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Preface to “Health-Promoting Components of Fruits 
and Vegetables in Human Health” 

It is well accepted that diets rich in colorful fruits and vegetables are linked to health longevity, and 
a reduced risk for the development of chronic diseases. Fruits and vegetables are major sources of dietary 
bioactive compounds, defined by the U.S. National Institutes of Health (NIH) as “compounds that are 
constituents of foods and dietary supplements, other than those needed to meet basic human nutritional 
needs, which are responsible for changes in health status.” These compounds are generally thought to be 
safe in food at normal consumption levels (e.g., anthocyanins in berries). Their biological activities may be 
dependant of the presence of a single compound (e.g., lutein in spinach) or class of compounds (e.g., 
avenanthramides in oats) for which optimal effects may be achieved through consumption of mixtures 
where the exact identity and composition are often unknown. Classes of similar compounds are 
commonly found in similar types of plants; however, their ratios and relative concentrations in the food 
can vary significantly because of environmental influences, such as cultivation, soil, altitude, and weather 
conditions. Substantial scientific evidence is available for some health promoting bioactives, including 
dose-response relations, and statistically significant relations with improved physiologic performance 
and/or reduction in the risk of chronic disease. Although mixtures and/or specific bioactives may have a 
marked effect on human health, it should be recognized that they are not pharmaceuticals and their 
intended use should be in helping consumers to achieve healthier lifestyles and maintain or extend 
normal physiological functions during the process of aging through consumption of fruits and vegetables. 
Critical to the field of nutrition science will be development of dietary recommendations for bioactives. 
However, several limitations relating to absorption, distribution, metabolism and excretion of many 
dietary bioactives still exist and must be better understood in the scientific literature.  

This book has the purpose of effectively and accurately communicating modern-day research to a 
large group of scientific audiences ranging from university classrooms to industry product developers 
and basic researchers in the fields of nutrition and food science. The search for an international assortment 
of expert scientists working on the health-promoting components of fruits and vegetables who were 
qualified to contribute manuscripts to this book were indeed an exciting editorial challenge. The 
interdisciplinary range of content that is covered by the different manuscripts made this work particularly 
intellectually stimulating. We would like to personally thank each contributing author for their dedication 
to producing a high-quality manuscript for this book (a reproduction of a Special Edition of the journal 
Nutrients). The unique expertise of each distinguished scientist in their particular field makes this book 
authoritative and cutting-edge.  

It is our hope that this book will strengthen our understanding of how many dietary bioactive 
compounds from fruits and vegetables, influence long-term health maintenance and disease prevention. 

M. Monica Giusti and Taylor C. Wallace 
Special Issue Editors 
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Abstract: Nowadays, healthy eating is increasing the demand of functional foods by societies as
sources of bioactive products with healthy qualities. For this reason, we tested the safety of the
consumption of Borago officinalis L. and its main phenolic components as well as the possibility
of its use as a nutraceutical plant to help in cancer prevention. The in vivo Drosophila Somatic
Mutation and Recombination Test (SMART) and in vitro HL-60 human cell systems were performed,
as well-recognized methods for testing genotoxicity/cytotoxicity of bioactive compounds and plant
products. B. officinalis and the tested compounds possess antigenotoxic activity. Moreover, B. officinalis
wild type cultivar exerts the most antigenotoxic values. Cytotoxic effect was probed for both cultivars
with IC50 values of 0.49 and 0.28 mg¨ mL´1 for wild type and cultivated plants respectively, as well
as their constituent rosmarinic acid and the assayed phenolic mixture (IC50 = 0.07 and 0.04 mM
respectively). B. officinalis exerts DNA protection and anticarcinogenic effects as do its component
rosmarinic acid and the mixture of the main phenolics presented in the plant. In conclusion, the
results showed that B. officinalis may represent a high value plant for pleiotropic uses and support its
consumption as a nutraceutical plant.

Keywords: Borago officinalis; health; safety; dietary bioactives; vegetables; SMART; HL-60;
cancer prevention

1. Introduction

Healthy eating is one of the most pursued objectives in today’s society. The increased demand
for food with protection properties against diseases has made herbal products a principal target for
industry requirements and government recommendations. In this sense, people usually search for
plants according to their well recognized benefits for human health, and most commonly herbal
components are considered commercial products [1]. However, reports that show protective effects in
some species are often conflicting or present variable results.

Borage (Borago officinalis L., Boraginaceae), also known as starflower, is a native annual plant
in the Mediterranean region that has been used since ancient times for culinary and medicinal
purposes, for the treatment of swelling and inflammation, respiratory complaints and melancholy
(“I, Borage, bring always courage,” translation of the old verse “Ego borago gaudia semper ago”) [2].
Also, health properties such as anti-obesity, diuretic, emollient, lenitive, laxative, anti-anemic,
menstrual analgesic and antipyretic properties are recorded [3–5]. In this sense, borage leaves (>60%
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of the plant matter) are considered by industries as a by-product, so it could be used as an economic
source of healthy products [6].

Vegetable use of borage is common in Germany (as an ingredient in green sauce, made in
Frankfurt), Crete and in the Italian region of Liguria (to fill traditional ravioli pasta). Vegetable borage
is also very popular in the cuisine of the Spanish regions of Aragon and Navarra (i.e., boiled and sautéed
with garlic, served with potatoes). Borage is used by naturopathic practitioners in the regulation of
metabolism and the hormonal system, being considered a good remedy for premenstrual syndrome and
menopause symptoms, such as hot flashes [7,8]. In Iran, people make tea (Gol Gav Zaban tea) to relieve
colds, flu, bronchitis, rheumatoid arthritis, and kidney inflammation [9]. Recently, interest in borage
has been renewed because its seeds appear to be the richest known plant source of gamma linolenic
(all cis-6,9,12 octadecatrienoic) acid (GLA), which is an intermediate of indispensable compounds
in the body, such as prostaglandin E1 and its derivatives [10–14]. All these facts have generated an
increasing interest in B. officinalis production and researchers are now establishing the best management
practices in order to optimize crop performance [15,16]. Furthermore, borage is used by industries
as an antioxidant due to its bioactive compound content, i.e., phenolics, responsible for most plant
properties [17–19]. The phenolic content of edible parts (leaves and petioles) of B. officinalis had been
previously determined, with rosmarinic, syringic and sinapic acids being the major phenolics in all
plant growth stages [20–22]. These three compounds act as bioactive molecules and exert antioxidant
and anti-inflammatory properties [23–25]. Specially, rosmarinic acid is investigated and employed by
the food and pharmaceutical industries [26].

The complexity of plant composition and the human digestion process requires validated models
that represent this relation as closely and in a manner as valuable for research as possible. For this
reason, we have selected the in vivo Drosophila melanogaster and in vitro HL-60 human cancer cell system
as two complementary, sensitive, low-cost and rapid eukaryotic assays, able to detect the potential
mutagenic and carcinogenic effects of tested compounds [27–30].

We present the first report proving the antigenotoxic and anticarcinogenic properties of two
B. officinalis varieties (wild and cultivated) as well as of their major phenolics: rosmarinic, syringic and
sinapic acids. Moreover, the interaction between these bioactive compounds is tested, highlighting
their potential use and commercialization by industries for products with health benefits as
dietary bioactives.

2. Materials and Methods

2.1. Plant Material

Two Borago officinalis L. varieties were selected for this work: blue-flowered (BF, wild type,
accession Bo IAS 2008-07, collected in Córdoba in December 2009, Southern Spain) and white-flowered
(WF type, accession Bo IAS 2008-08, traditionally cultivated in Navarra in December 2009,
Northern Spain). These genotypes are part of a B. officinalis germplasm bank in the Institute of
Sustainable Agriculture (IAS-CSIC, Córdoba, Spain). Plants were grown on an experimental farm at
the IAS (N 37˝8', W 4˝8') wherein climate is typically Mediterranean, with an average annual rainfall
of 650 mm. The soil is deep and sandy-loam, classified as a Typic Xerofluvent. Leaves and petioles
from 5 plants of each variety were harvested when they reached the optimal stage to be consumed
(55 days after sowing), weighed, frozen (24 h at ´80 ˝C) and lyophilized with a freeze-drier Telstar
model Cryodos-50 (Telstar, Terrasa, Spain). After lyophilisation, dry material was weighed again,
grounded for about 20 s in a Janke and Kunkel Model A10 mill (IKA-Labortechnik, Staufen, Germany),
mixed and kept at room temperature and in darkness to preserve their properties until use.

2.2. Chemicals

The single compounds, rosmarinic (C18H16O8), syringic (C19H10O5) and sinapic (C11H12O5) acids,
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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2.3. Drosophila Experiments

2.3.1. Fly Stocks and Crosses

The D. melanogaster system was selected for the determination of the safety of B. officinalis
consumption as a well-recognized method to analyze vegetable complex mixtures using SMART [31,32].
This test was used in order to evaluate the genotoxic and antigenotoxic activity of B. officinalis leaves
and petioles as well as their selected bioactive compounds [33]. This activity was measured by direct
visualization of the occurrence of recessive mutations in the wing hairs of two different D. melanogaster
strains. Flies from experiments carried these visible wing genetic markers: the flare (flr) strain
flr3/ln (3LR) TM3, Bds [34] and the multiple wing-hair (mwh) strain mwh/mwh [35]. The marker
flare (flr3, 3_38.3) produces individual malformed hairs and the marker multiple wing hairs (mwh,
3_0.3) produces multiple hairs per cell. Larvae used in treatments come from two types of crosses:
the standard cross with flr3/TM3, BdS females mated to mwh/mwh males and the reciprocal cross.

2.3.2. Larvae Treatments

Optimal fertile flies were anesthetized under CO2 narcotisation for cross selection and then
placed in new vials for fertilization. After that, hybrid eggs from crossing were collected over an
8 h period and emerged larvae (72 ˘ 4 h later) were cleaned up for a few seconds in sterile distilled
water to remove feeding medium rests [33]. For genotoxicity analysis (simple treatments), groups
of 100 larvae were transferred into vials containing 0.85 g of Drosophila Instant Medium (Formula
4–24, Carolina Biological Supply, Burlington, NC, USA) wetted with 4 mL of a mixture of distilled
water and increasing concentrations of samples: B. officinalis BF and WF (1.25, 2.5, and 5 mg¨ mL´1),
RO (0.35, 0.7, 1.39 and 2.78 mM), SY (0.16, 0.32, 0.63 and 1.26 mM), SI (0.15, 0.29, 0.58 and 1.16
mM) and the mixture of these three bioactive compounds at each concentration assayed individually.
Bioactive compound concentrations were chosen on the basis of their known content in B. officinalis
species [11]. For antigenotoxicity analysis (combined treatments) the same number of vials were
prepared but treatment media were mixed with H2O2 0.12 M as mutagenic agent. Vials with the
medium mixed with distilled water or H2O2 (0.12 M) were used as negative and positive controls
respectively. Larvae were fed on these media until pupation (about 48 h). After emergence, resulting
adult flies were sacrificed under CO2 narcotisation and stored in a 70% ethanol solution in sterile water.
Emerged adults were counted for toxicity evaluation and transheterozygous wings (mwh flr`/mwh`
flr3) were mounted on microscope slides and wing hair mutations (spots) scored, using a photonic
microscope (Nikon) at 400ˆ magnification for genotoxicity and antigenotoxicity evaluation.

2.4. HL-60 Experiments

2.4.1. Cell Cultures

The human acute promyelocytic leukemia cell line HL-60 was routinely grown in suspension
in RPMI medium (Invitrogen, Madrid, Spain) containing glutamine (200 mM, Sigma-Aldrich,
St. Louis, MO, USA), antibiotics (100IU penicillin mL´1 and 100 μg streptomycin mL´1,
Sigma-Aldrich) and supplemented with 10% heat-inactivated foetal bovine serum (Linus, Cultek,
Madrid, Spain) and placed in an incubator (Shel Lab, Cornelious, OR, USA) with a 5% CO2 humidified
atmosphere at 37 ˝C [36]. HL-60 cells were subcultured every 2–3 days to maintain logarithmic
growth and they were allowed to grow for 48 h before use [37]. Cultures were plated at a density of
12.5 ˆ 104 cells mL´1 in 40 mL culture flasks (25 cm2).

2.4.2. Cell Treatments

Cytotoxic activity was measured as growing inhibition or decreased viability on HL-60 cells
following a previous protocol modified by us [38]. For assays, cells were placed in 12-well culture
plates (1 ˆ 105 cells mL´1; final volume = 2 mL per well) and treated with different filtered
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(Millipore “non-pyrogenic”, “sterile-R”, 0.2 μm filter) RPMI solutions with the selected concentrations
of B. officinalis BF and WF plant samples (0.125, 0.25, 0.5, 1 and 2 mg¨ mL´1), RO (0.07, 0.14, 0.28, 0.55,
1.1 and 2.2 mM), SY (0.03, 0.06, 0.13, 0.25, 0.5 and, 1 mM), SI (0.03, 0.06, 0.12, 0.23, 0.5 and, 1 mM) and
the mixture of these three bioactive compounds at each individually assayed concentration. Cells were
counted after 72 h treatment. Tested concentrations were calculated according to those used for in vivo
assays to equal the range of tested doses. Untreated cultures were used as negative control.

2.4.3. Trypan Blue Dye Exclusion Assay

Cell viability was determined by the Trypan Blue dye exclusion test. Cells were stained with an
equal volume of Trypan Blue commercial solution (Sigma-Aldrich) and counted using a hemocytometer
at room temperature under a light inverted microscope (AE30/31, Motic, Barcelona, Spain).

2.5. Statistical Analysis

The determination of Toxicity (T) of treatments in D. melanogaster was performed following this
formula [39]:

T “ pN˝ of emerging individuals in treatment{N˝ of emerging individuals in thenegative controlq ˆ 100 (1)

Differences in D. melanogaster survival between treatments at each concentration with respect to
negative control were analyzed with a Chi-square test. This procedure was also performed for the
analysis of each simple treatment with their correspondent combined treatment.

For the evaluation of genotoxic effects, the frequencies of spots per fly of each treated series were
compared to the concurrent negative control for each class of mutational clone as well as between
simple and combined treatments for the same concentration comparisons. Spots were grouped into
three different categories: single (a small single spot corresponding to one or two cells exhibiting
the mwh phenotype), large (a large single spot corresponding to three or more cells showing mwh or
flr3 phenotypes) and twin (a large spot corresponding to three or more cells showing adjacent both
mwh and flr3 phenotypes). A multiple-decision procedure was used to categorize results as positive,
inconclusive or negative [40]. Inconclusive and positive results were evaluated by the non-parametric
U test of Mann, Whitney and Wilcoxon [41]. The inhibition percentage (IP) of genotoxicity was
calculated from the total frequencies of spots per wing, following this formula [42]:

IP “ pgenotoxin alone ´ sample ` genotoxinq ˆ 100{pgenotoxin aloneq (2)

Significant differences of IP for each treatment respect to the positive control were analyzed with
a Chi-square test.

Cytotoxic effect evaluation was determined after each culture incubation period, establishing a
growth curve and determining IC50 values by regression analysis of the curves. Viability estimated
regressions of leukemia cells are presented as a survival percentage with respect to controls at 72 h
growth and plotted as mean viability ˘ standard error of at least three independent replicas for each
treatment and concentration.

Statistical analyses were performed using a Microsoft 2007 Excel spreadsheet. The non-parametric
U test of Mann, Whitney and Wilcoxon was performed with the SPSS Statistic 17.0 software (SPSS, Inc.,
Chicago, IL, USA).

3. Results and Discussion

3.1. In Vivo Assays

Tables 1–3 show the results obtained in D. melanogaster experiments for edible leaves and petioles
of B. officinalis of the selected varieties, blue flowered (BF) and white flowered (WF), and their bioactive
compounds, rosmarinic (RO), syringic (SY) and sinapic (SI) acids. The negative controls produced
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mutation rates which fall into the normal range obtained in other laboratories, thus the data in
discussion comply with the expected spots per wing with no anomalous or borderline controls [43,44].
The positive control used in this study was hydrogen peroxide (H2O2). This oxidative mutagen
has been used in many mutation assays and it is known that an excess of H2O2 can influence the
expression of a high number of genes [45]. As previously reported, H2O2 affects D. melanogaster
survival and creates an excess of small single spots, with no significant induction of twin spot
excess [29,39]. The genotoxic results for H2O2 validate the assay as an appropriate system for screening
between mutagens (positive controls as H2O2) and non-mutagens (water controls or safe plants and
bioactive compounds).

Table 1. Toxicity of Borago officinalis plant material, blue flowered (BF) and white flowered (WF),
and the bioactive compounds, rosmarinic (RO), syringic (SY) and sinapic (SI) acids.

Survival 1 % Treatments

Simple Combined 2 Simple Combined 2

H2O 100 H2O2 (0.12 M) 37.87 *

BF (mg¨ mL´1) WF (mg¨ mL´1)

1.25 100 52.44 *,‡ 1.25 97.78 33.33 *,‡

2.5 100 54 *,‡ 2.5 63.11 * 27.56 *,‡

5 82 * 86.89 * 5 71.33 * 17.33 *,‡

RO (mM) SY (mM)

0.35 48.44 * 49.56 * 0.16 39.78 * 31.11 *,‡

0.7 22.22 * 31.11 *,‡ 0.32 42.67 * 29.33 *,‡

1.39 33.33 * 45.56 *,‡ 0.63 31.11 * 20.44 *,‡

2.78 21.33 * 38.89 *,‡ 1.26 58.22 * 36.89 *,‡

SI (mM) RO + SY + SI (mM)

0.15 78.22 * 64 *,‡ a 3 48.67 * 24.44 *,‡

0.29 60.22 * 58.89 * b 55.11 * 34.67 *,‡

0.58 69.33 * 39.78 *,‡ c 74.44 * 57.78 *,‡

1.16 55.11 * 43.56 *,‡ d 44.89 * 53.78 *,‡

1 Survival expressed in percentage as total emerged adults of each treatment with respect to H2O control total
emerged adults; 2 Combined treatments using standard medium and 0.12 M H2O2; 3 Letters a–d correspond
to the lowest, two intermediate and highest concentrations respectively assayed for each single compound
once their mixture is assayed; * Significance levels with respect to the negative control (untreated, H2O) group
(p ď 0.05); ‡ Significance levels between simple and combined treatment for the same concentration comparisons
(p ď 0.05).

