumption of energy,
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coupled with inadequate intakes of protective substances, including micronutrients, dietary fiber and
various phytochemicals. Carcinomas of the esophagus, stomach and colon all are suggested based on
epidemiological observations to be partially preventable by diets rich in fruits and vegetables [62,63].
Hence, the consumption of berries is advisable in the context of risk reduction for colon cancer.

Human Studies

There is a limited number of human studies investigating the effect of edible berries on colon
cancer, nevertheless the available clinical results are encouraging overall, indicating potential health
benefits not only in terms of chemoprevention but also in regards to cancer patients’ responses.
More specifically, black raspberry was documented to reduce significantly cancer cell proliferation in
20 cancer patients, 6 with colon cancer and 14 with rectal cancer; 17 male and 3 female [56]. The study
participants consumed three times daily 20 g of freeze-dried berry powder mixed with 100 mL water
for varying periods of 1 to 9 weeks (4 weeks on average) [56]. It is estimated that daily consumption
of 60 g powder is equivalent to 0.59 kg of fresh black raspberry and a rodent diet of approximately
7% wt/wt powder, a dose adequate for chemoprevention in animal studies [63]. The black raspberry
treatment modified positively genetic and epigenetic markers measured in colorectal adenocarcinomas
and adjacent normal tissues, as observed by modified gene expression of β-catenin and E-cadherin
downstream of the Wnt pathway, and demethylation of SFRP2 and WIF, tumor suppressor genes
upstream of the Wnt pathway [56]. Aberrant signaling of Wnt/β-catenin pathway occurs in about
85% of sporadic colorectal cancers and is mainly attributed to Apc gene mutations [64]. In addition
to Wnt pathway, black raspberry modified protectively expression of genes related to proliferation,
apoptosis, and angiogenesis [56]. In 24 cancer patients receiving the same black raspberry treatment,
plasma concentration of granulocyte macrophage colony stimulating factor (GM-CSF) was increased
compared to measurements before initiating the berry treatment, while the other 8 plasma cytokines
measured (IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70, Interferon-γ, TNF-α) were not affected significantly.
However, plasma concentrations of IL-8 decreased when the berry drink was consumed for longer
than 10 days, suggesting that longer interventions may be needed for greater changes to occur [57].
In the same cohort of cancer patients non-targeted metabolomics in urine and plasma samples, showed
significant changes in a number of metabolites (34 and 6, respectively) related to energy pathways,
including increased carbohydrate and amino acid metabolites [57]. The black raspberry extract, which
was reasonably well tolerated by cancer patients, overall showed promise as an ameliorating strategy
in colon cancer cases.

Animal and human studies of two commercial products containing blackcurrant extract power,
with or without lactoferrin and lutein, demonstrated protective effects of the berry supplement on
the colonic microbiota, including changes in bacterial population and pH associated with colon
cancer risk [65,66]. Sprague-Dawley rats, starting at 8 weeks of age, were fed the blackcurrant extract
(13.4 mg/kg of body weight) three times weekly for a period of 4 weeks. A significant increase in
beneficial populations of lactobacilli and bifidobacteria, along with increased activity of the related
enzyme β-glucosidase, was attributed to the berry extract. In addition, the berry extract was shown
to reduce bacteroides and clostridia, as well as the activity of β-glucuronidase, a bacterial enzyme
involved in colon carcinogenesis [65]. Similarly, in thirty healthy volunteers (16 women, 14 men,
age 20–60 years) the blackcurrant extract (672 mg/d for two weeks) elicited a positive modulation of
gut microbiota by enhancing growth of lactobacilli and bifidobacteria (beneficial microflora), while
lowering fecal pH, bacteroides and clostridia and inhibiting β-glucuronidase [66].

5.2. Esophageal Cancer

A significant amount of data, derived from in vivo work, demonstrate a potential set of benefits
from berry consumption in terms of both chemoprevention and response to cancer in the case of
esophageal cancer. Stoner and colleagues described the effects of black raspberries on gene expression
in the very early stages of rat esophageal carcinogenesis and particularly showed effects on genes that
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influence carcinogen metabolism. More specifically, out of 2261 dysregulated genes in the esophagi
of Fisher-344 rats treated for one week with nitrosomethylbenzylamine (NMBA), 462 were positively
modulated and restored back to near-normal levels when a 5% (wt/wt) whole black raspberry (BRB)
powder supplementation to the control AIN-76A diet was introduced [67]. The genes that were
positively regulated were oncogenes, genes involved in oxidative damage and tumor suppressor genes
regulating apoptosis, cell cycling and angiogenesis [67]. Furthermore, in other feeding experiments
with F344 rats, animals were fed berry-supplemented diets for 2 weeks prior to NMBA treatments,
and were then maintained on the berry-supplemented diets until the end of the 30-week experiment
at which point esophageal tumors were counted. The rats were fed 5% (wt/wt) BRB powder, an
anthocyanin-rich fraction, an organic solvent-soluble extract (each contained approximately 3.8 μmol
anthocyanins/g diet), an organic-insoluble (residue) fraction (containing 0.02 μmol anthocyanins/g
diet), a hexane extract, and a sugar fraction. The experiments indicated that anthocyanins derived
from black raspberries were effective in reducing NMBA-induced tumors in the rat esophagus [68].
While several forms of anthocyanins were evaluated, all forms, i.e., 5% whole raspberries extract,
anthocyanin-rich fraction and organic-solvent soluble extract, produced similar results. Interestingly,
the organic insoluble residue fraction also produced comparable results, hence indicating that other
compounds from berry anthocyanins may also extend a chemopreventive effect [68].

Alteration in the immune cell trafficking in esophageal cancer by anthocyanin constituents was
shown in a rat feeding study [69]. After 5 weeks of NMBA (0.35 mg/kg) administration while rats
were all on control diet, the animals were switched to the treatment diets (i.e., 6.1% black raspberries
powder, anthocyanin-rich fraction of BRB 3.8 μmol/g, and 500 ppm protocatechuic acid). Esophageal
cancer-related inflammatory biomarkers were assessed at three time-points (15, 25 and 35 weeks) in
the plasma and at the esophagus. Furthermore, the infiltration of the immune cells in the esophagus
was also evaluated. The production of cytokines was not different among all three different dietary
treatments. However, all treatment groups exhibited a decrease of IL-1β and IL-12 and an increase
of IL-10 compared to the control, while the treatments all produced a significantly lower infiltration
of both macrophages and neutrophils to the esophagus. These data, taken together, suggest that
anthocyanins inhibit esophageal tumorigenesis by altering cytokine expression and innate immune
cell trafficking in the tumors [69].

The effect of black raspberries (whole food) in the late stages of rat esophageal carcinogenesis
was investigated thoroughly by Wang and colleagues [70]. A 5% (wt/wt) freeze-dried
raspberry-supplemented diet was evaluated on F344 rats versus control diet in terms of its influence in
the late stages of carcinogenesis for NMBA-induced esophageal cancer. Rats were evaluated 35 weeks
post-NMBA treatment and while on control versus raspberry-supplemented diets. Results showed
that BRB reduced the number of dysplastic lesions as well as both the number and size of esophageal
tumors. Furthermore, BRB was found to have a positive impact on the expression of a variety of genes
associated with pre-neoplastic esophagus as well as esophageal papillomas, and found to modulate
gene expression associated with proliferation, apoptosis and inflammation as well as angiogenesis in a
positive manner. These results demonstrate that BRB can have a positive impact in terms of molecular
signaling in the cases of even late stages carcinogenesis in esophageal cancer in rats, thus underlining
potential benefits from black raspberry consumption in terms of cancer prevention and/or treatment.

Further evidence on the positive role of black raspberry consumption was provided by similar
experiments conducted by Chen and colleagues [71]. A 5% (wt/wt) BRB diet was shown to reduce
both mRNA and protein levels of COX-2, iNOS and c-Jun as well as level of prostaglandin E2 in
F344 NMBA-treated rats on diets for 25 weeks. These findings suggest another potential role in
cancer molecular signaling and possible therapeutic strategy in the case of esophageal cancer for black
raspberries. The same group also reports a BRB angiogenesis-suppression parallel to the suppression
of COX-2 and iNOS in separate experiments [72]. Other researchers observed similar positive effects of
BRB in NMBA-induced esophageal cancer in F344 rats although the effects were not dose-dependent
(5% and 10% wt/wt BRB supplementation produced similar effects) [73]. Such observations support
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the notion that finest dosing is optimizing health benefit, probably primarily through molecular
signaling and hence more emphasis needs to be placed on the determination of the “ideal” mixture of
bioactive compounds and dosing when it comes to dietary advice.

Stoner et al., [74] assessed the chemopreventive ability against esophageal cancer in rats, for a
variety of berries. NMBA-treated rats over a period of 5 weeks were placed on diets supplemented
with 5% (wt/wt) freeze-dried black or red raspberries, strawberries, blueberries, noni, açaí or wolfberry.
The diets were provided for 35 weeks. The study revealed that all berry types were about equally
effective in inhibiting NMBA-induced tumorigenesis in the rat esophagus although the content
of anthocyanins and other comparable phytochemicals varies significantly among these berries.
Interestingly, in all cases, the levels of serum cytokines, interleukin 5 (IL-5) and GRO/KC, the rat
homologue for human interleukin-8 (IL-8) were notably reduced. These observations suggest that
potential berry chemoprevention may be exerted via a variety of combinations in terms of type and
amount of bioactive compounds thus not only underlining the importance of quality and synergism
but also the importance of overall diet (as a pattern) in terms of diet-associated health benefits.

Kresty and colleagues demonstrated that cranberry proanthocyanidins inhibit esophageal
adenocarcinoma both in vitro and in vivo. Specifically, purified cranberry-derived proanthocyanidin
extract (C-PAC) was evaluated in its capacity to extend chemoprevention utilizing acid-sensitive and
acid-resistant human esophageal adenocarcinoma (EAC) cell lines and esophageal tumor xenografts in
athymic NU/NU mice [75]. Results showed pleiotropic cell death induction and PI3K/AKT/mTOR
axis inactivation upon in vitro and in vivo exposure to C-PAC, hence indicating a potential mode of
action for C-PAC chemoprevention.

5.3. Breast Cancer

Berry potential in reducing risk of breast cancer has been demonstrated by in vivo studies. More
specifically, the preventive and therapeutic potential of highbush blueberry was investigated in
(August-Copenhagen-Irish) ACI female rats supplemented with 5% wt/wt blueberry, 2 weeks before
or 12 weeks after treatment with the carcinogen 17β-estradiol (E2), respectively. The tumor latency
for palpable mammary tumors was delayed, while tumor volume and multiplicity was reduced in
both intervention modes. A smaller dose of 2.5% blueberry diet administered after E2 treatment
(i.e., therapeutically) in another experimental group also attenuated tumor multiplicity [76,77].
The aforementioned anti-tumor effects of blueberries were in agreement with favorable molecular
changes such as down-regulation of CYP1A1 and ER-α gene expression, controlling E2 metabolism
and signaling, respectively [76,77]. Blueberry and black raspberry were shown to possess protective
effects against estrogen-induced breast cancer, although with varying impact and potential mechanism.
At 5% wt/wt of diet, blueberry appeared more effective in reducing tissue proliferation, tumor burden
and down-regulating CYP1A1 expression, while black raspberry delayed tumor latency to a greater
extent and down-regulated ERα expression [77].

Notably, a series of phytochemicals abundantly found in berries such as cyanidin, delphinidin,
quercetin, kaempferol, ellagic acid, resveratrol, and pterostilbene have been shown by in vitro and
in vivo studies to interact and interfere with key pathways in breast cancer as well as induce apoptosis
and autophagy thus reducing risk for breast cancer development and recurrence [78].

5.4. Miscellaneous Cancers and Berries

In addition to the most studied cancers (those of the GI tract and hormonal cancers), in terms of the
role of berries in risk attenuation, impressive evidence is accumulating, suggesting that consumption
of berries may well offer chemoprevention and/or improve responses in several types/cases of cancer.
Several studies have demonstrated that strawberry consumption in rodents exerts chemoprevention in
a series of cancers including oral cavity, breast, lung and esophageal [79–83]. In a phase II clinical trial
strawberry consumption (60 g/day for 6 months) inhibited the progression of precancerous lesions [84].
Based on previous observations, potential mechanisms of anticancer activity include suppression
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of NF-κB, COX-2 and iNOS. Some evidence support a potential positive role of berries (specifically
dietary polyphenols) in the case of prostate cancer [21] but there is no definitive conclusion as to the
mechanisms of action, while results are sometimes inconsistent and variable.

Using the hamster cheek pouch model, Casto and colleagues investigated the potential of
lyophilized strawberries to inhibit tumorigenesis. More specifically, animals were painted three
times a week for six weeks with 0.2% 7,12-dimethylbenz(a)anthracene (DMBA) to induce oral
cancer [79]. Hamsters were given diets supplemented with 5% or 10% wt/wt lyophilized strawberries
prior to, during, and after, or only after carcinogen treatment. At 12 weeks after DMBA initiation,
animals were terminated and number of lesions and tumors was counted [79]. Results revealed
significantly fewer tumors and lesions in the strawberry-supplemented diet groups compared to
controls, suggesting a potential positive effect of strawberries in the case of oral cancer. In separate
experiments using the same animal model and carcinogen Zhu et al., demonstrated that tumor
incidence, multiplicity, volume and histological grade of oral precancerous lesions were reduced
in hamsters fed a 5% wt/wt lyophilized strawberry supplemented diet compared to animals fed
control diet [84]. From a mechanistic perspective, the study showed that strawberries suppress cell
proliferation, angiogenesis and oncogenic signaling and arachidonic acid metabolism [84].

Research conducted by Bishayee et al., showed that in rats fed a diet supplemented with
pomegranate extract, PE (1 or 10 g/kg) 4 weeks before and 18 weeks following diethylnitrosamine
(DENA)-initiated hepatocarcinogenesis, PE dose-dependently suppressed a series of elevated
inflammatory markers (COX-2, NF-κB) [85].

Evidence to suggest that berry extracts can yield chemoprevention against lung cancer was
provided by Balansky et al. Whole-body Swiss ICR mice were exposed to mainstream cigarette smoke,
at birth and then daily for 4 months. Black chokeberry and strawberry aqueous extracts were given
as the only source of drinking water, starting after weaning and continuing for 7 months. Both berry
extracts inhibited lung adenomas’ development [81].

Knobloch and co-workers in a phase 0 human study showed that black raspberries, when
administered as freeze-dried powder supplement in oral torches to oral cancer biopsy-confirmed
patients, improve gene expression profile associated with oral cancer [86]. Transcriptional biomarkers
assessed showed significant improvement for the berry supplemented diet demonstrating marked
reduction for the pro-inflammatory genes NFKB1, PTGS2 as well as pro-survival genes AURKA,
BIRC5, EGFR all strongly associated with oral cancer risk and progression [86].

Work performed by Mallery et al., showed that in patients with oral intraepithelial neoplasia
lesions, topical application of bioadhesive gels that contained 10% wt/wt freeze-dried black raspberries
for 12 weeks resulted in statistically significant reduction in lesional sizes, histological grades, and loss
of heterozygosity events compared to placebo controls [87].

In a data analysis of a case-control human study of 230 patients conducted in Italy, a favorable role
of flavonoids and proanthocyanidins in gastric cancer was demonstrated by Rossi and colleagues [88].
In separate studies, Rossi et al., conducted a cohort study in Northern Italy between 1991 and 2008 with
326 cases of incident pancreatic cancer and respective controls, examining the relationship between
flavonoids and pancreatic cancer risk. According to their results the analyses showed that dietary
proanthocyanidins (mostly present in apples, pears and pulses), may convey some protection against
pancreatic cancer risk [89].

The potential effect of diets on cancer risk has been studied widely. Even though there is no specific
and defined diet that reduces cancer risk, diets rich in fruits and vegetables have been repeatedly
found to be beneficial in terms of reducing cancer risk. In this context, the scientific consensus
refers more to dietary habits or good dietary practices than a well-defined diet per se. However,
there has been notable amount of evidence to suggest that adherence to a Mediterranean diet is
associated with reduced risk of overall cancer mortality as well as reduced risk of incidence of several
cancer types (especially cancers of the colorectum, GI tract, breast, stomach, pancreas, prostate, liver)
according to observational studies [90,91]. Interestingly, the Mediterranean diet is a diet rich in fiber,
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fruits, vegetables and grains as well as olive oil and fish while from a compound standpoint rich in
vitamins, antioxidants, flavonoids, anthocyanins, and other phytochemicals as well as ω-3 fatty acids.
Furthermore, notably the Mediterranean diet is often viewed as a set of practices and a life-style much
more so than a mere diet or dietary scheme. Interestingly, a study showed that if fruit and vegetable
intake levels increased to 300 and 400 g/day respectively, that could lead to a significant reduction in
gastric cancers, particularly in the developing countries [92].

Even though the mechanisms remain not completely clarified, there is convincing evidence from
epidemiological and experimental studies that dietary factors are likely to have a major influence
on the risk of several types of cancer, particularly of the GI tract [93–97]. In vivo experiments using
mice showed that diet-induced obesity increases risk of colonic cancer while a signaling/modular
implication of leptin (both a hormone and a cytokine) was also suggested by the data [96,97]. In a more
global approach, berries have been shown to play a positive role in health protection in cases of chronic
diseases other than cancer as well, where inflammation and oxidative stress are key initiators for the
onset of a disease [98–100]. In this regard, placing more emphasis on the dietary constituents but also
on the whole food and on dietary patterns that may confer health benefits and potential protection
against chronic diseases is important.

6. Conclusions

Although the initiation, progression and development of cancer is a multi-factorial phenomenon,
the contribution of diet to chemoprevention has been suggested by a bulk of evidence stemming from
in vitro, in vivo and human studies. A particular interest has been placed on fruits and vegetables of
which edible berries constitute an interesting sub-group, as they are rich in a variety of compounds
that have been shown to exert favorable effects in several types of cancers. Anthocyanins, flavonoids,
other antioxidants and a plethora of more or less well-defined phytochemicals with antioxidant and
other properties seem to offer a notable arsenal that reduces risk of cancer as evidenced by in vivo
and human work. The mechanistic details of the mode of action remain somewhat elusive although
involvement of certain pathways has been demonstrated. These pathways are responsible for the
modulation of different cellular processes, showing certain common signaling events such as arrest
of cell cycle by increasing levels of cyclin-dependent kinase inhibitor proteins (CDIs) and inhibition
of cyclins, induction of apoptosis via cytochrome c release, activation of caspases and down- or
up-regulation of Bcl-2 family members, inhibition of survival/proliferation signals (Akt, MAPK,
NF-κB) and inflammation (COX-2, TNF, IL secretion), as well as suppression of key proteins that are
critically involved in angiogenesis and metastasis.

A significant amount of work to identify and delineate mechanistic details has been undertaken
in cell lines, which although useful and indicative, must be corroborated by in vivo data. Thus in vitro
data interpretation must be careful and cautiously extrapolated to the in vivo and much more so to
the human level. The work we have summarized herein, primarily from in vivo and human studies,
indicates favorable effects of berry consumption in a variety of cancers by mechanisms that involve
oxidative stress, inflammation and the related signaling. It appears rather doubtful that a particular
compound in berries is responsible for the health benefits these food items extend. It seems that
whole food consumption (edible berries) may be optimizing the benefit arguably due to synergies.
Furthermore, it is highly challenging to decipher and mimic the exact mixture of berry compounds,
quality/types of compounds and amounts, or physicochemical conditions and matrix involvement in
berries that confer the benefit.

Edible berries have been demonstrated to extend chemoprevention in cancer primarily of the GI
tract as well as breast and to a lesser degree of liver, prostate, pancreas and lung. Notably, no negative
effects have been reported by berry administration, thus making it a plausible and potentially useful
dietary strategy to reduce risk of cancer and help cancer patients with disease prognosis.
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Supplementary Materials: The following are available online at www.mdpi.com/2076-3921/5/4/37/s1. Table S1.
Berries with selected nutrient and phytochemical profiles expressed in values per 100 g of edible portion as
determined by USDA.
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Abstract: Cranberries are rich in bioactive constituents reported to influence a variety of health
benefits, ranging from improved immune function and decreased infections to reduced cardiovascular
disease and more recently cancer inhibition. A review of cranberry research targeting cancer revealed
positive effects of cranberries or cranberry derived constituents against 17 different cancers utilizing
a variety of in vitro techniques, whereas in vivo studies supported the inhibitory action of cranberries
toward cancers of the esophagus, stomach, colon, bladder, prostate, glioblastoma and lymphoma.
Mechanisms of cranberry-linked cancer inhibition include cellular death induction via apoptosis,
necrosis and autophagy; reduction of cellular proliferation; alterations in reactive oxygen species; and
modification of cytokine and signal transduction pathways. Given the emerging positive preclinical
effects of cranberries, future clinical directions targeting cancer or premalignancy in high risk cohorts
should be considered.

Keywords: cranberry; cancer; proanthocyanidin; quercetin; ursolic acid

1. Introduction

Incorporation of fruit and vegetables, including cranberries, into a healthy-balanced diet
is suggested for prevention of human disease. The positive health benefits of cranberries and
cranberry derived constituents include improvements of cardiovascular function as measured by
decreases in lipid peroxidation, oxidative stress, total and low-density lipoprotein (LDL} cholesterol
and high-density lipoprotein (HDL) cholesterol level increases [1,2]. Cranberry derived products
can also increase immune function by increasing γδ-T cells, NK cells and B-cells [3], as well as
exhibit antimicrobial and anti-adhesion activities against Gram-positive bacteria [4], Gram-negative
bacteria [5–11] and yeast [12,13]. Utilization of cranberry and cranberry derived constituents in the
prevention of cancer is an underexplored area, but one with mounting preclinical in vitro and in vivo
research as will be reviewed herein. To date, there have been no clinical trials conducted which utilize
cranberries to prevent or delay cancer progression.

The beneficial effects of cranberries are attributable to the berries’ rich phytonutrient composition
which has been extensively and expertly reviewed by Pappas et al. [14]. Compositional analysis
of the cranberry has resulted in identification and characterization of over 150 different bioactive
constituents and human metabolomic studies have revealed differential pharmacokinetic profiles
for these molecules [14–17]. Included in the family of polyphenols are three flavonoid classes:
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anthocyanins, flavonols and proanthocyanidins. Specifically, flavonoids and phenolic acids are
detected in the urine and plasma of healthy older adults following a single dose of 54% cranberry
juice [15]. Cranberries and cranberry derived constituents are capable of exerting antioxidant and
anti-inflammatory functions as supported by several clinical trials investigating cardiovascular health
improvements measured via increases in flow mediated dilation, total antioxidant performance of
plasma, blood glutathione peroxidase levels and superoxide dismutase activity following consumption
of a cranberry juice cocktail [15,18–21].

The cancer inhibitory potential of cranberries and cranberry derived products is being elucidated
based on multiple in vitro investigations and a small number of in vivo studies. This review will
encompass a total of 34 preclinical studies utilizing 45 cancer cell lines isolated from 16 target
organs and studies targeting seven cancers utilizing in vivo carcinogenesis and xenograft models
to investigate mechanisms by which cranberries and cranberry derived constituents modulate or
inhibit cancer-related processes. Mechanisms of cranberry-linked cancer inhibition are summarized
in Figure 1. Preclinical studies support that cranberries modulate cell viability, cell proliferation, cell
death, adhesion, inflammation, oxidative stress and signal transduction pathways. Many of the in vitro
studies initially focus on the effectiveness of cranberry derived constituents in cell density and viability
assays, as logical starting points for determining whether further mechanistic analysis is warranted.
Collectively, these in vitro studies provide the fundamental basis for additional in vivo studies and
may inform the design and implementation of cancer-based clinical trials evaluating cranberries as
cancer preventive agents.

Figure 1. Cranberry and cranberry derived constituents target numerous mechanisms of cancer
inhibition based on 34 preclinical studies.