Table 2. Genotoxicity of Borago officinalis plant material: blue flowered (BF) and white flowered (WF);
and the bioactive compounds: rosmarinic (RO), syringic (SY) and sinapic (SI) acids.

Mutation Rate (Spots/Wing) Diagnosis 1

N˝ of Wings
Small Single

Spots 1–2 Cells
m = 2

Large Single
Spots >2 Cells

m = 5

Twin Spots
m = 5

Total Spots
m = 2

H2O 212 0.26 (54) 0.04 (8) 0.03 (5) 0.32 (67)
H2O2 (0.12 M) 168 0.60 (94) + 0.07 (11) ´ 0.06 (4) ´ 0.65 (109) +

BF (mg¨ mL´1)

1.25 40 0.13 (5) ´ 0.03 (1) ´ 0.05 (2) ´ 0.20 (8) ´
2.5 54 0.22 (12) ´ 0.06 (3) ´ 0.02 (1) ´ 0.30 (16) ´
5 66 0.29 (19) ´ 0.03 (2) ´ 0.05 (3) ´ 0.36 (24) ´

WF (mg¨ mL´1)

1.25 66 0.26 (17) ´ 0.03 (2) ´ 0.05 (3) ´ 0.33 (22) ´
2.5 50 0.26 (13) ´ 0.08 (4) ´ 0.02 (1) ´ 0.36 (18) ´
5 90 0.36 (32) ´ 0.02 (2) ´ 0.01 (1) ´ 0.39 (35) ´
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Table 2. Cont.

Mutation Rate (Spots/Wing) Diagnosis 1

N˝ of Wings
Small Single

Spots 1–2 Cells
m = 2

Large Single
Spots >2 Cells

m = 5

Twin Spots
m = 5

Total Spots
m = 2

RO (mM)

0.35 16 0.38 (6) ´ 0 0 0.38 (6) ´
0.7 34 0.21 (7) ´ 0 0.06 (2) ´ 0.26 (9) ´
1.39 22 0.18 (4) ´ 0 0.05 (1) ´ 0.23 (5) ´
2.78 38 0.16 (6) ´ 0.05 (2) ´ 0 0.21 (8) ´

SY (mM)

0.16 40 0.30 (12) ´ 0.05 (2) ´ 0.03 (1) ´ 0.38 (15) ´
0.32 30 0.20 (6) ´ 0.07 (2) ´ 0 0.27 (8) ´
0.63 48 0.19 (9) ´ 0.02 (1) ´ 0 0.21 (10) ´
1.26 32 0.22 (7) ´ 0.06 (2) ´ 0 0.28 (9) ´

SI (mM)

0.15 24 0.38 (9) ´ 0.04 (1) ´ 0.04 (1) ´ 0.46 (11) ´
0.29 32 0.39 (12) ´ 0.10 (3) ´ 0 0.48 (15) ´
0.58 30 0.33 (10) ´ 0.07 (2) ´ 0 0.40 (12) ´
1.16 40 0.23 (9) ´ 0.03 (1) ´ 0.03 (1) ´ 0.28 (11) ´

RO + SY + SI (mM)

a 2 26 0.15 (4) ´ 0 0.04 (1) ´ 0.19 (5) ´
b 34 0.12 (4) ´ 0.03 (1) ´ 0 0.15 (5) ´
c 32 0.22 (7) ´ 0.13 (4) + 0 0.34 (11) ´
d 22 0.41 (9) ´ 0.05 (1) ´ 0 0.45 (10) ´

1 Statistical diagnoses: + (positive) and ´ (negative) [40,41]. Significance levels α = β = 0.05, one-sided test
without Bonferroni correction; 2 Letters a–d correspond to the lowest, two intermediate and highest
concentrations respectively assayed for each single compound once their mixture is assayed.

Table 3. Antigenotoxicity of Borago officinalis plant material: blue flowered (BF) and white flowered
(WF); and the bioactive compounds: rosmarinic (RO), syringic (SY) and sinapic (SI) acids.

Mutation Rate (Spots/Wing) Diagnosis 1

N˝ of Wings
Small Single

Spots 1–2 Cells
m = 2

Large Single
Spots >2 Cells

m = 5

Twin Spots
m = 5

Total Spots
m = 2

H2O 212 0.26 (54) 0.04 (8) 0.03 (5) 0.32 (67)
H2O2 (0.12 M) 168 0.60 (94) + 0.07 (11) – 0.06 (4) – 0.65 (109) +

BF (mg¨ mL´1)

1.25 30 0.13 (4) ´ 0.03 (1) ´ 0 0.17 (5) ´
2.5 34 0.24 (8) ´ 0.03 (1) ´ 0 0.26 (9) ´
5 18 0.17 (3) ´ 0.06 (1) ´ 0 0.23 (4) ´

WF (mg¨ mL´1)

1.25 10 0.30 (3) ´ 0.10 (1) ´ 0 0.40 (4) ´
2.5 28 0.32 (9) ´ 0 0 0.32 (9) ´
5 24 0.25 (6) ´ 0.04 (1) ´ 0 0.29 (7) ´

RO (mM)

0.35 30 0.17 (5) ´ 0 0 0.17 (5) ´
0.7 40 0.35 (14) ´ 0.08 (3) ´ 0.03 (1) ´ 0.45 (18) ´

1.39 22 0.14 (3) ´ 0.14 (3) ´ 0 0.27 (6) ´
2.78 52 0.21 (11) ´ 0 0.04 (2) ´ 0.25 (13) ´

SY (mM)

0.16 22 0.23 (5) ´ 0 0 0.23 (5) ´
0.32 10 0.30 (3) ´ 0 0 0.30 (3) ´
0.63 32 0.28 (9) ´ 0 0 0.28 (9) ´
1.26 22 0.32 (7) ´ 0 0 0.32 (7) ´
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Table 3. Cont.

Mutation Rate (Spots/Wing) Diagnosis 1

N˝ of Wings
Small Single

Spots 1–2 Cells
m = 2

Large Single
Spots >2 Cells

m = 5

Twin Spots
m = 5

Total Spots
m = 2

SI (mM)

0.15 12 0.42 (5) ´ 0 0 0.42 (5) ´
0.29 8 0.25 (2) ´ 0 0 0.25 (2) ´
0.58 22 0.27 (6) ´ 0.09 (2) ´ 0.05 (1) ´ 0.41 (9) ´
1.16 28 0.25 (7) ´ 0.04 (1) ´ 0 0.29 (8) ´

RO + SY + SI (mM)

a 2 38 0.29 (11) ´ 0 0 0.29 (11) ´
b 26 0.27 (7) ´ 0.15 (4) + 0 0.42 (11) ´
c 17 0.18 (3) ´ 0 0 0.18 (3) ´
d 12 0.25 (3) ´ 0.08 (1) ´ 0 0.33 (4) ´

1 Statistical diagnoses: + (positive) and ´ (negative) [40,41]. Significance levels α = β = 0.05, one-sided test
without Bonferroni correction; 2 Letters a–d correspond to the lowest, two intermediate and highest
concentrations respectively assayed for each single compound once their mixture is assayed.

3.1.1. Toxicity Assays

Table 1 summarizes the toxicity results obtained for analyzed samples expressed as percentage
of emerged adults from treatment compared with the emerged adults from the negative control
(survival control corrected).

All treatments at all assayed concentrations significantly affected D. melanogaster survival except
plant samples of B. officinalis BF at concentrations 1.25 and 2.5 mg¨ mL´1 and B. officinalis WF at
1.25 mg¨ mL´1. The highest concentration of B. officinalis BF reduced the D. melanogaster survival to less
than 20%. Intermediate and highest B. officinalis WF assayed concentrations decreased D. melanogaster
survival to 63.11% and 71.33% respectively. Regarding borage toxicity, the American Herbal Products
Association’s Botanical Safety Handbook recommends Borago ssp. leaf consumption sporadically due
to their pyrrolizidine alkaloid content [46,47]. However, current revisions of Borago ssp. properties
suggest that the complex bioactive compound leaf composition of this species is more beneficial than
harmful for human health because of its phenolic content [3]. This fact could explain the difference
we have found between B. officinalis BF and WF toxicity levels. On average, the bioactive compounds
reduced D. melanogaster larval survival by around 50% (LD50), normal values for toxicity assays and
no dose effect was observed. RO showed the largest reduction in survival, with the highest RO
concentration being the most toxic treatment (21.33%). Other authors have also found RO toxicity by
oral administration [48]. However, these authors recommend the use of RO in human inflammatory
diseases because of its protective effect in the stomach unlike commonly used anti-inflammatory
products that possess serious disadvantages for human health. The addition of H2O2 to the medium
in combined treatments contributed to reducing D. melanogaster larval survival in all samples when
compared to simple treatments, with the exception of the highest B. officinalis BF concentration as
well as all RO assayed concentrations and highest mixture concentration. These treatments had a
protective effect against H2O2 damage (detoxification), interfering with H2O2 oxidative action and
slightly increasing D. melanogaster larval survival. Nevertheless, only in the case of RO treatments
this effect was significant. Contrarily, the application of RO mixed with SY and SI (mixture treatment)
did not present any protective additive effects with the exception of highest tested concentration.
Thus, the addition of H2O2 to the medium in mixture treatments reduced D. melanogaster survival
to a greater degree than applying RO alone in combined treatments. However, the mixture survival
ended up quite similar to RO survival in combined treatments (survival average of 42.67 and 41.28
respectively). Previous reports showed that the B. officinalis beneficial effect on health depends on
the composition of phenolics having synergic effects [20,49]. This fact could explain why the mixture
of selected bioactive compounds did not exert the same protective effects as RO when it is added
alone to a larvae feeding medium in combined treatments. B. officinalis WF treatments resulted in the
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highest survival reduction (average of 66.32%) when combining with H2O2. Moreover, the combined
(H2O2) treatment at the highest B. officinalis WF concentration produced the highest reduction of D.
melanogaster survival decreasing this value to 17.33%. The H2O2 toxic effect was enhanced also by
lowest and intermediate B. officinalis BF concentrations with an average survival reduction of ~50%.

3.1.2. Genotoxicity Assays

Table 2 summarizes the genotoxicity results obtained in the Somatic Mutation and Recombination
Test (SMART) as total mutations per wing observed in treatments with B. officinalis plant and bioactive
compound samples.

It is remarkable that no concentration of plant samples was significantly different from the
negative control, but contrarily, some of the treatments showed lower mutation rates (from 0.20 to
0.30) than the negative control (0.32). Although a healthy and non-genotoxic effect of many herbal
products is generally expected, it is necessary to empirically check this assumption for parts of the
plants that are usually consumed [1,50]. This result is also displayed for plant phenolic products
for which pharmacological potential has been widely tested but no complete understanding of their
mechanism of action has been elucidated [51].

At present, very little is known about the lack of genotoxicity of B. officinalis plants with no
direct work reporting genotoxic effects, although a previous work determined the genotoxicity of
pirrolizidine alkaloids (compounds present in B. officinalis plants) using SMART [52]. This work
classified pirrolizidine compounds as genotoxic but this effect varied widely depending on their
chemical structures. Similarly to the plant sample results, the main bioactive constituents of B. officinalis,
RO, SY and SI phenols, were not mutagenic in the Drosophila wing spot test as expected from the
negative results for the plant. A multitude of beneficial biological activities have been described for
RO (astringent, antioxidative, anti-inflammatory, antimutagen, antibacterial and antiviral), so the
non-mutagenic results obtained in the wing spot test were expected [24]. Our results also agree
with those of Pereira et al. [53] that showed no genotoxic effect of RO (doses of 2 and 8 mg¨ kg´1)
using the comet assay in brain tissue and peripheral blood in rats. In conclusion, B. officinalis plants
and their selected components did not exert any DNA damage on the mwh/flr eukaryotic system of
D. melanogaster.

3.1.3. Antigenotoxicity Assays

In this work we present results on the antigenotoxic activity of B. officinalis leaves and petioles
which could be considered as a health benefits index. Our results for combined treatments in the
SMART, showed in Table 3, account for the desmutagenic activity of the selected substances when
assayed against H2O2.

The inhibition percentage (IP) ranged between 30.77% and 73.85% in tested samples. The highest
detoxification potential appeared in the highest B. officinalis BF concentration (Figure 1a) as well as RO
at 0.35 mM (Figure 2a). The lowest detoxification potential corresponded to RO treatments at 0.7 mM
(Figure 2a). All these samples corresponded to combined treatments (adding H2O2 to samples). No
dose effect relationship was observed. The detoxifying ability of highest B. officinalis BF and lowest RO
assayed concentrations against mutations produced by H2O2 can be explained by the direct interaction
of phenols contained in the plants which act as scavengers of reactive oxygen species before the larvae
uptake and H2O2 reaches the DNA [54]. In this respect, RO, SY and SI behaved as desmutagens with a
high antioxidative capacity, which has also been shown when they are extracted from borage defatted
seeds [55].
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Figure 1. Antigenotoxic activity of Borago officinalis plant material: (a) blue flowered (BF) and
(b) white flowered (WF) plant material expressed as mutation frequency corrected to control.
Strength of inhibition on the capability of H2O2 (0.12 M) to induce mutated cells is also shown
(Inhibition Percentage in brackets). White columns correspond with tested concentrations of simple
treatments, green with combined treatments and black with spot frequencies induced by H2O2.
* Significance levels with respect to the positive control (H2O2) group (p ď 0.05).

Figure 2. Antigenotoxic activity of Borago officinalis bioactive compounds: (a) RO; (b) SY; (c) SI and
(d) mixture (RO + SY + SI) expressed as mutation frequency corrected to control. Strength of inhibition
on the capability of H2O2 (0.12 M) to induce mutated cells is also shown (Inhibition Percentage in
brackets). Light green columns correspond with tested concentrations of simple treatments, green with
combined treatments and black column corresponds to spot frequencies induced by H2O2. Letters a–d
in graphic (d) correspond to the lowest, two intermediate and highest concentrations respectively
assayed for each single compound once their mixture is assayed. * Significance levels with respect to
the positive control (H2O2) group (p ď 0.05).
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Our results for RO bioactive compound are in accordance with prior reports showing its protective
effect against H2O2 damage in other in vivo systems like rats as well as in vitro systems [56,57].
This antigenotoxic effect has also been demonstrated against the DNA damage brought on by the
mutagen ethyl methanesulfonate in males from D. melanogaster using the sex-linked recessive lethal
(SLRL) test [58]. The other phenolics assayed, SY and SI, possess lower antigenotoxic activity with
SI being the least effective in reducing mutations induced by H2O2 (Figure 2b,c). In accordance with
these results, SI has been recently used in order to determine its genotoxic/antigenotoxic activity in
the V79 cell line [59]. This phenolic was found to be antigenotoxic but in a way that depends on the
dose, with the lower concentrations (below 2 mM, as our assayed concentrations) being those that
significantly reduce DNA damage. As discussed for toxicity results, no additive effect in phenolic
mixture was found in any assayed concentration (Figure 2d). In this sense, phenolic borage content
varies depending on the plant stage, tested phenolics being the major bioactive constituents during
plant growth [20,49]. This fact might suggest that the antigenotoxic effect found in our samples
corresponds to a specific phenolic or the addition of each phenolic effect. However, our results showed
that phenolic effects are not additives but synergic.

3.2. In Vitro Assays

Cytotoxicity Assays

The human acute promyelocytic leukemia cell line HL-60 has been used as a model on a wide
variety of substances that are candidates to be used as anticarcinogens and has proved to be a robust
test system for pilot screening experiments [30,39,60]. That is why we have selected this system to
elucidate the inhibitory capacity of tumour growth for the different samples studied. Our results are
shown in Figure 3 as the relative HL-60 growth rate with different concentrations of B. officinalis BF
and WF plant samples and their main active components (RO, SY and SI) regarding their concurrent
control cultures.

A dose-response curve was observed for B. officinalis BF and WF plant material (Figure 3a,b)
which exhibited IC50 values of 0.49 and 0.28 mg¨ mL´1 respectively. This cytotoxic effect of borage was
also found in the Vero line of African green monkey kidney cells with an IC50 value of 0.2 mg¨ mL´1

(similar to that obtained for our borage WF samples) [61].
In the case of phenolic compounds, the IC50 could only be determined for RO (0.07 mM) and

mixture (0.04 mM of RO equivalent units) samples with a marked slope in the case of phenol mixture.
Interestingly, no viable cells could be detected when RO was added to the cell medium (alone or in the
mixture) at concentrations over 0.55 mM (Figure 3c,f). Other studied cancer cell lines have been shown
to be more sensitive to RO exposure than HL-60 cells, a fact that enhances the disease prevention
properties of RO [62,63]. Also, in vivo studies in mice conclude that the RO anticarcinogenic activity
is related to the activity of this phenol in inhibiting inflammation and scavenging reactive oxygen
species [64]. In our experiments, the phenols SY and SI did not affect HL-60 growth (Figure 3d,e).
The lack of cytotoxicity in HL-60 experiments that we have found for SY is in accordance with
previous determination that indicated no cytotoxic effect of SY in extracts of Elaphomyces granulates at
concentrations up to ~31 μg¨ mL´1 using this cell line [65]. Moreover, Fabiani et al. [66] found that SY
did not induce apoptosis in HL-60 cell when is applied to the cell medium at a concentration of 0.1
mM. It has been reported that SI biotransformation by plant peroxidases results in an anticarcinogenic
effect from its derivates in HL-60 cells [67]. This fact could explain the difference that we found
between its antigenotoxic effect in D. melanogaster individuals and the lack of SI cytotoxicity in HL-60
cells, SI derivates being responsible for healthy actions instead of the phenol. As in the case of
antigenotoxicity experiments, the cytotoxic effect of the mixture did not correspond to the addition of
each individually assayed phenolic. Moreover, the fact that mixture samples presented the highest
anticarcinogenic effect proves that the phenolic mixture produces a synergic healthy effect.
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Figure 3. Survival of HL-60 cultures treated with different concentrations of: Borago officinalis
(a) blue flowered (BF) and (b) white flowered (WF) plant material; and bioactive compounds: (c) RO;
(d) SY; (e) SI and (f) mixture (RO + SY + SI; italic letters from a–f correspond to the concentrations
respectively assayed for each single compound once their mixture is assayed.). Survival estimated
regressions are plotted as percentages with respect to the control counted from at least three
independent experiments (mean ˘ SD).