2. Materials and Methods

A thorough bibliographic search was conducted in Pubmed through 4 June 2016 to identify
all cancer focused research utilizing cranberries or cranberry derivatives. Keyword searches were
performed by searching cranberry and each individual cancer target: breast, cervical, colon, esophageal,
glioblastoma, leukemia, liver cancer, lung, lymphoma, melanoma, neuroblastoma, oral cavity, ovarian,
prostate, renal/kidney, stomach and bladder. A secondary search was conducted using the same
keywords in Scopus, an abstract and citation database for peer-reviewed literature, which yielded
additional manuscripts not available in Pubmed. Finally, a bibliographic search was completed in the
Health Research Library provided by the Cranberry Institute using the following keywords: cancer,
reactive oxygen species, anti-oxidant and oxidative stress.
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3. In Vitro Inhibition of Cancer Processes by Cranberries

Utilization of cancer cell lines to test cranberries, cranberry derived constituents and extracts
has been the initial basis for defining cancer inhibitory capacity of these natural components in vitro.
The majority of studies have been performed following treatment of immortalized cancer cell lines
with cranberry extracts or juices, while one study has determined the benefit of pretreating the cells
first to measure protective capacity against oxidative stress [22]. As summarized in Table 1, there are
31 in vitro based published reports describing cranberry linked cancer inhibition in 45 cancer cell lines
derived from 16 targets. Eight mechanisms will be discussed with respect to cranberry derived extracts
and constituents including cell density and viability, cell proliferation, cell cycle kinetics, cell death,
signaling pathways, adhesion and migration, oxidative status and inflammation.

3.1. Cranberry Derived Extracts and Constituents Affect Cellular Growth and Viability

A significant amount of research shows cranberry derived constituents decrease cancer cell
density, viability and proliferation. Cell density experiments are primarily based on treatment
of cell lines with cranberry derived extracts followed by crystal violet staining to visualize cells
remaining after treatment. While crystal violet staining indicates a qualitative difference in cellular
confluency based on treatment, it does not rely on active metabolic processes. Viability stains
including 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-1) rely on cleavage of
tetrazolium salts by the succinate-tetrazolium reductase system in metabolically active cells with
an intact mitochondrial respiratory chain, whereas Calcein-acetoxymethyl (Calcein-AM) is cleaved
by intracellular esterases to a fluorescent molecule, which results in more reliable data when cell
death involves altered mitochondrial machinery. Bromodeoxyuridine (BrdU) incorporation assays as
a measurement of cell proliferation inform how cranberry derived constituents modulate S-phase cell
cycle kinetics.

Table 1. Summary of preclinical in vitro evaluations of cranberries or cranberry derived constituents
as cancer inhibitors.

Target Cell Line(s)
Cranberry
Constituent

In Vitro Results [Reference(s)]

Breast MCF-7 CE ↑ apoptosis [23]; ↑ G1 cell cycle arrest [23]
↓ cell viability [23,24]

CJE ↓ cell viability [25]
C-PAC ↓ cell density [26]
FG ↓ cell viability [27]
Fr6 ↓ cell viability [28]
Q ↓ cell viability [27]
UA ↓ cell density [29,30]; ↓ cell viability [27]

MDA-MB-435* CJE ↓ cell viability [25]
Fr6 ↑ apoptosis [28]; ↑ G2-M cell cycle arrest [28]

↓ cell viability [28]
UA ↓ cell density [29]

Cervix ME180 C-PAC ↓ cell density [26]
UA ↓ cell density [30]
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Table 1. Cont.

Target Cell Line(s)
Cranberry
Constituent

In Vitro Results [Reference(s)]

Colon Caco-2 CJE ↓ cell viability [25]
TP ↓ lipid peroxidation [31]

↓ pro-inflammatory markers TNFα and IL-6 [31]

HT-29 ANTHO ↓ cell viability [32]
CE ↓ cell viability [24,33]

↓ pro-inflammatory marker COX-2 [34]
C-PAC ↑ apoptosis [35]; ↓ cell density [26]

↓ cell viability [36]
CJE ↓ cell viability [32]
Fr6 ↓ cell viability [36]
TP ↓ cell viability [32]
UA ↑ apoptosis [35]; ↓ cell density [29,30]

↓ cell viability [35]

HCT116 CE ↓ cell viability [33]
C-PAC ↑ apoptosis [35]; ↓ cell viability [35]
UA ↑ apoptosis [35]; ↓ cell density [29]

↓ cell viability [35]

LS-513 ANTHO ↓ cell viability [32]
CJE ↓ cell viability [32]
TP ↓ cell viability [32]

SW460 TP ↓ cell viability [33]

SW620 TP ↓ cell viability [24]
C-PAC ↓ cell proliferation [37]

Esophagus CP-C C-PAC ↓ total reactive oxygen species [38]

JHEsoAD1 C-PAC ↑ autophagy in acid-sensitive cells, pro-death [39,40]
↑ necrosis in acid-resistant cells [39]
↑ G2-M cell cycle arrest [39]
↑ total reactive oxygen species [38]
↑ hydrogen peroxide levels [38]
↓ cell viability [40,41]
↓ PI3K/AKT/mTOR signaling [39]

OE33 C-PAC ↑ autophagy in acid-sensitive cells [39]
↑ low levels of apoptosis [39]↑ G2-M cell cycle arrest [39]
↓ cell proliferation [39]
↑ total reactive oxygen species [38]
↓ PI3K/AKT/mTOR signaling [39]

OE19 C-PAC ↑ necrosis in acid-resistant cells [39]

↑ G2-M cell cycle arrest with significant S-phase delay [39]
↑ total reactive oxygen species [38]
↑ hydrogen peroxide levels [38]
↓ PI3K/AKT/mTOR signaling [39]
↓ cell viability [40,41]

Glioblastoma SF295 UA ↓ cell density [29]

U87 C-PAC ↑ apoptosis [36]; ↑ G1 cell cycle arrest [36]
↓ cell viability [36]

Fr6 ↑ apoptosis [36]; ↑ G1 cell cycle arrest [36]
↓ cell viability [28]

Leukemia K562 C-PAC ↓ cell density [26]

RPMI8226 UA ↓ cell density [29]

Liver HepG2 CE ↑ reduced glutathione levels [22]
↓ glutathione peroxidase activity [22]
↓ lipid peroxidation [22]
↓ reactive oxygen species [22]

CJE ↑ reduced glutathione levels [22]
↓ glutathione peroxidase activity [22]
↓ lipid peroxidation [22]
↓ reactive oxygen species [22]

FG ↓ cell viability [27]
Q ↓ cell viability [27]
UA ↓ cell viability [27]
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Table 1. Cont.

Target Cell Line(s)
Cranberry
Constituent

In Vitro Results [Reference(s)]

Lung DMS114 Fr6 ↓ cell viability [28]

NCI-H322M UA ↓ cell density [29]

NCI-H460 C-PAC ↑ apoptosis [37,42]; ↑ G1 cell cycle arrest [37]
↓ cell density [26]; ↓ cell viability [37]
↓ cell proliferation [37]

UA ↓ cell density [29,30]

Lymphoma Rev-2-T-6 NDM ↓ cell viability [43]
↓ extracellular matrix invasion [43]

Melanoma M14 C-PAC ↓ cell density [26]
UA ↓ cell density [30]

SK-MEL5 Fr6 ↓ cell viability [28]

Neuroblastoma IMR-32 C-PAC ↓ cell viability [44]

SH-Sy5Y C-PAC ↓ cell viability [44]

SK-N-SH C-PAC ↓ cell viability [44]

SMS-KCNR C-PAC ↑ apoptosis [44]; ↑ G2-M cell cycle arrest [44]
↑ reactive oxygen species [44]
↓ PI3K/AKT/mTOR signaling [44]
↓ cell viability [44,45]

Oral Cavity CAL27 CE ↑ apoptosis [46]; ↓ cell adhesion [46]
↓ cell density [46]; ↓ cell viability [24]

TP ↓ cell viability [33]

HSC2 CJE ↑ reduced glutathione levels [47]

↓ cell viability [47]
KB CE ↓ cell viability [24]

TP ↓ cell viability [33]

SCC25 CE ↑ apoptosis [46]; ↓ cell adhesion [46]
↓ cell density [46]

Ovary OVCAR-8 C-PAC ↑ G2-M cell cycle arrest [48]; ↓ cell viability [48]

SKOV-3 C-PAC ↑ apoptosis [48,49]; ↑ G2-M cell cycle arrest [48,49]
↑ reactive oxygen species [49]
↓ AKT signaling [49]
↓ cell proliferation [45,49]
↓ cell viability [45,48,49]

Prostate 22Rv1 CE ↓ cell viability [33]
TP ↓ cell viability [33]

DU-145 CE ↑ G1 cell cycle arrest [50]
↓ cell viability [50,51]

C-PAC ↑ apoptosis [51]
↑ MAPK signaling [52]
↓ cell viability [26,36,51,52]
↓ matrix metalloprotease activity [52]
↓ PI3K/AKT signaling [52]

Fr6 ↓ cell viability [28,36]

LNCaP CE ↓ cell viability [24]

PC3 CJE ↑ G1 cell cycle arrest [25]
↓ cell viability [25]

C-PAC ↓ cell density [26]
UA ↓ cell density [30]

RWPE-1 CE ↓ cell viability [33]

C-PAC ↓ cell viability [33]
TP ↓ cell viability [33]

RWPE-2 CE ↓ cell viability [33]

C-PAC ↓ cell viability [33]
TP ↓ cell viability [33]
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Table 1. Cont.

Target Cell Line(s)
Cranberry
Constituent

In Vitro Results [Reference(s)]

Renal RXF393 UA ↓ cell density [29]

SN12C UA ↓ cell density [29]

TK-10 UA ↓ cell density [29]

Stomach AGS CJE ↓ cell viability [25]

SGC-7901 CE ↑ apoptosis [53]
↓ cell proliferation [53]
↓ cell viability [53]

Cranberry derived constituents are abbreviated as follows: anthocyanins (ANTHO), organic-soluble cranberry
extract (CE), cranberry juice extract (CJE), cranberry proanthocyanidin-rich fraction (C-PAC), flavonoid-rich
fraction 6 (Fr6), flavonoid glycosides (FG), non-dialyzable material from cranberry juice concentrate (NDM),
total polyphenolic fraction (TP), quercetin (Q) or ursolic acid fraction (UA). Additional abbreviations:
Phosphoinositide 3-kinase (PI3K), Protein Kinase B (AKT), mechanistic Target of Rapamycin (mTOR),
mitogen-activated protein kinase (MAPK). Note: MDA-MB-435* was misidentified as a breast cancer cell
line, but is now confirmed to be of melanoma origin.

Three cranberry derivatives inhibit the growth of 43 human cancer cell lines. For the purpose
of this review, growth inhibitory (GI50) concentrations are presented for cancer cell lines where
cranberry treatment results in 50% growth inhibition. Specifically, cranberry derived ursolic acid,
proanthocyanidins and an organic-soluble cranberry extract inhibit the growth of breast, colon, cervical,
glioblastoma, leukemia, lung, melanoma, oral cavity, prostate and renal cancer cell lines [26,29,30,46].
The GI50 concentration for ursolic acid is 1.2–11.2 μM in renal cancer cell lines RXF393, SN12C and
TK-10, with similar results observed in breast (MCF-7; 1.4–1.9 μM), colon (HCT116; 1.5–3.5 μM)
and lung (NCI-H322M; 1.2–9.8 μM) cancer cell lines when cell density is measured following a 48 h
treatment [29,30]. The cell density of lung (NCI-H460; 20.0 μg/mL) and cervical (ME180; 30.0 μg/mL)
cancer cell lines are similarly susceptible to cranberry proanthocyanidin treatment, while breast
(MCF-7), melanoma (M-14), leukemia (K562) and prostate (PC3) cancer cell lines have GI50 values
greater than 70.0 μg/mL [26]. An organic soluble cranberry extract is effective at reducing cell density
of two oral cancer cells lines, CAL27 and SCC25, at fairly similar GI50 concentrations, 40.0 μg/mL
and 70.0 μg/mL, respectively [46]. While cell density experiments support a reduction in confluency
following treatment with cranberry derivatives, these assays do not take metabolic activity, functional
enzyme processes or mechanisms associated with cell death into consideration.

Extending beyond simple density studies, multiple cranberry derived extracts and constituents
significantly inhibit the viability of cancer cell lines. In breast cancer cell lines, an organic-soluble
cranberry extract, cranberry juice extract, a flavonoid rich fraction (with and without glycosides),
quercetin and ursolic acid are all effective at decreasing the viability of MCF-7 and MDA-MB-435
cells [23–25,27,28]. The GI50 concentration of a combination flavonoid and glycoside fraction
(FG; 23.9 μM) is the most efficacious against MCF-7 cells [27]. Several cranberry extracts inhibit
the viability of colon cancer cell lines including an organic-soluble cranberry extract, cranberry juice
extract, cranberry proanthocyanidins, a flavonoid rich fraction, a total polyphenolic fraction and
ursolic acid [24,25,32,33,35,36]. Cranberry proanthocyanidins and ursolic acid are most effective at
inhibiting the viability of HCT116 colon cancer cells, with GI50 concentrations of 25 μg/mL for both
constituents [35]. LS-513 colon cancer cells are particularly susceptible to viability reductions following
exposure to a total polyphenolic fraction (3.8–92.9 μg/mL) and anthocyanins (4.3–75.5 μg/mL) when
compared to a cranberry juice extract (38.11–113.0 μg/mL) [32]. Cranberry proanthocyanidins
also decrease the viability of neuroblastoma, esophageal adenocarcinoma and ovarian cancer
cells [40,41,44,45,48,49]. All four neuroblastoma cancer cell lines (IMR-32, SH-Sy5Y, SK-N-SH
and SMS-KCNR) show significant reductions in viability when treated with 12.5–25.0 μg/mL of
cranberry proanthocyanidins [44,45]. In comparison, a significant reduction in viability of esophageal
adenocarcinoma and ovarian cancer cells is observed with 25.0–50.0 μg/mL and 50.0–200.0 μg/mL
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cranberry proanthocyanidins, respectively [40,41,45,48,49]. Reductions in viability of glioblastoma and
melanoma cancer cell lines occur following treatment with a flavonoid rich extract, with the GI50 for
U87 glioblastoma cells about half of the GI50 for SK-MEL5 melanoma cells after a 96h treatment [28].
A significant decrease in viability is observed for HepG2 liver cancer cells when treated for 4 days with
a cranberry flavonoid glycoside extract (GI50 = 49.2 μM), quercetin (GI50 = 40.9 μM) or ursolic acid
(GI50 = 87.4 μM); where quercetin was the most effective of the three constituents [27]. Lastly, NCI-H460
cells are more susceptible to a lower dose of cranberry proanthocyanidins (50.0–100.0 μg/mL) than
DMS114 cells treated with a flavonoid rich extract; however, both extracts are capable of significantly
reducing cell viability of lung cancer cell lines [28,37].

A single study utilized non-dialyzable material isolated from cranberry juice reporting
significant reductions in the viability of Rev-T-2-6 lymphoma cells following a 48h treatment [43].
The non-dialyzable material contains high molecular weight polyphenolic compounds, likely
containing both proanthocyanidins and smaller quantities of anthocyanins [54]; however, structural
characterization was not conducted due to the inability to hydrolyze the high molecular weight
components into smaller oligomeric components for MALDI analysis [43]. Cancer cell lines
originating from the oral cavity are susceptible to reduced viability following treatment with cranberry
extract (50.0–180.6 μg/mL), cranberry juice extract (150.0 μg/mL) and a total polyphenolic fraction
(200.0 μg/mL) with cranberry extract (50.0 μg/mL) treatment of CAL27 cells having the lowest
GI50 [24,33,47]. Ten studies have documented the effectiveness of a cranberry extract, cranberry juice
extract, a flavonoid rich extract and cranberry proanthocyanidins at significantly reducing the viability
of prostate cancer cells [24–26,28,33,36,45,50–52]. The most efficacious constituent appears to be a
cranberry proanthocyanidin extract, which inhibits the viability of RWPE-1 and RWPE-2 prostate
cancer cell lines with a GI50 of approximately 6.5 μg/mL [33]. In contrast, prostate cancer cells are not
particularly sensitive to inhibition by a flavonoid rich extract as the GI50 concentration for DU-145
(234.0 μg/mL) cancer cells is comparatively 1.6–3.0 fold higher compared to the GI50 for glioblastoma
(77.0 μg/mL), melanoma (147.0 μg/mL) and breast (147.0–212.0 μg/mL) cancer cell lines [28]. Finally,
two studies report cranberry and cranberry juice extract decrease the viability of stomach cancer cell
lines AGS and SGC-7901 [25,53].

The majority of in vitro studies have characterized the ability of cranberry derived extracts and
constituents to inhibit cancer cell line density and viability. Cranberry derived proanthocyanidins and
ursolic acid tend to have lower GI50 values compared to the organic-soluble cranberry extracts and
total phenolic fractions. It is difficult to make comparisons to the results observed for the cranberry
juice extracts because concentrations are reported as μL/mL and may vary widely in concentrations
of inhibitory constituents based on the starting product [25,32,47]. Furthermore, direct comparisons
for specific constituents is challenging due to a lack of protocol standardization for the generation
and isolation of any cranberry derived extracts or constituents. Taken together, these data show that
cranberry derivatives are capable of inhibiting the viability of 31 cancer cell lines.

3.2. Modulation of Cell Proliferation and Cell Cycle Processes by Cranberry Constituents

The ability of cranberry derived extracts and constituents to modulate cell proliferation and cell
cycle kinetics is highlighted by studies conducted in nine different target organs. Cell proliferation,
as measured by BrdU incorporation, is decreased in colon, lung, ovarian and OE33 esophageal
cancer cell lines following treatment with 25.0–125.0 μg/mL cranberry proanthocyanidins [37,39,45,49].
Additional esophageal adenocarcinoma cells treated with cranberry proanthocyanidins responded
with an S-phase delay [39], potentially linked to induction of cell death via necrosis. A decrease in cell
proliferation of stomach cancer cells is also noted following treatment with a cranberry extract but at
a much higher concentration of 10.0 mg/mL [53].

Ten studies present data for modulation of cell cycle progression by cranberry derivatives.
In breast cancer cells, an organic-soluble cranberry extract and a flavonoid rich extract induce G1

and G2-M cell cycle arrest, respectively [23,28]. In esophageal adenocarcinoma cells, cranberry
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proanthocyanidins (50.0–100.0 μg/mL) induce G2-M cell cycle arrest in acid-sensitive JHEsoAd1 and
OE33 cells as well as in acid-resistant OE19 cells [39]. However, cranberry proanthocyanidins induce a
significant S-phase delay in acid-resistant OE19 cells. In lung cancer cells, cranberry proanthocyanidins
(50.0 μg/mL) induce a G1 cell cycle arrest [37]. Cranberry proanthocyanidins induce a G2-M cell cycle
arrest in neuroblastoma (20.0 μg/mL) and ovarian (75.0–100.0 μg/mL) cancer cells [44,48,49]. Organic
soluble cranberry extracts (25.0 μg/mL) and cranberry juice extracts (25.0 μL/mL) are both effective
at inducing G1 cell cycle arrest in prostate cancer cells [25,50]. Finally, cranberry proanthocyanidins
are more effective than a flavonoid rich extract at inducing G1 cell cycle arrest in glioblastoma cells in
a time and dose-dependent manner [36].

3.3. Cranberry Derived Extracts and Constituents Induce Cell Death Pathways

Induction of cell death pathways by cranberry constituents has been investigated in nine target
organs. An organic soluble cranberry extract induces apoptosis in stomach (5.0 mg/mL) and breast
(15.0 mg/mL) cancer cell lines at high concentrations, whereas cancer cell death was induced at much
lower concentrations (range of 50.0–70.0 μg/mL) in SCC25 and CAL27 oral cancer cell lines [23,46,53].
Treatment of esophageal adenocarcinoma, lung, colon, glioblastoma, neuroblastoma and ovarian
cancer cells with cranberry proanthocyanidins results in apoptosis induction [35–37,39,42,44,48,49].
Ursolic acid (25.0 μg/mL) induces apoptosis in colon cancer cells and a flavonoid rich extract
(100.0–400.0 μg/mL) induces late apoptosis in glioblastoma cells [28,35]. Finally, a flavonoid rich
extract (200.0–400.0 μg/mL) from the cranberry is also responsible for induction of apoptosis in
MDA-MB-435 cancer cells [28].

In esophageal adenocarcinoma cells, the primary form of cell death appears linked to an acid
sensitive or acid resistant phenotype. Specifically, treatment with an equimolar concentration of
five bile salts (taurocholic, glycocholic, glycodeoxycholic, glycochenodeoxycholic and deoxycholic
acids) in acidified medium (pH 4.0) induces rapid apoptosis of esophageal adenocarcinoma cells except
in the case of constitutively resistant OE19 cells were exposure to an acidified bile salt mixture has little
impact on cell viability. In acid sensitive JHEsoAD1 and OE33 cell lines, cranberry proanthocyanidins
induce autophagy through inactivation of Phosphoinositide 3-kinase /Protein Kinase B/mechanistic
Target of Rapamycin (PI3K/AKT/mTOR) signaling pathways, but with low levels of apoptosis [39,40].
Conversely, intrinsically acid resistant OE19 cells die mainly through necrosis following treatment
with cranberry proanthocyanidins. Acid sensitive JHEsoAd1 cells can be pushed to acid resistance
following repeated exposure to an acidified bile cocktail resulting in a switch from autophagic to
necrotic cell death [39]. The concentration of cranberry proanthocyanidins necessary to inhibit the
viability of acid-resistant cells through necrosis is similar to the concentration inducing autophagy
in acid-sensitive cells [39]. It is important to note that autophagy induction in JHEsoAD1 cells is
a pro-death mechanism and not a pro-survival response [40,41].

In contrast to esophageal adenocarcinoma cells, the primary form of cell death induced by
cranberry proanthocyanidins in neuroblastoma cells is apoptosis [44]. Interestingly, treatment of
SMS-KCNR neuroblastoma (25.0 μg/mL) cancer cells for 18 h with cranberry proanthocyanidins also
resulted in inactivation of PI3K/AKT/mTOR signaling pathways and at concentrations lower than
those necessary for similar effects in esophageal adenocarcinoma (50.0 μg/mL) cancer cells [39,44].
The caspase apoptotic machinery in esophageal adenocarcinoma cells is expressed at low basal levels,
which may explain why acid sensitive cells die primarily through autophagy [39]. Furthermore,
treatment of acid sensitive esophageal adenocarcinoma cell lines with cranberry proanthocyanidins
results in cell death through Beclin-1 independent autophagy induction and is largely
caspase-independent despite low levels of apoptosis [39,40]. Conversely, western blot data from
untreated neuroblastoma cells show that the apoptotic machinery is present [45]. Thus, cranberry
proanthocyanidins modulate cell death via inactivation of the PI3K/AKT/mTOR signaling axis,
but may be dependent on available cell death machinery. A decrease in signaling through the AKT
pathway is also observed in SKOV-3 ovarian cancer cells treated with cranberry proanthocyanidins [49].
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Furthermore, cranberry proanthocyanidins (25.0 μg/mL) increase mitogen-activated protein kinase
(MAPK) signaling and decrease PI3K/AKT signaling in prostate cancer cells, suggesting a common
cell death mechanism with esophageal adenocarcinoma, ovarian and neuroblastoma cancer cells [52].

3.4. Modulation of Oxidative Status by Cranberries

Consistent with the antioxidant properties of cranberry and cranberry derived extracts in human
trials for cardiovascular disease, markers of reactive oxygen species (ROS) decrease in a number of
cranberry treated cancer cell lines [15,18,21]. Specifically, malondialdehyde lipid peroxidation levels
decrease in colon cancer lines following treatment with a total polyphenolic fraction (250.0 μg/mL) for
24 h [31]. An organic soluble cranberry extract and cranberry juice extract decrease malondialdehyde
lipid peroxidation levels in HepG2 liver cancer cells [22]. Furthermore, an organic soluble cranberry
extract and cranberry juice extract increase reduced glutathione levels and decrease glutathione
peroxidase activity in HepG2 cells, respectively [22]. Total ROS levels also decrease in HepG2 liver
cancer cells following treatment with an organic soluble cranberry extract (0.5 μg/mL) and cranberry
juice extract (25.0 μg/mL) for 20 h [22].

Conversely, increases in ROS are reported in select cancer cell lines treated with cranberry
derivatives. Specifically, cranberry proanthocyanidins increase ROS levels in esophageal adenocarcinoma
(100.0 μg/mL), neuroblastoma (20.0 μg/mL) and ovarian (75.0 μg/mL) cancer cell lines [38,44,49].
The increase in JHEsoAD1 esophageal adenocarcinoma cells was partially due to increases in hydrogen
peroxide levels [38]. While these data may seem counterintuitive, several drugs including cisplatin,
cyclophosphamide and fenretinide used to treat cancer rely on the production of ROS as a mechanism
to inhibit cancer cell viability [55,56]. Interestingly, ROS levels decrease in premalignant Barrett’s
esophageal CP-C cells following treatment with cranberry proanthocyanidins, also resulting in cell
death induction [38,57,58]. Given the differences observed between ROS production in premalignant
Barrett’s and esophageal adenocarcinoma cells following treatment with cranberry proanthocyanidins,
it is possible that basal oxidative stress levels or stage of carcinogenesis may inform functional cell
death machinery and cell fate. The mechanism of cell death for premalignant esophageal cells treated
with cranberry derived constituents remains to be investigated. However, immortalized “normal”
Het1A esophageal cells are less susceptible to C-PAC induced cell death compared to esophageal
adenocarcinoma and premalignant Barrett’s esophageal cell lines when treated with the same cranberry
proanthocyanidin fraction at equivalent concentrations [40].

3.5. Additional Biological Processes Modulated by Cranberry Derived Extracts and Constituents

Modulation of pro-inflammatory markers, cellular adhesion, matrix metalloprotease activity and
invasion of the extracellular matrix are the remaining biological processes that have been examined in
cancer cell lines treated with cranberry based derivatives. Specifically, TNFα and IL-6 levels decrease
following treatment with a total cranberry polyphenolic fraction (250.0 μg/mL) in colon cancer cells [31,34].
A soluble cranberry extract (50.0 μg/mL) reduces the expression of cyclooxygenase-2 (COX-2),
an enzyme responsible for conversion of arachidonic acid into prostaglandins thus mitigating
downstream inflammatory responses [34]. The ability of oral cancer cells to settle, adhere and
establish colonies is inhibited by an organic soluble cranberry extract in a dose dependent manner [46].
In prostate cancer cells, cranberry proanthocyanidins (250.0 μg/mL) decrease matrix metalloprotease
activity preventing cleavage of extracellular matrix proteins and migration of cancer cells [52]. Finally,
a non-dialyzable material extract isolated from cranberry juice (50.0 μg/mL) is capable of decreasing
invasion of Rev-2-T-6 lymphoma cells [43]. While these final studies describe distinctly different
processes, they provide additional mechanistic information for how cranberry derived extracts
and constituents modulate cancer cells in vitro and provide a foundation to support additional
in vivo investigations.
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3.6. In Vitro Summary

Collectively, data from the in vitro studies support that cranberries successfully inhibit three
hallmarks of cancer: resisting cell death, sustaining proliferative signaling and activating invasion
and metastasis [59]. These studies provide the preclinical basis for cancer inhibitory investigations
of cranberry derived constituents utilizing in vivo models and may inform future clinical trials in
high risk human cohorts. Protocol standardization for extraction and isolation of constituents from
cranberries will be vital for reproducibility of data and for development of standardized products
for use in human clinical trials. Cranberry proanthocyanidins appear to be among the most potent
cranberry derived constituents based upon the completed in vitro research evaluating a large panel
of cancer cell lines and multiple inhibitory mechanisms. Low concentrations of cranberry derived
ursolic acid also favorably impacts cancer cell viability and induces apoptosis, but additional signaling
networks have yet to be assessed. However, it is important to recognize that both the starting cranberry
product, processing and extraction methods differed greatly across the summarized studies making
direct comparisons difficult.

It is interesting to note that included in the in vitro studies is the evaluation of cranberry
derived constituents in MDA-MB-435 (misidentified as breast) and M14 melanoma cancer cell lines.
Controversy regarding the origin of these two cancer cell lines has been debated since 2003 when
microarray studies suggested that the MDA-MB-435 cell line was not of breast origin [60]. Through
extensive genetic and expression analyses, it has been established that the MDA-MB-435 cell line is of
melanoma origin and is very likely a clone of the M14 melanoma cancer cell line [61]. This finding
has broader implications for the scientific community, but herein expands the inhibitory effects of
cranberries to include inhibition of melanoma cancer cell viability, modulation of cell cycle kinetics
and provides mechanistic insight into mode of cell death induction [25,28,29].

Additional research is necessary for improved understanding of the molecular mechanisms by
which cranberry derivatives inhibit cancer cells in vitro including to what extent reactive oxygen
species play a role in cell death induction and whether downregulation and inactivation of the
PI3K/AKT/mTOR pathway is a common mechanism. The latter is of particular importance for
the potential development of neoadjuvant applications combining therapeutic drugs with natural
inhibitors [62]. Natural products including quercetin, curcumin, resveratrol and lycopene reportedly
impact multiple cancer-associated processes, with clinical trial results supporting the efficacy of
lycopene at reducing colon cancer tumor size [63]. In addition, Singh et al. found that cranberry
proanthocyanidins acted synergistically with paraplatin to inhibit SKOV-3 ovarian cancer cell viability
and proliferation [45]. Importantly, pretreatment of SKOV-3 ovarian cancer cells with cranberry
proanthocyanidins significantly reduced the IC50 following paraplatin treatment. Utilization of
natural products in conjunction with chemotherapy drugs may also be useful in treating patients who
have developed resistance to chemotherapeutic drugs [64]. Finally, in esophageal adenocarcinoma
JHEsoAD1 cells, pharmacologic inhibition of mTOR using cranberry proanthocyanidins or rapamycin
induces autophagy resulting in cell death and survival, respectively [40]. Therefore, understanding
the mechanisms of cancer inhibition by cranberry constituents is critical for evaluation of cranberries
in human clinical trials with a cancer prevention focus or possibility for use in combination with
chemotherapeutic agents.

4. In Vivo Inhibition of Cancer Using Cranberry Products

There are only nine published studies assessing the preclinical efficacy of cranberry products in
animal models. These studies are summarized in Table 2 and will be reviewed by target organ in the
following section.
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Table 2. Summary of preclinical in vivo evaluations of cranberry products as cancer inhibitors.

Target Organ In Vivo Models/Cranberry Product and Mode of Delivery/Results

[Reference]

Bladder

[65]

Nitrosamine-induced tumors in female F344 rats for eight weeks; following
a one-week break, treatment with 0.5 mL/rat or 1.0 mL/rat with cranberry juice
concentrate by gavage daily for six months; 31% reduction in bladder tumor weight
and 38% reduction in cancerous lesion formation.

Colon

[66]

AOM-induced ACF in male F344 rats three weeks after initiation of cranberry juice
treament; ad libitum access to 20% cranberry juice in water for 15 weeks;
77% reduction in AOM-induced ACF with reductions in the proximal and distal
colon versus untreated controls; significantly increased levels of liver
glutathione-S-transferase versus controls.

[36]
HT29 (5.0 × 106 cells) xenografts in female NCR NU/NU mice; treatment with
cranberry proanthocyanidins (100.0 mg/kg body weight) intraperitoneally three
times weekly for 24 days; significant inhibition of explant growth versus controls.

[67]

DSS induced experimental colitis in male Balb/c mice at weeks three and six;
Treatment with cranberry extract powder (0.1% or 1.0%) or 1.5% freeze dried whole
cranberry powder in diet ad libitum from start until ≥ six weeks; cranberry extract
powder (1.0%) and 1.5% dried whole cranberry powder treatment normalized stool
consistency, decreased blood in fecal samples versus controls and reduced late onset
colitis; all treatments decreased serum TNFα levels.

Esophagus

[39]

OE19 (1.25 × 106 cells) xenografts in male athymic NU/NU mice; treatment with
cranberry proanthocyanidins (250.0 μg/mouse) by oral gavage six days/week for
19 days; 67% decrease in mean tumor volume versus controls and treatment
modulated multiple cancer signaling pathways including inactivation of the
PI3K/AKT/mTOR pathway.

Glioblastoma

[36]

U87 (1.0 × 106 cells) xenografts in female NCR NU/NU mice; treatment with
cranberry proanthocyanidins (100.0 mg/kg body weight) or a flavonoid rich
cranberry fraction (250.0 mg/kg body weight) intraperitoneally three times a week;
significant inhibition of explant growth by both fractions versus controls

Lymphoma

[43]
Rev-2-T-6 (5.0 × 106 cells) xenografts in female Balb/C mice; treatment with
non-dialyzable material from cranberry juice concentrate (160.0 mg/kg body weight)
intraperitoneally three times a week; significant inhibition of explant growth.

Prostate

[36]

DU-145 (4.0 × 106 cells) xenografts in female NCR NU/NU mice; treatment with
cranberry proanthocyanidins (100.0 mg/kg body weight) intraperitoneally three
times a week; significant inhibition of explant growth by cranberry
proanthocyanidin fraction.

Stomach

[53]
SGC-7901 (5.0 x 106 cells) xenografts in Balb/c NU/NU mice; SGC-7901 cells were
pre-treated with cranberry extract prior to xenograft implantation; increased tumor
latency and reduced tumor size in a dose-dependent manner.

Abbreviations: azoxymethane (AOM), athymic nude mice (NCR NU/NU), dextran sodium sulfate (DSS).
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4.1. Cranberry Juice Concentrate and Bladder Cancer

Despite extensive research focused on cranberries and improved urinary tract health, including
prevention of urinary tract infections, there is little research on cancer inhibition in vivo. Prasain et al.
performed the only in vivo investigation to assess the efficacy of cranberries as inhibitors of bladder
cancer [65]. Bladder cancer was induced in female Fischer-F344 rats following administration of
N-butyl-N-(4-hydroxybutyl)-nitrosamine twice a week for eight weeks. Starting one week after the
final carcinogen treatment, rats were gavaged daily for six months with cranberry juice concentrate
(0.5 mL/rat or 1.0 mL/rat) or water. The cranberry juice concentrate utilized in this study was
made available from Ocean Spray Cranberries, Inc. (City, US State, USA) and described to contain
9.57 ± 0.5 mg vanillic acid equivalent/mL of total phenolics. At the end of the six month study,
bladder lesions were weighed showing that administration of high dose cranberry juice concentrate
(1.0 mL/rat/day) reduced bladder tumor weight by 31%. Both doses of cranberry juice concentrate
resulted in a decrease in urinary bladder tumor weight, but only the higher volume of cranberry
juice concentrate (1.0 mL/rat/day) resulted in a 38% reduction in cancerous lesion formation in
the bladder [65]. These data are promising supporting that an orally administered cranberry juice
concentrate is non-toxic when delivered over a period of six months and that a behaviorally achievable
concentration significantly inhibits progression events resulting in reduced bladder cancer [15,68].

4.2. Colon Cancer and Cranberries

Two studies have investigated the ability of cranberry products to reduce or inhibit colon
carcinogenesis. In the first study, male F344 rats were administered either 20% cranberry juice or water
ad libitum for 15 weeks with two weeks of azoxymethane (AOM) administration in weeks 4 and 5
to induce aberrant crypt foci (ACF) and colon cancer [66]. There was a 77% reduction in the number
of AOM-induced ACF in rats administered cranberry juice, with reductions in both the proximal
and distal colon. Finally, animals had significantly higher levels of liver glutathione-S-transferase
activity compared to untreated controls supporting that cranberry juice may activate cell protection
mechanisms against oxidative stress in the context of colon cancer.

In a study performed by Ferguson et al., the colon carcinoma cell line HT-29 was utilized to
establish xenografts in female NCR NU/NU mice [36]. Specifically, HT-29 (5.0 × 106) cells were
subcutaneously injected into the right flank of mice and tumors were monitored every other day.
Cranberry proanthocyanidins (100.0 mg/kg) were administered intraperitoneally 2–3 times per
week for a total of ten injections over 24 days. Mice treated with cranberry proanthocyanidins had
significantly lower body weights early in the study but weights returned to normal in the last five days
of the study raising the question of initial toxicity at the administered concentration. Importantly,
cranberry proanthocyanidins significantly inhibited the growth of HT-29 tumor xenografts in mice.

The final colon related study utilized a dextran sodium sulfated (DSS)-induced mouse model of
colitis [67]. DSS-induced colitis is widely accepted as an animal model of irritable bowel syndrome,
a condition linked to elevated risk for colorectal cancer development [69]. In this study, male Balb/C
mice were fed a diet containing either cranberry extract (0.1% or 1%) or 1.5% dried whole cranberry
powder in the food ad libitum. On the third and sixth weeks of the study, the water was replaced with
1% w/v of DSS solution for one week. Animals fed either the cranberry extract or the dried whole
cranberry powder had a significantly lower disease activity index (more normal stool consistency and
decreased blood in fecal samples) compared to controls for both DSS treatment periods. Furthermore,
1% cranberry extract and the 1.5% dried whole cranberry powder diets delayed the onset of colitis.
In addition, inflammatory markers including TNFα (significant in all cranberry treatments) and IL-1β
(1.5% dried whole cranberry powder only) were decreased in colonic tissues, suggesting that cranberry
derived extracts and powders exert an anti-inflammatory role in vivo.

These data parallel in vitro data for cell death induction, antioxidant effects and anti-inflammatory
properties of cranberries and cranberry derived constituents. In the studies by Boateng et al.
and Xiao et al. [66,67], the cranberry products were administered throughout the entire bioassay
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and although encouraging consideration in future studies should be given to discerning whether
cranberry products possess both anti-initiation as well as anti-promotion/progression properties
in vivo. As colon cancer and a western diet are reportedly linked, regular inclusion of cranberries may
impart cancer preventative advantages [70].

4.3. Cranberry Proanthocyanidins and Esophageal Adenocarcinoma

The cancer inhibitory potential of cranberry proanthocyanidins against esophageal
adenocarcinoma was investigated by Kresty et al. using murine xenografts [39]. Acid-resistant OE19
(1.25 × 106) cells were subcutaneously implanted in each flank of twelve male NU/NU athymic mice
and tumors were established (150 mm3) prior to initiation of cranberry proanthocyanidin treatment.
Five days after cell injection, mice were randomized for treatment with cranberry proanthocyanidins
(250.0 μg/mouse) or vehicle by oral gavage six days a week. There was a significant difference in tumor
volume between vehicle and cranberry proanthocyanidin treated mice by day 12, with the study ending
on day 19 due to large tumor size among vehicle treated controls. Mean tumor volume in cranberry
proanthocyanidin treated mice was reduced by 67.6% and showed reduced inflammation compared to
tumors isolated from control mice. Importantly, tumor lysates from cranberry proanthocyanidin treated
mice showed inactivation of PI3K/AKT/mTOR signaling as was observed in vitro utilizing a panel of
esophageal adenocarcinoma cell lines [39]. Interestingly, acid-sensitive JHAD1 and OE33 cells were
not able to form tumors in this xenograft model, suggesting that the OE19 cells are phenotypically
more aggressive and that acid-resistance may support tumor development.

4.4. Glioblastoma and Cranberry Derived Constituents

The efficacy of cranberry proanthocyanidins and a flavonoid rich cranberry extract for prevention
of glioblastoma tumors was evaluated by Ferguson et al. in a murine xenograft model [36].
U87 (1.0 × 106) glioblastoma multiforme cancer cells were injected subcutaneously into the right flank
of female NCR NU/NU mice and tumors were monitored every other day. Mice were administered
cranberry proanthocyanidins (100.0 mg/kg body weight) or a flavonoid rich extract (250.0 mg/kg
body weight) intraperitoneally 2–3 times per week for a total of ten injections. Both cranberry fractions
were able to slow tumor growth by up to 40%. These data suggest that cranberry derived extracts may
be effective against glioblastoma muliforme but the mechanisms remain to be characterized.

4.5. Non-Dialyzable Material from Cranberry Juice and Lymphoma

Inhibition of lymphoma xenograft growth by cranberry juice in a murine model was investigated
by Hochman et al. [43]. Rev-2-T-6 (5.0 × 106) lymphoma cancer cells were injected into female Balb/C
mice and animals were subsequently treated with cranberry juice constituents (130.0 mg/kg body
weight) intraperitoneally every other day for two weeks. The treatment consisted of non-dialyzable
material from cranberry juice with a molecular weight range of 12–30 kDa. Mice treated with
non-dialyzable material did not form tumors with 80% of control mice developing lymphomas.
This study is positive for the prevention of lymphoma by cranberry juice but due to study design the
results fail to discriminate between failed xenograft implementation and prevention of tumor growth.

4.6. Prostate Cancer and Cranberry Proanthocyanidins

Utilizing a murine xenograft model with prostate cancer cells, Ferguson et al. showed that
cranberry proanthocyanidins inhibit tumors in vivo [36]. DU-145 (4.0 × 106) prostate cancer cells
were subcutaneously implanted in the right flank of female NCR NU/NU mice. On day 2, mice were
administered cranberry proanthocyanidins (100.0 mg/kg body weight) intraperitoneally every 2 or
3 days for a total of 10 injections. Cranberry proanthocyanidins significantly inhibited the growth
of tumors compared to control mice and two of the mice had tumor regression by 108 days post
implant. These data are encouraging for the inhibition of prostate tumor development by cranberry
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proanthocyanidins, but additional experiments are necessary for investigating the mechanism of
tumor regression.

4.7. Whole Cranberry Extract and Stomach Cancer

Efficacy of a whole cranberry extract inhibiting stomach cancer tumor growth was evaluated in
a murine xenograft model developed by Liu et al. [53]. Balb/C NU/NU mice were subcutaneously
injected with SGC-7901 (5.0 × 106) gastric adenocarcinoma cells in the right flank region. Prior to
implantation, SGC-7901 cells were pretreated with a whole cranberry extract (0–40.0 mg/mL) for 48 h.
Tumors in control mice developed by the tenth day of the experiment with a delay of 3–7 days for
cells pretreated with 5.0–20.0 mg/mL of cranberry extract. Xenograft tumors did not develop from
SGC-7901 cells pretreated with 40.0 mg/mL cranberry extract but in vitro data presented in the same
study supported that these cells were likely undergoing high levels of apoptosis with reduced viability.
Therefore, additional studies will be necessary to determine how a whole cranberry extract inhibits the
growth of stomach cancer in animal models, including those which model gastric carcinogenesis as
a result of chronic Helicobacter pylori infection [71].

4.8. In Vivo Summary

The in vivo studies described here provide preliminary evidence for the preclinical efficacy
of multiple cranberry derived extracts against seven cancer targets. Except for the studies in
esophageal adenocarcinoma and colon cancer, the majority of completed in vivo studies reporting
inhibition of tumor development or growth, fail to include further mechanistic assessments. Of the
nine in vivo studies, three studies used carcinogens or chemicals to induce cancer in animal models.
In the bladder, delivery of a cranberry juice concentrate by gavage following carcinogen treatment
supports anti-promotion/progression effects of cranberries against chemically-induced bladder cancer.
Two studies in the colon assessed the efficacy of cranberry juice, cranberry extract powder and a dried
whole cranberry powder in a full carcinogenesis schematic, where dietary administration of cranberries
began prior to carcinogen initiation and continued throughout, after carcinogen or chemical treatment
was completed. In regard to mode of delivery, four of the in vivo studies delivered the cranberry
product by orally, either in water, diet or gavage with efficacy suggesting that the compounds or
their metabolites hold promise as orally bioavailable cancer inhibitors. Administration of cranberry
products via intraperitoneal injection also showed cancer inhibitory efficacy in four in vivo studies,
but as a mode of delivery is less relevant for primary or secondary cancer prevention efforts in human
cohorts. Overall, the in vivo results expand upon in vitro observations and importantly support that
long-term administration of cranberry products is well tolerated and cancer inhibitory in various
animal models. However, additional research focused on bioavailability, metabolic fate and additional
cancer inhibitory mechanisms of cranberry products is warranted for informing clinical focused cancer
prevention efforts.

To date only a few human studies have characterized cranberry metabolites in plasma or urine and
often these studies are limited to quantifying molecules that have previously been identified [15,16,72–75].
A recent study by McKay et al. reported that flavonoids, phenolic acids and proanthocyanidins can
be detected in the urine or plasma of individuals who consumed a 54% cranberry juice cocktail [15].
Recent advances in standards used for identification and quantification of cranberry metabolites
has resulted in the identification of 60 metabolites from the urine and plasma of healthy men after
consumption of a cranberry juice cocktail that contained 787 mg of polyphenols [68]. The ability
to detect and quantitate proanthocyanidins in the urine and plasma is not consistent from study to
study, but this should improve with the recent development of a new cranberry proanthocyanidin
standard that more closely reflects the structural heterogeneity of proanthocyanidins present in
fresh cranberries [76]. Cranberry proanthocyanidins are large, complex molecules with recent
data supporting that the intestinal microbiome is responsible for the metabolism of cranberry
proanthocyanidins into smaller active metabolites [68]. Additional research will be necessary to
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assess the bioavailability and metabolism of cranberries in humans and recent advances in standards
and the radiolabeling of cranberry products will provide new tools to aid investigations.

5. Conclusions

Evaluation of cranberries and cranberry derived constituents in preclinical in vitro and in vivo
studies evaluating cancer inhibition is key for the future development of cranberry-based interventions
in high-risk human cohorts. The data presented in this review strongly support the anti-proliferative
and pro-death capacities of cranberries in a multitude of cancer cell lines and select in vivo models
including xenograft and chemically induced cancer models. The precise cancer inhibitory mechanisms
associated with cranberries in specific targets are still be elucidated, but preclinical studies utilizing
cranberry proanthocyanidins show inactivation of the PI3K/AKT/mTOR pathways and modulation
of MAPK signaling in esophageal, neuroblastoma, ovarian and prostate cancer cells and in esophageal
xenografts [39,44,49,52]. Moreover, cranberry proanthocyanidins have recently been shown to induce
autophagic markers in vitro and in vivo [39], suggesting an alternative mode of cell death induction
and tumor inhibition that requires further evaluation in additional cancer targets. A recent study
published by The Cancer Genome Atlas Network showed that a large number of genetic alterations
were shared across 279 patients with head and neck squamous cell carcinomas including activating
mutations in PIK3CA, the gene encoding the catalytic subunit of phosphatidylinositol 3-kinase
(PI3K) [77]. Cranberry proanthocyanidins are also known to mitigate inflammatory responses of oral
epithelial cells and to inhibit oral biofilm formation [12,78]; thus, cranberry derived constituents may be
particularly efficacious inhibitors targeting oral premalignancy. Researchers should continue to define
the mechanisms of cancer inhibition in vitro and in vivo with the goal of informing mechanistically
driven human clinical trials. It should be noted that the efficacy of natural products in head and
neck, esophageal and colon cancers has been demonstrated by black raspberries [79]. The use of
cranberries and cranberry derived constituents in cancer prevention is at an early stage. Still, results
are highly promising considering positive preclinical results following treatment at relatively low,
behaviorally achievable, concentrations when administered in a drink formulation, consumed as food
or as a supplement. A recent study by Marette et al. reported cranberry polyphenols protect from
diet-induced obesity, insulin resistance and intestinal inflammation [80]. The latter research findings
were associated with a shift in fecal microbiome profiles and although cancer was not an outcome
under evaluation, further assessments of cranberries targeting obesity-linked cancers seems logical.
In conclusion, additional research focused on issues of metabolism, bioavailability, pharmacokinetics,
pharmacodynamics, active fractionation, optimum dose, formulation, routes of delivery and duration
are required to inform the cancer preventive utility of cranberries in high risk human cohorts.
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Abstract: Tart cherries contain an array of polyphenols that can decrease inflammation and oxidative
stress (OS), which contribute to cognitive declines seen in aging populations. Previous studies
have shown that polyphenols from dark-colored fruits can reduce stress-mediated signaling in
BV-2 mouse microglial cells, leading to decreases in nitric oxide (NO) production and inducible
nitric oxide synthase (iNOS) expression. Thus, the present study sought to determine if tart
cherries—which improved cognitive behavior in aged rats—would be efficacious in reducing
inflammatory and OS signaling in HAPI rat microglial cells. Cells were pretreated with different
concentrations (0–1.0 mg/mL) of Montmorency tart cherry powder for 1–4 h, then treated with 0
or 100 ng/mL lipopolysaccharide (LPS) overnight. LPS application increased extracellular levels of
NO and tumor necrosis factor-alpha (TNF-α), and intracellular levels of iNOS and cyclooxygenase-2
(COX-2). Pretreatment with tart cherry decreased levels of NO, TNF-α, and COX-2 in a dose- and
time-dependent manner versus those without pretreatment; the optimal combination was between
0.125 and 0.25 mg/mL tart cherry for 2 h. Higher concentrations of tart cherry powder and longer
exposure times negatively affected cell viability. Therefore, tart cherries (like other dark-colored
fruits), may be effective in reducing inflammatory and OS-mediated signals.