4. Conclusions

We have provided a primer on antigenotoxicity and tumoricide activities of edible parts
(leaves and petioles) of two borage varieties and some of its bioactive principles. The in vivo assays
showed their safe use for human consumption and their antigenotoxicity potency, supporting their
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protective DNA damage activity and consequently their health benefits. Our results in the in vitro
assays highlight B. officinalis fresh plant use as a nutraceutical plant and as a potential source of dietary
bioactives with an outstanding anticarcinogenic activity. In this sense, B. officinalis is a desirable
Mediterranean plant adapted to the European climate and a good source of pharmaceutical products,
which has made B. officinalis a fashionable topic in plant research. Borage breeders have to take this
eventual insight as a unique opportunity. Exploitation of this vegetable could be focused on a dual
perspective: on the one hand, these cultivars could be partially used for bioactive resources and on the
other, as a part for growing a unique plant. The wide spread of B. officinalis cultivars for industrial
purposes should be used to advise world markets about the pleiotropic uses of this vegetable, not only
as a source of products but also as a nutraceutical fresh-consumed plant.

In brief, the varieties studied here show that B. officinalis could be put on the table not as a
silent partner with other vegetables but as something more than a salad due to its protective and
chemopreventive activities.
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Abbreviations

BF Borago officinalis blue-flowered
CO2 carbon dioxide
DNA deoxyribonucleic acid
flr flare
H2O2 hydrogen peroxide
HL-60 human acute promyelocytic leukemia cell line
IC50 half maximal inhibitory concentration
IP inhibition percentage
LD50 median lethal dose
mwh multiple wing-hair
RO rosmarinic acid
SI sinapic acid
SMART somatic mutation and recombination test
SY syringic acid
T toxicity
WF Borago officinalis white-flowered
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Abstract: Liver cancer is the most common malignancy of the digestive system with high death
rate. Accumulating evidences suggests that many dietary natural products are potential sources
for prevention and treatment of liver cancer, such as grapes, black currant, plum, pomegranate,
cruciferous vegetables, French beans, tomatoes, asparagus, garlic, turmeric, ginger, soy, rice bran, and
some edible macro-fungi. These dietary natural products and their active components could affect the
development and progression of liver cancer in various ways, such as inhibiting tumor cell growth
and metastasis, protecting against liver carcinogens, immunomodulating and enhancing effects of
chemotherapeutic drugs. This review summarizes the potential prevention and treatment activities of
dietary natural products and their major bioactive constituents on liver cancer, and discusses possible
mechanisms of action.
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1. Introduction

Globally, liver cancer is the second most common cause of cancer death, accounting for more
than 700,000 deaths every year [1,2]. Hepatocellular carcinoma (HCC) is the major type of liver cancer
(70%–80%), followed by intrahepatic cholangiocarcinoma [3]. The main risk factors for liver cancer are
hepatitis B/hepatitis C virus infection, alcohol consumption, aflatoxin B1 and metabolic disorders [4].
Liver cancer is usually an aggressive malignancy associated with poor prognosis, and the five-year
survival rate is estimated to be less than 9%. Surgical interventions including liver resection, liver
transplantation and percutaneous ablation are regarded as the most effective approach with curative
potential for liver cancer. Unfortunately, due to numerous lesions, and extrahepatic metastasis, only
about 20% of liver cancer patients are suitable for surgery. On the other hand, chemotherapeutic
drugs for liver cancer are limited, and Sorafenib is the most common prescription. The large phase
III trials demonstrated that Sorafenib could improve overall survival and time to progression [5,6].
However, its clinical benefits remains modest, and it was reported that Sorafenib was useful for around
30% patients, and drug resistance developed within six months [7]. Furthermore, problems such
as hepatotoxicity, recurrence, drug resistance and other adverse effects exist in current therapeutics,
which urge researchers to find alternative treatment.

Diet plays a pivotal role in cancers. Epidemiological studies suggested that decreased overall
cancer risks might be correlated with regular intake of a high fiber, low fat diet accompanied by
significant consumption of fruits and vegetables [8,9]. Therefore, dietary natural products could
provide novel and fascinating preventive or therapeutic options for liver cancer. Researchers have
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found a variety of anticancer effects of dietary natural products, such as inhibiting tumor cell growth
and metastasis, protecting against liver carcinogens, immunomodulating and enhancing effects of
chemotherapeutic drugs [10–12]. Furthermore, many dietary natural products displayed selective
inhibition against cancer cells [13]. This discrimination is very important for liver cancer treatment,
since the majority of patients suffers from severely compromised liver function or liver cirrhosis and
can not afford further losses of normal liver cells [4]. This review summarizes the prevention and
treatment action of dietary natural products and their major bioactive constituents on liver cancer, and
discusses the mechanism of action.

2. Fruits

The high content of polyphenols gives fruits remarkable antioxidant activity and may help lessen
the risk of cancer [14–16]. Indeed, many fruits and their major bioactive constituents showed anticancer
potential in various bioassay systems and animal models.

2.1. Grape

Grape products are well recognized healthy dietary components against many pathophysiologic
processes. Stilbenes, anthocyanins, and procyanidins, which are abundant in grape skin, seeds and
red wines, have been reported to possess strong antioxidant and anti-inflammatory properties [17].
A team isolated two fractions (TP-4 and TP-6) from grape cell culture with strong chemopreventive
properties in an in vitro human DNA topoisomerase II assay [18]. TP-6, the procyanidin-rich fraction,
selectively inhibited cell viability of HepG2 cancer cells, yet caused no toxicity to normal PK15 pig
kidney cells [13]. Liver cancer is enriched with blood vessels, and angiogenesis plays a key role in
cancer metastasis and relapse. The treatment of grape procyanidin in a liver cancer xenograft model
exerted anti-angiogenic activity in a dose dependent manner by suppressing proliferation of vascular
endothelial cells [19]. Researchers also suggested a possible anti-carcinogenic use against HCC for
grape seed extracts from winery waste. The seed extract treatment in HepG2 cells induced DNA
damage, enhanced NO production, p53 upregulation and significant decrease of total PARP expression,
thus promoting apoptosis [20].

2.2. Black Currant

Black currant (Ribes nigrum L.) fruits are widely consumed, and are known to possess strong
antioxidant and anti-inflammatory activities due to high content of anthocyanins (250 mg/100 g
fresh fruit), which have been suggested to have potent anti-tumor properties. Utilizing HepG2
cells, an in vitro study found that the anthocyanin-rich fraction of black currant significantly
inhibited cell proliferation [21]. Compared with other parts, black currant skin extract (BCSE)
was a better source of anthocyanins with cyanidin-3-O-rutinoside as the predominant one. In a
chemically induced rat model of liver cancer, administration of dietary BCSE (100 or 500 mg/kg
for 22 weeks) dose dependently suppressed diethylnitrosamine triggered liver γ-glutamyl
transpeptidase-positive preneoplastic foci. BCSE also alleviated lipid peroxidation and expression
of cyclooxygenase-2, heat shock proteins (HSP70 and HSP90), inducible nitric oxide synthase and
3-nitrotyrosine as well as upregulated many hepatic antioxidant and detoxifying enzymes including
glutathione S-transferase, quinone oxidoreductase and uridine diphosphate glucuronosyltransferase
isoenzymes. The mechanistic study offered substantial evidence that the inhibition of inflammatory
cascade via modulating the NF-κB signaling pathway, and suppression of oxidative stress through
activating Nrf2 signaling pathway could contribute to the preventive properties of black currant
bioactive components against diethylnitrosamine induced hepatocarcinogenesis [10,22]. Similarly, in a
diethylnitrosamine initiated and phenobarbital promoted two stage liver cancer rat model, BCSE
reduced the incidence, total number, size and multiplicity of preneoplastic hepatic nodules in a
dose responsive manner. Further study revealed that the pro-apoptosis via up-regulation of Bax
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and simultaneously down-regulation of Bcl-2 expression are probably implicated in BCSE-mediated
anticancer effects [23].

2.3. Plum

Immature plum (Prunus salicina Lindl.) fruits contain high contents of natural phenolic
phytochemicals, which may be effective dietary natural antioxidants and preventive agents of
cancer [24]. The total polyphenol content was 10 g/kg dry weight in extracts of immature
plum, and (´)-epicatechin (34.7%) and (´)-gallocatechin gallate (28.6%) were major components.
Extract of immature plum induced extrinsic apoptosis in HepG2 cells as evidenced by caspase-8, -10,
and -3 activation as well as DNA fragmentation [25]. Another in vitro study found anti-metastasis
property of immature plum extract in HepG2 cells. Mechanistic analysis suggested that the effects
were achieved through inhibition of transcriptional expression of MMP-9 gene via suppressing the
nuclear translocations of NF-κB and AP-1 [11]. In liver metabolism of exogenous compounds, phase I
reactions are often associated with the metabolic activation of carcinogens, while phase II reactions
mediate the detoxify process by facilitating elimination. A team found that pretreatment of immature
plum extracts in rat alleviated the carcinogenicity of benzo(α)pyrene (B(α)P) through upregulating the
synthesis of enzymes implicated in detoxification [26].

2.4. Other Fruits

Pomegranate is gaining increasing attention for its potent antioxidant activities due to rich
polyphenol contents, such as anthocyanins, hydrolysable tannins and proanthocyanidins. It was
reported that pomegranate bioactive constituents were capable of suppressing diethylnitrosamine
induced hepatocarcinogenesis in rats by suppressing oxidative insult through Nrf2-mediated redox
signaling pathway and inhibiting inflammatory response via NF-κB-regulated inflammatory pathway.
The result provided ample support for potent tumor inhibitory activities of pomegranate at an early
stage of hepatocarcinogenesis [27,28].

In China, drinking jujube tea was believed to provide synergic health effects from jujube
and tea. Researchers investigated the combined effects of jujube and green tea extract and the
underlying mechanisms in an in vitro study using HepG2 cells. The combined treatment selectively
inhibited cell viability of HepG2 cells, without apparent toxic effects on the normal rat hepatocytes.
Furthermore, the combination caused G1 cell cycle arrest, which might be associated with increased
level of p53 and p21Waf1/Cip1 and decreased cyclin E levels. The treatment also enhanced anti-tumor
effects via downregulating A proliferation inducing ligand (APRIL), a member of the TNF family
which was reported to promote cancer cell growth [29,30].

Apples are well known healthy foods. The flavonoid-enriched fraction isolated from apple peels,
at dose of 50 μg total monomeric polyphenols/mL, selectively inhibited cell proliferation of HepG2
cells, which was comparable to the currently prescribed drug Sorafenib. At the same time, the extract
showed very low toxicity to normal liver cells. The induction of apoptosis, G2/M cell cycle arrest and
inhibition of DNA topoisomerase II were suggested to underlie these anti-tumor activities [31].

Sugar apple or sweetsop (Annona squamosa L.) is native to the tropical American. The seed extract
of the fruit was traditionally used as a remedy against “malignant sores” (cancer) in China. The studies
have demonstrated that annonaceous acetogenins, possessing potent anticancer activities, are the
major bioactive components of A. squamosa seeds. In a recent study, the seed extract showed significant
cytotoxicity against HepG2 cells with an IC50 of 0.36 μg/mL. The subsequent study in a H22 liver
cancer cells transplanted rat model corroborated the findings of in vitro study. Oral administration of
A. squamosa seed extract inhibited the growth of tumor cells with a maximum inhibitory rate of 69.55%.
In addition, no adverse effects were observed in response to the extract [32].

Sea Buckthorn (Hippophae rhamnoides L.) is a thorny deciduous herb native to Europe and Asia.
The fruits are tasty and contain rich nutrients and bioactive substances. The flavonoids of H. rhamnoides
have been reported to possess antioxidant, immunomodulatory and hepatoprotective activities [33].
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Isorhamnetin is an important flavonol aglycone isolated from the plant. In vitro study showed that
isorhamnetin inhibited cell viability (IC50, 74.4 ˘ 1.13 μg/mL) of BEL-7402 human HCC cells in a
time- and dose- dependent manner. The treatment also induced the appearance of a hypodiploid
peak, which might due to the promotion of apoptosis [34]. Gac fruit (Momordica cochinchinensis) is
a delicious wild fruit widely consumed in the Southeast Asia. An in vitro study showed that the
water extract of Gac fruit exerted antiproliferative activities in HepG2 cells. Immunoblotting found
that the treatment downregulated cyclin A, Cdk2, p27waf1/Kip1, which might explain the induced
S phase arrest. Researchers suggested that a water-soluble protein with molecular weight of 35
kDa was responsible for the anticancer properties [35]. Mangosteen is a common tropical fruit.
The fruit hulls contain many xanthones such as α-, β- and γ-mangostin which have diverse biological
activities. The antiproliferative activity of xanthones from mangosteen has been demonstrated in
several human cancer cell lines from brain, breast and colon. A recent study demonstrated that
γ-mangostin had antiproliferative activity in HepG2 cells via induction of apoptosis [36]. Litchi fruit
pericarp extract inhibited cancer cell growth (IC50, 80 μg/mL) and colony formation in vitro. In murine
hepatoma bearing-mice, the daily administration of the extract also suppressed tumor growth in a
dose-dependent way, with 0.6 g/kg/day inhibited 44.23% (p < 0.01) tumor growth [37]. Auraptene is
an antioxidant from citrus fruit. Post-treatment of auraptene to N,N-diethylnitrosamine challenged
rats effectively inhibited tumor progression, presumably by negative selection for cancer cells with
β-catenin mutation [38]. In an in vivo study using Swiss albino mice, both treatments of mango pulp
extract and lupeol, a triterpene present in mango, ameliorated DMBA induced alterations in liver [39].
Another study reported that 3,5,7,31,41-pentahydroxy-flavonol-3-O-β-D-glucopyranoside, ursolic acid
and quercetin, which were isolated from cranberry, demonstrated potent antiproliferative effects
against HepG2 cells [40].

3. Vegetables

Epidemiological studies suggested a favorable role of high consumption vegetables, such as
cruciferous vegetables, tomatoes and legumes, in cancer risks, particularly of the digestive tract.
According to a recent meta-analysis, the intake of vegetables was inversely associated with risk of liver
cancer (RR, 0.78; 95% CI, 0.62–0.99) [41].

3.1. Cruciferous Vegetables

Many species from the Cruciferae family are widely cultivated and consumed vegetables.
Epidemiological studies pointed out consumption of cruciferous vegetables, such as cauliflower,
broccoli, watercress and Brussel sprouts, with low risks of various cancers. This anticancer
effect has been attributed to high contents of glucosinolates and isothiocyanates in cruciferous
vegetables (Figure 1). Radishes (Raphanus sativus L.) contained high concentrations of glucosinolates,
isothiocyanates and polyphenols [42]. For instance, 4-methylsulfanyl-3-butenyl glucosinolate,
also referred to as glucoraphasatin, is a glucosinolate which is most abundant in Raphanus sativus.
It has been well accepted that an effective way for achieving anti-tumor activities is facilitating
phase II detoxification enzyme systems, such as NAD(P)H: quinone oxidoreductase 1 (NQO1),
glutathione-S-transferase and phenolsulfotransferases, thereby promoting the detoxification of
reactive metabolites of carcinogenic compounds [43]. Indeed, numerous studies have demonstrated
the anti-tumor effects of glucosinolates which were associated with promotion of such enzyme
activities [44]. However, it was suggested that isothiocyanate, rather than glucosinolate itself,
possessed anticarcinogenic activity. For instance, in precision-cut rat liver slices, low concentrations
of glucoraphasatin as well as its corresponding isothiocyanate derived from radish sprouts
potently upregulated hepatic phase II detoxification enzymes involved in the metabolism
of chemical carcinogens, including mycotoxins, heterocyclic amines and polycyclic aromatic
hydrocarbons, while it left the cytochrome P450 enzymes such as the CYP1 family unaffected [45].
Furthermore, sulforaphane (SUL), an isothiocyanate particularly high in broccoli, was reported to
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transcriptionally increase the expression of CYP1A1 in a time- and dose-responsive fashion in Hepa
1c1c7 and HepG2 cells [46]. However, it was suggested that SUL was highly reactive and was
further metabolized to the N-acetyl-L-cysteine (NAC) conjugate in humans. The SUL-NAC showed
greater effects of inhibition against murine hepatoma cells and induction of activities of quinone
reductase, a phase II detoxification enzyme [47]. Sinigrin, a main aliphatic glucosinolate present
in cruciferous vegetables, is hydrolyzed to allylisothiocyanate (AITC). Both treatments of AITC
and synthetic NAC-AITC dose dependently inhibited the growth of Hepa1c1c7 murine hepatoma
cells. The increased activity and mRNA expression of quinine reductase might be responsible for
the observed anticancer effects [48]. Besides, in SK-Hep 1 human hepatoma cells, the treatment
of the two compounds dose dependently suppressed cancer cell adhesion, invasion, and migration
through downregulating matrix metalloproteinase (MMP)-2/-9 at a transcriptional level [49]. Rutabaga
(Brassica napobrassica) is a popular vegetable in North Europe and North America. Extract of rutabaga
(especially eight day sprouts) exerted selective antiproliferative and pro-apoptotic effects in HepG2
cells, while it had less potent effects on the growth of normal mammalian Chinese hamster ovary
cells [50].

Figure 1. The general structure of glucosinolates and their enzymatic conversion to isothiocyanates
by myrosinase.

3.2. French Bean

A study evaluated the antiproliferative activities of aqueous extracts from aerial parts of
French bean (Phaseolus vulgaris). The extracts at 400 and 800 mg/mL displayed potent antioxidant
activities, and also suppressed the growth of HepG2 cells by 57% and 74%, respectively [51].
Phytochemical analysis of the seed coats from P. vulgaris identified 24 compounds, including
12 triterpenoids and seven flavonoids. Several compounds exhibited antiproliferative activities with
IC50 ranging from 32.1 ˘ 6.3 to 779.3 ˘ 37.4 ìM [52]. Legume lectins are usually the abundant storage
proteins in legumes. In recent years, lectin has received special attention as therapeutic agents
due to its diverse biological functions including anti-tumor, antibacterial and anti-HIV activities. A
dimeric 64-kDa hemagglutinin was isolated from dried seeds of P. vulgaris with a high yield (1.1
g/100 g seeds). The compound displayed a modest inhibition against the growth of HepG2 cells
(IC50, 100 μM), without interfering in normal liver WRL 68 cells [53]. Later, the team purified a new
legume lectin (BTKL) from seeds of P. vulgaris, which possessed strong selectively cytotoxicity to
HepG2 cells (IC50, 7.9 ˘ 0.5 μM). According to their study, the potential mechanisms of the anti-tumor
activities of BTKL include: (1) inducing apoptosis and necrosis; (2) promoting NO production via the
upregulation of iNOS; and (3) triggering the release of pro-inflammatory cytokines such as IL-1β, IL-2,
TNF-α, and INF-γ [54]. In another study, a hemagglutinin isolated from P. vulgaris showed stronger
antiproliferative properties than concanavalin A in the HepG2 cancer cell line [55].

3.3. Tomato

It was reported that tomato contains an average of 11.6–14 mg/kg lycopene. The compound is
an unsaturated carotenoid with high antioxidant activity, which has been reported to modulate cell
proliferation, differentiation, and apoptosis [56,57]. Therefore, lycopene might serve as a rational approach
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in combating HCC. The pre-treatment of lycopene from tomatoes to N-nitrosamines challenged mice
ameliorated the carcinogenic damage, as shown by decrease of oxidative stress, chromosomal and
membrane abnormalities [58]. Moreover, lycopene administration markedly suppressed the expression
of anti-apoptotic gene and upregulated caspase 3, 9 and p53 expression, leading to enhanced apoptosis
in response to N-nitrosamine insult [59]. Besides, in N-nitrosodiethylamine (NDEA)-challenged mice,
decrease of tumor incidence (42.05%), multiplicity (3.42), and burden (1.39) as well as increase of survival
rate were observed upon lycopene pretreatment to NDEA-treated animals. Histopathological analysis
showed a reduction of aggressive tumor nodules formation [60]. Collectively, these results may support
anti-tumor properties of lycopene during early stages of chemical induced hepatocarcinogenesis.

Beside lycopene, tomatine, a glycoalkaloid contained much higher in green tomato than the red
one, may also possess anti-tumor properties. In vivo study indicated that anti-tumor effects of tomatine
acted through a different mechanism, including induction of antigen-specific cellular immunity and
direct destruction of cancer cell membranes. A commercial tomato glycoalkaloid tomatine (10:1 mixture
of α-tomatine and dehydrotomatine) exerted dose-dependent inhibition against HepG2 cancer cells
and was reported to be more potent than the anticancer drug doxorubicin. These findings suggested
that consumers might also benefit from eating high-tomatine containing green tomatoes [61].

3.4. Asparagus

Asparagus (Asparagus officinalis L.) is a popular vegetable often used in soups, salads and vegetable
dishes. Several studies revealed numerous pharmacological activities associated with A. officinalis,
such as anti-inflammation, anti-mutagenicity, and cytotoxicity. Polysaccharides, steroidal saponins
and flavonoids extracted from the plant were suggested to be main constituents responsible for
its bioactivities.

Asparagus polysaccharide has been clinically adopted to treat various cancers including breast
cancer, leukemia, and lung cancer. A recent study reported that the asparagus polysaccharide
selectively inhibited cell proliferation of HepG2 (IC50, 5.7 mg/mL) and Hep3B (IC50, 9.39 mg/mL) cell
lines with less toxicity on normal human hepatocellular 7702 cells (IC50, 20.92 mg/mL). Mechanistic
study revealed that the induction of G2/M phase arrest and apoptosis by asparagus polysaccharide
via modulation of Bax, Bcl-2 and capase-3 contributed to the effects [62]. In addition, asparagus
polysaccharide was a good embolic candidate in transcatheter arterial chemoembolization (TACE),
a minimally invasive treatment for unresectable HCC. The combined treatment of asparagus
polysaccharide with TACE markedly suppressed liver tumor growth as well as prolonged survival
time in rat model with little toxicity [63].

Asparanin A, a steroidal saponin isolated from A. officinalis, has displayed antiproliferative activities
against many cancers, such as esophageal cancer, gastric cancer, lung cancer and leukemia [64].
Asparanin A also exerted dose- and time-dependent inhibition against HepG2 cells with IC50 at
6.20 ˘ 0.56 μmol/L. The treatment induced G2/M cell cycle arrest through downregulating Cdk1, Cdk4,
and cyclin A and simultaneously upregulating p21WAF1/Cip1. Besides, the promotion of apoptosis via both
the intrinsic and extrinsic pathway was observed upon asparanin A treatment to HepG2 cells [65].

3.5. Other Vegetables

The treatment of mung bean sprouts (MBS) extract showed different cytotoxicity against HepG2
cells (IC50, 14.04 ˘ 1.5 mg/mL) and normal human cells (IC50, 163.97 ˘ 5.73 mg/mL). The selectivity
index for HepG2 cells was 11.94 ˘ 1.2. Mechanisms underlying the anti-tumor properties of MBS
included induction of apoptosis (Bax and capase-8), increase of anti-tumor cytokines (TNF-α and
IFN-β), promotion of IFN-γ production, and upregulation of cell-mediated immunity through
immunopolarization [66].

Momordica charantia lectin (MCL) is a type II ribosome inactivating protein derived from bitter
gourd, a vegetable and traditional herbal medicine in China. The treatment of MCL significantly
suppressed HCC cell growth in vitro and in vivo through inducing G2/M phase arrest, apoptosis
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and autophagy [67]. Besides, MAP30, a type I ribosome inactivating protein purified from bitter
gourd, demonstrated both cytostatic and cytotoxic effects in cultured Hep G2 cells. The activities were
attributed to activation of extrinsic and intrinsic caspase apoptosis and induction of S phase cell cycle
arrest. The anti-tumor role of MAP30 was also demonstrated in vivo [68]. RNase MC2 is a ribonuclease
from M. charantia, and could enhance apoptotic death both in vitro and in HepG2-bearing mice [69].

Perilla frutescens L. is widely used for its pleasant aroma and the leaves are eaten as a
delicious vegetable. Ingredients extracted from the plant, including rosmarinic acid, caffeic acid
and apigenin were reported to exert antiproliferative activities against a wide range of cancers.
A study reported that isoegomaketone, a compound isolated from P. frutescens, significantly inhibited
cell growth and xenograft tumor formation probably through blocking the PI3K/Akt signaling
pathway of HCC cells [70]. A study evaluated the antioxidant activity, contents of total phenolics,
anthocyanin and chlorogenic acid, and in vitro anticancer capacity of potato. Among the tested samples,
Solanum pinnatisectum, which possessed the highest antioxidant activity, also showed the strongest
antiproliferative effects against liver cancer cells [71]. It was suggested that the glycoalkaloids from
potatoes possessed anti-tumor abilities. The treatment of potato glycoalkaloids, especially α-chaconine
dose dependently inhibited HepG2 cell growth in the range of 0.1–10 μg/mL, with lower cytotoxicity
to normal liver cells [72]. Celery (Apium graveolens L.) is frequently used as vegetable worldwide.
Its seeds, possessing potent antioxidant and anti-inflammatory abilities, are traditionally used to treat
liver indurations. Phytochemical analysis reported that main bioactive constituents in celery seeds
were apigenin, linamarose, and vitamins A and C. Pretreatment of rats with celery seed extracts dose
dependently suppressed chemically induced hepatocarcinogenesis as evidenced by reduction of γ-GT
positive foci [73].

4. Spices

4.1. Garlic

Epidemiologic evidence suggested that high consumption of garlic protected against various
cancers. Organo-sulphur compounds (OSC), such as alliin, allicin, diallyl disulfide, diallyl sulfide,
allyl mercaptan, and S-allylcysteine, were reported to be major ingredients with anti-tumor properties
in garlic (Figure 2) [74,75]. For instance, administration of garlic powders to rat inhibited DNA damage
by 35%–60% induced by N-nitrosodimethylamine in liver as assessed by the comet assay. The effect
was attributed to the high alliin concentration in samples [76]. Subsequently, researchers investigated
the anticancer effects of selected OSC from garlic against chemical induced DNA damage using HepG2
cells. The study showed that all the OSC tested except allyl mercaptan markedly inhibited aflatoxin
B1 induced DNA damage, while allyl mercaptan administration significantly reduced DNA breaks
induced by dimethylnitrosamine. Benzo(α)pyrene genotoxicity was effectively suppressed by diallyl
disulfide. Besides, all the tested OSC inhibited DNA damage of direct-acting agents, H2O2 and methyl
methanesulfonate [77]. In another study using rat hepatoma cells, sodium 2-propenyl thiosulfate
was found to be a potent inducer of quinone reductase [78]. In Hep3B HCC cells, hexane extracts of
garlic promoted ROS production and subsequent dysregulation of mitochondrial membrane potential,
leading to enhanced apoptotic cell death [79]. Similarly, allicin was also able to induce apoptotic
cell death through overproduction of ROS in Hep3B human HCC cell line [80]. The propensity to
metastasis of HCC leads to recurrence and poor prognosis. S-allylcysteine was observed to suppress
proliferation and metastasis of HCC in a metastatic HCC cell line MHCC97L and in vivo xenograft liver
cancer model. The potential mechanisms included (1) to inhibit cancer cell migration and invasion by
suppressing VEGF and increasing E-cadherin; (2) to promote cell apoptotic death via downregulating
Bcl-2,-xl and upregulating caspase-3, -9 activities; and (3) to induce S cell cycle arrest [79]. On the
other hand, an in vitro study reported that the water-soluble garlic extracts were more potent inhibitor
of HepG2 cells than the oil-soluble compound diallyl disulfide by inducing a p53/p21-mediated
G2/M phase arrest and apoptosis [81]. A team evaluated the anti-tumor activities of a unique garlic
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preparation, namely aged garlic extract in rats. The preparation inhibited diethylnitrosamine induced
preneoplastic lesions in liver, presumably through slowing the proliferation rate of liver cells [82]. It is
known that immune functions are usually deficient in advanced-cancer patients. A clinical trial of
patients with advanced cancer in digestive system (84% were liver cancer) reported that the aged garlic
extract had a positive effect on natural-killer cell activities [83].
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Figure 2. The chemical structures of several organo-sulphur compounds in garlic: (a) alliin; (b) allicin;
(c) diallyl disulfide; (d) diallyl sulfide; (e) allyl mercaptan; and (f) S-allylcysteine.

4.2. Turmeric

Turmeric (Curcuma longa L.) is a popular spice in Asia, especially in India. In HBV X protein
transgenic mice, Curcuma longa extracts led to less visceral fat, lower ratio of liver to body weight
and delayed pathogenesis. Since HBV infection plays a key role in the development and progression
of liver cirrhosis and HCC, the spice may be a good candidate against HBV-related liver cancer [84].
Curcumin is a yellow pigment from Curcuma longa with numerous bioactivities including antioxidant,
anti-inflammatory and anticancer activities. In an in vivo study, curcumin demonstrated anticancer
activity against chemical induced hepatocarcinogenesis. The administration of curcumin reduced
hyper plastic nodule, liver damage markers, body weight loss and hypoproteinemia in the liver of
diethylnitrosamine/phenobarbital challenged Wistar rats [85]. The protective effects of curcumin
against liver cancer also involved the enhanced degradation of hypoxia-inducible factor, and curcumin
could promote apoptosis of Hep 3B cells [86]. It was suggested that curcumin glucuronide was the
main form of curcumin in plasma following oral administration in rats, because most curcumin
was conjugated after absorption. This conjugated compound showed weaker anticancer activities
against HepG2 cancer cells [87]. Beside curcumin, curcuma oil possessed hepatoprotective properties,
and sesquiterpenoids might be its main bioactive ingredients. Treatment of curcuma oil alleviated
concanavalin A induced oxidative stress and inflammation in mice. The oil also induced apoptosis of
Hepa1-6 cancer cells in a time-/dose-dependent manner in vitro and inhibited inoculated tumor cell
growth in vivo [88]. Aromatic tumerone (ar-tumerone) is another volatile oil from C. longa. The IC50 of
ar-tumerone were 64.8 ˘ 7.1 μg/mL for HepG2, 102.5 ˘ 11.5 μg/mL for Huh-7, and 122.2 ˘ 7.6 μg/mL
for Hep3B liver cancer cell line. Further analysis showed that the ar-turmerone-induced apoptotic cell
death of HepG2 was a result of ROS-mediated ERK and JNK kinases activation [89].

4.3. Pepper

An in vitro study showed that pepper extracts reduced cell viability of rat hepatoma McA-RH7777,
while displaying no cytotoxicity, even protected against basal death of normal rat hepatocytes in the
case of Piper putumayoense. The selective cytotoxicity was attributed to the intracellular accumulation
of ROS [90].
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The glycoprotein (24 kD) isolated from Zanthoxylum piperitum could prevent chemical-induced
liver carcinogenesis by immunomodulation and promotion of apoptosis. In diethylnitrosamine
treated Balb/c mice, the glycoprotein (20 mg/kg) enhanced expression of perforin, granzyme B
and NK cell activities, as well as pro-apoptotic factors (bid, capase-3 and cytochrome c) in liver [91].
The metastasis of tumor required degradation of extracellular matrix. MMP-2/-9 promoted this
process, while TIMP-1/-2, the endogenous inhibitors of MMPs, was negatively related to tumor
metastasis. In vitro studies using HA22T cancer cell line, treatment of Zanthoxylum avicennae extract not
only suppressed cell proliferation through induction of G2/M cell cycle arrest and apoptosis, but also
inhibited cell metastasis, invasion via downregulating MMP-2/-9 and upregulating TIMP-1/-2 [92–94].
Subsequent mechanistic analysis revealed that the activation of phosphatase 2A was behind those
anti-tumor effects. An essential oil was extracted from dried pericarp of Zanthoxylum schinifolium,
which mainly consisted of 29.9% geranyl acetate, 15.8% citronella and 15.4% sabinene. This volatile
extract dose dependently promoted ROS production in HepG2 cells, leading to increased apoptotic
cell death. The extract also exerted anti-tumor activities in Huh-7 human liver cancer cell transplanted
nude mice [95].

4.4. Ginger

It was reported that ginger could be a promising candidate for cancer prevention [96–98].
In a chemical induced liver cancer rat model, 50 mg/kg daily treatment of ginger significantly
reduced serum liver cancer markers (α-fetoprotein, CEA), as well as liver tissue growth factors [99].
The inhibition of inflammation and promotion of apoptosis were implicated in the protection of
ginger against liver cancer. For instance, the suppression of inflammatory responses as evidenced
by decreased NF-κB and TNF-α was found in ginger (100 mg/kg) treated rat hepatoma model [100].
Besides, ginger extracts dose dependently inhibited cell proliferation of the HEp-2 cell line (IC50,
900 μg/mL), which was mediated though ROS induced apoptotic death. Further analysis of active
ingredients by GC-MS revealed the existence of geraniol, pinostrobin and clavatol [101]. In addition,
the studies suggested that 6-shogaol and 6-gingerol, two compounds isolated from ginger, exhibited
anti-metastasis effects against liver cancer cells via downregulation of MMP-9, urokinase-type
plasminogen (6-shogaol) and upregulation of TIMP-1 [102]. Moreover, 6-shogaol could also effectively
induce ROS-mediated caspase-dependent apoptosis in a multidrug resistance hepatoma cell line [103].

4.5. Other Spices

Star anise (Illicium verum) is widely consumed as a condiment in Asian countries. In an
NDEA/phenobarbital induced liver cancer model, the administration of star anise during the
promotion stage exhibited anti-carcinogenic potential in the liver tissue of rat. The treatment
ameliorated tumor burden (decrease of liver weight, nodule incidence, size, volume and multiplicity),
decreased oxidative stress (restoration of superoxide dismutase activity) and upregulated phase II
detoxifying enzymes (glutathione-S-transferase) [104].

Saffron is the dried stigmas of Crocus sativus L., which are commonly consumed as spice and food
colorant. Saffron has been proposed as a potential treatment for cancer. The IC50 of saffron against
HepG2 cells was 950 μg/mL. The inhibition of cancer cell viability by saffron involved apoptosis,
but was not associated with ROS production [105]. The induction of apoptosis was also observed in
saffron treated rats after diethylnitrosamine administration. Besides, saffron reduced tumor burden
and oxidative damage as well as suppressed inflammatory responses in the liver tissue [106].

Galangal (Alpinia officinarum H.) is a spice in southern China. Galagin, a flavonol from
A. Officinarum, could promote apoptotic death of HCC cells in the intrinsic mitochondrial pathway
via activation of capase-8 and Bid [107]. The diarylheptanoids isolated from the roots also possessed
modest cytotoxicity against HepG2 liver cancer cells [108]. Isoobtusilactone A is isolated from
Cinnamomum kotoense leave. The compound could induce apoptotic cell death (IC50, 37.5 μmol/L)
through overproduction of ROS in HepG2 cells [109]. In addition, in vitro studies showed that the
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ROS-mediated anticancer effect was also involved in the promotion of TRAIL-related apoptosis by
isoobtusilactone A [110]. A study showed that basil extract could inhibit the sulfotransferase induced
procarcinogenesis by suppressing DNA adducts formation in HepG2 cells and in rat hepatoma
model [111]. In addition, carnosic acid from rosemary exerted anti-tumor activities against aflatoxin
B1 through reduced oxidative stress in HepG2 cells [112].