Keywords: antioxidant; anti-inflammatory; polyphenols; anthocyanins; cytokines

1. Introduction

Oxidative stress (OS) and inflammation in the brain contribute to the decline of motor abilities and
cognitive performance with age [1,2]. While OS and inflammation both increase with age, the body’s
ability to defend and repair itself decreases through the lifespan [3,4]. This makes the brain more
susceptible to the deleterious effects of OS and inflammation. Increased intake of antioxidants and
anti-inflammatory compounds are believed to protect against this decline [5]. In this regard, certain
foods with antioxidant and anti-inflammatory effects have been shown to help protect against the
negative effects of aging.

Polyphenols are compounds from plants involved in antioxidant and anti-inflammatory cell
activities that may be responsible (via an array of health-related bioactivities) for the multitude of
beneficial effects that have been reported due to fruit and vegetable consumption [6]. There are
thousands of different polyphenols found in plants, which are categorized into several groups based
on their unique molecular structure. The presence of a number of bioactive compounds, including
polyphenols, suggest tart cherries as a potential nutritional therapeutic to curtail the negative effects
of aging. Tart cherries are rich in anthocyanins (one class of polyphenols), with cyanidin being
the most abundant [7,8], as well as flavan-3-ols and flavonols [9]. The components of cherries may
act directly to improve brain cell function and signaling, and/or may be more generally affecting
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extra-neuronal parameters of survival—such as inflammation—within the aging brain to improve
behavior. In addition, cherries have been shown to reduce inflammation [10–13] and decrease oxidative
stress [14–16].

Research with tart cherries and other dark-colored fruit has shown that their polyphenols
become available to humans and rats in the bloodstream after consumption [17]. Consumption
increases the levels of antioxidants and anti-inflammatory compounds due to the polyphenols
from the tart cherries. Furthermore, it has been shown that cherry anthocyanins accumulate in
the brain of young rats after 3 weeks of feeding with either 1% or 10% tart cherry-supplemented
diets in a dose-dependent manner [18], and that dietary supplementation of tart cherries to rats aged
19–21 months improves age-related deficits in behavioral and neuronal functioning [19]. Similar
age-related improvements were found when diets were supplemented with other dark-colored fruits,
such as blueberry, strawberry, spinach, blackberries, cranberries, black currants, and Concord grape
juice [20–24].

When lipopolysaccharide (LPS) is applied to microglial cells, it activates the cells in the same
way as what occurs during a bacterial infection, which increases OS and inflammation. Increased
inflammation leads to increased levels of inflammatory stress signals, such as nitric oxide (NO),
tumor necrosis factor-alpha (TNF-α), and cyclooxygenase-2 (COX-2), as well as increased expression
of inducible nitric oxide synthase (iNOS). A previous study using these markers showed the
anti-inflammatory and antioxidant effects of pretreatment of BV-2 mouse microglial cells with açai
pulp fractions, which are also rich in anthocyanins [25]. After açai pretreatment, the cells were treated
with LPS. These cells showed reduced production of NO, TNF-α, and COX-2, and reduced iNOS
expression relative to cells not pretreated with açai extracts, showing that dark-colored fruits rich in
polyphenols can protect against OS and inflammation in microglial cells.

The present study sought to determine whether the application of tart cherry to HAPI rat
microglial cells would protect against LPS-induced OS and inflammation in a similar fashion. To more
closely relate to our behavioral study with tart cherry [19], we used HAPI cells in these experiments
because they are derived from rats, as opposed to the BV-2 cells, which are derived from mice. HAPI
rat microglial cells were pretreated for various durations and concentrations with tart cherry powder.
After subsequent treatment with LPS, OS and inflammation were determined by measuring levels
of NO, TNF-α, COX-2, and iNOS. Furthermore, this study sought to determine the ideal tart cherry
concentration and pretreatment time to minimize OS and inflammation.

2. Materials and Methods

2.1. Cell Culture

HAPI rat microglial cells (generously provided by Dr. Grace Sun, University of Missouri,
Columbia, MO, USA) were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 ug/mL streptomycin at 37 ◦C in a humidified incubator under 5% CO2. Cells were grown in
100 mm plates and then split into 12-well plates prior to treatment. All treatment groups were assayed
in duplicate. For experiments, cells were incubated in DMEM without phenol red. Cells were then
pretreated with Montmorency tart cherry powder (0.062, 0.125, 0.250, 0.500, 1.000 mg/mL) diluted
in media, or with control media for 1, 2, or 4 h. After the pretreatment, the media was removed
and cells were stimulated overnight with lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO,
USA) at 100 ng/mL or 0 ng/mL in DMEM without phenol red. The freeze-dried Montmorency tart
cherry powder (Prunus cerasus L.) was provided by the Cherry Marketing Institute (Dewitt, MI, USA),
and its polyphenolic composition has been previously published [9,26]. Additionally, HAPI cells
have been used in previous studies to study the effects of LPS-induced inflammation and possible
neuroprotection [27–29].
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2.2. Viability

Cell viability was measured using Live/Dead Cellular Viability/Cytotoxicity Kit (Molecular
Probes, Eugene, OR, USA). Calcein AM labels live cells with intact membranes with a green fluorescent
compound. Ethidium homodimer-1 labels dead cells with damaged membranes with red fluorescence.
Fluorescent images of the cell were captured with a Nikon TE2000U inverted fluorescent microscope.

2.3. Nitrite Quantification

Under physiological conditions, NO is oxidized into nitrite (NO2
-). Therefore, to assess

the production of NO from HAPI cells after the pretreatments and treatments described above,
the extracellular release of nitrite was measured by Greiss reagent (Invitrogen) according to
manufacturer’s instructions. Absorbance was read at 548 nm, and the concentration of nitrite
was calculated with the linear equation derived from the standard curve generated by known
concentrations of nitrite.

2.4. Western Blots

Cells were washed in ice-cold PBS, re-suspended, and lysed by agitation in CelLytic-M Cell
Lysis Reagent (Sigma). Cells were then centrifuged at 18,000× g for 10 min at 4 ◦C. The resultant
supernatant lysate was used for blotting, and the pellet was discarded. Western blots were performed
as described by Poulose and colleagues [25], except that 10% polyacrylamide gels were used. Primary
antibodies for iNOS (Millipore, Billerica, MA, USA) and COX-2 (Santa Cruz, Dallas, TX, USA) were
used at 1:1000 dilutions for incubation overnight at 4 ◦C. Following enhanced chemiluminescence
(ECL) development, the optical density of antibody-specific bands was analyzed by the LabWorks
image acquisition and analysis software (UVP, Upland, CA, USA).

2.5. TNF-α ELISA

Quantification of tumor necrosis factor-alpha (TNF-α) in cell-conditioned media was performed
with an enzyme-linked immunosorbent assay (ELISA, eBioscience, San Diego, CA, USA) according to
the manufacturer’s instructions. TNF-α concentration for each sample was calculated from the linear
equation derived from the standard curve of known concentrations of the cytokine.

2.6. Data Analysis

All statistical analyses were performed using SYSTAT software (SPSS, Inc., Chicago, IL, USA).
Data are expressed as mean ± SEM. The data were analyzed by three way analyses of variance
(ANOVA) with tart cherry dose, duration, and LPS exposure as experimental factors, followed by post
hoc testing with Tukey’s HSD test to determine differences among groups. Results were considered
statistically significant if the observed significance level p was <0.05. Note that for each dependent
measure, those cells treated with LPS alone were statistically higher than the control conditions without
LPS, which were not different (data not shown for the no LPS condition). Additionally, pretreatment
with tart cherry did not significantly affect cells in the absence of LPS in any of the endpoints assayed
(data not shown).

3. Results

3.1. Viability

Higher concentrations of tart cherry powder and longer exposure times led to increased cell
death. The images (see Appendix A, Figure A1) showed that 1.000 mg/mL of tart cherry powder was
too high of a concentration for treatment, and therefore only the lower concentrations of 0.062, 0.125,
0.250, and 0.500 mg/mL were used for testing protection against LPS-induced inflammation and OS.
The 0.500 mg/mL dose at 2 and 4 h also caused minor decreased viability. There was no change in
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viability in control cells (a dose of 0 cherry and 0 LPS) or cells treated with 100 ng/mL LPS, showing
that this dose of LPS did not result in cell death, as has been shown previously [29].

3.2. Nitric Oxide

Results showed that tart cherry pretreatment attenuated LPS-induced nitric oxide (NO) production
in HAPI microglia in a dose- and time-dependent manner (Figure 1). NO is a free radical that can also
act as a second messenger involved in a number of functions, including cellular immune response and
the activation of apoptosis. LPS application significantly increased nitrite release in all groups (p < 0.05
compared to control conditions without LPS). However, LPS-induced nitrite release was significantly
(p < 0.05) reduced by pretreatment with doses of 0.250 and 0.500 mg/mL cherry at 1 h, and doses of
0.125, 0.250, and 0.500 mg/mL cherry at 2 and 4 h, compared to LPS alone. This decrease in NO release
at doses of 0.500 mg/mL at 2 and 4 h, however, is most likely due to the decreased viability at this
concentration and time, as shown previously.

Figure 1. Production of extracellular nitric oxide (NO) in HAPI microglial cells pretreated with tart
cherry powder (0.062, 0.125, 0.250, or 0.500 mg/mL) for 0 (LPS only/alone control), 1, 2, or 4 h, and
stimulated overnight with lipopolysaccharide (LPS, 100 ng/mL). Data are expressed as mean ± SEM
and quantified using the Greiss reagent. Each tart cherry pretreatment was compared against LPS
treatment alone. Comparative post hoc analyses were made by Tukey’s HSD with significance at
(*) p < 0.05 versus LPS.

3.3. iNOS

Inducible nitric oxide synthase (iNOS) produces the inflammatory mediator nitric oxide (NO).
LPS application increased iNOS expression in all groups compared to control conditions not exposed to
LPS (p < 0.05). However, tart cherry pretreatment did not protect against these LPS-induced increases
at any concentration or exposure time (Figure 2).

3.4. TNF-α

Tart cherry pretreatment reduced the LPS-induced release of the inflammatory cytokine tumor
necrosis factor-alpha (TNF-α) in HAPI microglia in a dose- and time-dependent manner (Figure 3). LPS
application increased TNF-α release in all groups compared to control groups with no LPS (p < 0.05).
This increase was significantly reduced by pretreatment with concentrations of 0.062 and 0.250 mg/mL
of tart cherry for 1 h, and all doses of cherry at 2 and 4 h, compared to LPS alone. At 4 h, however,
TNF-α levels began to rise relative to the 2 h pretreatment, suggesting that 4 h was too long a duration
for pretreatment.
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Figure 2. Expression of inducible nitric oxide synthase (iNOS) in HAPI microglial cells pretreated with
tart cherry powder (0.062, 0.125, 0.250, or 0.500 mg/mL) for 0 (LPS only/alone control), 1, 2, or 4 h and
stimulated overnight with lipopolysaccharide (LPS, 100 ng/mL). Quantitative measurements were
made based on the Western blots, and are expressed as mean ± SEM for the immunoreactive band
density. Each tart cherry pretreatment was compared against LPS treatment alone, and comparative
post hoc analyses were made by Tukey’s HSD. # column represents blots for 0 cherry with either no
LPS (in the 1 h row) or LPS (in the 2 and 4 h row).

Figure 3. Suppression of tumor necrosis factor-alpha (TNF-α) release in HAPI microglial cells pretreated
with tart cherry powder (0.062, 0.125, 0.250, or 0.500 mg/mL) for 0 (LPS only/alone control), 1, 2,
or 4 h and stimulated overnight with lipopolysaccharide (LPS, 100 ng/mL). Data are expressed as
mean ± SEM (pg/mg of media) as assayed by enzyme-linked immunosorbent assay (ELISA). Each tart
cherry pretreatment was compared against LPS treatment alone. Comparative post hoc analyses were
made by Tukey’s HSD with significance at (*) p < 0.05 versus LPS.
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3.5. COX-2

Results showed that lower doses of tart cherry pretreatment reduced LPS-induced
cyclooxygenase-2 (COX-2) expression in HAPI microglia at shorter durations (Figure 4). COX-2
is responsible for the formation of prostanoids, which are inflammatory mediators. LPS application
increased COX-2 expression in all groups compared to control conditions not exposed to LPS (p < 0.05).
This increase was significantly reduced with doses of 0.062 and 0.125 mg/mL cherry at 2 h, compared
to LPS alone. Conversely, pretreatment with 0.5 mg/mL cherry for 1 h significantly increased
COX-2 expression.

Figure 4. Reduction in cyclooxygenase-2 (COX-2) expression in HAPI microglial cells pretreated with
tart cherry powder (0.062, 0.125, 0.250, or 0.500 mg/mL) for 0 (LPS only/alone control), 1, 2, or 4 h
and stimulated overnight with lipopolysaccharide (LPS, 100 ng/mL). Quantitative measurements
were made based on the Western blots, and are expressed as mean ± SEM for the immunoreactive
band density. Each tart cherry pretreatment was compared against LPS treatment alone. Comparative
post hoc analyses were made by Tukey’s HSD with significance at (*) p < 0.05 versus LPS. # column
represents blots for 0 cherry with either no LPS (in the 1 h row) or LPS (in the 2 and 4 h row).

4. Discussion

The results of this study show that pretreating HAPI microglia cells with Montmorency tart cherry
powder enhanced protection against oxidative and inflammatory stress by reducing stress-mediated
signaling in a dose- and time-dependent manner. Because higher doses and longer treatment durations
negatively affected cell viability and some stress-mediated signals, a concentration of between 0.125
and 0.25 mg/mL tart cherry, at a treatment time of 2 h, appeared to be the optimal combination.

Microglia mediate inflammation as a response to stress or injury in the central nervous system.
This response can be beneficial, such as by recruiting bone marrow-derived cells to an injured brain
region to aid in the healing process [30]. Alternatively, microglial activation can be problematic,
due to the release of potentially neurotoxic substances [31]. Furthermore, inflammation in the central
nervous system has been linked to autoimmune diseases such as multiple sclerosis [32] and central
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nervous system degenerative diseases [33], as well as accelerating disease progression and worsening
symptoms [3]. Microglia, when in a highly activated state—such as that caused by stressors like
LPS—produce inflammatory molecules such as cytokines, superoxide, and nitric oxide, ultimately
leading to a cascade of pro-inflammatory proteins and cell death [34].

LPS application activates microglial cells, leading to the release of NO and TNF-α, which together
can be neurotoxic [31]. NO is an inflammatory mediator released by iNOS. TNF-α is a cytokine which
also mediates inflammation. Similarly, COX-2 is an enzyme that catalyzes the reaction that creates
prostanoids, which in turn increase cellular inflammation [35]. LPS application to microglial cells
increases the release of all four of these inflammatory mediators compared to cells not treated with
LPS. However, significantly less NO was released from cells pretreated with doses of tart cherry
powder ranging from 0.125 to 0.500 mg/mL for 1–4 h. The lower NO release at 0.500 mg/mL for
2 and 4 h, however, is likely due to decreased cell viability at these times and this concentration,
because there are fewer cells that are present and therefore able to release NO. The shorter durations
and lower concentrations of tart cherry did not cause cell death, but still lowered extracellular NO
levels compared to controls not pretreated with cherry. Similarly, COX-2 expression was significantly
reduced when pretreated with the lowest tart cherry doses for 2 h compared to cells treated with high
doses of tart cherry powder or not treated at all. Extracellular TNF-α levels were also reduced for
0.062 and 0.125 mg/mL cherry at 1 h and at all concentrations at 2 h and 4 h. The 4-h pretreatment,
however, was again too long a duration to pretreat the cells, and the lower TNF-α levels are most likely
due to the decreased number of viable cells. The application of cherry powder did not significantly
affect iNOS production in LPS-exposed cells. This result was unexpected, because iNOS produces
NO, and NO levels were lowered by tart cherry application. The reason behind the reduction in NO
production without concomitant reduction in iNOS is not clear, but one possibility is that tart cherry
polyphenols could be affecting the activity of iNOS or the levels of its cofactors, rather than iNOS
expression. Taken together, these results suggest that pretreatment with Montmorency tart cherry
powder helps to reduce inflammation and OS in HAPI rat microglial cells after exposure to a known
inflammatory substance in a dose- and time-dependent manner. Similar neuroprotective results have
been seen with other food extracts, such as walnuts [36,37], blueberries [38], and açai [25].

Exposure to conditions that produce oxidative and inflammatory stress causes symptoms that
mimic those traditionally seen in aging populations [39,40]. As humans age, our ability to defend
against these substances and their effects weakens, putting elderly people at increased risk for neuronal
disease and degradation [3]. Indeed, substantial deficits in cognitive and motor performance have been
shown in older populations [41]. Therefore, oxidative stress and inflammation should be minimized in
the brain to avoid these possible negative outcomes. One way to protect an aging brain against this
damage is to curtail microglial activation with neuroprotective foods, such as tart cherries. Polyphenols
are one class of food-derived chemicals that may protect microglia against detrimental activation [5,25].
In our model, the application of tart cherry powder to HAPI rat microglial cells provided access to
the polyphenols from the cherries, which protected the cells against the deleterious effects of LPS,
a known inducer of inflammation in microglia. Therefore, tart cherries (like other dark-colored fruits)
may be effective in reducing inflammation and oxidative stress in the brain, thereby protecting against
cognitive declines in aged populations. This protection might be one mechanism by which dietary
supplementation of tart cherries to rats aged 19–21 months improved age-related deficits in behavioral
and neuronal functioning [19]. Because of the known age-related consequences of inflammation
and oxidative stress, it may be important to consume neuroprotective foods—such as those rich in
polyphenols—to deter cognitive decline. These results, coupled with our previous studies, show that
the addition of cherries to the diet may increase “health span” in aging, and may slow the aging
process by reducing the incidence and/or delaying the onset of debilitating neurodegenerative disease.
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5. Conclusions

In conclusion, Montmorency tart cherry powder, which is high in polyphenols, was effective in
reducing inflammatory and oxidative stress signaling in HAPI rat microglial cells. Pretreatment with
tart cherry decreased levels of LPS-induced NO, TNF-α, and COX-2 in a dose- and time-dependent
manner versus those without pretreatment; the optimal combination was between 0.125 and
0.25 mg/mL tart cherry for 2 h. Therefore, tart cherries, like other dark-colored fruits, may be
effective in reducing inflammatory and OS-mediated signals.
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Appendix A

Figure A1. Effect of tart cherry powder on cellular viability. Representative images of cells treated with
tart cherry powder (0.062, 0.125, 0.250, 0.500, or 1.000 mg/mL) for 1, 2, or 4 h, as well as cells treated
with 0 cherry and 0 or 100 ng/mL LPS. Live cells with intact membranes are labeled green with Calcein
AM, while dead cells with damaged membranes are labeled red with ethidium homodimer-1. Images
were taken under a fluorescent microscope at 80× magnification.
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Abstract: Various species of berries have been reported to contain several polyphenolic compounds,
such as anthocyanins and flavonols, which are known to possess high antioxidant activity and may
be beneficial for human health. To our knowledge, a thorough chemical analysis of polyphenolics
in species of these plants native to Newfoundland, Canada has not been conducted. The primary
objective of this study was to determine the polyphenolic compounds present in commercial extracts
from Newfoundland berries, which included blueberries (V. angustifolium), lingonberries (V. vitis-idaea)
and black currant (Ribes lacustre). Anthocyanin and flavonol glycosides in powdered extracts
from Ribes lacustre and the Vaccinium species were identified using the high performance liquid
chromatographic (HPLC) separation method with mass spectrometric (MS) detection. The identified
compounds were extracted from dried berries by various solvents via ultrasonication followed by
centrifugation. A reverse-phase analytical column was employed to identify the retention time of
each chemical component before submission for LC–MS analysis. A total of 21 phenolic compounds
were tentatively identified in the three species. Further, we tested the effects of the lingonberry
extract for its ability to protect neurons and glia from trauma utilizing an in vitro model of cell injury.
Surprisingly, these extracts provided complete protection from cell death in this model. These findings
indicate the presence of a wide variety of anthocyanins and flavonols in berries that grow natively in
Newfoundland. These powdered extracts maintain these compounds intact despite being processed
from berry fruit, indicating their potential use as dietary supplements. In addition, these recent
findings and previous data from our lab demonstrate the ability of compounds in berries to protect
the nervous system from traumatic insults.

Keywords: anthocyanins; antioxidants; flavonols; Ribes lacustre; trauma; Vaccinium species

1. Introduction

Natural polyphenolic antioxidants have attracted the attention of food scientists because of
their positive effects on human health. Many species of berries have high amounts of polyphenolic
antioxidants and therefore, are important sources of potential health promoting components [1].
Flavonoids in particular are polyphenols that constitute a large group of secondary plant metabolites [2].
The predominant flavonoids found in berries are anthocyanins and flavonols, which are almost
exclusively present in glycosylated forms [3]. The main anthocyanins in fruits are glycosides of six
anthocyanidins, with cyanidin as the predominant anthocyanidin, followed by delphinidin, peonidin,
pelargonidin, petunidin and malvidin [4–6]. Delphinidin is known to be responsible for bluish colours,
whereas cyanidin and pelargonidin are responsible for red and purple colours, respectively, in the
fruits and vegetables. These compounds have a wide range of biological effects, including potent
antioxidant properties, which can protect cells against free radical attack [7,8]. The antioxidant capacity
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of flavonoids is influenced by the type of sugar moiety, degree of glycosylation, and acylation of
anthocyanin glucosides [9,10]. Owing to the large number of flavonoid glycosides present in fruits and
the lack of analytical standards available, acid hydrolysis has been used to cleave glycosidic bonds,
followed by High Performance Liquid Chromatography (HPLC) in order to quantify the aglycones.
A limitation associated with acid hydrolysis of flavonoid glycosides is that the acid concentrations,
incubation time and temperature need to be optimised for different classes of flavonoids [11,12].
At present, the most satisfactory method for analysis of mixtures is the multi-step method of
separation, isolation and quantification by Liquid Chromatography (LC) with peak identification
by Mass spectrophotometry (MS) [3,13].

Detailed HPLC analysis has been conducted on several varieties of berries in various areas
of Canada [14–16], the United States [3,17,18], and Finland [19–23]. The primary objective of this
study was to determine the different polyphenolic components present in commercial extracts from
Ribes lacustre and Vaccinium species that grow natively in Newfoundland, with a particular interest in
compounds reported to have high antioxidant activity. We also tested the effects of the lingonberry
extract for its ability to protect neurons and glia from trauma in vitro.

2. Materials and Methods

2.1. Samples and Chemicals

Dried powders of Vaccinium angustifolium (lowbush blueberry), Ribes lacustre (bristly black currant)
and Vaccinium vitis-idaea (lingonberry; also known as partridgeberry in Newfoundland) were provided
from Natural Newfoundland Nutraceuticals (NNN Inc., Markland, NL, Canada). These powders were
produced using a Refractance Window® (MCD Technologies, Tacoma, WA, USA) drying technique [24].
The standard cyanidin 3-galactoside was purchased from Chromadex Inc. (Irvine, CA, USA). HPLC
grade methanol and acetone were obtained from Caledon laboratories (Georgetown, ON, Canada).
Formic acid (HPLC grade) was acquired from Fisher scientific (Fairlawn, NJ, USA).

2.2. Extract Preparation

Extracts were prepared similar to the methods of Cho et al. [3]. In brief, samples of berry powders
(5 g) were first treated with 20 mL of extract-ion solution containing methanol/water/formic acid
(60:37:3 v/v/v). Sonication was performed for 30 min using a Fisher Inc. sonicator (model FS110H)
and the mixture was then centrifuged (2614 G) for 30 min, after which the solid was precipitated at the
bottom of the tube. Aliquots (4 mL) of supernatant liquid were then subjected to rotary evaporation
using a Büchi rotary evaporator at 45 ◦C until at least 95% of extract solvent was removed. The samples
were re-suspended in 1 mL of aqueous 3% formic acid solution and then passed through a 0.45 μm
nylon filter.