5. Soy

The decreased cancer risks of Asian population traditionally eating a soy-based diet have been
associated with the abundant soy isoflavones with antioxidant activities, especially daidzein and
genistein [113]. For instance, the treatment of daidzein at a non-toxic dose enhanced the activity and
transcriptionally upregulated the expression of catalase in Huh-7 and HepG2 human liver cancer
cells [114]. In another study, a trypsin inhibitor isolated from Hokkaido large black soybeans exerted
antiproliferative (IC50, 140 μmol/L) activities against HepG2 cells [115]. Similarly, a trypsin inhibitor
(19 kD) from Chinese black soybean Glycine max inhibited growth of HepG2 cells with an IC50 of about
25 μmol/L [116]. However, it is of note that the role of soy isoflavones as food supplements in cancer
prevention is controversial. It was reported that genistein possessed abilities to promote proliferation
of estrogen-dependent breast cancer in vivo, which could be ameliorated by other components in soy
foods [117]. Thus, the consumption of soy-based foods rather than purified soy isoflavones might be
safer for women at high risk of breast cancer.

6. Cereals

Rice bran is a byproduct of rice milling. In a study, gastrointestinal-resistant peptide hydrolysates
prepared from rice bran were fractionated into different size. Trypan blue dye exclusion assay
showed that the <5, 5–10 kD fractions significantly suppressed (p < 0.05) growth of HegG2 cells
in vitro [118]. The byproduct is also a source of phytic acid [119], which has been reported to possess
anticancer abilities. Phytic acid from rice bran could dose-dependently suppress HepG2 cancer cell
proliferation with an IC50 of 2.49 mmol/L. The growth inhibition was correlated to enhanced apoptosis
as shown by upregulated capase-3/-9, Bax and p53 [120]. Pigmented rice usually contained more
bioactive compounds, such as flavones, phenolics, tannin, tocopherols and sterols [121]. For example,
Payao, a pigmented rice cultivar from Thailand, was reported to be a rich source of anthocyanin
(5.80 mg/g). The extract of Payao could significantly inhibit HepG2 cell growth [122].

Corn is a widely cultivated economic crop. Polysaccharides from corn silk exerted anti-tumor
effects and extended survival time of H22 hepatoma-bearing mice. The enhanced immune function,
as evidenced by increase of IL-2/-6, and TNF-α, peripheral white blood cells counts, thymus and
spleen index following the polysaccharides treatment, might delineate these anti-tumor activities [123].
Coix lacryma, also called semen coicis, is a grass-like relative of corn in China. Extract from the seed of
Coix lacryma time- and dose-dependently promoted apoptotic death of HepG2 cancer cells through
upregulation of capase-8 [124]. According to an in vitro study, the ethyl acetate and hexane extracts
of buckwheat hull selectively inhibited cell growth by 75.3% and 83.6% of Hep3B liver cancer cells,
while the inhibition rates against normal control cells were lower than 35% [125].

7. Edible Macro-Fungi

Edible macro-fungi have a long history of use for its nutrition value and flavors. It is also a rich
source of bioactive compounds, especially polysaccharide [126]. Recently, the exploration of edible
macro-fungi for tumor prevention and treatment has been carried out in various model systems.

Agaricus blazei M. has been suggested to have anticancer activities. There was evidence that the
mushroom could improve immune function and life quality of gynecological cancer patients taking
chemotherapy [127]. Besides, the extract from A. blazei meycelial could decrease formation of abnormal
collagen fiber in HCC cells [128], which might be very helpful since liver cirrhosis is highly implicated
in the development of liver cancer. The anti-tumor property of A. blazei was also proved in Smmu 7721
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hepatoma-bearing mice [129]. Further studies isolated several compounds with anti-tumor activities
against liver cancer. For instance, the β-glucan from A. blazei protected against benzo(á)pyrene induced
DNA damage in HepG2 cells by binding to the carcinogen, scavenging free radicals and probably
modulating cell metabolism [130]. Two compounds, namely blazeispirols A and C from A. blazei
displayed potent antiproliferative activities against Hep3B cells (IC50, 2.8 and 4.5 μg/mL) and HepG2
cells (IC50, 1.4 and 2.0 μg/mL) [131]. Mechanistic study reported that bazeispirol A inhibited Hep3B
cancer cell growth in a dose- and time-dependent manner through promoting apoptotic death [132].

Pleurotus pulmonarius had potent antioxidant activities. Pretreatment of P. pulmonarius to Huh7
hepatoma bearing-nude mice significantly reduced the incidence and size of tumors without obvious
adverse effects [133]. Furthermore, P. Pulmonarius could inhibit invasion and drug-resistance of
hepatoma cells. The inhibition of the PI3K/AKT signaling pathway was suggested to be the underlying
mechanism [134]. In another study, protein isolated from the dried fruiting bodies of Pleurotus eryngii
dose dependently suppressed HepG2 cell proliferation through apoptosis without apparent toxicity
to normal liver Chang cells [135]. A polysaccharide (120 kDa) from Pleurotus abalones also possessed
antiproliferative properties in HepG2 cells [136]. In addition, the polysaccharide-rich fraction of
Lentinula edodes mycelia effectively killed HepG2 cells through the capase-3/-8 mediated extrinsic
apoptosis pathway, but showed minor cytotoxicity on normal control cells [137].

AAL-2 is a novel lectin (43.175 kDa) from Agrocybe aegerita. In vitro study reported that
the lectin could bind to the surface of liver cancer cells, resulting in apoptotic cell death.
Furthermore, AAL-2 administration inhibited tumor growth and extended survival time in
hepatoma-bearing mice [138]. The study reported a glycoprotein (FVE) with immunomodulatory
properties from Flammulina velutipes [139]. In hepatoma-bearing mice, the oral treatment of FVE
(10 mg/kg) significantly prolonged survival time and reduced tumor size, through inducing
cytotoxic immune response by enhancing innate and adaptive immunity. Besides, IFN-γ was
suggested to participate in this process [140]. Iso-suillin, isolated from Suillus luteus, selectively
suppressed proliferation, induced G1 cell cycle arrest and promoted apoptotic death of SMMC-7721
human liver cancer cells, without obvious cytotoxicity against normal human lymphocytes [141].
O-orsellinaldehyde was isolated from Grifola frondosa. The compound exhibited selective potent
cytotoxicity against Hep3B cells (IC50, 3.6 μg/mL) through apoptosis [142]. In addition, p-terphenyl
derivatives from Thelephora aurantiotincta induced G1 phase arrest in human hepatoma cells probably
through iron chelation [143].

8. Effects of Combination of Dietary Natural Products with Anticancer Treatments

Chemotherapy and radiotherapy are commonly used cancer therapies. However, the toxic
adverse effects and drug resistance restrict their clinical effectiveness. Dietary natural products and
their bioactive components could improve efficacy, decrease dose, and ameliorate toxic effects of
anticancer drugs, and the combination of natural products with anticancer treatments could offer
an attractive strategy for liver cancer treatment. Resistance to apoptosis is a common trait of many
cancer cells, which has become a hurdle in traditional anticancer therapies. Asparagus polysaccharide
could potentiate the tumoricidal activities of mitomycin in vitro and in vivo, reducing the amount
of drug used without causing deleterious effects. The promotion of apoptosis was suggested to
contribute to the activities [62]. In another study, Momordica charantia lectin enhanced Sorafenib
induced apoptosis by 3.37 folds in HepG2 cells. Consistently with the in vitro finding, the combined
treatment at a physiologically safe dose completely arrested HepG2 xenograft tumor growth [67].
Extracts of Payao (pigment rice) also sensitized HepG2 cells to cytotoxicity of vinblastine, which
was suggested to be achieved through a mitochondrial apoptosis pathway [122]. In addition,
enhancing anticancer activities through promotion of intracellular drug accumulation was observed
in several studies. For instance, compared with doxorubicin alone, the combination of grape
proanthocyanidin and doxorubicin markedly inhibited H22 tumor growth. The promotion of
doxorubicin-induced apoptosis via intracellular doxorubicin accumulation is likely to be the underlying
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mechanism [144]. Epigallocatechin gallate also induced intracellular accumulation of doxorubicin in
a human chemoresistant liver cancer cell line through suppressing the activity of a P-glycoprotein
efflux pump [145]. NF-κB regulates cell survival and its activation contributes to drug resistance via
inhibiting the pro-apoptotic effects of chemotherapy. The studies demonstrated that Agaricus blazei
and Hericium erinaceus could sensitize doxorubicin-mediated apoptosis through inhibiting NF-κB
activation [146,147]. It was reported that the PI3K/AKT pathway contributed to drug resistance
of cancer cells, and inactivation of the pathway by Pleurotus pulmonarius significantly enhanced
the sensitivity of HCC cells to cisplatin [134]. In addition, the destruction of lymphocytes and
immunosuppression were problems associated with anticancer therapies. A study showed that
combined treatment of polysaccharides from Lentinus edodes and Tricholoma matsutake enhanced
anticancer activities of 5-fluorouracil against H22 cells. Besides, compared with 5-fluorouracil alone,
the combination performed better in reducing tumor weight and volume in mice model. It was
suggested that the enhanced activities of NK cells and cytotoxic T lymphocytes, the increased secretion
of cytokines (TNF-α and IFN-γ) and frequency of CD4+ and CD8+ T cells in the spleen as well as
maintainence of the relative weight of the thymus and spleen all contributed to chemo-sensitizing
activities of Lentinus edodes and Tricholoma matsutake [12]. On the other hand, liver is considered to be
sensitive to radiation, and radiotherapy itself could induce liver damage. Compared with radiotherapy
alone, the combination of apricot supplementation and radiotherapy exerted synergistically protective
effects against DMBA (7,12-dimethylbenz(a)anthracene) induced liver damage and carcinogenesis in
rats through alleviating apoptosis and oxidative stress [148].

Finally, some dietary natural products for the prevention and treatment of liver cancer are
summarized in Table 1. In addition, some effects of dietary natural products against liver cancer are
shown in Figure 3.

Figure 3. Some effects of dietary natural products against liver cancer.

Table 1. Effects of dietary natural products against liver cancer.

Natural
Products

Bioactive
Components

Study Type Bioactivities and Potential Mechanisms References

Fruits

Grape procyanidins in vitro selective cytotoxicity to cancer cells [13]

in vivo inhibiting tumor angiogenesis; promoting doxorubicin
induced apoptosis [19,144]

Flavan-3-ol in vitro inducing apoptosis, DNA damage and Suppressing
expression of oncoprotein Her-2 [20]

Black currant anthocyanins in vivo
protecting against diethylnitrosamine induced

hepatocarcinogenesis by inducting apoptosis and
suppressing oxidative stress and inflammation

[10]

Plum polyphenols in vitro inducing extrinsic apoptosis and inhibiting migration [11,25]

in vivo protecting against B(α)P liver damage through
regulating enzymes involved detoxification [26]

Pomegranate polyphenols in vivo
protecting against diethylnitrosamine induced

hepatocarcinogenesis by suppressing oxidative stress
and inflammatory responses

[27,28]

Apple polyphenols in vitro inducing apoptosis, G2/M cell cycle arrest and
inhibiting DNA topoisomerase II in cancer cells [31]
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Table 1. Cont.

Natural
Products

Bioactive
Components

Study Type Bioactivities and Potential Mechanisms References

Sweetsop annonaceous
acetogenins

in vitro and
in vivo

exerting cytotoxicity against HepG2 cells and inhibiting
tumor growth in hepatoma bearing mice [32]

Sea buckthorn isorhamnetin in vitro promoting apoptosis of human hepatoma cells [34]

Gac fruit a water soluble
protein in vitro inducing S phase arrest in cancer cells [35]

Mangosteen γ-mangostin in vitro inducing apoptosis in cancer cells [36]

Citrus fruit auraptene in vivo
suppressing tumor progression in

N,N-diethylnitrosamine challenged rats by negative
selection for cancer cells with β-catenin mutation

[38]

Mango lupeol in vivo ameliorating DMBA insult induced alterations in liver [39]

Vegetables

Radish Glucoraphasa-tin,
isothiocyanate in vitro upregulating hepatic phase II detoxification enzymes

involved in the metabolism of chemical carcinogens [45]

Broccoli sulforaphane in vitro upregulating CYP1A1 and quinone reductase [46,47]

Rutabaga NA in vitro exerting selective antiproliferative and pro-apoptotic
effects in cancer cells [50]

French bean triterpenoids,
flavonoids in vitro exhibiting antiproliferative activities against cancer cells [52]

lectins in vitro
exerting selectively cytotoxicity to cancer cells via

promoting apoptosis, necrosis, NO production and
release of proinflammatory cytokines

[54]

Tomato lycopene in vivo protecting against chemical induced liver carcinogenesis
through inducing apoptosis [59,60]

tomatine in vivo inducing antigen-specific cellular immunity and direct
destructing cancer cell membranes [61]

Asparagus polysaccharides in vitro and
in vivo

selectively inhibiting cancer cell proliferation and
enhancing the tumoricidal activities of mitomycin [62]

in vivo serving as a good embolic candidate in transcatheter
arterial chemoembolization [63]

asparanin A in vitro inducing G2/M cell cycle arrest and apoptosis [65]

Mung bean
sprouts NA in vitro

increasing apoptosis, anti-tumor cytokines (TNF-α and
IFN-β), IFN-γ production and upregulating

cell-mediated immunity
[66]

Bitter gourd lectin in vitro inducing G2/M phase arrest, apoptosis, autophagy and
enhancing the anti-tumor effects of Sorafenib [67]

MAP30 in vitro and
in vivo inducing apoptosis and S phase cell cycle arrest [68]

Purple perilla Isoegomake-tone in vitro and
in vivo

inhibiting cell growth and xenograft tumor formation
probably through blocking the PI3K/Akt signaling

pathway
[70]

Potato glycoalkaloids in vitro selectively inhibiting cancer cell growth [72]

Celery pigenin, linamarose,
Vitamins A/C in vivo dose dependently suppressing chemically induced

hepatocarcinogenesis [73]

Spices

Garlic Organo-sulphur
compounds in vitro inhibiting chemical induced DNA damage [77]

sodium 2-propenyl
thiosulfate in vitro upregulating quinone reductase [78]

allicin in vitro inducing apoptosis through overproduction of ROS [80]

S-allylcysteine in vitro and
in vivo

inducing apoptosis and S phase arrest, inhibiting cancer
cell migration and invasion [78]

aged garlic extract in vivo inhibiting diethylnitrosamine induced preneoplastic
lesions in liver [81]

clinical trial enhancing natural-killer cell activities [83]
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Natural
Products

Bioactive
Components

Study Type Bioactivities and Potential Mechanisms References

Turmeric NA in vivo protecting against HBV-related liver cancer [84]

curcumin in vitro and
in vivo

demonstrating anti-tumor activity against chemical
induced hepatocarcinogenesis [85]

Sesquiterpe-noids in vitro and
in vivo

alleviating concanavalin A induced oxidative stress and
inflammation, inhibiting cancer cell growth [88]

aromatic tumerone in vitro inducing apoptotic cell death via ROS-mediated ERK
and JNK kinases activation [89]

Pepper NA in vitro selective cytotoxicity against rat hepatoma cells through
intracellular accumulation of ROS [90]

glycoprotein in vivo preventing chemical induced liver carcinogenesis by
immunomodulation and promotion of apoptosis [91]

NA in vitro
inducing G2/M cell cycle arrest and apoptosis,

inhibiting cell metastasis, invasion via down-regulating
MMP-2/-9 and up-regulating TIMP-1/-2

[92–94]

geranyl acetate,
citronella, sabinene

in vitro and
in vivo increasing apoptotic cell death through ROS production [95]

Ginger NA in vivo inhibiting inflammation and promoting apoptosis [100]

geraniol, pinostrobin,
clavatol in vitro inhibiting cancer cell proliferation though

ROS-mediated apoptotic death [101]

6-shogaol, 6-gingerol in vitro
suppressing metastasis via down-regulation of MMP-9,

urokinase-type plasminogen and up-regulation
of TIMP-1

[102]

Star anise NA in vivo ameliorating tumor burden, oxidative stress and
upregulating phase II detoxifying enzymes [104]

Saffron NA in vitro and
in vivo

inducing apoptosis and decreasing tumor burden,
oxidative damage and inflammatory responses [105,106]

Galangal galagin in vitro promoting mitochondrial apoptotic death [107]

Cinnamon Isoobtusilac-tone A in vitro inducing apoptotic cancer cell death through
overproduction of ROS [109,110]

Basil NA in vitro and
in vivo

inhibiting sulfotransferase induced procarcinogenesis by
suppressing DNA adducts formation [111]

Rosemary carnosic acid in vitro protecting against aflatoxin B1 through reduced
oxidative stress [112]

Soy trypsin inhibitor in vitro inhibiting cancer cell growth [115,116]

Cereals

Rice bran peptide hydrolysates,
phytic acid in vitro inhibiting cancer cell growth [118,120]

Pigmented rice anthocyanin in vitro synergistically promoting the cytotoxicity of vinblastine
through a mitochondrial apoptosis pathway [122]

Corn silk polysaccharides in vivo enhancing immune function and extending
survival time [123]

Semen coicis NA in vitro dose-dependently promoting apoptotic death of cancer
cells through upregulation of capase-8 [124]

Edible
macro-fungi

Agaricus blazei NA in vitro
sensitizing doxorubicin induced apoptotic death of

cancer cells; decreasing formation of abnormal
collagen fiber

[128,146]

β-glucan in vitro
protecting against B(α)P induced DNA damage by

binding to the carcinogen, scavenging free radicals and
probably modulating cell metabolism

[130]

blazeispirols A and C in vitro displaying potent antiproliferative activities against
Hep3B cells and HepG2 cells [131]
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Pleurotus
pulmonarius NA in vitro and

in vivo

reducing the incidence and size of tumor; inhibiting
invasion and drug-resistance of hepatoma cells;

enhancing cytotoxicity of cisplatin
[133,134]

Lentinula edodes polysaccharide in vitro selectively killing HepG2 cells through the capase-3/-8
mediated extrinsic apoptosis pathway [137]

Agrocybe
aegerita lectin in vitro binding to the surface of liver cancer cells, resulting

apoptotic cell death [138]

Flammulina
velutipes FVE (glycoprotein) in vivo prolonging survival time and reduced tumor size

through inducing cytotoxic immune response [140]

Suillus luteus iso-suillin in vitro selectively inducing G1 cell cycle arrest and apoptotic
death in cancer cells [141]

Grifola frondosa O-orsellinaldehyde in vitro exhibiting selective potent cytotoxicity against
Hep3B cells [142]

NA stands for not available.