2.3. Standard and Calibration Curves

Commercially available anthocyanin reference standard cyanidin 3-galactoside (2.0 g) was
dissolved in 10 mL of 3% formic acid to produce concentrations of 200 μg/mL. A serial dilution
was conducted in order to obtain concentrations of 150 μg/mL, 100 μg/mL, 50 μg/mL and 25 μg/mL.
Standard solutions were injected separately under direct HPLC conditions in order to generate
calibration curves for reference compounds. Standard deviation and percentage RSD was also
calculated. The % RSD value for all five concentrations was well below 5%. The average values
of all five peaks were plotted against the five concentrations and a linear equation was obtained with
an R2 value of 0.983.
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2.4. HPLC Analysis of the Extract Samples

Berry extract samples (15 μL) were analyzed using an Agilent 1100 series HPLC system equipped
with a model G1311A Quaternary pump (SL No. DE 40926119). Separation was carried out using
a 3.9 mm × 150 mm Symmetry C18 (5 μm) column (SL No. W31761L 008; Agilent technologies,
Santa Clara, CA, USA). The system was equilibrated for 20 min at the primary gradient before each
injection. Gradients used were the same for all samples with the exception of lingonberry methanol
extracts. For most samples the mobile phases used were: (A) 5% formic acid and (B) 100% methanol.
Eluent gradient was (a) 0 min—2% B; then gradually (b) 60 min—60% B. For lingonberry methanol
extracts the mobile phase was: (A) 0.1% formic acid, and (B) methanol. Eluent gradient was
1% B—0 min-6% 2% B—20 min-12% 3% B—30 min-55%. LC flow rate was one mL/min. Detection of
flavonols and anthocyanins was performed with a Diode Array Detector (DAD). We utilized a DAD
due to its high specificity and the fact that it has been successfully used to detect the same or similar
compounds that we expected to be present in our samples [25,26]. Detection wavelengths for flavonols
used were 360 nm and for anthocyanins 520 nm. For our analysis, we utilized similar MS parameters
as those developed by Cho et al. [3]. For MS we used the electrospray ionization (ESI) mode. Both
positive and negative ionization modes were applied. The parameters were capillary voltage 4.0 kV,
nebulizing pressure 30.0 psi, drying gas flow 9.0 mL/min and the temperature was 300 ◦C. Data
collection was performed at 1.0 s per cycle with a mass range of m/z 100—1000. For all extracts, various
HPLC chromatograms and their corresponding MS values were compared with values available in the
literature for identification purposes.

2.5. Cell Culture

Cortical cell cultures were prepared from neonatal rat pups (1–3 days old) according to previously
published methods [27,28]. These procedures were approved by the Institutional Animal Care
Committee of Memorial University of Newfoundland. Briefly, dissociated cortices were diluted
in serum-containing media [Basal Medium Eagles (GIBCO, Grand Island, NY, USA) containing 10%
horse serum (GIBCO), an antibiotic-antimycotic solution at a final concentration of 100 units/mL
penicillin G, 100 μg/mL streptomycin sulfate, and 250 ng/mL amphotericin B (Sigma, St. Louis, MO,
USA), 0.5% glucose (Sigma), 1 mM sodium pyruvate (GIBCO) and 1% N2 supplements (GIBCO)] to a
concentration of 500,000 cells per mL; cells were then plated in 1-mL aliquots onto collagen-coated
six-well FlexPlates (FlexCell, Hillsborough, NC, USA) coated overnight with poly-L-ornithine
(500 μg/mL; Sigma). All cultures were maintained in a humidified incubator (5% CO2, 37 ◦C). Half of
the media in cultures was replaced two days after plating, and then twice per week, with serum-free
media containing 2% B27 supplements (GIBCO). Glia formed a confluent monolayer that adhered to
the membrane substrate, whereas neurons adhered to the underlying glia. These cultures contained
approximately 12% neurons as determined by NeuN, which is a neuronal marker expressed strongly
in nuclei and perikarya [29], with the remaining cells representing the glial population. Approximately
95% of NeuN-negative cells stained positively for glial fibrillary acidic protein (Invitrogen, Camarillo,
CA, USA), suggesting that the majority of glial cells in these cultures were composed of astrocytes.
These cultures were used for experiments at 9–15 days in vitro.

2.6. Cell Injury

Cortical cultures were stretch-injured using a model 94 A Cell Injury Controller developed by
Ellis et al. [30] (Bioengineering Facility, Virginia Commonwealth University, Richmond, VA, USA).
In brief, the Silastic membrane of the FlexPlate well is rapidly and transiently deformed by a 50-ms
pulse of compressed nitrogen or air, which deforms the Silastic membrane and adherent cells to varying
degrees controlled by pulse pressure. The extent of cell injury—produced by deforming the Silastic
membrane on which the cells are grown—is dependent on the degree of deformation, or stretch. Based
on previous work, we used a level of cell stretch equivalent to 5.5 mm deformation (31% stretch),
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which has been defined as a “mild” level of injury [30,31]. Lingonberry extract (1 μL) was added to the
cell cultures (in 1 mL of media) 15 min before injury. One μL of solvent (3% formic acid) was added to
some cultures to assess the effect of the solvent alone on cells.

2.7. Cell Counts and Statistical Analysis

Cell cultures were fixed for 20 min with 4% paraformaldehyde as previously described [25,26].
Cultures were then dehydrated with ethanol and mounted with 4′,6-diamidino-2-phenylindole (DAPI),
which labels the nuclei of all cells. Images were captured using a Zeiss ObserverA1 microscope and a
Pixelfly qe CCD camera (pco., Kelheim, Germany) using AxioVision software (Zeiss). DAPI-positive
cells were counted in five separate fields in each culture well at a magnification of 40×. The data for
the bioactivity (cell culture) experiments were analyzed with one-way ANOVA (p < 0.05) followed by
Tukey’s multiple comparisons test, and are expressed as % of control values.

3. Results

3.1. Analysis of Lingonberry (V. vitis-idaea) Extracts

Lingonberry samples were treated with extraction solvent [MeOH/H2O/HCOOH (60:37:3
v/v/v)], processed and analyzed by HPLC–MS as described in the materials and methods section.
Chemical compounds were identified from the HPLC peaks and are summarized in Table 1. We have
used the method described by Cho et al. [3] for extraction of various berry samples as described in
the materials and methods section. However, this method did not give satisfactory extraction for
all samples. Therefore, for the analysis of some of the lingonberry extracts, the sample was first
treated with acidified methanol [MeOH in 1M HCl (85:15 v/v)]. During the analysis the sample:
solvent ratio was 1:8. The pH was adjusted to 1.0 (25 ◦C) using 1M HCl. We used the methodology
similar to that developed by Hosseinian and Beta [15]. The sample solvent mixture was sonicated
for 30 min and the mixture was transferred to a 50 mL Falcon tube, which was centrifuged at 2614 G
for 45 min. Supernatant was collected and subjected to rotary evaporation until 95% of its original
volume was removed, which was then spun at 2614 G for another 20 min. The supernatant obtained
was filtered using a 0.45 μm nylon filter prior to analysis using the LC–MS instrument. Different
compounds using this procedure were identified from the HPLC peaks and are summarized in Table 2.
The two different solvent systems were used in order to determine different compounds present in
the lingonberry extracts. It was assumed that some compounds which were not extracted in the
first solvent system used (MeOH/H2O/HCOOH) may be isolated in the second solvent system
(MeOH/HCl) and more easily detected. This approach isolated additional compounds such as
proanthocyanidin A, quercetin-3-glucoside and quercetin-3-O-α arabinoside, which were not detected
in the first solvent system.

Table 1. Compounds identified in lingonberry (V. vitis-idaea) MeOH/H2O/HCOOH extracts.

No.
HPLC RT

(min)
Identification

m/z Values m/z Values in Literature 1

[M−H]− [M+H]+ [M+H]+

1 16.18 Cyanidin-3-glucoside 447.1 449.1 449
2 17.70 Cyanidin-3-galactoside 449.1 449
3 18.54 Cyanidin-3-arabinoside 419.1 419

There were some other unknown peaks in the HPLC chromatogram, which could not be identified. 1 Ek et al.,
(2006) [22].
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Table 2. Compounds identified in lingonberry (V. vitis-idaea) methanol extracts.

No. HPLC RT (min)
Identification m/z Value m/z Value in Literature 1

Anthocyanins [M+H]+ [M+H]+

1 25.62 Cyanidin-3-glucoside 449.2 449
2 25.92 Cyanidin-3-galactoside 449.1 449
3 27.49 Proanthocyanidin A 577.1 577
4 31.34 Quercetin-3-glucoside 465.1 465
5 32.28 Quercetin-3-O-α arabinoside 435.1 435

There were some other unknown peaks in the HPLC chromatogram, which could not be identified. 1 Ek et al.,
(2006) [22].

3.2. Confirmation and Quantification of Cyanidin-3-Galactoside in Lingonberry Extracts

We chose to quantify cyanidin-3-galactoside in V. vitis-idaea as this compound has been reported
to be the major anthocyanin in this species [32]. It was found that the retention time (17.70 min) for
LC peaks of cyanidin-3-galactoside present in V. vitis-idaea extracts was similar to the retention time
for LC peaks of the cyanidin-3-galactoside standard, which confirms the presence of this compound
in the extracts. From HPLC analysis the area under peak was found to be 3978.62. From the area
vs. concentration graph after calculation the concentration of cyanidin-3-galactoside was obtained as
133.71 μg/mL. Therefore, in 100 g of extract the amount of cyanidin-3-galactoside was 66.33 mg or
0.06633 g. Therefore, the concentration of cyanidin-3-galactoside in the V. vitis-idaea sample was 0.066%.

3.3. Analysis of Blueberry (V. angustifolium) Extracts

The blueberry extracts were first treated with 40 mL of 2M HCl in ethanol. Hydrolysis was
performed at 90 ◦C in an oil bath for 90 min to break the glycoside linkage. We used a method similar to
Nyman and Kumpulainen [20]. Hydrolysis was conducted to produce the flavylium ion (aglycon part),
which was identified in the MS system. After hydrolysis, the extract solution was diluted and filtered
using a 0.45 μm nylon filter. The sample was then analyzed using a LC–MS instrument. Conditions for
MS were the same as those of other analyses. Different compounds identified in blueberry ethanol
extracts are summarized in Table 3. The HPLC peaks were identified based on comparison of detected
and calculated molecular ions as mentioned in the literature [3,15]. It is to be noted that there is a
lack of reproducibility in exact retention times as these may be influenced by aspects such as room
temperature, the column and the solvent system. We found very similar retention times when using
the same solvent however, so we strongly believe that the different retention times were due to the
various solvents.

Table 3. Compounds identified in blueberry (V. angustifolium) ethanol extracts.

No. HPLC RT(min)
Identification m/z Value m/z Value in Literature 1,2

Anthocyanins [M]+ [M]+

1 10.08 Delphinidin-3-galactoside 465.1 465
2 10.52 Delphinidin-3-glucoside 465.1 465
3 10.88 Cyanidin-3-galactoside 449.1 449
4 11.19 Delphinidin-3-arabinoside 435.1 435
5 12.19 Petunidin-3-glucoside 479.1 479
6 13.48 Malvidin-3-glucoside 493.1 493
7 14.14 Peonidin-3-glucoside 463.1 463

There were some other unknown peaks in the HPLC chromatogram, which could not be identified. 1 Cho et al.,
(2004) [3]; 2 Hosseinian and Beta (2007) [15].

In a separate experiment, blueberry extracts were first treated with acidified methanol (20 mL)
[MeOH in 1M HCl (85:15 v/v)]. In this experiment the method used was similar to that of Hosseinian
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and Beta [15]. This experiment was conducted in order to evaluate whether any additional compounds
would be detected using acidified methanol rather than acidified ethanol as the solvent due to polarity.
Acidified methanol also acts as a very good solvent system for anthocyanin compounds. Various
chemical compounds were identified from the LC peaks and are summarized in Table 4.

Table 4. Compounds identified in blueberry (V. angustifolium) methanol extracts.

No. HPLC RT(min)
Identification m/z Value m/z Value in Literature 1,2

Anthocyanins [M]+ [M]+

1 22.68 Delphinidin-3-galactoside 465.1 465
2 23.71 Delphinidin-3-arabinoside 435.1 435
3 24.70 Cyanidin-3-galactoside 449.1 449
4 25.90 Petunidin-3-galactoside 479.1 479
5 30.24 Malvidin-3-galactoside 493.1 493
6 33.15 Peonidin-3-glucoside 463.1 463

Flavonols [M]− [M]−

7 20.50 Myricetin-3-rhamnoside 463.0 463
8 22.20 Quercetin-3-galactoside 463.0 463

There were some other unknown peaks in the HPLC chromatogram, which could not be identified. 1 Cho et al.,
(2004) [3], 2 Hosseinian and Beta (2007) [15].

3.4. Analysis of Black Currant (R. lacustre) Extracts

For the analysis of the black currant extracts, the samples were first treated with acidified
methanol. The pH was adjusted to 1.0 (25 ◦C) and 1M HCl was used for this purpose. Various
compounds identified in R. lacustre are summarized in Table 5. In a separate experiment the black
currant sample was treated with 70% aqueous acetone having 0.01M HCl (20.0 mL) and sonicated
for 20 min, as reported by Anttonen and Karjalainen [21]. The compounds identified in black currant
extracts by this method are listed in Table 6. The HPLC peaks were identified based on comparison of
detected and calculated molecular ions as mentioned in previous reports [3,21].

Table 5. Compounds identified in black currant (R. lacustre) methanol extracts.

No. HPLC RT(min) Identification
m/z Values [M]+

or [M+H]+
m/z Values in Literature1,2

[M]− or [M−H]−

1 1.55 chlorogenic acid 353.0 353
2 10.48 myricetin-3-rhamnoside 463.1 463
3 11.05 quercetin-3-rutinoside 609.2 609
4 12.03 kaempferol rutinoside 595.2 595

There were some other unknown peaks in the HPLC chromatogram, which could not be identified. 1 Anttonen
and Karjalainen (2006) [21]; 2 Cho et al., (2004) [3].

Table 6. Compounds detected in black currant (R. lacustre) acetone extracts.

No. HPLC RT(min) Identification
m/z Values [M]+

or [M+H]+
m/z Values in Literature 1,2

[M]− or [M−H]−

1 1.45 chlorogenic acid 353.0 353
2 7.45 quercetin glucoside 465.1 465
3 8.57 kaempferol glucoside 449.1 449

There were some other unknown peaks in the HPLC chromatogram which could not be identified. 1 Anttonen
and Karjalainen (2006) [21]; 2 Cho et al., (2004) [3].
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3.5. Protective Effect of Lingonberry Extract Against Traumatic Injury

In preliminary studies we found that treatment of cultures with 1 μL of solvent alone had
no significant change in cell number after 24 h. Injury caused ~30% cell loss by 24 h after injury
(Figure 1). Injury in the presence of solvent alone caused a similar loss of cells while the effect of injury
was completely reversed in presence of the lingonberry fruit extract (added 15 min before injury).
This suggests a high protective effect of lingonberry fruit against traumatic injury in rat brain cultures.

Figure 1. Protective effects of lingonberry extract against in vitro trauma. (A) Representative image of
DAPI stained nuclei (blue) in an uninjured cortical cell well at 9 days in vitro (DIV); (B) Representative
image of DAPI stained nuclei (blue) in an injured cortical cell well (5.5 mm injury) at 9 DIV; (C) % of
control of DAPI stained nuclei of cortical cells 9–15 DIV under various conditions (n = 6 wells in each
condition from 3 different culture preparations). Formic acid refers to solvent alone. * statistically
different from control group p < 0.05. ** Statistically different from 5.5 mm injury group p < 0.01. Values
are mean ± S.E.M.

4. Discussion

4.1. Comparisons to Findings from Various Berry Species in Other Regions

In our lingonberry extracts, only six compounds were identified (See Table 7). A previous report
conducted on V. vitis-idaea growing in Finland describes the identification of as many as 28 compounds
in methanolic extracts of that species [22]. Comparing HPLC conditions we found that this report
used similar analytical conditions as used by our lab. We are unsure of the explanation for this
difference in the number of compounds, considering that we obtained excellent peak separation
during analysis of the extract and the drying method used to produce the original extract maintains
at least 94% (label claimed) of the bioactive compounds intact. It is well known that the chemical
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composition differs significantly depending on soil, subspecies and climates. As these berries were
grown in Newfoundland compared to Finland, it is possible that due to different conditions the
number of compounds may vary. We tested levels of cyanidin-3-galactoside in extract samples
from V. vitis-idaea. We successfully detected a level of 66.33 mg/100 g cyanidin-3-galactoside in
Newfoundland V. vitis-idaea, which is noteworthy since this compound is considered to have fairly
high antioxidant activity [33].

Table 7. Summary of compounds present in the various berry extracts.

Compounds
Blueberry

V. angustifolium
Black Currant

R. lacustre
Lingonberry
V. vitis-idaea

Delphinidin-3-galactoside X
Delphinidin-3-glucoside X

Delphinidin-3-arabinoside X
Cyanidin-3-galactoside X X
Cyanidin-3-glucoside X

Cyanidin-3-arabinoside X
Petunidin-3-galactoside X
Petunidin-3-glucoside X
Peonidin-3-glucoside X

Malvidin-3-galactoside X
Malvidin-3-glucoside X

Chlorogenic acid X
Myrecitin-3-rhamnoside X X
Quercetin-3-galactoside X
Quercetin-3-rutinoside X
Kaempferol rutinoside X

Quercetin glucoside X
Kaempferol glucoside X
Proanthocyanidin A X

Quercetin-3-glucoside X
Quercetin-3-O-α arabinoside X

In blueberry powder, a total of 11 compounds were identified (Table 7). Among them,
9 compounds were anthocyanins and two were flavonols. Cho et al. [3] reported that blueberry
genotypes including two commercial cultivars found in the United States, Bluecrop (V. corymbosum L)
known as Northern Highbush and Ozarkblue (a hybrid of majority V. corymbosum with some
contribution from V. darrowi L and V. ashei), also known as Southern Highbush, contained 17 and
15 anthocyanins, respectively. This suggests that more compounds may be present in blueberry
species found in the United States compared to those of Newfoundland, which may be due to climate,
soil and collection time, as the extraction method and analysis conditions were the same. However,
our blueberry samples are from a different species (V. angustifolium) as compared to the blueberry
cultivars analyzed by Cho et al. [3]. Therefore, blueberry cultivars may contain more anthocyanins than
naturally growing V. angustifolium in Newfoundland. The amount of different anthocyanins detected
in our extract powder sample was less than previously reported for V. angustifolium and V. myrtilloides
wild blueberries found in Quebec [16] and Manitoba [15]. This may be due to the fact that those studies
were conducted in berry fruits versus extract powders, or to differences in the natural composition of
the berries.

In black currant six compounds were identified including chlorogenic acid (3-caffeoylquinic acid),
myrecitin-3-rhamnoside, quercetin-3-rutinoside, quercetin glucoside kaempferol rutinoside and
kaempferol glucoside (Table 7). This represents a different profile of compounds compared to previous
work conducted on black currant (R. nigrum) species growing in Finland [20,21] as well as black currant
cultivars in Finland [19]. Slimestad and Solheim [34] worked on R. nigrum available in Norway and
reported that 15 anthocyanins were present in those berries. Different extraction processes and HPLC

117



Antioxidants 2016, 5, 36

conditions may be the reason that the number of compounds identified in R. nigrum found in Norway
was more than in our findings in R. lacustre. Then again, the chemical profiles may represent a distinct
difference between R. nigrum and R. lacustre. Määttä et al. [35] identified eight anthocyanins in acidified
methanolic extracts of R. nigrum available in Sweden. Mikkonen et al. [19] identified four compounds,
myricetin, morin, quercetin and kaempferol, in black currant cultivars grown in Finland, which show
similarity to our findings.

4.2. Potential Bioactivities of the Analyzed Berry Species

Antioxidant compounds obtained in the diet or through dietary supplementation could
be beneficial for combating reactive oxygen and nitrogen species, which can contribute to
the development of several disorders, including cancer, cardiovascular disease, diabetes and
neurodegeneration [33,36,37]. Our laboratory has a specific interest in identifying natural compounds
that may be neuroprotective. We feel that berries or their constituents could potentially be useful for
treating or preventing rapid brain aging [38], and may even be useful for decreasing damage associated
with more severe ailments such as stroke and traumatic brain injury [39]. However, the extent to
which polyphenols can cross the blood brain barrier is largely unknown [40]. Recently, we have found
that cortical cells derived from rat brains are protected from glutamate-mediated neurotoxicity by
extracts derived from locally collected Newfoundland V. angustifolium and V. vitis-idaea fruits and
leaves [28]. The extracts from blueberry fruits were further tested using the in vitro trauma model
described in this paper, and they were found to be highly protective against injury (unpublished data).
Interestingly, we found that the leaves of these two species had a higher polyphenolic content and free
radical scavenging ability as compared to the fruits. Other studies have also found that the leaves of
V. angustifolium and V. vitis-idaea have a high content of polyphenolic compounds [14,41] suggesting
potential sources of dietary supplements.

5. Conclusions

Overall, the results suggest that various species of berries growing natively in Newfoundland
contain a wide array of anthocyanins and flavonols with high levels of antioxidant capacity. Further
investigation is required to confirm other polyphenols potentially present in these species and to
quantify levels of various compounds with antioxidant capacity. In addition, this data demonstrates
that the drying technique used to produce these extracts maintains several polyphenolic compounds
in the samples, suggesting that these forms of powdered berry extracts could be viable dietary
supplements. Further experimentation is aimed at conducting detailed chemical analyses of the leaves
of these species, deciphering which species of berries are most neuroprotective, and determining if
specific polyphenols are responsible for neuroprotection. In addition, the extent to which polyphenols
cross the blood brain barrier is currently being investigated in rodent models.
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Abstract: Berry fruits are recognized, worldwide, as “superfoods” due to the high content of
bioactive natural products and the health benefits deriving from their consumption. Berry leaves are
byproducts of berry cultivation; their traditional therapeutic use against several diseases, such as
the common cold, inflammation, diabetes, and ocular dysfunction, has been almost forgotten
nowadays. Nevertheless, the scientific interest regarding the leaf composition and beneficial
properties grows, documenting that berry leaves may be considered an alternative source of bioactives.
The main bioactive compounds in berry leaves are similar as in berry fruits, i.e., phenolic acids and
esters, flavonols, anthocyanins, and procyanidins. The leaves are one of the richest sources of
chlorogenic acid. In various studies, these secondary metabolites have demonstrated antioxidant,
anti-inflammatory, cardioprotective, and neuroprotective properties. This review focuses on the
phytochemical composition of the leaves of the commonest berry species, i.e., blackcurrant, blackberry,
raspberry, bilberry, blueberry, cranberry, and lingonberry leaves, and presents their traditional
medicinal uses and their biological activities in vitro and in vivo.

Keywords: Vaccinium; Ribes; Rubus; traditional use; polyphenols; chlorogenic acid; analysis

1. Introduction

The everlasting quest for health promoting and disease preventing agents in the developed
world has changed our view of food sources; superfoods, functional foods, food supplements, and
nutraceuticals were introduced and have enriched the products of the food industry contributing
to its further growth [1]. Berry fruits constitute a large group of functional food or “superfoods”,
whose consumption delivers several health benefits beyond basic nutrition, but little is known about
the leaves of berry plants. In this review, we present the phytochemical composition of the leaves of
common berry species, as well as summarize their traditional medicinal uses and the results of the
evaluation of their biologic properties in vitro and in vivo so far.

In order to compile the review, a search was performed in the PubMed (http://www.ncbi.
nlm.nih.gov/pubmed) and Google Scholar databases. The search terms included the keywords:
berries, Vaccinium; Ribes; Rubus, and the common names of each species (the headings of all chapters
of this review) and leaves. In January 2016, this search yielded about 500 results in the PubMed
database. Information on the traditional uses has also been acquired from the European Medicines
Agency (EMA) monographs on the respective herbal medicines (http://www.ema.europa.eu). Original
research and review articles were taken into account and special emphasis was placed on published
literature concerning the few available clinical studies.

The small edible, brightly colored berries are low energy density fruits, rich in vitamins,
fibers, and various phenolic compounds [2]. The edible berries belong to the genera of Vaccinium
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(blueberries, cranberries, bilberries, lingonberries), Ribes (gooseberries, black and red currants),
Rubus (raspberries, blackberries and cloudberries), Fragaria (strawberries), Aronia (chokeberries),
and Sambucus (elderberries). All of them contain high levels of phenolics, which greatly contribute to
their organoleptic properties and health benefits.

Berry phenolics represent a diverse group of compounds including phenolic acids (hydroxybenzoic
and hydroxycinnamic acids, and their derivatives), flavonoids, such as flavonols, flavanols,
and anthocyanins, and tannins (gallotannins and ellagitannins), divided into condensed tannins
(proanthocyanidins) and hydrolysable tannins. A greater variety of compounds is recorded for
blackberries and raspberries of the genus Rubus, whereas all of the other berry species are usually
characterized by the high levels of specific phenolic groups, i.e., anthocyanins and proanthocyanidins
(Figure 1). The berries of genus Rubus, as well as the chokeberries, are often richer than other berries
in p-hydroxybenzoic acids; they also contain moderate levels of hydroxycinnamic acids; however,
trace amounts were detected in cloudberries [3–6]. In contrast, blueberries (Vaccinium spp.) are the
richest source of hydroxycinnamic acids, such as p-coumaric acid, chlorogenic acid, and other caffeic
acid derivatives [3,4,6–8]. With respect to flavonoids, chokeberries, highbush blueberries, American
cranberries (V. macrocarpon), blackcurrants, and lingonberries contain the highest concentration of
flavonols, especially quercetin and myricetin derivatives and aglycones [3,5–8]. On the contrary,
raspberries, cloudberries, red currants, and gooseberries contain only traces of flavonols [4,5].

The bright color of the small edible berries is attributed to the significant quantities of anthocyanins,
which are distributed mainly to the epidermal tissues in fruits. Substantial amounts of different types
of anthocyanins (glycosylated or not) are found in chokeberries, bilberries, wild and cultivated
blueberries, elderberries, blackcurrants, and the European cranberries (V. oxycoccus). Bilberries, for
example, contain fifteen different anthocyanins, i.e., delphinidin and cyanidin monoglycosides (the
principal anthocyanin), petunidin, peonidin, and malvidin glycosides. Strawberries contain mainly
pelargonidins, while lingonberry, red currant, chokeberry and elderberry anthocyanins consist only of
cyanidin glycosides. Cyanidins are also the principal anthocyanins in American cranberries, while in
European cranberries the most abundant are peonidins [4–6,8–10].

Proanthocyanidins, consisting only of procyanidins, i.e., (+)-catechin and (´)-epicatechin
polymers, are present in high concentration in chokeberries, high- and lowbush blueberries, American
cranberries, and lingonberries [4,11]. Finally, ellagic acids and ellagitannins are in high amounts in
the berries belonging to the genus Rubus (cloudberries, raspberries), as well as in strawberries [5,10].
Figure 1 summarizes the phenolic content of the most common berry fruits.

A strong body of scientific research documents the contribution of the consumption of berries to
the three targets of functional foods: (i) health maintenance (e.g., mental health, immune function);
(ii) reduced risk of obesity; and (iii) reduced risk of chronic diet-related diseases (e.g., cardiovascular
disease, type 2 diabetes, and metabolic syndrome) [1]. However, not only the fruits, but also the
leaves, of the berry plants have been used in traditional remedies; leaf extracts have often been
used against several diseases, such as colds, inflammation of the urinary tract, diabetes, and ocular
dysfunction by Native Americans and other populations, but these treatments have been almost
forgotten nowadays. In the last five years, the European Medicines Agency (EMA) has approved
the circulation of leaf infusions and extracts of Ribes nigrum, Rubus idaea, and Arctostaphylos uva-ursi
as herbal medicinal products based on their traditional uses and another monograph for the wild
strawberry (Fragaria vesca L.) leaf extracts has just been announced [12–15].
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Despite their medicinal value, which stems in large from their phenolic/polyphenolic content,
berry leaves are the main byproducts of harvesting, meaning that tons of leaves are wasted annually.
Analytical studies show that the leaf phenolic composition is similar to that of the precious fruits or
even richer and higher, indicating that they may be utilized as an alternative source of bioactive natural
products for the development of food supplements, nutraceuticals, or functional foods. This review
presents our knowledge heretofore; we present the phytochemical composition of the leaves of the
common berry species, as well as summarize the studies of the beneficial activities of their extracts
pertaining to their nutritional or medicinal value. The compositions of the berry leaves are summarized
in Table 1. The structures of the commonest phenolic acids and derivatives are presented in Figure 2
and of the flavonoid aglycons and terpenes in Figure 3. The traditional medicinal uses and the
relevant biological properties demonstrated by in vitro, in vivo, and clinical studies are presented in
each subsection, but also in tabulated form (Table 2).

 

Figure 2. Structures of the most common phenolic acids and acid derivatives of berry leaves.
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Figure 3. Structures of the main flavonoid aglycons and terpenes of berry leaves.
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2. Blackcurrant (Ribes nigrum) Leaves

In 1996, French Pharmacopoeia included, for the first time, a monograph on Ribes nigrum
L. folia [48] and in 2010, EMA issued the official community monograph for blackcurrant leaves [14].

The slightly wrinkled leaf is dark green at the upper surface and pale greyish green at the lower
surface, on which a widely spaced reticulate venation is particularly distinct. Moreover, the leaves
have glands that can be seen as scattered yellowish dots. In contrast with the fresh leaves that are
strongly aromatic, the dried leaves have no odor or taste. The leaves should be collected during or
shortly after flowering [48].

The phytochemical analysis based on spectroscopic and separation techniques revealed that
the most abundant secondary metabolites of blackberry leaf can be subdivided into three groups:
hydroxycinnamic acids, flavonoids, and proanthocyanidins. In detail, experiments with thin layer
chromatography (TLC) by Trajkovski in 1974 revealed that chlorogenic acid (9) and its isomers
(iso- and neo-chlorogenic acid, 10 and 11) are found in relatively high amounts in the foliage of
blackcurrant [49]. Other hydroxycinnamic acids in these leaves are caffeic acid (1), gallic acid (2),
ferulic acid (4), coumaric acid (7), and gentisic acid (5) [49]. In a recent HPLC-DAD analysis of
the ethanolic extract of blackcurrant leaves, only chlorogenic acid and its isomer neo-chlorogenic
acid were quantified; their concentrations ranged from 0.081 to 0.121 mg/g dry weight and
from 0.044 to 0.435 mg/g dry weight, respectively [50]. In an ethanolic extract of blackcurrant
leaves from Estonia, chlorogenic acid concentration was found much higher (14.93 mg/g dried
leaves) by HPLC-MS analysis [20]. With regards to flavonols, kaempferol (15) and quercetin (14)
derivatives have been reported in the foliage of Ribes nigrum [49]. Particularly, Vagiri et al. [50]
have identified quercetin-3-O-rutinoside (0.099–0.229 mg/g dry weight), quercetin-3-O-galactoside
(0.057–0.081 mg/g dry weight), quercetin-3-O-glucoside (0.038–0.085 mg/g dry weight), and the
most abundant flavonoid, quercetin-3-O-malonylglucoside (2.424–3.890 mg/g dry weight).
Additionally, kaempferol-3-O-rutinoside (0.019–0.036 mg/g dry weight), kaempferol-3-O-glucoside
(0.017–0.031 mg/g dry weight), kaempferol-3-O-malonylglucoside (0.135–0.409 mg/g dry weight),
an isomer of the latter (0.488–2.441 mg/g dry weight), as well as myricetin-malonylglucoside
(0.042–0.055 mg/g dry weight) and its isomer (0.019–0.023 mg/g dry weight) were quantified [50].
The range of values depends on the harvest time [50]. The HPLC-MS analysis of the Estonian
blackcurrant leaf extract showed that quercetin glucoside (quercetrin) and rutinoside (rutin), the
two major glycosides of the ethanolic extract, were found in high concentrations (19.47 and 3.99 mg/g
dried leaves, respectively) [20]. Furthermore, isorhamnetin-3-O-rutinoside, isorhamnetin-3-O-glucoside,
kaempferol-3-O-galactoside and kaempferol-3-O-glucosyl-6”-acetate have been recorded in the ethanolic
extract of Ribes nigrum leaves [19,51]. Catechin (19), epigallocatechin, and epicatechin (20) have also been
detected in the leaves even though not constantly; the concentration of catechin in the ethanolic extract of
Estonian leaves was 7.89 mg/g [20]. In a methanolic extract of blackcurrant leaves, Tits et al. [52,53] have
identified, via high performance thin layer chromatography (HPTLC), nuclear magnetic resolution
(NMR), and infrared spectroscopy (IR), several different tannins (catechin, epicatechin, gallocatechin,
epigallocatechin, gallocatechin-(4a-8)-gallocatechin, gallocatechin-(4a-8)-epigallocatechin, and the
new trimer: gallocatechin-(4a-8)-gallocatechin-(4a-8)-gallocatechin, gallocatechin-(4a-8)-catechin,
gallocatechin-(4-6)-gallocatechin, and catechin-(4a-8)–gallocatechin-(4a-8)-gallocatechin).

A significant difference between fruits and leaves is the lowest concentration of anthocyanins in the
latter; delphinidin-3-O-glucoside and –rutinoside, as well as cyanidin-3-O-glucoside and –rutinoside
have been identified, but not quantified, in the ethanolic extract of blackcurrant leaves [51]. Another
difference is the absence of hydroxybenzoic acids. However, the blackcurrant leaves contain significant
substances, such as glycerolipids (mainly alpha-linoleic acid) and ascorbic acid (1–2.70 mg/g dried
material) [54]. Finally, the essential oil of the leaves of Ribes nigrum contains mainly monoterpenic
substances (α-pinene, myrcene, p-cymene, limonene, β-ocimene, etc.), the sesquiterpenes caryophylene
and humulene, as well as methyl salicylate [55].
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According to the EMA monograph on Ribes nigrum folium, its tea is a traditional medicinal
product for minor articular pain and a diuretic to achieve flushing of the urinary tract as an adjuvant
in minor urinary complaints [14]. The leaves of blackcurrant have been used in folk medicine for
their diaphoretic properties, as well as against diarrhea and spasmodic cough [20,54]. The leaves
have significant antioxidant and anti-inflammatory properties (inhibition of myeloperoxidase activity
and reactive oxygen species production on activated neutrophils), as it has been demonstrated by
biologically-relevant cellular models, which substantiate their traditional uses against inflammatory
conditions [54,56]. These effects are correlated with the phenolic ingredients that are originally
synthesized by plants to protect themselves from pathogens [57]; therefore, it has been proposed
that Ribes nigrum leaves might be used for large scale extractions of antioxidant molecules [56].
Furthermore, evidence from carrageenan-induced rat paw edema studies has revealed the potential
analgesic properties of blackcurrant leaves, which was later reinforced by findings of blackcurrant
proanthocyanidin inhibition of leukocyte infiltration [20].

3. Blackberry (Rubus fruticosus) Leaves

Blackberries are perennial shrubs, lasting for three seasons or more. The upper side of the leaves
is dark green, while the underside is lighter green. Short prickles cover the stalks and veins of the
leaves [25].

Many phytochemical investigations have proven the presence of diverse secondary metabolites
in blackberry leaves. In general, they are rich in tannins and they, also, contain a notable amount of
flavonoids, phenolic acids, triterpenes, mineral salts, and vitamin C [22,23,25]. More specifically,
phenolic acids like ellagic (3), gallic (2), caffeic (1), and p-coumaric (7) acids, flavonoids, such
as quercetin (14), hyperoside, kaempferol (15), myricitin, (+)-catechin (19), (´)-epicatechin (20),
epicatechin gallate, and proanthocyanidin B1 have been identified in the leaves of R. fruticosus, as well
as in the fruit [25]. The HPLC analysis of a hydrolyzed methanolic extract of blackberry leaves showed
that total flavonoids, expressed as quercetin equivalents, range from 0.14% to 0.31% of dry weight,
while total ellagic acid ranges from 2.93% to 4.32% of dry weight [24].

In 2015, Ozmianki et al. [22] extensively analyzed the phenolic composition of twenty-six different
wild blackberry leaf samples by LC/MS QTOF; 33 compounds were detected in the respective
methanolic extracts, i.e., 15 flavonols, 13 hydroxycinnamic acids, three ellagic acid derivatives, and two
flavones. The total content of phenolic compounds extracted from the leaves of wild blackberries,
calculated as the sum of compounds resulting from UPLC-PDA analysis, was highly diverse and
ranged from 83.02 mg/g dry matter for R. austroslovacus to 334.24 mg/g dry matter for R. perrobustus.
The largest group of phenolic compounds was that of ellagitannins (51.59–251.01 mg/g dry matter),
as in blackberry fruits [52]; the most abundant ellagitannins in the wild blackberry leaves were sanguiin
H-6 (13) (range 0–73.92 mg/g dry matter), lambertianin C (range 16.75–123.41 mg/g dry matter),
and casuarinin (34.47–117.86 mg/g dry matter). In the same study, the second group of bioactive
compounds in the leaves of wild blackberries was that of derivatives of quercetin (14), kaempferol (15),
luteolin (18), and apigenin (17) (average content 35.17 mg/g dry matter); kaempferol-3-O-glucuronide
and quercetin-3-O-glucuronide (9.23 and 7 mg/g dry matter, respectively) were the most abundant
compounds. The next group of compounds in blackberry leaves is composed of phenolic acids,
especially derivatives of caffeic acid (1), p-coumaric acid (7), and ellagic acid (3) (average content
28.74 mg/g dry matter); p-coumaric acid derivatives and neo-chlorogenic acid (11) were found in
notable amounts in blackberry leaf extracts [22].

Robinson et al. [26], in 1931, reported the presence of cyanidin-3-O-saccharide in blackberry leaves.
Almost 40 years ago, two triperpene acids were isolated from R. fruticosus leaves, rubusic (21) and
rubinic acids; 2-a-hydroxyursolic acid and β-amyrin (23) were also detected [18,27].

Health-promoting effects and immunity-boosting properties have been attributed to blackberry
leaves since long ago. Hippocrates recommended blackberry stems and leaves soaked in white
wine for facilitating childbirth [16]. Zia-UI-Haq et al. [25], in their review of the traditional uses
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of Rubus fruticosus leaves, reported that the decoction of the leaves has been used as tonic and a
mouthwash; gargles help treating thrush, gum inflammation, sore throat, and mouth ulcers. The leaves
are also chewed in order to strengthen the gums and to cure thrush. A poultice of the leaves is
applied to abscesses and skin ulcers as an astringent. In addition, blackberry leaves and roots are a
long-standing home remedy for anemia and menses, diarrhea, dysentery, cystitis, and hemorrhoids.
Finally, they have traditionally been used against several respiratory problems [19].

Indeed, it has been demonstrated that the leaves of blackberry possess significant antimicrobial
activity, higher than the fruit, against several bacterial strains, such as Salmonella typhi,
Escherichia coli, Staphylococcus aureus, Micrococcus luteus, Proteus mirabilis, Bacillus subtilis, Citrobacteri sp.,
and Pseudomonas aeruginosa [25]. In contrast, when the methanolic extracts of blackberry leaves
were tested for their antifungal potential against nine pathogenic fungal strains (Yersinia aldovae,
Aspergillus parasiticus, Candida albicans, Aspergillus niger, Aspergillus effusus, Macrophomina phaseolina,
Fusarium solani, Trichophyton rubrum, Saccharomyses cerevisiae) they did not have any biological
activity [17].

Several studies point out the anti-diabetic effect of blackberry leaf extracts; water and butanol
extracts were reported to be active in non-insulin dependent diabetes and had significant hypoglycemic
effect in normal rats [58]. Similar results were obtained for the infusion of blackberry leaves in
alloxan-diabetic rabbits [59]. Moreover, a tea made from R. fruticosus leaves decreased diabetic
symptoms (hyperglycemia), a property partly attributed to their content in chromium and zinc [60].
Finally, the antioxidant and angiogenic activities of different extracts of blackberry leaves have also
been recorded in several studies [22,28,29].

4. Raspberry (Rubus idaeus) Leaves

The green leaves of Rubus idaeus have been included in British Pharmacopoeia since 1983 [30]
and in 2012 the European Medicines Agency issued a community herbal monograph on red raspberry
leaves [13].

The beneficial medicinal properties are attributed to the bioactive compounds of the leaves, which
are mainly hydrolysable tannins [21]. Gudej [24] reported that tannin concentration in the dried
raspberry leaf ranges from 2.6% to 6.9% (w/w) and that the principle compounds are ellagic acids.
Additional ellagitannins that have been identified in these leaves are the dimers sanguiin H-6 (13) and
H-10, and the trimers lambertianin D and lambertianin C, as well as methyl gallate [19,21]. The second
most abundant group in raspberry leaves is flavonoids. The quantity of flavonoids in the leaves of
R. idaeus is significantly higher than that in the fruits where flavonoids compose only a very small
fraction of the bioactive compounds; leaf flavonoids range from 0.46% to 1.05% (w/w) [31]. In the
study of Ozmianski et al. [19] the flavonoid fraction was the main phenolic group, constituting almost
11% of leaf extract powder weight.

Phenolic acids, other than ellagic acid (3), have been found in very small amounts, mainly caffeic
(0.55 mg/g dried leaf) (1) and chlorogenic acid (0.70 mg/g dried leaf) (9) [61]. Moreover, p-coumaric (7),
ferulic (4), protocatechuic (8), gentisic (5), caffeoyltartaric, feruloyltartaric, and p-coumaroyl-glucoside
acids, as well as p-hydroxybenzoic and vanillic acids have been reported in raspberry leaves [62].
Finally, terpenoids have been identified, including mono- and sesquiterpenes, like terpinolene and
3-oxo-α-ionol, as well as triterpenes, such as a- and β-amyrin (23), squalene and cycloartenol [6,21].

The study of Gudej [24] presents an interesting comparison of the main Rubus categories, i.e.,
blackberries and raspberries. The leaves of wild raspberry (R. saxatilis), cultivated raspberry species
(R. idaeus Malling Promise) and blackberry (R. fruticosus Gazda) had the highest flavonoid content
as measured by HPLC. Furthermore, the leaves of raspberries are characterized by lower amounts
of both tannins and ellagic acid (3.25% and 2.53% of dry weight respectively) than blackberry leaves
(6.50% and 4.32% of dry weight respectively) [24].

Raspberry leaf has been used in Europe for various gynecological disorders, i.e., menstruation,
labor and ailments of the gastrointestinal tract (diarrhea) [21,30]. It is reported that a hot tea made from
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raspberry leaves stimulates and facilitates labor and shortens its duration [21,63]. Other traditional
uses include its use as an astringent gargle and less often for chronic skin conditions and for the
treatment of conjunctivitis [30]. The European monograph on raspberry leaf has approved its use as
a traditional herbal medicinal product for the symptomatic relief of minor spasms associated with
menstrual periods, for the symptomatic treatment of mild inflammation in the mouth or throat, and of
mild diarrhea [13].

Since raspberry leaf is a commonly used herb during pregnancy today, earlier and current
investigations have explored its effects mainly regarding labor. Jing et al. [64] reported that pretreatment
of pregnant rats with tea did not alter the ability of oxytocin to initiate contractions. Additionally,
in pregnant animals treated with red raspberry leaf tea, labor was not augmented by a direct effect on
uterine contractility; in contrast, it had variable effects on preexisting oxytocin-induced contractions,
sometimes augmenting the effect of oxytocin and sometimes causing augmentation followed by
inhibition [64]. Furthermore, these effects depended on the herbal preparation used and on pregnancy
status [64].

Two different clinical studies were performed in order to assess the efficacy of raspberry leaf
preparations in pregnancy [63,65]. About 150 women were included in the studies. No clinically
significant differences were observed among the different groups regarding maternal blood loss,
maternal diastolic blood pressure pre labor or transfer to special care baby unit, length of gestation,
the likelihood of medical facilitating of labor, and need for pain relief during labor. In addition to these
studies, others report that raspberry leaves possess significant antioxidant activity, stronger than the
respective extracts of blackberry leaves [29].

5. Bilberry (Vaccinium myrtillus) Leaves

Bilberries are one of the most important wild berries in Northern Europe, commonly called
European blueberries to distinguish them from the other blueberries. Qualitative and quantitative
analysis studies based on LC/MS conclude that the main bioactive compounds of bilberry leaves
are hydroxycinnamic acids (36% of the weight of leaf extract powder) and especially chlorogenic
acid (9) [19,34,66]; its concentration ranges from 59% to 74% of the total hydroxycinnamic acids [66].
Jaakola et al. [37] and Riihinen et al. [35] reported that the concentration of hydroxycinnamic acids
were higher in the leaves than in the bilberry fruit. Hokkanen et al. [34] analyzed a methanolic extract
of bilberry leaves by LC/TOF-MS and LC/MS-MS and identified thirty-five compounds. Other than
the abundant chlorogenic acid (trans- and cis- form of 9) and its isomers, caffeoyl-shikimic acid
(0.48% of the total combined area of all compounds), feroylquinic acid isomer (0.83%), and traces
of caffeic acid (0.16%) were also quantified; percentages represent the relative share of each
compound from the total combined peak area of all detected compounds in the leaves. The second
significant group of phenolics is flavonoids. Quercetin-3-O-glucuronide is the most abundant flavonol
and its concentration ranges from 70% to 93% of total flavonols [66]; other flavonols in bilberry
leaves are quercetin-3-O-β-galactoside (4.06%), quercetin-3-O-(4”-HMG)-α-rhamnoside (3.48%),
quercetin-3-O-arabinoside (2.92%), quercetin-3-O-glucoside (0.99%), quercitrin (0.73%), and quercetin
(0.03%), as well as three kaempferol glycosides (almost 1.5%) [19,34,66]. Hokkanen et al. [34] have in
addition detected several other bioactive compounds in these leaves, such as flavan-3-ols comprising
2.0% of the total combined area of all compounds, six different isomers of cinchonain (18.5%), three
proanthocyanidins (1.8%), and two coumaroyl iridoids (almost 1.0%). In another study, powdered
leaves were extracted with diethyl ether and analyzed with regard to the triterpenoid content. Even
though the triperpenes in the leaves comprised only the 4%–6% of those in the respective fruits, several
compounds were identified in notable amounts (4.4–4.7 mg/g of dry leaf weight). The predominant
compound was β-amyrin (23), followed by oleanane- and ursane-type triterpenes. The triterpene
oleanolic and ursolic acids (22) were also identified [36].

The researchers have shown that the collection time of bilberry leaves greatly determines their
phenolic content [66]. Hydroxycinnamic acid content strongly decreases during leaf development,
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while the content of flavonoids increases rapidly until mid-July, as flavonoids are formed later than
phenolic acids in the biosynthetic process [38]. As the foliage ages, the color of bilberry leaves changes
from green to red during early autumn; this alteration is attributed to differences in the phytochemical
composition. Riihinen et al. [35] showed that red bilberry leaves contain anthocyanins, even though
in very small concentration (0.882 mg/g frozen sample), in contrast with the green leaves where
anthocyanins are absent. In addition, quercetin (14) (10.369 mg/g), kaempferol (15) (0.244 mg/g),
p-coumaric (7) (6.007 mg/g), caffeic (1), or ferulic (4) acids (16.249 mg/g) are higher in the red
bilberry leaves compared with the green ones (3.369, 0.171, 2.989, and 7.808 mg/g, respectively) [64].
On the other hand, both green and red leaves contain proanthocyanidins (red: 0.438 mg/g and green:
0.987 mg/g of frozen sample), especially procyanidin; thus, it has been suggested that these leaves
should be viewed as a good source of proanthocyanidin-containing products and could be used in
cosmetics and pharmaceuticals similarly to the phenolic compounds of green tea [35].

Bilberry has several traditional uses in folk medicine. Decoctions and infusions of its leaves are
used for their diuretic, astringent, and antiseptic properties of the urinary tract. Bilberry leaf aqueous
extracts are also useful as antibacterials and against inflammation, especially inflammation of the oral
cavity [29]. In addition, a widespread use against diabetes has been reported [29].

Despite its regular and significant use as antidiabetic, Vaccinium myrtillus leaves have only been
rarely investigated and the results are quite contradictory [39]. In alloxan-diabetic mice, a reduction
in blood glucose levels by about 10% was reported in the early 1990s, but unfortunately, these
experiments are not documented in detail [41]. Cignarella et al. [67] tested a dried hydroalcoholic
extract of V. myrtillus leaves in streptozotocin-diabetic rats (3.0 g extract per kg body weight) and
recorded lipid-lowering activity, i.e., decrease by 39% of the triglycerides in the blood of dyslipidemic
animals. In addition, they recorded a 26% decrease of plasma glucose levels, but the effect was
characterized as “statistically, though not biologically significant”. Petlevski et al. [68] tested a
multi-ingredient preparation composed of Myrtilli folium and nine other plant extracts, patented as
an antidiabetic remedy in Croatia; they found a decrease in blood glucose and fructosamine levels
in alloxan-induced non-obese diabetic mice. In studies where Vaccinium species were introduced in
screening programs that aimed at identifying alpha-amylase inhibitors and activators of the human
peroxisome proliferator-activated receptor gamma, bilberry leaf extracts showed some activity in both
models [69] indicating possible antidiabetic properties. Finally, cinhonains might play significant role
in the blood glucose lowering effect as they have been found to induce insulin secretion in both in vitro
and in vivo experiments in rats [67].