9. Conclusions

Accumulating evidence suggested that many dietary natural products could be potential sources
for prevention and treatment of liver cancer, and the following are notable for their potential
anti-hepatoma properties, including (1) grapes, black currant, plum, pomegranate, and the isolated
flavonoids, tannins, proanthocyanidins; (2) cruciferous vegetables (isothiocyanates), French beans
(lectins), tomatoes (lycopene and tomatine), asparagus (polysaccharides and saponins); (3) garlic
(organo-sulphur compounds), turmeric (curcumin), ginger (6-shogaol and 6-gingerol); and (4) soy, rice
bran, and polysaccharides from edible macro-fungi. These dietary natural products and their active
components could affect the development and progression of liver cancer in various ways, such as
inhibiting tumor cell growth and metastasis, protecting against liver carcinogens, immunomodulating
and enhancing effects of chemotherapeutic drugs. In the future, attention should be paid to the
isolation of active compounds, the illustration of action mechanisms, bioavailability, potential toxicity
and adverse effects, and more studies are required concerning the clinical efficacy of dietary natural
products and their bioactive components.
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Abstract: Colorectal cancer and throat cancer are the world’s most prevalent neoplastic diseases,
and a serious threat to human health. Plant triterpene glycosides have demonstrated antitumor
activity. In this study, we investigated potential anticancer effects of mogroside IVe, a triterpenoid
glycoside from monk fruit, using in vitro and in vivo models of colorectal and laryngeal cancer.
The effects of mogroside IVe on the proliferation of colorectal cancer HT29 cells and throat cancer
Hep-2 cells were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, and the expression levels of p53, phosphorylated ERK1/2, and MMP-9 were analyzed by
western blotting and immunohistochemistry. The results indicated that mogroside IVe inhibited, in a
dose-dependent manner, the proliferation of HT29 and Hep-2 cells in culture and in xenografted mice,
which was accompanied by the upregulation of tumor suppressor p53, and downregulation of matrix
metallopeptidase 9 (MMP-9) and phosphorylated extracellular signal-regulated kinases (ERK)1/2.
This study revealed the suppressive activity of mogroside IVe towards colorectal and throat cancers
and identified the underlying mechanisms, suggesting that mogroside IVe may be potentially used as
a biologically-active phytochemical supplement for treating colorectal and throat cancers.

Keywords: mogroside IVe; monk fruit; colorectal cancer; throat cancer

1. Introduction

Natural products play an important role in contemporary cancer therapy [1,2], and a substantial
number of clinically-used chemicals are derived from plants [3–5]. Monk fruit (Siraitia grosvenorii) is a
cucurbitaceous herb widely planted in the Guangxi province of China, which produces high-potency
sweeteners increasingly popular in the food industry as additives in low-calorie drinks or foods [6].
A study on adverse effect of monk fruit has shown that its extracts and individual compounds are
essentially non-toxic [7]. Mogroside IVe, a triterpenoid glycoside from monk fruit, consists of an
aglycone (mogrol) and four glucose groups [8]. However, despite the presence of glucose residues,
mogroside IVe exerts an antihyperglycemic effect and could regulate blood sugar levels in diabetic
patients [9]. Mogroside IVe is responsible, in part, for the intense sweetness of the fruit and is estimated
to be about 392 times sweeter than sucrose [10].
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Colorectal cancer and throat cancer are the world’s most prevalent neoplastic diseases and a
serious threat to human health [11,12]. Diet and exercise have been established as important factors
in cancer prevention, and many triterpene glycosides have demonstrated antitumor activity [13–15].
However, the pharmacological properties of mogroside IVe in preventing colorectal and laryngeal
cancers remain unknown. As no negative side effects associated with the ingestion of monk fruit
extracts have been reported, in 2014, Food and Drug Administration (FDA) acknowledged mogrosides
as Generally Recognized as Safe (GRAS) and approved their use as general-purpose food sweeteners,
indicating their safety as pharmacological agents. In this study, we investigated potential anticancer
effects of mogroside IVe, including the ability to induce cancer cell apoptosis and inhibit proliferation
using in vitro and in vivo models.

2. Materials and Methods

2.1. Cells and Compounds

Colorectal cancer HT29 and throat cancer Hep-2 cell lines were obtained from the Typical Culture
Preservation Commission Cell Bank, Chinese Academy of Sciences (Shanghai, China). HT29 and Hep-2
cells were cultured in Dulbecco’s Modified Eagle medium (DMEM) (Gibco Invitrogen) supplemented
with penicillin (100 U/mL), streptomycin (100 μg/mL), and 10% fetal bovine serum (FBS),
at 37 ˝C in a 5% CO2 incubator. Mogroside IVe was purchased from Must Bio-Technology Co., Ltd.
(Chengdu, China).

2.2. Identification of Mogroside IVe

The chemical structure of mogroside IVe was confirmed by liquid chromatography
electrospray ionization mass spectrometry (LC-ESI-MS) analysis as previously described, with slight
modifications [16]. LC-ESI-MS was performed in positive ion mode at the scan range of 100–1500 m/z;
0.1% formic acid was used as a mobile phase additive.

2.3. Measurement of Cell Proliferation

HT29 and Hep-2 cells were seeded into 96-well plates (1 ˆ 104 cells/well) and treated with
vehicle (PBS) or increasing concentrations (0–250 μmol/L) of mogroside IVe for 48 h. Cell viability was
assessed by MTT assay; the absorbance was read at a wavelength of 570 nm using a spectrophotometer
as previously described [14].

2.4. Mouse Studies

All animal experiments were performed in accordance with institutional guidelines approved by
the Beijing University of Agriculture. Xenograft tumor models were established by implanting 1 ˆ 107

HT29 or Hep-2 cells subcutaneously into male BALB/c nude mice (eight weeks old, 25–30 g) purchased
from Charles River Ltd. (Beijing, China). Then, mice were randomly assigned into four groups
(n = 8 per group): three treatment groups received intravenous injections of mogroside IVe (2 mg/kg,
10 mg/kg, and 30 mg/kg) three times per week for five weeks, while the control group received saline.
Tumor size was measured with a vernier caliper and monitored twice weekly, andtumor volume
was calculated as V = (L ˆ W2)/2, where L is the length and W is the width of the tumor. At day
35 post-implantation, mice were euthanized by intraperitoneal injection of sodium pentobarbital
(150–200 mg/kg), and tumors were harvested for further analysis.

2.5. Immunoblotting and Immunohistochemistry

The level of protein expression in cultured cells was determined by immunoblotting as previously
described [17,18] using primary antibodies against MMP-9 (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), p53, phospho-ERK1/2, total ERK, and β-actin (all Sigma-Aldrich, St. Louis, MO, USA).
Protein expression in xenografted tumors was analyzed by immunohistochemistry. Tumor tissues
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were fixed immediately after harvesting in 10% phosphate-buffered formalin, embedded in paraffin,
and tissue sections were stained with the antibodies indicated above.

2.6. Apoptosis Assessment

Tumor sections prepared as above were analyzed for cell apoptosis by the TUNEL assay
using the In Situ Cell Death Detection Kit, POD (Roche Diagnostics, Mannheim, Germany)
as described previously [19,20]. After TUNEL staining, tumor sections were mounted using
Vectashield supplemented with 41-6-diamidino-2-phenylindole (DAPI; H-1200, Vector Laboratories,
Burlingame, CA, USA) for nuclei detection and the images were acquired under a confocal laser
scanning microscope.

2.7. Statistical Analysis

All in vitro experiments were repeated at least three times. Statistical analysis was performed
using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance was
determined by Student’s t-test, and p values < 0.05 were considered statistically significant.

3. Results

3.1. Identification of Mogroside IVe

The structure of mogroside IVe was confirmed by mass spectrometry. Fragment patterns
of mogroside IVe included m/z ratios of 1125.6124 [M + H]+, 963.5564 [M + H-Glc]+,
801.4997 [M + H-2Glc]+, and 639.4541 [M + H-3Glc]+ (Figure 1).

Figure 1. HPLC and mass spectra of mogroside IVe. (a) LC chromatogram of mogroside IVe standard;
(b) Mass spectrum of mogroside IVe standard.

3.2. Mogroside IVe Inhibits the Proliferation of HT29 and Hep-2 Cells

The effect of mogroside IVe on cell proliferation was measured by MTT assay. HT29 and Hep-2
cells were cultured in the presence of different concentrations (0–250 μmol/L) of mogroside IVe for
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48 h. The results demonstrated that mogroside IVe inhibited the proliferation of both HT29 and Hep-2
cells in a dose-dependent manner (Figure 2b,c). Figure 2d shows significant morphological changes
induced by mogroside IVe in both cell lines. While control (PBS-treated) cells were similar in size
and regularly shaped, some of mogroside IVe-treated cells were detached from the surface and lysed,
as evidenced by the presence of cell debris, or formed apoptotic bodies.

Figure 2. Mogroside IVe inhibits the proliferation of cultured cancer cells. (a) Chemical structure of
mogroside IVe; (b,c) Mogroside IVe suppressed the proliferation of HT29 (b) and Hep-2 (c) cells in a
dose-dependent manner. The results represent the mean ˘ SD of three independent experiments
performed in triplicate; (d) Significant morphological changes were induced in cancer cells by
mogroside IVe.

3.3. Effect of Mogroside IVe on the Phosphorylation of ERK1/2, and the Expression of p53 and MMP-9

Next, we examined the mechanism underlying mogroside IVe inhibition of cancer cell
proliferation. As tumor suppressor protein p53, extracellular signal-regulated kinasesERK1/2,
and matrix metallopeptidase 9 (MMP-9) are implicated in cancer cell proliferation and metastasis,
we examined their expression in HT29 and Hep-2 cells. The results indicated that mogroside IVe,
in a dose-dependent manner, significantly suppressed the phosphorylation of ERK1/2 (Figure 3a,b),
while upregulating the expression of p53 (Figure 3c,d) and downregulating that of MMP-9 (Figure 3e,f).
These findings strongly suggested that phospho-ERK1/2, p53, and MMP-9 may be molecular targets
of mogroside IVe.
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Figure 3. Mogroside IVe regulates ERK1/2 phosphorylation, and p53 and MMP-9 expression. HT29
and Hep-2 cells were treated with the indicated concentrations of mogroside IVe and analyzed for
protein expression by Western blotting. (a,b) Mogroside IVe inhibited ERK1/2 phosphorylation in HT29
(a) and Hep-2 (b) cells; (c,d) Mogroside IVe enhanced p53 expression in HT29 (c) and Hep-2 (d) cells;
(e,f) Mogroside IVe inhibited MMP-9 expression in HT29 (e) and Hep-2 (f) cells. The data represent the
mean ˘ SD of three independent experiments performed in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001
compared to control.

3.4. Anticancer Effect of Mogroside IVe in Mice

To investigate the effect of mogroside IVe on tumor growth in vivo, we developed an animal
xenograft model of HT29- and Hep-2 cell-derived tumors. In HT29 and Hep-2 xenografted mice,
mogroside IVe showed statistically significant inhibition of tumor growth (Figure 4a,b). After five
weeks of treatment with mogroside IVe, all mice were euthanized, and the tumors were weighed.
Consistent with the tumor volumes estimated by external measurements, tumor weight in mogroside
IVe-treated mice was significantly less than that in control mice by day 35. The results presented
in Figure 4, confirmed that the treatment with mogroside IVe significantly inhibited the growth of
HT29- and Hep-2-derived tumors.
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Figure 4. Mogroside IVe inhibits the growth of HT29- and Hep-2-derived tumors. Mice were implanted
1 ˆ 107 HT29 or Hep-2 cells subcutaneously and injected 2 mg/kg, 10 mg/kg, and 30 mg/kg of
mogroside IVe three times a week for five weeks; the control group was injected saline. (a) Mogroside
IVe reduced the size (left panel) and weight (right panel) of HT29-derived tumors; (b) Mogroside IVe
reduced the size (left panel) and weight (right panel) of Hep-2-derived tumors. Statistical significance
between control and treated animals were evaluated by Student’s t-test (n = 8). ** p < 0.01; *** p < 0.001
compared to control.

3.5. Mogroside IVe Induces Apoptosis of Tumor Cells in Mice

The induction of apoptosis in cancer cells is an important aspect of tumor-suppressing activity
exerted by anticancer agents. As revealed by the TUNEL assay, mogroside IVe-treated mice
demonstrated a significant increase in the number of apoptotic bodies (stained red) in cancer cell
xenografts compared with control (Figure 5a,b), suggesting that the suppression of tumor growth in
mice injected with mogroside IVe was due to increased apoptosis of tumor cells.
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Figure 5. Mogroside IVe induced apoptosis in HT29 and Hep-2 cell-derived tumors by upregulating
p53 levels. (a,b) Detection of apoptotic cells (stained red) in tumors using the TUNEL assay. Mogroside
IVe induced apoptosis in HT29 (a) and Hep-2 (b) tumors in a dose-dependent manner; (c,d) Mogroside
IVe increased p53 expression in HT29 (c) and Hep-2 (d) tumors. * p < 0.05, ** p < 0.01, *** p < 0.001
compared to control.

To investigate the mechanism by which mogroside IVe induced apoptosis in HT29- and
Hep-2-derived tumors, they were evaluated by immunohistochemistry, which revealed significantly
increased p53 expression in the tumors from mogroside IVe-treated mice compared with those from
the control group (Figure 5c,d). This observation indicated that mogroside IVe induced tumor cell
apoptosis by promoting p53 expression.

3.6. Effect of Mogroside IVe on ERK1/2 Phosphorylation and MMP-9 Expression in Vivo

ERK1/2 phosphorylation-dependent signaling is required to support the invasion of HT29 and
Hep-2 cells through activation of the downstream pathways [21,22]. MMP-9 is a zinc-dependent
protease implicated in cancer cell invasion and metastasis [23]. Immunohistochemistry analysis
indicated that mogroside IVe markedly decreased the levels of phospho-ERK1/2 and downregulated
MMP-9 expression in the tumors of treated mice in a dose-dependent manner (Figure 6).
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Figure 6. Immunohistochemical analysis of p-ERK1/2 and MMP-9 expression in HT29 and Hep-2
cell-derived tumors. (a,b) Mogroside IVe inhibited Erk1/2 phosphorylation in HT29 (a) and Hep-2
(b) tumors in a dose-dependent manner; (c,d) The number of MMP-9–positive cells was reduced after
mogroside IVe treatment in HT29 (c) and Hep-2 (d) tumors compared with the control group. * p < 0.05,
** p < 0.01, and *** p < 0.001 compared to control.

4. Discussion

Our results indicate that mogroside IVe, a triterpenoid glycoside from monk fruit used as a
strong sweetener, has a potential to prevent the development of colorectal and laryngeal cancers
because it significantly inhibited the proliferation of HT29 and Hep-2 cells in vitro (Figure 2b–d),
and, consistently, demonstrated an anticancer effect in mice with HT29- and Hep-2-derived xenografted
tumors (Figure 4).

The TUNEL assay showed that the ability of mogroside IVe to suppress tumor growth may be
based, at least in part, on the induction of apoptosis in cancer cells (Figure 5a,b). Previous studies have
indicated that many apoptotic signals associated with cell death in HT29 and Hep-2 cells are mediated
by p53 because enhanced p53 expression induces tumor cell apoptosis [24–27]. In agreement with
these findings, in our xenograft model mogroside IVe significantly increased the expression level of p53
in tumors (Figure 5c,d), which was corroborated by the in vitro results (Figure 3c,d). Overall, these data
suggest that mogroside IVe induced p53-mediated apoptosis in HT29 and Hep-2 cancer cells.

Cell invasion is a critical step in cancer progression as it facilitates metastasis [28–30], which is
a critical factor in determining the survival of cancer patients [31–33]. MMP-9 is thought to play
an important role in HT29 and Hep-2 cancer cell migration and invasion [34,35], and our findings
indicated that mogroside IVe treatment downregulatedMMP-9 expression in HT29 and Hep-2 cells
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both in vitro (Figure 3e,f) and in vivo (Figure 6c,d). These results were supported by the observation that
mogroside IVe inhibited the phosphorylation of ERK1/2 (Figure 3a,b and Figure 6a,b), which acts as
an upstream regulator of MMP-9 expression [36–39]. Together, these findings suggest that mogroside
IVe may suppress MMP-9 expression via inhibition of ERK1/2 phosphorylation-dependent activation.
As MMP-9 is considered to play a critical role in the migration and invasion of HT29 and Hep-2 cancer
cells, we can speculate that mogroside IVe may also inhibit cancer invasion and metastasis. However,
future in vitro and in vivo studies are required to test this hypothesis and confirm that mogroside IVe
can prevent or reduce cancer cell migration and invasion.

In conclusion, we demonstrated that mogroside IVe has the ability to suppress the proliferation
of colorectal cancer and throat cancer cells by inducing apoptosis through upregulation of p53,
and downregulation of p-ERK1/2 and MMP-9 levels, strongly indicating anticancer activity.
Thus, we highlighted, for the first time, the role and mechanism of mogroside IVe as a phytochemical
with anti-colorectal cancer and anti-throat cancer activity. As mogroside IVe does not have side
effects and is used as a sweetener in many low-calorie foods and drinks, its application as a dietary
supplement may have benefits over conventional drugs in terms of cancer prevention effects and
user compliance.
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Abstract: While the potential of dietary phenolics to mitigate glycemic response has been proposed,
the translation of these effects to phenolic rich foods such as 100% grape juice (GJ) remains
unclear. Initial in vitro screening of GJ phenolic extracts from American grape varieties (V. labrusca;
Niagara and Concord) suggested limited inhibitory capacity for amylase and α-glucosidase
(6.2%–11.5% inhibition; p < 0.05). Separately, all GJ extracts (10–100 μM total phenolics) did reduce
intestinal trans-epithelial transport of deuterated glucose (d7-glu) and fructose (d7-fru) by Caco-2
monolayers in a dose-dependent fashion, with 60 min d7-glu/d7-fru transport reduced 10%–38%
by GJ extracts compared to control. To expand on these findings by assessing the ability of 100%
GJ to modify starch digestion and glucose transport from a model starch-rich meal, 100% Niagara
and Concord GJ samples were combined with a starch rich model meal (1:1 and 1:2 wt:wt) and
glucose release and transport were assessed in a coupled in vitro digestion/Caco-2 cell model.
Digestive release of glucose from the starch model meal was decreased when digested in the
presence of GJs (5.9%–15% relative to sugar matched control). Furthermore, transport of d7-glu
was reduced 10%–38% by digesta containing bioaccessible phenolics from Concord and Niagara GJ
compared to control. These data suggest that phenolics present in 100% GJ may alter absorption
of monosaccharides naturally present in 100% GJ and may potentially alter glycemic response if
consumed with a starch rich meal.