Bilberry leaves have been investigated for their antistaphylococcal activity; significant
effectiveness against S. aureus enhancing, at the same time, the bactericidal potential of vancomycin
and linezolid in combination, which has been documented [32]. Finally, bilberry leaves have been
explored for their protective activities against cancer. Flavonoids, caffeic acid, and chlorogenic acid
were isolated from Sakhalin bilberry Vaccinium smallii leaves and were studied as cancer-preventive
agents; they inhibited epidermal growth factor (EGF)-induced neoplastic transformation of mouse
cells, without exerting any toxic effects [33].

6. Blueberry (Vaccinium sp.) Leaves

The term blueberries describes several different taxa of the genus Vaccinium; rabbiteye
(V. virgatum), northern highbush (V. corymbosum), southern highbush (V. formosum), and lowbush
(V. angustifolium) blueberries are the commonest.

Red dried leaves of V. corymbosum from Drama (region of Macedonia, Greece) were used for
the preparation of a decoction (crude extract), which was further fractionated with the organic
solvents ethyl acetate and butanol in our laboratory [70]. Analysis was performed by LC-ESI/MS and
HPLC-DAD, and twenty different compounds were identified, mainly phenolic acids and flavonols.
Interestingly, these two groups were in almost equal concentration in the crude extract (69.34 mg
chlorogenic acid equivalents/g dry extract and 67.48 mg quercetin-3-O-galactoside equivalents/g
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dry extract, respectively) [70]; as in bilberry leaves, the most abundant compound was chlorogenic
acid (9) (61.31 mg/g dry extract). LC-MS analysis showed the presence of quinic and caffeic acid
(1), four myricetin glycosides, one kaempferol rutinoside, and seven quercetin glycosides, as well as
quercetin aglycone (14). Hyperoside, isoquercetin, and rutin were the principle flavonoids (12.09 mg/g,
4.60 mg/g, and 3.16 mg/g dry extract). Moreover, we have detected proanthocyanidin B1/B2, kandelin
and cinhonain. Kandelin was also reported in the Vaccinium ashei leaves [42], while cinhonains have
been identified in bilberry leaves [34]. The absence of anthocyanins from the decoction was notable;
however, it could also be attributed to the method of the extraction [70].

Wang et al. [40] published a study where 104 different cultivars of blueberries (rabbiteye, northern
highbush, and southern highbush) were examined with respect to their phytochemical composition and
antioxidant properties. Using HPLC–ESI–MS2 analysis, they identified three anthocyanins (cyanidin
3-O-glucoside, cyanidin 3-O-glucuronide, cyanidin 3-O- arabinoside) in the blueberry leaf methanolic
extracts, even though in different quantities; northern highbush blueberries showed the higher total
anthocyanin content (TAC). Nevertheless, TAC, which was measured semiquantitatively by linear
regression of commercial standards, was almost ten times lower than that of the respective fruit
in each cultivar, ranging from 0.09 to 4.4 mg cyanidin 3-O-glucoside equivalents/g dry weight.
Leaf anthocyanins were not detected in some cultivars. Moreover, they detected four different
proanthocyanidins but in very small amounts in the highbush blueberries (0.36–8.38 mg rutin
equivalents/g dry weight) [40].

Leaf tissue maturation plays a significant role in the phytochemical composition of this species.
Riihinen et al. [35] have showed that the red leaves of V. corymbosum contain higher amounts of
quercetin (14) (3.530 mg/g frozen sample) and kaempferol (15) (0.505 mg/g), as well as of p-coumaric
(7) (3.060 mg/g), caffeic (1) or ferulic (4) acids (19.870 mg/g) than the green leaves (1.784, 0.191, 0.490,
7.537 mg/g frozen sample, respectively). Solar radiation increases the content of the above-mentioned
flavonols and hydroxycinnamic acids, probably due to their role in photo-protection [37]. This explains
the higher content of those compounds in the red leaves compared to the green leaves. In addition,
red leaves contain a very small amount of anthocyanins, which are absent from the green. On the
other hand, prodelphinidins and procyanidins are present almost in the same quantity in both types of
leaves (red: 0.485 mg/g, green: 0.468 mg/g frozen sample) [35].

Harris et al. [43] investigated the phytochemical profile of V. angustifolium leaves, demonstrating
its high similarity with the highbush blueberry leaves. They identified ten different compounds in
an ethanolic leaf extract. Chlorogenic acid (9) was the most abundant phenolic; it was 30 times more
concentrated in the leaf extract (31.19 mg/g dry matter) than in the respective fruit (1.54 mg/g
dry matter) and over 100 times more concentrated than in the respective stem or root extracts
(0.09 and 0.03 mg/g dry matter, respectively). Moreover, they detected in significant amounts the
flavan-3-ols epicatechin (20) and catechin (19) and in ratio roughly 1:1; they also quantified four
quercetin glycosides (in total 9.65 mg/g dry matter), as well as quercetin aglycone (1.24 mg/g dry
matter) (13). Quercetin-3-O-glucoside and quercetin-3-O-arabinoside accounted for 36% and 28%,
respectively, of the quantified quercetin glycosides. Caffeic acid (1) was found in traces (0.36 mg/g dry
matter); chlorogenic acid isomers (10, 11), quercetin-hexoside, quercetin-pentoside, and rutin were
detected, but not quantified. Exactly the same compounds were quantified in another ethanolic extract
of lowbush blueberry leaves, but in this case the measured quantities were almost three-fold higher
than in the study of Harris et al. [44]. Anthocyanins were not detected in any of these studies.

Various members of the Vaccinium genus, other than bilberry, such as Vaccinium macrocarpon
and Vaccinium angustifolium, are reputed to possess antidiabetic activity [71] and have been used
extensively as traditional medicines for the treatment of diabetic symptoms [72]. Martineau et al. [44]
demonstrated the significant antidiabetic activity of lowbush blueberry leaves in vitro with various
cell-based bioassays. However, despite the widespread traditional use against diabetes, screening of
current literature revealed the absence of investigations other than that of Martineau et al. [44].
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The majority of studies focus on the antioxidant activities of blueberry leaves, which are related
to their rich in phenolics composition [47]. In line with these findings, we have also demonstrated
the high antioxidant capacity of V. corymbosum leaf decoction and its capability to bind iron ions [70].
In addition to ferrous chelation activity, in several in vitro experiments we have proven that quercetin
(i) is totally oxidized by selenite ions, and (ii) it chelates calcium ions probably via the hydroxyl groups
of A and B rings of the flavonoids. These observations were related to the protective activity that we
have recorded against selenite-induced ocular cataract and selenite-induced oxidative damage in the
brain and liver of neonatal rats [45,70]. Finally, highbush blueberry leaf extract acts as an antimicrobial
agent, especially against Salmonella typhymurium and Enterococcus faecalis [46].

7. Cranberry (Vaccinium sp.) Leaves

Cranberries are a group of ecergreen dwarf shrubs or trailing vines in the subgenus of oxycoccus
of the genus Vaccinium. In North America, cranberry may refer to V. macrocarpon, V. microcarpon, or
V. erythrocarpon, whereas in Britain, cranberry usually refers to the native V. oxycoccos. In a recent
comparative study, Teleszko et al. [73] analyzed the phytochemical composition of fruits and leaves of
several berry species by UPLC-PDA/FL and LC/MS; among them, cranberry leaves were the second
richest source of phenolics, richer than bilberry and blackcurrant leaves. The major polyphenolic
group was proanthocyanidins, followed by flavonols. Proanthocyanidins (47.18 mg/g dry leaves),
flavan-3-ols (27.76 mg/g), phenolic acids (2.36 mg/g), and flavonols (33.64 mg/g) were in higher
concentration than in the respective fruits [73]. In addition, Neto et al. [74] have performed an
HPLC-MS analysis of the phenolic profile of two cultivars, i.e., in Early Black and Howes; the phenolic
acids are mainly chlorogenic and neo-chlorogenic acid, as well as 3-O- and 5-O-coumaroylquinic acids.
The principle flavonols were hyperoside and quercetin-3-O-rhamnoside, while quercetin-3-O-xyloside
and quercetin-3-O-arabinoside were also detected. Procyanidin A2 was the identified catechin dimer.
Finally, they documented two coumaroyl iridoid isomers (trans- and cis-form) previously reported in
cranberry fruit [75]. All these compounds were in higher content in the cultivar Early Black.

The high phenolic content of cranberry leaves seems to be associated with the significant
antioxidant potential that has been recorded with different methods [73]. Cranberries, however,
are mostly known for their use against urinary tract infections. A randomized, double-blind,
placebo-controlled cross-over experimental trial with 12 participants showed that the consumption of
a cranberry-leaf beverage increased blood glutathione peroxidase activity, indicating its antioxidant
capacity and inhibited the ex vivo adhesion of P-fimbriated Escherichia coli bacteria in urine, suggesting
that cranberry leaf extracts may help to improve urinary tract health [76].

8. Lingonberry (Vaccinium vitis-idaea) Leaves

The green leaves of lingonberry (Vaccinium vitis-idaea) have similar phytochemical profile with
those of bilberry [34,66]. Ieri et al. [66] and Hokkanen et al. [34] have quantified a great number of
phenolics in the methanolic and hydro-alcoholic leaf extracts of lingonberry, respectively. In general,
hydroxycinnamic acids and flavonols were the most abundant compounds. In the methanolic extract,
flavonol content was higher than hydroxycinnamic acids, but in the hydro-alcoholic extract the opposite
was observed, as expected. In both cases, the main acid was 2-O-caffeoylarbutin (12) (14%–35% of total
phenols), which is not present in other berry leaves. Other phenolic acids detected in the methanolic
extract were chlorogenic acid (3.55% of the total combined peak area of all compounds), coumaroyl
quinic acid isomers (3.81%), caffeic acid (0.61%), p-coumaric acid (0.64%), and caffeoyl-shikimic acid
(0.18%) [34]. However, lingonberry leaves contain coumaroyl- and caffeoyl-hexose hydroxyphenols
(1.85% and 1.03% of the total combined peak area of all compounds) which are not present in
bilberry leaves.

With respect to the flavonols, the principle compound was quercetin-3-O-(4”-HMG)-α-rhamnoside
in both studies comprising 5%–6% of total phenols in the hydroalcoholic extract and 32% of the
total combined peak area of all compounds in the methanolic extract. Rutin (7.59% of the total
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combined peak area of all compounds), hyperoside (6.30%), and quercetrin (5.37%) were also detected
in significant amounts in the methanolic extract, while traces of four more quercetin glycosides
were also quantified. Furthermore, very small concentrations of kaempferol glycosides (8.03%),
proanthocyanidins (1.4%), and coumaroyl iridoids (7.4%) were found [34].

Lingonberry leaves have similar traditional uses in folk medicine with the bilberry leaves [66].
They were mainly used as diuretics as well as for their antiseptic activity in urinary tract, probably
due to the high content of tannins, especially arbutin and its derivatives [66]. Recently, the ethanolic
extract of lingonberry leaves has shown significant antitussive, anti-inflammatory, and anti-catarrhal
properties in rats [77]. In addition, Vyas et al. [78] has demonstrated that the acetone extract of these
leaves possesses significant neuroprotective effect in vitro against glutamate-mediated excitotoxicity.

9. Conclusions

Despite their traditional uses, berry leaves are seldom used nowadays, in contrast to berry fruits,
which are considered foods with significant health benefits. However, recent investigations have
revealed that the traditional therapeutic properties of berry leaves may be valid. Moreover, the study
of the phytochemical composition of berry leaves points out that they can be viewed as rich sources
of bioactive natural products, e.g., tannins in raspberry and bilberry leaves, and chlorogenic acid
in blueberry leaves, whereas other berry leaves, such as lingonberry, contain unique phenolics like
arbutins. The phenolic compounds of the leaves are known antioxidant and anti-inflammatory agents
(quercetin and kaempferol derivatives), and have hypoglycemic (cinchonains) and antimicrobial
(ellagitannins) properties. Several studies and reviews have pointed out the anti-inflammatory
activities of naturally-occurring compounds; the most effective are usually the aglycon forms of
flavonoids (quercetin, kaempherol) and most of their actions are related to their ability to inhibit
cytokine, chemokine release, and to be implicated in the molecular paths of the synthesis and/or
action of adhesion molecules [79,80].

Epidemiological and meta-analyses studies suggest an inverse relationship between flavonoid-rich
diets and development of many aging-associated diseases including cancers, cardiovascular disease,
diabetes, osteoporosis, and neurodegenerative disorders [76]. Dietary flavonoids exert their
anti-diabetic effects by targeting various cellular signaling pathways in pancreas, liver, and skeletal
muscle; by influencing β-cell mass and function, as well as energy metabolism and insulin sensitivity
in peripheral tissues [81]. Even though scientific literature specifically on the effectiveness of berry
leaf consumption is extremely limited, the beneficial properties of individual flavonoids in vitro hold
promise of positive outcomes. Nevertheless, in vivo studies with berry leaf extracts to evaluate
modification of various biomarkers of disease and potential toxicity are needed. Additionally,
bioavailability and pharmacokinetic studies in healthy human subjects, as well as carefully-designed
and targeted intervention trials that would evaluate the impact of berry leaf-derived products on the
prevention or the progress of specific disorders, are necessary. The forgotten berry leaves have just been
“re-discovered” and may be viewed as sources of valuable bioactive compounds with health-promoting
and disease-preventing properties.
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Abbreviations

The following abbreviations are used in this manuscript:

DAD Diode Array Detection
EGF Epidermal Growth Factor
EMA European Medicines Agency
ESI Electronspray ionization
HMG Hydroxymethylglutaric acid
HPLC High Performance Liquid Chromatography
HPTLC High Performance Thin Layer Chromatography
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IR Infrared spectroscopy
LC Liquid Chromatography
MS Mass Spectrometry
NMR Nuclear Magnetic Resonance
TOF Time-of-flight
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Abstract: The skin color of grape berry is very important in the wine industry. The red color
results from the synthesis and accumulation of anthocyanins, which is regulated by transcription
factors belonging to the MYB family. The transcription factors that activate the anthocyanin
biosynthetic genes have been isolated in model plants. However, the genetic basis of color variation
is species-specific and its understanding is relevant in many crop species. This study reports
the isolation of MybA1, and MYBCS-1 genes from muscadine grapes for the first time. They are
designated as VrMybA1 (GenBank Accession No. KJ513437), and VrMYBCS1 (VrMYB5a) (GenBank
Accession No. KJ513438). The findings in this study indicate that, the deduced VrMybA1 and
VrMYBCS1 protein structures share extensive sequence similarity with previously characterized plant
MYBs, while phylogenetic analysis confirms that they are members of the plant MYB super-family.
The expressions of MybA1, and MYBCS1 (VrMYB5a) gene sequences were investigated by quantitative
real-time PCR using in vitro cell cultures, and berry skin samples at different developmental
stages. Results showed that MybA1, and MYBCS1 genes were up-regulated in the veràison and
physiologically mature red berry skins during fruit development, as well as in in vitro red cell cultures.
This study also found that in ripening berries, the transcription of VrMybA1, and VrMYBCS1 in the
berry skin was positively correlated with anthocyanin accumulation. Therefore, the upregulation of
VrMybA1, and VrMYBCS1 results in the accumulation and regulation of anthocyanin biosynthesis
in berry development of muscadine grapes. This work greatly enhances the understanding of
anthocyanin biosynthesis in muscadine grapes and will facilitate future genetic modification of the
antioxidants in V. rotundifolia.

Keywords: anthocyanins; antioxidants; MYB gene; pigments; muscadine grapes; MybA1; MYBCS1

1. Introduction

Muscadine grapes (Vitis rotundifolia Michx.) are considered important Vitis species because they
contain several unique flavonoid compounds with beneficial nutraceutical properties [1–3]. They are
the only grapes containing ellagic acid in the skin and possess high antioxidant levels in comparison to
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other fruits [4,5] and contain significantly higher concentration of anthocyanin and phenolic acid [6,7].
Muscadine grapes are also highly resistant to diseases, which enable viticulturists to grow them with
minimal applications of pesticides in regions with high disease pressure [8,9].

Several studies have reported that, the ripening of muscadine berry involves several changes in cell
wall composition that leads to fruit softening [10–12]. Deytieux et al. and Deytieux-Belleau et al. [13,14]
considered these changes to be key phases in growth that can be used to determine the quality of both
wine and table grapes, because they immediately precede harvesting. Grape berry is classified as a
non-climacteric fruit based on its respiration rates, and several studies have suggested that abscisic
acid may play a role in the ripening process, because its increase in concentration correlates with
the ripening of berries [15–17]. Since the biosynthetic pathway of flavonoids in muscadine grapes,
plays an important role in berry development and ripening, greater understanding of the genes that
control such expression is essential. Therefore, investigation of structural and regulatory enzymes that
control the flavonoid biosynthesis pathway in muscadine grapes needs to be studied.

During grape berry development, the onset of maturation begins at véraison, that is, the beginning
of skin color-change in red and black cultivars when anthocyanin pigment accumulation starts in
the skin cells and continues through the ripening phase. Hence, the characterization of skin tissue is
an essential parameter for understanding grape ripening due to its key role in the development
of compounds responsible for the quality of wine. Additionally, grape skins are of increasing
interest because they are metabolically active during development and ripening, and may have
an endocrinal function [18]. The accumulation of anthocyanin pigments in grape berry skin is an
important determination of berry quality. Usually restricted to the skins of berries, these pigments
provide essential cultivar differentiation for consumers and are implicated in the health benefits of
grape berry. In grapes, pigment biosynthesis may be induced by light, particularly ultraviolet (UV)
radiation, stress treatments, and enzymes [19–21]. Several studies have shown that anthocyanin
biosynthetic enzymes are induced in coordination during the developmental process of grape
berries [22–25]. In a study by Espley et al. [26], the authors suggested that, the expression of the
genes encoding the biosynthetic enzymes is coordinately regulated by transcriptional regulatory
proteins. Other studies have also reported that transcription factors (TFs) are involved in the regulation
of genes in the anthocyanin biosynthetic pathway and the components of the regulatory complex
controlling anthocyanin biosynthesis are conserved in higher plants [27]. According to Martin and
Paz-Ares [28], MYB TFs have been shown to play an important role in transcriptional regulation of
anthocyanins, indicating that plant MYBs control secondary metabolic pathways, plant development,
and signal transduction [29]. The characteristics of these MYBs involve the structurally conserved
DNA-binding domain consisting of single or multiple imperfect repeats and the ones associated with
the anthocyanin pathway are of the two-repeat (R2R3) class [26].

The regulation of MYBs can also be specific to discrete subsets of structural genes acting early
or late in the anthocyanin biosynthetic pathway [30]. In Arabidopsis thaliana, Stracke et al. [31]
stated that, there are 126 R2R3 MYB TFs, which can be divided on the basis of their sequence into
24 subgroups. However, the R2R3 MYB factors that regulate anthocyanin biosynthesis have been
shown to interact closely with basic helix-loop-helix (bHLH) TFs as reported by Mol et al. [32] and
Winkel-Shirley [33]. MYB genes have also been studied in grapes [34–36] and determined to be
involved in anthocyanin biosynthesis. Numerous studies [34,37–39], have determined that many
of the white grape cultivars arose from multi-allelic mutations of the MYBA1 and MYBA2 genes,
which control the final biosynthetic steps of anthocyanin synthesis. This is a glycosylation reaction
mediated by the UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT). Similarly, Deluc et al. [35],
determined that MYB5a and MYB5B are involved in regulating several flavonoid biosynthesis steps.
Six MYB transcription factors (MYBA1, MYBA2, MYB5a, MYB5b, MYBPA1, and MYBPA2) have been
reported to be associated with the regulation of the structural genes in the flavonoid pathway [40].
Although studies of MYB genes as transcriptional regulators of the flavonoid pathway genes have been
investigated in V. vinifera varieties, to date this has not been done in muscadine grapes. The control of
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anthocyanin accumulation in muscadine grapes is a key question in understanding and manipulating
the color of the berries and in vitro cell lines. Identification of the factors that exert this control will
provide tools for moderating the extent and distribution of anthocyanin-derived pigmentation in
berries and cell tissues of muscadine grapes. In this study, we isolated, and cloned MybA1, and MYBCS1
(VrMYB5a) from the berry skins of muscadine grapes for the first time. The gene sequences were then
characterized using in silico analysis and eventually deposited in the GenBank. We also analyzed the
transcriptional profile of these two genes in muscadine berry skin across three developmental stages
using real-time PCR. We discovered a high coordination between transcription regulation of VrMybA1,
and VrMYBCS1 (VrMYB5a) with the accumulation profile of total anthocyanin in the development
stages. The results from this study provide new knowledge on the characteristics of MYB genes in
muscadine grapes.

2. Materials and Methods

2.1. Plant Materials, Growth Conditions, and Cell Culture Maintenance

Berry skins and red cell lines of muscadine grapes (“Noble” var.) were used in this study.
Berries were harvested from the Florida A & M University vineyard at three different development
stages (green, veraison, and physiological maturity). Veràison refers to the onset of ripening,
while physiological maturity refers to berries with brix of 18 and above and ready for harvesting.
Berries that were free of physical injuries and similar in size at every stage were chosen for mRNA
extraction. They were washed with distilled water; the skins were peeled and immediately frozen
with liquid nitrogen and stored at −80 ◦C until use. In vitro red cell cultures established from
super-epidermal cells of red berries of muscadine grapes [41] were also used in this study. The cells
were grown in a growth chamber at 23 ◦C under a white light (150 μE·m−2·s−1) with a 16 h light/8 h
dark cycle. The developed callus produces anthocyanin that is red in color. Solid culture mediums
were used to grow and maintain the cells. Grape cell cultures were maintained in B-5 media as
previously described by reference [4,42]. The cells in solid media were sub-cultured every 30 days and
cell suspensions were transferred to fresh liquid media every 12 days. To transfer the cells, light forceps
were gently used to scoop off the top layers of the cells. They were gently spread onto new culture
media in three medium size layers in each plate in order to give the cells enough room to multiply.
In the liquid medium, approximately 2.5 mL of the cell suspension was transferred into a 25 mL
Erlenmeyer flask with B-5 liquid medium and placed on a shaker at 135 rpm.

2.2. RNA Extraction, Gel Electrophoresis and cDNA Synthesis

Samples were prepared from the skins (green, veràison, and physiologically mature berries) as
well as cell lines of “Noble” grape. Total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s protocol. RNA was quantified using Nanodrop
3300 (Thermo Scientific, Swedesboro, NJ, USA), and the inactivity was inspected by formaldehyde
agarose gel electrophoresis. Purified RNA was treated with RNase-free DNAse 1, and immediately
frozen to −20 ◦C. Formaldehyde gel electrophoresis (1% agarose) was used to evaluate the RNA
quality. The gel apparatus (including the gel tray and comb) was treated with RNase AwayTM

(Molecular Bio-Products, Inc., San Diego, CA, USA) and rinsed with distilled water. Total RNA was
used in primary gene expression profiling. The SuperScript First-strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA, USA) was used to synthesize cDNA in a 20 mL reaction containing 1 mg of
DNase I-treated total RNA, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2.5 mM MgCl2, 10 mM dithiothreitol,
0.5 mg oligo (dT), 0.5 mM each of dATP, dGTP, dCTP, and dTTP, and 200U SuperScript II Reverse
Transcriptase. RNA, dNTPs, and oligo (dT) were mixed first, heated to 65 ◦C for 5 min, and placed on
ice until the addition of the remaining reaction components. The reaction was incubated at 50 ◦C for
50 min, and terminated by heat inactivation at 85 ◦C for 5 min. The cDNA product was treated with
1 μL of Rnase H (Invitrogen) for 20 min at 37 ◦C. An identical reaction without the reverse transcriptase
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was performed to verify the absence of genomic DNA (no-RT control). The cDNA was stored at −20 ◦C
until it was ready for use.

2.3. Isolation of the VrMybA1, and VrMYBCS1 (VrMYB5a) Genes

To isolate MybA1, and MYBCS1 cDNA clones from muscadine grapes, primers were designed
based on the basis of conserved amino acid sequences of several published MybA1 and MYBCS1
sequences from other plants to amplify the CDS region. Based on the sequences of published
genes and specific sequences of V. vinifera MybA1 and MYBCS1 (NCBI accession numbers
AB097923, and AY555190), two fragments were amplified from cDNA by the primers MybA1-F:
5′-CACCATGGAGAGCTTAGGAGTTAGA-3′ and MybA1-R: 5′-GATCAAGTGATTTACTTGTGT-3′,
for VrMybA1 and primers MYBCS1-F: 5′-CACCATGAGAAATCCGGCATCTGC-3′ and MYBCS1-R:
5′-GGGAGACATGGAGTGTTTTTGA-3′, for VrMYBCS1. cDNA synthesized from mRNA of the
veràison berry skins was used as a template. A high fidelity polymerase (Promega, Madison, WI,
USA) was used for PCR using the following program: 95 ◦C for 5 min, then 35 cycles of 95 ◦C for
50 s, 55 ◦C for 50 s, and 72 ◦C for 90 s; followed by elongation at 72 ◦C for 10 min. The PCR products
were separated by 1% agarose gel electrophoresis, and strong bands were clearly detected at 530 bp
and 760 bp, respectively representing MybA1 and MYBCS1. The agarose gel slice containing the DNA
fragment of interest was purified by DNA gel extraction kit (Qiagen, Valencia, CA, USA) according to
the operator’s manual.

2.4. Cloning and Sequencing of VrMybA1, and VrMYBCS1 (VrMYB5a) Genes

The PCR fragments of VrMybA1, and VrMYBCS1 (VrMYB5a) genes were subsequently purified
and cloned into pGEM-T Easy Vector (Promega). Vectors and PCR-amplified products were mixed and
ligated overnight at 4 ◦C and transformed into Escherichia coli strain JM109. The putative recombinant
plasmid-pGEM-MybA1 and pGEM-MYBCS1 were extracted for PCR analysis, and strong bands were
clearly detected at 530 bp and 760 bp, respectively confirming the presence of the MybA1 and MYBCS1
inserts. The pGEM-MybA1 and pGEM-MYBCS-1 plasmids were sequenced from both ends at Eurofins
MWG/Operon (Huntsville, AL, USA). The sequences were compared with the genes in the GenBank
database using BLAST program from the National Center for Biotechnology Information (NCBI),
which indicated that the PCR product had 99% identity in the activity site with the reported Vitis
MybA1 and MYBCS1, which confirmed that the obtained genes are muscadine MybA1 and MYBCS1.

2.5. Bioinformatics Analysis

The deduced amino acid sequence of VrMybA1, and VrMYBCS-1 were aligned using the BioEdit
Sequence Alignment Editor, version 5.0.9 (Department of Microbiology, North Carolina State University,
Raleigh, NC, USA) [43]. Theoretical molecular weights (MW) and isoelectric points (pI) were calculated
using the Compute pI/Mw tool (http://web.expasy.org/compute_pi/). Putative target localization of
VrMybA1, and VrMYBCS1 was predicted by using WoLF PSORT (http://psort.hgc.jp/form.html) [44].
The phylogenetic tree was constructed using an online program (http://www.phylogeny.fr/) [45].
The three-dimensional (3D) structure was built using the SWISS-MODEL program and illustrated with
the PyMOL viewer.

2.6. Expression Pattern in Different Berry Stages and in Cell Cultures

The expression levels of VrMybA1, and VrMYBCS1 genes at three stages of muscadine berry skin
developments were determined by RT-PCR, using SYBR green method on a CFX96 real-time cycler
(BIO-RAD, Hercules, CA, USA). Relative quantitative real-time PCR reactions were performed in a
96-well plate to monitor cDNA amplification, according to the manufacturer’s protocol. As a control,
a parallel amplification reaction of Actin (a housekeeping gene) was performed. Each primer set
was designed based on the 3′-end cDNA sequence of the corresponding gene. The specific primers
used for RT-PCR were as follows: for VrMybA1 5′-GGAATAGATCCCAGAACCCAC-3′ (Forward),
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and 5′-TGGTTGCTTCCAATTTCTCCC-3′ (Reverse), giving a product of 140 bp and VrMYBCS-1
5′-GAGGTTGATCTCATGATTAGG-3′ (Forward), and 5′-TGGAACTGAACCTCCTTTTTG-3′ (Reverse),
giving a product of 180 bp; for Actin 5′-TAGAAGCACTTCCTGTGGAC-3′ (Forward) and
5′-GGAAATCACTGCACTTGCTC-3′ (Reverse), giving a product of 120 bp. Each PCR reaction (20 μL)
contained 0.6 μL primer F, R (10 μM), 1 μL cDNA (10 ng), and 10 μL SsoAdvancedTM SYBR® Green
Supermix (Bio-Rad, Hercules, CA, USA). The RT-PCR conditions were: 1 cycle at 95 ◦C for 3 min;
35 cycles at 95 ◦C for 10 s and 60 ◦C (VrMybA1, VrMYBCS-1, and Actin) for 30 s, followed by a melt
cycle from 65.0 ◦C to 95.0 ◦C. Three replicates of all RT-PCR reactions were carried out on each sample.
Amplification efficiency of all primers used was primarily determined prior to sample investigation.
Relative expression values were firstly calculated as 2−ΔCT, normalized against the internal control
Actin gene. The maximal expression level of each gene observed served as a calibrator (1.0) respectively,
and the rest was expressed as ratios in relation to the calibrator (relative expression ratio).

2.7. Analysis of Total Anthocyanin in the Berry Skins

Approximately 2 g of fresh tissue (callus and/or skins) were kept frozen at −80 ◦C,
then homogenized with Bio Homogenizer (Biospec Products, Inc., Bartsville, OK, USA) at 5000 rpm
for, 5 min, in 10 mL extraction solvent (Methanol: 1% HCl—1:1). It was then centrifuged for 15 min
(4 ◦C) (Eppendorf 5804R, Swedesboro, NJ, USA) at 11,000 rpm. The supernatant was collected and the
residue was homogenized and re-extracted two more times. The extract was combined and filtered
through a 0.45 μm syringe filter and used for total anthocyanin assay.

The pH differential spectrophotometric method was used to measure total anthocyanin
content [46]. Two portions of anthocyanin extracts were diluted (using pre-determined dilution factor)
with potassium chloride buffer (0.025 M, pH 1.0) and sodium acetate buffer (0.4 M, pH 4.5), respectively.
After 15 min, the absorbance of both dilutions was measured at 520 nm and 700 nm against water
(Ultrospec 3100 Pro UV-Vis Spectrophotometer, GE Healthcare, Piscataway, NJ, USA). The corrected
absorbance of the diluted sample and the monomeric anthocyanin pigment concentrations were
calculated as described elsewhere [46]. The total monomeric anthocyanin concentration was expressed
as mg cyanidin-3,5-diglucoside equivalents (molecular weight = 611.5254, molar absorptivity ε = 30175)
per g dry weight (DW). Dry weights of muscadine berries skins and callus tissue were determined
using MJ33 Compact Infrared Moisture Analyzer (Mettler Toledo, Greifensee, Switzerland).

3. Results

3.1. Isolation and Cloning of VrMybA1 and VrMYBCS1 Genes from Muscadine Berry Skin Tissues

Based on the alignment of homologous sequences from other plants, primer pairs were designed to
amplify VrMybA1 and VrMYBCS1. Using the homologous amplification method, these two regulatory
genes were amplified successfully from the red grape skins. Agarose gel electrophoresis detection
showed that the specific bands were 530 bp and 760 bp for VrMybA1 and VrMYBCS1, respectively,
which was consistent with the expected size based on the primer design. These bands were cloned and
sequenced, and the exact sizes of VrMybA1 and VrMYBCS1 were determined to be 536 bp and 765 bp
in length. After analysis and comparison of the sequences, we determined that the fragments had high
similarity with known MybA1 and MYBCS1 genes from other plant species. The sizes obtained encoded
protein sizes with 175 and 255 amino acid (AA) residues for VrMybA1 and VrMYBCS1, respectively
(Figures 1 and 2). The trimmed nucleotide sequences of VrMybA1 and VrMYBCS1 genes coding for
proteins were submitted to the NCBI/GenBank database under the following accession numbers:
VrMybA1 (KJ513437) and VrMYBCS1 (KJ513438). The results of homology BLAST showed that both
MYB genes cloned in this study shared high sequence identity, ranging from 97% to 99%, with cDNA
sequences from other species in the Vitis family in the NCBI/GenBank database. The deduced amino
acid sequences showed high similarity (Figure 3A,B), and the three-dimensional (3D) structure of
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muscadine VrMybA1 and VrMYBCS1 (Figure 4) shared 90.3% similarity with the template. This further
facilitated the positive identification of VrMybA1 and VrMYBCS1.

 
1         ATGATTAGGCTTCACAATTTGTTGGGGAACAGATGGTCCTTGATTGCGGGTAGGCTTCCA 
1          M  I  R  L  H  N  L  L  G  N  R  W  S  L  I  A  G  R  L  P  
 
61        GGGAGGACTGCTAATGATGTCAAGAACTATTGGCATAGTCACCACTTCAAAAAGGAGGTT 
21         G  R  T  A  N  D  V  K  N  Y  W  H  S  H  H  F  K  K  E  V  
 
121       CAGTTCCAGGAAGAAGGGAGAGATAAACCCCAAACACATTCTAAAACCAAAGCTATAAAG 
41         Q  F  Q  E  E  G  R  D  K  P  Q  T  H  S  K  T  K  A  I  K  
 
181       CCTCACCCTCACAAGTTCTCCAAAGCCTTGCCAAGGTTTGAACTAAAAACTACAGCTGTG 
61         P  H  P  H  K  F  S  K  A  L  P  R  F  E  L  K  T  T  A  V  
 
241       GATACTTTTGACACACAAGTCAGTACTTCCAGTAAGCCATCATCCACGTCACCACAACGG 
81         D  T  F  D  T  Q  V  S  T  S  S  K  P  S  S  T  S  P  Q  R  
 
301       AATGATGACATCATATGGTGGGAAAGCCTGTTAGCTGAGCATGCTCCAATGGATCAAGAA 
101        N  D  D  I  I  W  W  E  S  L  L  A  E  H  A  P  M  D  Q  E  
 
361       ACTGACTTTTCGGCTTCTGGAGAGATGCTTATCGCAAGCCTCAGGACAGAAGAAACTGCA 
121        T  D  F  S  A  S  G  E  M  L  I  A  S  L  R  T  E  E  T  A  
 
421       ACACAGAAAAAGGGACCCATGGATGGTATGATTGAACAAATCCAGGGAGGTGAGGGTGAT 
141        T  Q  K  K  G  P  M  D  G  M  I  E  Q  I  Q  G  G  E  G  D  
 
481       TTTCCATTTGATGTGGGCTTCTGGGATACACCCAACACACAAGTAAATCACTTGAT 
161        F  P  F  D  V  G  F  W  D  T  P  N  T  Q  V  N  H  L  

Figure 1. The complete cDNA sequence and amino acid sequence of the protein encoded by MybA1
(GenBank accession number: KJ513437).

1         ATGAATTATCTTCGGCCGTCAGTGAAGCGCGGCCAGATAGCTCCCGATGAGGAAGATCTC 
1          M  N  Y  L  R  P  S  V  K  R  G  Q  I  A  P  D  E  E  D  L   
 
61        ATTCTTCGCCTCCATCGCCTGCTCGGTAACAGGTGGTCTCTGATTGCCGGAAGGATCCCG 
21         I  L  R  L  H  R  L  L  G  N  R  W  S  L  I  A  G  R  I  P   
 
121       GGGCGTACAGACAATGAGATCAAGGACTACTGGAACACCCATCTCAGCAAGAAACTCATC 
41         G  R  T  D  N  E  I  K  D  Y  W  N  T  H  L  S  K  K  L  I   
 
181       AGCCAAGGAATAGATCCCAGAACCCACAAGCCACTAAACCCTAAACCTAATCCATCACCA 
61         S  Q  G  I  D  P  R  T  H  K  P  L  N  P  K  P  N  P  S  P   
 
241       GATGTTAATGCTCCTGTGTCAAAATCAATTCCAAATGCAAACCCTAACCCTAGTTCTTCC 
81         D  V  N  A  P  V  S  K  S  I  P  N  A  N  P  N  P  S  S  S   
 
301       CGGGTGGGAGAAATTGGAAGCAACCATGAGGTCAAGGAGATTGAAAGTAATGAAAATCAC 
101        R  V  G  E  I  G  S  N  H  E  V  K  E  I  E  S  N  E  N  H   
 
361       AAGGAGCCGCCTAACCTGGATCAGTATCACAGTCCACTTGCGGCCGATAGCAATGAGAAT 
121        K  E  P  P  N  L  D  Q  Y  H  S  P  L  A  A  D  S  N  E  N   
 
421       TGGCAAAGCGCAGATGGGTTGGTAACGGGACTACAAAGCACCCATGGTACCAGCAACGAT 
141        W  Q  S  A  D  G  L  V  T  G  L  Q  S  T  H  G  T  S  N  D   
 
481       GACGAAGACGATATCGGGTTCTGCAACGACGATACATTCTCTTCATTTTTGAATTCTTTG 
161        D  E  D  D  I  G  F  C  N  D  D  T  F  S  S  F  L  N  S  L   
 
541       ATTAACGAGGATGTGTTTGGAAATCATAATCATCATCAGCAGCAGCAACAGCAACAGCAG 
181        I  N  E  D  V  F  G  N  H  N  H  H  Q  Q  Q  Q  Q  Q  Q  Q   
 
601       CTGCAGCAGCTGCAGCAGCCATCTAATGTGATTGCACCATTGCCCCACCCAGCAATTTCT 
201        L  Q  Q  L  Q  Q  P  S  N  V  I  A  P  L  P  H  P  A  I  S   
 
661       GTGCAGGCCACCTTCAGTAGTAGCCCTAGAACTGTCTGGGAACCTGCTGCACTAACATCT 
221        V  Q  A  T  F  S  S  S  P  R  T  V  W  E  P  A  A  L  T  S   
 
721       ACATCGGCTCCTTTAGTCCACGATCAAAAACACTCCATGTCTCCC 
241        T  S  A  P  L  V  H  D  Q  K  H  S  M  S  P 

Figure 2. The complete cDNA sequence and amino acid sequence of the protein encoded by MYBCS1
(GenBank accession number: KJ513438).
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Figure 3. Amino acid sequence alignment of MybA1 (A); and MYBCS1 (B) proteins from
different plant species. Residues highlighted in blue represent identical and similar amino acids,
respectively. The alignment was performed using multi-align software as defined in the Materials and
Methods section.

 

Figure 4. The computational modeled three dimensional structure of muscadine MybA1 (A);
and MYBCS-1 (B).

3.2. Sequence Analysis of VrMybA1 and VrMYBCS1

Sequence analysis indicated that VrMybA1 and VrMYBCS1 were 536 bp and 765 bp in length with
121 and 253 bp on the 5′- and 3′-untranslated regions (UTRs), respectively for VrMybA1 and 186 bp and

147



Antioxidants 2016, 5, 35

186 bp on the 5′- and 3′-UTRs, respectively for VrMYBCS1. The cDNA contained an open reading frame
(ORF) of 536 bp for VrMybA1 and 765 bp for VrMYBCS-1 encoding 178 AA and 255 AA, respectively
(Figures 1 and 2). The deduced molecular mass (MW) of VrMybA1 protein was 20.2 kDA, with an
isoelectric point (pI) of 6.3. For VrMYBCS-1 protein, the MW was 28.3 kDa with the pI of 5.65. SMART
program (http://smart.embl-heidelberg.de/), was used to predict functional sites and results indicated
there was a SANT domain, implicated in chromatin-remodeling and transcription regulation, between
Trp85 and Phe135 for VrMybA1 (E-value 7.24 × 10−2) and for VrMYBCS-1 (E-value 2.29 × 10−13).
The domain SANT/MYB of VrMybA1 and VrMYBCS-1 and their orthologues were compared with
that of typical MYB domains found in plant MYB domain proteins, and with SANT domain often
presented in proteins participating in response to anthocyanin accumulation. There was a broader
search for genes with high homology to VrMybA1 and VrMYBCS-1 protein in other plant species and
we found that VrMybA1 and VrMYBCS-1 contained a highly conserved DNA binding domain that was
very similar to the DNA binding domains of other plant MYBs. The R2R3 imperfect repeats that bind
to the target DNA sequences and are highly conserved among R2R3-MYB proteins were contained at
the amino terminal. In VrMYBCS-1, there was a shorter sequence that is related to maize transcription
factor activator C1 [47], and is needed to interact with a basic helix-loop-helix cofactor [35]. In addition
to the C1 motif, a Gln-rich domain, QQQQQQQQLQQLQQP was identified. This motif resembles
that found in VvMYB5a by reference [35]. Therefore, this study confirms that we have positively
isolated and identified VrMybA1 and VrMYBCS-1 in muscadine grapes. This is very important in
understanding the metabolic flux in the anthocyanin biosynthetic pathway of muscadine grapes.

A phylogenetic tree based on amino acid alignment of VrMybA1 and VrMYBCS-1 and related
proteins with SANT (Swi3, Ada2, N-Cor, and TFIIIB) and MYB domains was constructed using the
neighbor-joining method of MEGA 4.0 [48]. The dendrograms indicated that VrMybA1 and VrMYBCS1
belong to a distinct cluster of MYB proteins from Vitis species (Figure 5A,B). MybA1 from different
organisms were divided into three groups: I, II, and III (Figure 5A), and MYBCS1 was also divided
into three groups: I, II, and III (Figure 5B). VrMybA1 from V. rotundifolia belonged to the subgroup II
that is close to the V. vinifera and MYBCS1 from V. rotundifolia belonged to the subgroup II, which is
also in the same clade as V. vinifera. Even though members of each subgroup have close relationships,
the study of this relationship through phylogenetic analysis has enabled us to visualize how evolution
has produced changes in the MYB gene family.

 
Figure 5. Comparison of the deduced amino acid sequences of R2R3-type MYB transcription factors
from higher plants. (A) A phylogenetic tree for plant MybA1 transcription factors; (B) A phylogenetic
tree for plant MYBCS1 transcription factors including the one isolated from muscadine grapes
(V. rotundifolia) in the present study.
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3.3. Expression of VrMybA1 and VrMYBCS1 Genes in Berry Skins Are Influenced by Physiological Changes

Real-time PCR was carried out to investigate the expression patterns of VrMybA1 and VrMYBCS1
genes induced by the physiological changes during grape berry developmental (Figure 6A–D).
Real-time PCR analysis showed that the relative expression of MybA1 (Figure 6I) and MYBCS1
(Figure 6II) was significant among the tested samples. Expressions of these genes were not detected at
the green stage. But at veràison, the skin color starts to change from green-to-red and the expressions
of VrMybA1 and VrMYBCS-1 genes were already detectable in the red skin tissues. In the skins of
physiologically mature berries, red pigments were actively developed, and levels of VrMybA1 and
VrMYBCS-1 gene transcripts were greatly induced. To determine the contribution of VrMybA1 and
VrMYBCS-1 in the flavonoid pathway of V. rotundifolia, the expression levels of these genes were
analyzed in the in vitro cell cultures. The data obtained indicated that the expression levels of MybA1
and MYBCS-1 were significantly higher in the in vitro red cell lines as compared to that observed in
the green, veràison, and mature skin tissues (Figure 6). Thus, this study confirms that MybA1 and
MYBCS-1 play an important role in the accumulation of anthocyanin in V. rotundifolia.

Figure 6. Plant samples used in the experiment (A) (Red cells); (B) (Mature berries); (C) (Veràison
berries); and (D) (Green berries) and mRNA expression levels of VrMybA1 (I); and VrMYBCS-1 (II)
genes in different developmental stages of muscadine grape berry skins. The values are expressed
relative to a level of transcription (I) the veràison, which was set as 0.1. Values are the means of three
replicates ± SE.
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3.4. Anthocyanin Accumulation in the Berry Skin and Cell Cultures

Total anthocyanin was measured in the three phenotypes of berry skins (green, veràison, and
physiologically mature). Total anthocyanin content was high in the in vitro red cell cultures and at a
late stage of berry development or physiologically mature berry skins (Figure 7). The analysis indicated
that anthocyanin accumulates progressively during berry development. It starts to accumulate on
the berry skin at veràison and increases until it maximizes at physiological maturity. Comparatively,
anthocyanin was low or non-existent at the green developmental stage (Figure 7). These results are
consistent with the results shown in Figure 6I,II, where the red and green skin color differences were
observed progressively in different stages of berry development. From these results, we can deduce
that the accumulation of anthocyanin pigments in berry skin is likely influenced by the progressive
expression of VrMybA1 and VrMYBCS-1.

Figure 7. Analysis of anthocyanin accumulation in in vitro cell cultures (Callus), as well as in different
development stages of muscadine berry skins (Mature, Veriason, and Green skins). Mean values
with different small letters (a–d) are significantly different at (p = 0.01). The accumulation pattern of
anthocyanins follows the pattern of expression of VrMybA1, and VrMYBCS-1.

4. Discussion

MYB represent the largest number of proteins with active functions in numerous plant species.
Thus far, 190 have been deduced in Arabidopsis, 156 in rice, and more than 200 have been identified
in maize [49–51]. MYB transcriptional regulators contain conserved DNA-binding domains that are
usually composed of one, two, or three imperfect 51 or 52 residue repeats (R1, R2, and R3). Each repeat
encodes three α-helices, with the second and third helices forming a helix–turn–helix (HTH) structure
when bound to DNA [52,53]. In plants, the overwhelming majority of MYB proteins are classified into
a subfamily characterized by the presence of R2R3 motifs.

The genetics and biochemistry of anthocyanins and flavonoid biosynthesis in plant organ
pigmentation are well established in model species. Although the molecular and biochemical
characterization of MybA1 and MYBCS-1 or analogous genes in plants have been studied, most of the
studies were carried out in model plant species, such as Arabidopsis, tobacco, and rice. However, MybA1
and MYBCS-1 or its analogues in muscadine grapes (Vitis rotundifolia), have not been reported before.
The focus of this study was to investigate the existence and expression of MybA1 and MYBCS-1
in muscadine grapes and their possible involvement in anthocyanin biosynthesis. The cloning,
characterization and expression of MybA1 and MYBCS-1 genes from muscadine grapes will create the
possibility of elucidating the biosynthetic pathway in V. rotundifolia, which is now under intensive
investigation in our laboratory.
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Although regulatory genes as well as structural genes in flavonoid pathway have been isolated
in other plant species, there are currently no reports of VrMybA1 and VrMYBCS-1 in V. rotundifolia.
The results indicated that VrMybA1 and VrMYBCS-1 are key enzymes in the anthocyanin-pigmentation
pathway of V. rotundifolia, and the two genes are responsible for the formation of anthocyanin in
the berry skins as well as the in vitro cell lines of V. rotundifolia. Flavonoids are responsible for
many medical applications of grapes; therefore, the manipulation of the flavonoid biosynthetic
pathway in muscadine grape cell cultures would provide an alternative to harvesting bioactive
compounds from the grape cells [3,4]. MybA1 and MYBCS-1, are key enzymes of the anthocyanin
biosynthetic pathway, and can regulate the structural genes and catalyze the reaction(s) from the
colorless leucoanthocyanidins to the colored anthocyanidins. The present research on isolation
and characterization analysis of MybA1 and MYBCS-1 from muscadine grapes will provide new
research opportunities for the overall metabolic flux control toward the targeted products using genetic
engineering strategies.

5. Conclusions

In the present study, we successfully isolated and characterized two MYB genes (VrMybA1 and
VrMYCS-1) from muscadine grapes and analyzed their expression profiles in different stages of berry
development as well as in in vitro cell lines for the first time. Phylogenetic relationship constructed
based on the putative amino acid sequences demonstrated that VrMybA1 and VrMYCS-1 were most
closely related to V. vinifera, among the surveyed plant species. Multiple alignments of amino acid
sequences of VrMybA1 and VrMYCS-1 in relation to others showed that they have many active sites
that are well-conserved in different plant species. Our data revealed that transcripts levels of VrMybA1
and VrMYCS-1 were influenced by the accumulation of anthocyanins in the berry skins and cell
lines, implying that they play a vital role in anthocyanin accumulation. Therefore, VrMybA1 and
VrMYCS-1 could be considered as potential targets in genetic engineering for producing transgenic
plants with improved anthocyanin accumulation. To gain greater insight into the functions of VrMybA1
and VrMYCS-1 in anthocyanin accumulation in muscadine grapes, further research will focus on the
analysis of VrMybA1 and VrMYCS-1 in transgenic V. rotundifolia plants and cell lines.
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