Keywords: grape juice; anthocyanins; carbohydrate digestion; glucose transport

1. Introduction

On average, Americans consume 0.43 gallons per capita of grape juice (GJ) annually, making GJ
the third most commonly consumed juice in the US [1]. Native American Concord and Niagara grape
cultivars are sources for production of purple and white juice, respectively. Both grapes and their
corresponding juices are well established sources of nutrients and bioactive phenolic compounds,
including flavan-3-ols, flavonols, stilbenes, phenolic acids and, for Concord grapes, anthocyanins [2–5].
With total phenolic and anthocyanin levels reported as high as 2900 mg/L and 880 mg/L, respectively,
for 100% Concord GJ and similarly high levels of phenolics in 100% Niagara GJ, these products can be
significant contributors to health promoting phytochemicals [4].

Phenolic rich 100% Concord GJ consumption has been reported to have health promoting activities
including improved cardiovascular and cognitive function [6–8]. Primary outcomes mediated by
Concord GJ include increased flow mediated dilation, decreased platelet aggregation, modulation
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of low density lipoprotein (LDL) oxidation lag time, and improved memory function and brain
signaling (reviewed by Blumberg et al. [6]; Krikorian et al. [7,8]). While promising, these benefits
have been observed with consumption of between ~12 and 20 oz of 100% juice and 100% GJ contains
~36 g sugar per 240 mL serving [9]. While fruit juices have been reported to have similar glycemic
response to whole fruits when matched by sugar load [10], realization of these benefits remains
challenged by consumer concern related to the higher sugar content and risk for obesity and diabetes.
Therefore, while evidence for the benefits of GJ and GJ phenolics continues to expand, there remains
a hesitation in recommending 100% GJ consumption to certain populations due to its natural high
sugar content.

Over the past decade, the potential of phenolics to modulate glucose homeostasis has emerged
(reviewed by Hanhineva et al. [11] and Williamson et al. [12]). Specifically, phenolics derived from
foods including berries, juices, tea and coffee have demonstrated the ability to modulate intestinal
digestion of starch by inhibition of amylase and glucosidase enzymes as well as intestinal glucose
absorption through inhibition of glucose transporters such as GLUT 2 [13–20]. While primarily
based on experiments with purified phenolics and phenolic extracts, these data would suggest that
sugar in the context of a phenolic rich food or beverage may be processed differently in the intestine
resulting in a modified glycemic response. Interestingly, while similar glycemic responses have been
observed between grape juice and fruit, juice resulted in lower insulin response [21]. Johnston et al. [22]
previously reported that 3 h glycemic response from both clear and cloudy 100% apple juice was in fact
lower in healthy volunteers compared to a phenolic-free, sugar-matched placebo beverage. While no
mechanistic test were performed, the authors postulated that phenolics in apple juices, including
phloridzin or other polyphenols, may be responsible, in part, for the observed delay in intestinal
absorption of glucose. In a related fashion, chronic consumption of 100% Concord GJ (8 weeks)
decreased fasting blood glucose levels compared to placebo beverage [23]. These results do in fact
suggest that specific 100% juice components might modify glucose absorption and/or homeostasis
in humans.

While these data are promising, additional insight into the ability and mechanisms by which GJ
phenolics may modulate glucose absorption is required. Also, considering the potential mechanism
of phenolic inhibition of starch digestive enzyme and glucose transport, it is important to consider
the potential impact of a complex meal on these effects. Although clinical studies remain the gold
standard for investigating health-related outcomes, in vitro models provide an effective screening
tool to investigate mechanistic steps and screen a broader set of food matrix factors that impact
nutrient and phytonutrient bioavailability prior to refining designs for clinical evaluation [24–28].
Leveraging a similar approach, the specific objectives of this study were to (1) examine the
potential for 100% GJ phenolics to modulate carbohydrate digestion and intestinal glucose transport
in vitro; and (2) determine if bioaccessible phenolics from 100% GJ can alter carbohydrate digestion
and intestinal glucose transport in the presence of a starch rich meal using a coupled in vitro
digestion/Caco-2 model.

2. Materials and Methods

2.1. Chemicals, Solutions and Standards

Chromatography solvents, acids and salts including acetonitrile, methanol and water, formic acid
and ammonium formate in addition to phenolic standards (gallic acid, caffeic acid, epicatechin,
quercetin-3-O-glucoside, quercetin-3-glucuronide, quercetin, resveratrol, and cyanidin-3-O-glucoside)
were purchased from Sigma-Aldrich, (St. Louis, MO, USA). Material for test meal including nonfat
dry milk (NFDM; Maple Island, North St. Paul, MN, USA) and corn starch (Tate and Lyle) were
purchased at a local market. Materials for in vitro digestion including urea (U5378), uric acid (U2625),
porcine mucin (M2378), α-amylase (A3176), pepsin (P7125), lipase (L3126), pancreatin (P1750) bile
salt (B8631) extract, KH2PO4 (VWR), K2SO4 (Riedel-de Haën), potassium citrate, sodium citrate, KCl,
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CaCO3, MgCO3 (Sigma-Aldrich) and Tris-HCl were also purchased from Sigma-Aldrich. NaCl, HCl,
and NaHCO3 were purchased from Mallinckrodt (Phillipsburg, NJ, USA). Reagents for enzyme
inhibition assays including dimethylsulfoxide (DMSO), acarbose, phosphoric acid, α-amylase (A3176),
rat intestinal α-glucosidase, NaCl, glucose oxidase-peroxidase, maltose, maltotriose, maltotetrose and
maltopentose, were obtained from Sigma-Aldrich. Cell culture reagents including Dulbecco’s Modified
Eagles Medium (DMEM), non-essential amino acids (NEAA), penicillin/streptomycin (pen/strep),
and phosphate buffered saline (PBS) were purchased from Lonza (Walkersville, MD, USA). Cell culture
reagents including 4-(2-hydroxylethyl)-1-piperazineethanes (HEPES), bovine serum albumin (free fatty
acid free) (FFA) and glucose-free DMEM were purchased from Sigma-Aldrich. NaHCO3, monosodium
phosphate, and disodium phosphate were obtained from J.T. Baker (Center Valley, PA, USA).
Fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA, USA), gentamycin (J.R. Scientific,
Woodland, CA, USA), trypsin (Thermo Scientific, Waltham, MA, USA), glucose and fructose
(Research Products International Corps, Mt. Prospect, IL, USA), and D-glucose-1,2,3,4,5,6,6-d7 (d7-glu)
and D-Fructose-1,1,3,4,5,6,6-d7 (d7-fru) (Sigma-Aldrich) were used in glucose transport experiments.

2.2. Grape Juice Samples

One hundred percent Niagara and Concord GJ were provided by Welch Foods Inc.
(Concord, MA, USA) (Table 1). One hundred percent juices were produced from two harvest years
(2013 and 2014) and were pasteurized and maintained refrigerated at 4 ˝C until used in experiments.
The Niagara GJs were processed with and without the addition of sulfur dioxide.

Table 1. Description of 100% grape juice samples assessed 1.

Grape Juice Description Form of Juice Sugar Content

Niagara, 2013 harvest Reconstituted from concentrate 16.0˝ Brix
SO2 Niagara, 2013 harvest Reconstituted from concentrate 16.0˝ Brix

Concord, 2013 harvest Not from concentrate 16.5˝ Brix
Niagara, 2014 harvest Reconstituted from concentrate 16.0˝ Brix

SO2 Niagara, 2014 harvest Not from concentrate 13.3˝ Brix
Concord, 2014 harvest Not from concentrate 15.9˝ Brix

1 All samples received from Welch’s Foods Inc.

2.3. Phenolic Extraction

Phenolics were extracted from aliquots (5 mL) of GJ by solid phase extraction (Oasis® HLB 6cc
(150 mg) extraction cartridges) using the method of Song et al. [29]. Briefly, 5 mL of juice were loaded
onto the SPE cartridges (Milford, MA, USA) and rinsed with 2% formic acid in water. Elution of
phenolics was completed with 2% formic acid in methanol. Eluates were dried down under nitrogen
and kept frozen (´80 ˝C) until analysis. Total phenolic content of extracts was measured using a
modified Folin-Ciocalteau assay as described by Waterhouse et al. [30].

2.4. Analysis of Polyphenol and Anthocyanin-Rich Fractions by LC-MS

Dried GJ extracts were resolubilized in 2.0% formic acid in water and characterized by LC-MS
using methods of Song et al. [29] with minor modification. Single ion responses (SIRs) were used to
quantify individual GJ phenolics. Phenolic acids, flavonoids and stilbenoids were quantified using
multi-level response curves constructed with authentic standards of each phenolic species identified
by co-chromatography with limited exception. Piceid concentration (a resveratrol glucoside) was
estimated using a resveratrol calibration curve. Concentration of all quercetin-O-glucosides was
estimated using quercetin-3-O-glucoside. Finally, concentrations of anthocyanins were determined
using a calibration curve constructed from cyanidin-3-O-glucoside.

2.5. Impact of GJ Phenolic Extracts on Starch Digestive Enzymes in Vitro

Impact of GJ phenolic extracts on starch digestion by α-amylase and α-glucosidase was
determined as described by Lee et al. [31]. Briefly, GJ phenolic extracts were dissolved in DMSO (5 mM).
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A waxy maize starch solution (1 g/50 mL) was prepared in 20 mM sodium phosphate buffer and boiled
to achieve gelatinization (20 min). Starch solutions (50 μL) were then combined with GJ phenolic
extract (15 μL, delivering 10–500 μM of total phenols), pancreatic α-amylase (37 ˝C, 10 U/37.5 μL)
and phosphate buffer (20 mM, pH 6.8). Samples were incubated for 10 min after which the reaction
was terminated by boiling. Samples were diluted 10ˆ in water prior to quantification of maltose and
maltotriose by HPAEC-ECD. Percent inhibition of α-amylase by GJ phenolics was calculated relative
to vehicle control (DMSO with no GJ extract) and compared to positive control acarbose.

Inhibition of α-glucosidase by GJ phenolics was assessed using a Megazyme glucose assay kit
(Megazyme Inc., Chicago, IL, USA). Briefly, rat intestinal α-glucosidase solution (1 g/10 mL, 10 μL)
was mixed with inhibitor (10 μL, 100–5000 μM total polyphenols). Sodium phosphate (0.1 M, pH 6.8,
70 μL) was added to the enzyme-inhibitor solution and the mixture was vortexed well. Maltose
solution (10 μL, 100 mg/mL) was then added. The reaction mixture was incubated at 37 ˝C for 90 min.
Enzymes were inactivated by placing the samples in boiling water. Samples were then centrifuged.
The supernatant was collected and diluted 10ˆ. Glucose content was determined by addition of glucose
oxidase-peroxidase reagent and measuring absorbance at 510 nm. Percent inhibition of α-glucosidase
by phenolic extracts and acarbose was determined by comparing the difference in absorbance between
control and extract relative to absorbance of the control.

2.6. Inhibition of Glucose/Fructose Transport through Caco-2 Human Intestinal Cell Monolayers by
GJ Phenolic Extracts

Potential for inhibition of glucose and fructose intestinal transport by GJ phenolic extract was
assessed using a three-compartment Caco-2 human intestinal cell culture model. Caco-2 (TC7 clone)
cells were maintained in DMEM supplemented with 10% v/v FBS, 1% v/v NEAA, 1% v/v HEPES,
1% v/v pen/strep and 0.1% v/v gentamicin. Cells were seeded (2.12 ˆ 105 cells/cm2), grown and
differentiated in 6 well insert plates (Corning® Transwell® polyester membrane, Corning Inc., Oneonta,
AL, USA, 24 mm diameter, pore size 0.4 μm) under a humidified atmosphere of air/CO2 (95:5) at
37 ˝C. All experiments used differentiated monolayers (electrical resistance >250 Ω) at passages 90–95,
with transport studies conducted 21–24 days post-confluency. Cells were incubated in glucose-free
DMEM for 2 h preceding treatment. Test media for initial experiments was prepared by solubilizing
glucose and fructose (9 mM each), d7-glu and d7-fru (3 mM each), and GJ phenolic extracts in PBS
pH 5.5 (delivering 10–100 μM total phenolics, respectively). Cellular viability was assessed using the
MTT assay (Biotium, Hayward, CA, USA). Highly differentiated cell monolayers treated with phenolic
extracts and digesta (at concentrations >100 μM) for 4 h were found to have >95% viability. Test media
was applied to the apical surface of cell monolayers. After 60 min incubation, basolateral and apical
media were collected and cells were washed twice with 0.1% fatty acid free PBS. Membranes were
then washed with ice cold PBS to terminate glucose transport, and cells were collected by scraping
and frozen until analysis. All treatments were performed in quadruplicate.

2.7. Analysis of d7-Glucose and d7-Fructose Concentration in Basolateral Media by LC-MS

Basolateral media (100 μL) was extracted using acetone (0.5 mL), dried down under nitrogen,
resolubilized in mobile phase (0.6 mL), and centrifuged (14,000 rpm, 5 min) prior to analysis for the
chlorine adduct of d7-glu and d7-fru by LC-TOF-MS [32]. 10 μL of sample was injected on a Waters
ACQUITY UPLC H-Class system equipped with an ACQUITY QDa mass detector. Separation was
achieved according to a method by Liu et al. [33] with minor modification. A Waters BEH-amide
column (2.1 mm id ˆ 150 mm, 2.5 μM particle size) was heated to 30 ˝C under isocratic conditions with
flow rate of 0.65 mL/min for 6 min and mobile phase 87:13 acetonitrile:water with 8 mM ammonium
formate, pH 9.8. Conditions were as follows: ionization mode: ESI (´); mass: 222 m/z; capillary voltage:
0.8 kV; cone voltage: 20 V; probe temp: 350 ˝C; desolvation temp: 600 ˝C. Glucose, fructose, d7-glu and
d7-fru concentrations were calculated using calibration curves made from authentic standards.
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2.8. Impact of 100% GJ on Glucose Release/Transport in a Coupled in Vitro Digestion/Caco-2 Model

To extend beyond GJ extracts, a coupled three-stage in vitro digestion/Caco-2 model was used
to determine if bioaccessible GJ phenolics could inhibit starch digestion and/or glucose transport
with or without a co-consumed starch rich meal. Initially 100% GJ or sugar matched phenolic free
control (~10 mL) was introduced to a three-stage in vitro digestion with oral, gastric and small
intestinal phase as described by Moser et al. [34] and modified according to conditions described by
Vermeirssen et al. [35] to include rat intestinal powder (0.15 g/reaction) as a source of α-glucosidase.
Aliquots of undigested beverage starting material (SM), and centrifuged aqueous intestinal digesta
(AQ) containing bioaccessible GJ phenolics were collected and acidified with aqueous acetic acid
(1% total in sample) and stored frozen at ´80 ˝C until phenolic analysis by HPLC-MS (outlined above).
A separate aliquot of AQ digesta was then diluted 2:7 with PBS (pH 5.5) (delivering ~21–56 μM total
bioaccessible GJ phenolics, ~24 mM monosaccharides), spiked with d7-glu (6 mM), and applied to the
apical surface of Caco-2 monolayers. A matching phenolic-free control was prepared by solubilizing
glucose and fructose (24 mM total) with d7-glu (6 mM each) in blank AQ digesta diluted 2:7 with PBS.
Treatments were replicated in quadruplicate. Transport of d7-glu was followed as described previously.

In a second experiment, 100% GJ was co-digested with a test meal consisting of a starch/nonfat
dry milk model meal. The model meal was prepared by mixing corn starch and non-fat dry milk
(NFDM) in double-distilled water (10% v/v each). The mixture was then heated (95 ˝C, 30 min) and
cooled slowly to 4 ˝C. The resulting product was blended and an aliquot (5 g) was combined with
2.5 or 5 g of 100% GJ (Concord or SO2 Niagara, 2013 harvest) or sugar-matched control beverage
(50:50 Glucose:Fructose; 16˝ Brix) prior to introduction to the oral phase of digestion. Starting materials
(GJ plus model meal) and final AQ digesta were collected and stored (´80 ˝C). Bioaccessibility of
phenolics was determined by comparing individual phenolic content of AQ digesta relative to starting
material. The extent of starch digestion was determined by comparison of initial glucose content
in starting material to that in final AQ digesta. Percentage inhibition of starch digestion by GJ was
determined by comparing release of glucose from starch during digestion of model meal with grape
juice relative to phenolic-free control. Following digestion, the ability of co-digested GJ to further
inhibit glucose transport was determined by diluting AQ digesta 2:7 with PBS (pH 5.5) containing 6 mM
d7-glu (delivering ~5–16 μM total bioaccessible phenolics, determined using Folin-Ciocalteu assay [30])
and applying to the apical surface of Caco-2 monolayers. Feeding material containing AQ from high
and low level GJ samples contained ~12 mM and 6 mM glucose and fructose. Matching phenolic-free
controls were prepared. Treatments were replicated in quadruplicate. Transport of d7-glu (6 mM) was
tracked and compared to control matched for sugar content.

2.9. Data Analysis

Data for polyphenol, anthocyanin, and (d7)-glu and (d7)-fru content of GJ samples, AQ digesta
and basolateral material are expressed as mean ˘ SEM. Relative (%) bioaccessibility is defined
as the percentage of polyphenol recovered in final digesta from that in starting material.
Absolute bioaccessibility (μM) is the amount of phenolic available in digesta relative to that present
in starting material, calculated by multiplying % bioaccessibility by concentration (μM) of phenolic
in starting material. Percent (%) glucose release from corn starch by α-amylase was calculated
as the fraction of glucose released compared to negative control. Glucose transport is expressed as
concentration (μM) of d7-gluc appearing in the basolateral compartment over time. Percent (%) glucose
transport was calculated on the basis of initial d7-glu content in the apical compartment at time 0.
In order to facilitate comparison between treatments and control for variability between individual
replicates, percentage (%) glucose transport was normalized using the d7-glu transport from control.
Differences in phenolic profile, bioaccessibility data, enzyme inhibitory activity and glucose transport
for each GJ or GJ extract were performed using JMP (Version 12, SAS Institute, Cary, NC, USA),
and evaluated using Tukey’s test or t-test. All significant differences testing used α < 0.05.
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3. Results

3.1. Phenolic and Anthocyanin Profiles of 100% Grape Juice

Phenolic content including anthocyanins and non anthocyaninin phenolics (Table 2) in Niagara
and Concord GJ were comparable to that reported previously [5,36]. Several phenolic species previously
reported in these native American grape varieties were observed including phenolic acids, flavonoids,
stilbenes and anthocyanins. Concord GJ had higher levels of total phenolics compared to Niagara GJ for
both 2013 and 2014 harvest juices. Further, GJ produced from 2013 harvest grapes had higher (p < 0.05)
levels of caftaric acid, epicatechin, quercetin, quercetin-3-O-glucoside and specific anthocyanins
compared to that from 2013 harvest grapes. Overall, phenolic acids, quercetin, and resveratrol were
the most prominent phenolics observed in all samples, with levels up to 1134 μM. Use of SO2 during
Niagara GJ processing did result in higher phenolics levels in finished juice compared to untreated
juice (p < 0.05).

Anthocyanins were present in GJ at lower levels compared to other phenolics (Table 2).
Consistent with a report by Wang et al. [37], cyanidin and delphinidin derivatives were
primary contributors to total anthocyanin content in Concord GJs. Concord GJ contained
2427.5–3092.0 ng/100 mL total anthocyanins compared to 111.1–131.9 mg/100 mL non-anthocyanin
phenolics. Specifically, cyanidin-3,5-O-diglucoside and delphinidin-3-O-glucoside were the most
abundant anthocyanins in Concord GJ, present up to 710.0 and 877.4 ng/100 mL, respectively.
Further, cyanidin-3-O-p-coumaroyl-5-O-diglucoside and delphinidin-3-O-p-coumaroylglucoside were
the only anthocyanins detected and tentatively identified in Niagara GJ and only at low levels (25.8–55.0
and 111.0–124.4 nmol/100 mL, respectively).

3.2. Modulation of α-Amylase and α-Glucosidase Activity by Grape Juice Phenolic Extracts

The ability of GJ phenolic extracts (50–500 μM) to inhibit α-amylase and α-glucosidase was
determined in vitro. Only results from higher level phenolics experiments (300 and 500 μM) are
shown (Table 3) as no activity was observed at less than 300 μM (data not shown). For both assays,
the positive control (acarbose) decreased α-amylase and α-glucosidase activity significantly (p < 0.05)
with complete inhibition of α-amylase activity observed at 300 μM. α-Glucosidase inhibition was
observed by 300 μM and 500 μM acarbose at 88.9% and 92.4%, respectively.

GJ phenolic extracts demonstrated only modest inhibitory capacity for α-amylase and
α-glucosidase (Table 3). At 500 μM, GJ phenolic extracts only modestly decreased α-amylase activity
compared to phenolic-free control, with 2013 extracts (7.9%–9.4% inhibition) generally having greater
(p < 0.05) impact compared to 2014 extracts (0.7%–9.2% inhibition). α-Amylase inhibition at lower GJ
phenolic levels was not observed. Conversely, all GJ extracts exhibited modest α-glucosidase inhibitory
capacity at both 300 and 500 μM. The 2013 harvest GJ extracts had similar inhibitory capacity for
α-glucosidase (5.4%–11.5% inhibition) compared to 2014 extracts (3.8%–9.3% inhibition).

3.3. Modulation of Glucose Transport across Caco-2 Intestinal Cells by Grape Juice Phenolic Extracts

Previous studies have shown that various plant-derived phenolic extracts have ability to decrease
basolateral glucose transport [18–20]. To determine if GJ phenolics exhibit similar activity, their ability
to modulate intestinal glucose and fructose transport was assessed using a three-compartment Caco-2
human intestinal cell model. GJ extracts between 10 and 100 μM of total phenolics were able to
reduce transport of d7-fru and d7-glu compared to control, with effect generally being increased with
increased concentration (Figure 1; Table S1). Inhibition was similar across all GJ extracts and was
greater for d7-fru compared to d7-glu transport, ranging from 10.9% to 41.3% and from 4.7% to 35.7%
inhibition for d7-fru and d7-glu transport, respectively. Overall, extracts from Niagara GJ with and
without SO2 had similar effect on transport of d7-glu and d7-fru and generally exhibited a greater
ability to inhibit transport relative to Concord GJ extracts.
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Table 3. Inhibition (%) of α-amylase and glucosidase activity by grape juice phenolic extracts.

Inhibitor
Inhibitor Concentration (μM GAE) 1 Percent (%) Inhibition

α-Amylase α-Glucosidase

Negative Control 0 0 0

Acarbose (Positive
Control)

500 103.2 ˘ 5.1 92.4 ˘ 1.2
300 102.0 ˘ 6.1 88.9 ˘ 0.9
5 30.5 ˘ 2.9 6.2 ˘ 0.8
3 17.6 ˘ 5.1 2.3 ˘ 0.5

Niagara, 2013 500 7.9 ˘ 4.5 a,b,* 10.0 ˘ 4.2 a,b,*
300 4.5 ˘ 2.2 b,c,* 6.6 ˘ 2.9 a,b,*

SO2 Niagara, 2013 500 9.4 ˘ 3.3 a,* 11.5 ˘ 3.1 a,*
300 ´3.9 ˘ 2.0 f 7.1 ˘ 2.6 a,b,*

Concord 2013
500 8.7 ˘ 4.3 a,* 9.2 ˘ 0.8 a,b,*
300 ´3.4 ˘ 2.0 f 5.4 ˘ 2.1 b,*

Niagara, 2014 500 0.7 ˘ 1.7 d,e 6.2 ˘ 3.4 a,b,*
300 ´1.9 ˘ 2.6 e,f 3.8 ˘ 2.0 b

SO2 Niagara, 2014 500 9.2 ˘ 3.9 a,* 7.1 ˘ 2.7 a,b,*
300 0.5 ˘ 1.0 d,e 4.2 ˘ 2.1 b

Concord 2014
500 3.4 ˘ 1.4 c,d,* 9.3 ˘ 3.2 a,b,*
300 ´1.2 ˘ 2.1 e,f 4.9 ˘ 1.2 b

Experiments represent average of n = 3 replicates; Preliminary dose finding experiments conducted with range
of 10–1000 μM of phenolic extracts; Presence of different letter between values indicates significant differences
in percentage inhibition between GJ extracts (p < 0.05); * indicates significant differences in percent inhibition by
inhibitor compared to negative control (p < 0.05); 1 Total phenolics in digesta determined using Folin-Ciocalteu
Assay and expressed as gallic acid equivalents (GAE); HPAEC-ECD and inhibition of α-glucosidase by glucose
oxidase-peroxidase assay.

Figure 1. Impact of 2013 and 2014 harvest grape juice extracts on d7-fructose (A,B) or d7-glucose
(C,D) transport across Caco-2 human intestinal cell monolayer. Data is represented as concentration of
deuterated sugar in basolateral compartment at 60 min. Data represent mean ˘ SEM for n = 4 replicate
wells at each time point. Presence of different letters between values indicates significant differences in
glucose transport between treatments within each concentration (p < 0.05).
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3.4. Influence of Bioaccessible Phenolics from 100% Grape Juice Phenolics on Carbohydrate Digestion and
Glucose Transport When Co-Digested with Starch Rich Model Test Meal

In order to better understand the extent to which inhibition of starch digestion and glucose
transport from GJ extracts translates to 100% GJ and whole food systems, Niagara and Concord GJs
were subjected to an in vitro gastrointestinal digestion model with and without a starch based model
meal. Bioaccessibility of GJ phenolics from each juice was determined to evaluate differences in delivery
of phenolics in the upper GI tract from AQ digesta based on grape variety (Concord, Niagara), harvest
year (2013, 2014), and SO2 treatment (Table 4). The impact of bioaccessible phenolics on intestinal
transport of glucose was also assessed (Figure 2). Additionally, the impact of co-digestion of GJ with
a starch rich model meal on bioaccessibility of phenolics from GJ, starch digestion, and intestinal
transport of glucose was assessed (Tables 5 and 6; Figure 3 and Table S2).

Figure 2. Impact of 2013 and 2014 100% grape juice aqueous digesta (AQ) on d7-glucose transport
across Caco-2 human intestinal cell monolayers over 60 min. Data represent mean ˘ SEM for n = 4
replicate wells. * indicates significant difference in basolateral glucose concentration (mM) compared
to control (p < 0.05).
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Figure 3. d7-Glucose transport across Caco-2 human intestinal cell monolayers from AQ digesta of
co-digested GJ and starch rich test meal. Data is represented as a concentration of deuterated glucose
in basolateral compartment at 60 min by treatment compared to control over 60 min. Data represent
mean ˘ SEM for n = 4 replicate wells at each time point. Presence of different letter between values
indicates significant differences in d7-glucose transport between treatments within the same ratio of
beverage to meal.
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Table 5. Glucose transport by Caco-2 small intestinal epithelial cells co-treated with d7-Glu (6 mM)
and aqueous digesta (AQ) or matched phenolic-free control 1,2,3,4.

Treatment Phenolic Concentration (μM) 5 Percent d7-Glu Transport 6 Percent (%) d7-Glu Transported
over 60 min Relative to Control 7

Without Model Test Meal
Control (24 mM glucose/fructose) 0 2.4 ˘ 0.1 a 100 a

Niagara, 2013 AQ 27.1 1.3 ˘ 0.1 b 54.8 ˘ 5.4 b

SO2 Niagara, 2013 AQ 37.8 1.4 ˘ 0.3 b 58.6 ˘ 13.0 b

Concord, 2013 AQ 56.3 1.4 ˘ 0.2 b 59.2 ˘ 7.3 b

Niagara, 2014 AQ 20.8 1.4 ˘ 0.3 b 58.2 ˘ 10.4 b

SO2 Niagara, 2014 AQ 39.4 1.4 ˘ 0.2 b 60.1 ˘ 9.0 b

Concord 2014 AQ 53.7 1.6 ˘ 0.2 b 65.7 ˘ 6.5 b

With Model Test Meal
1:1 Control (12 mM glu/fru) 0 1.5 ˘ 0.1 a 100 a

1:2 Control (6 mM glu/fru) 0 1.3 ˘ 0.1 a 100 a

1:1 Concord 2013 16.4 1.1 ˘ 0.2 b 78.6 ˘ 7.7 b

1:1 SO2 Niagara 2013 7.1 1.3 ˘ 0.2 a,b 90.6 ˘ 7.6 a,b

1:2 Concord, 2013 10.1 1.3 ˘ 0.1 a 89.5 ˘ 9.5 a,b

1:2 SO2 Niagara 2013 4.6 1.4 ˘ 0.1 a 95.2 ˘ 10.2 a

1 Treatments included aqueous digesta (AQ) diluted 2:7 prior to introduction to apical compartment of
three-compartment Caco-2 cell model; 2 d7-Glucose (6 mM) was used as a marker for glucose transport;
Diluted Concord, Niagara, and blank digesta AQ contained 15, 12, and 12 mM glucose, respectively and 12,
17, and 12 mM fructose, respectively; 3 Data represent an average of n = 4 wells per experiment; 4 Presence of
different letter between values indicates significant differences in glucose transport between treatment and
control, within experiment comparing AQ digesta from different juices or experiment comparing AQ digesta
with and without model test meal (p < 0.05); 5 Total phenolics and sugars in digesta determined using LC-MS;
6 Percent of d7-glucose transported from apical media to basolateral compartment; 7 Amount of d7-glucose
transported basolaterally over 60 min relative to daily control matched for glucose/fructose and d7-glucose.

Table 6. Percentage decrease in release of glucose from starch-rich model meal co-digested with grape
juice compared with a sugar-matched control 1.

Formulation 2
Concentration of Phenolics in

Aqueous Digesta (AQ) Fraction
Following Digestion (μM) 3

Percent Decrease in Glucose Release from
Corn Starch by GJ Phenolics Compared to

Phenolic-Free Control 4

1:1 Concord:Model meal 73.7 15.0
1:2 Concord: Model meal 35.4 5.9

1:1 SO2 Niagara: Model meal 25.9 12.1
1:2 SO2 Niagara: Model meal 17.2 6.6

1 Experiments represent average of n = 3 replicates; 2 High and low 100% Concord 2013 GJ contained 473
and 236 μmol/240 mL serving total phenolics, respectively; High and low Niagara 2013 GJ contained 289 and
144 μmol/240 mL serving total phenolics, respectively; Concord and Niagara 2013 juices contained 447 and
596 mM fructose, respectively, and 531 and 427 mM glucose, respectively (determined using LC-MS); 3 Total
phenolics and sugars in SM and AQ digesta determined using LC-MS; 4 Phenolic-free control was distilled
water with matching glucose and fructose content.

Overall, relative bioaccessibility (Table 4) of non-anthocyanin phenolics was similar between
Concord and Niagara GJ varieties and generally consistent with previous reports of phenolic
bioaccessibility from fruit juices [38–40]. SO2 treatment generally did not significantly alter
bioaccessibility of non-anthocyanin phenolics from Niagara GJ. Phenolic acids were the most
bioaccessible forms in GJ ranging from 22.0% to 56.0% relative bioaccessibility. Overall, caftaric acid
was the most bioaccessible non-anthocyanin phenolic from GJ, with bioaccessibility ranging from
30.3% to 56.0%. Remaining phenolic acids as well as epicatechin and resveratrol were less bioaccessible
(~11.8% to 44.7%). Quercetin, isorhamnetin, and piceid generally had higher (p < 0.05) relative
bioaccessibility from 2013 harvest Niagara GJ compared to 2014 harvest. Although there were few
trends for differences in relative bioaccessibility of phenolic acids between GJs, absolute bioaccessibility
(μM) of most non-anthocyanin phenolics were significantly (p < 0.05) higher from SO2 Niagara
compared to non SO2 treated Niagara GJ and phenolic acids and epicatechin were significantly higher
(p < 0.05) from Concord GJ compared to Niagara GJs (Table 4).

Relative bioaccessibilities of individual anthocyanins from GJ were generally lower compared
to other phenolics, ranging from 3.7% to 37.2% (Table 4). Notably, malvidin-3-O-glucoside
had the highest bioaccessibility among anthocyanins (37.2% ˘ 1.7%) from Concord 2013
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harvest GJ. Similar to the trend for phenolics, relative bioaccessibility for anthocyanins were
higher (p < 0.05) from 2013 harvest compared to 2014 harvest Concord GJs. For Niagara GJs,
delphinidin-3-O-p-coumaroylglucoside bioaccessibility was significantly higher from 2013 compared
to 2014 harvest GJ (24.3% ˘ 1.0% compared 9.5% ˘ 0.1%). Unlike non-anthocyanin phenolics,
anthocyanin absolute bioaccessibility from each GJ were reflective of the trends observed in
relative bioaccessibility. Notably, cyanidin-3,5-O-diglucoside had highest absolute bioaccessibility
(13.4–16.2 nM). Absolute bioaccessibility was low for remaining anthocyanins ranging from
0.9 to 10.1 nM.

Following assessment of bioaccessibility, AQ fractions from final digesta of juices and
sugar-matched controls were diluted with PBS (pH 5.5) containing 6 mM d7-glu and applied to
the apical side of Caco-2 monolayers to determine intestinal glucose transport from phenolic rich
GJ. Apical to basolateral transport of d7-glu was assessed over 60 min. Compared to digesta from
phenolic-free sugar matched control beverages, all media containing GJ AQ digesta reduced d7-glu
transport efficiency by 34.3% to 45.2% over 60 min (Table 5, Figure 2). These results were similar to
those observed from GJ extracts described earlier (Figure 1) and suggest that activities observed in
extract screen are preserved through digestion.

To better understand the potential influence of macronutrients from a complex meal on the
ability of GJ to influence carbohydrate digestion and glucose transport, Concord and SO2 Niagara GJ
(2013 harvest) were co-formulated with a model test meal (1:1 and 1:2 (wt:wt) in starting material)
consisting of a corn starch and milk protein rich model meal and digested in vitro. Co-digestion of
starch-rich model meal with Concord and SO2 Niagara GJ at both high (1:1 GJ:model meal) and low
(1:2 GJ:model meal) juice levels resulted in decreased glucose release (5.9% to 15.0% reduction) from
starch digestion relative to phenolic-free sugar matched control (Table 6), suggesting bioaccessible
phenolics from 100% GJ have ability to modulate glucose availability by decreasing the digestive
release of glucose from starch in the small intestine.

To confirm that bioaccessible GJ phenolics resulting from co-digestion of GJ with test meal
maintain the ability to modulate d7-glu intestinal transport, AQ digesta fractions from co-digestion
experiments were diluted with PBS containing a final concentration of 6 mM of d7-glu. Despite lower
phenolic concentration in test media, distinct inhibition of glucose transport was observed (Table 5;
Figure 3). Specifically, d7-glu transport was decreased by 4.8%–21.4%, with a significant (p < 0.05)
decline in glucose transport observed for treatment with 50% Concord GJ inclusion in the model meal.

4. Discussion

Clinical evidence exists to support the notion that certain phenolic-rich foods and beverages may
modify glycemic parameters [22,23,41–46]. One hundred percent GJ is a particularly rich source of
dietary phenolics but also naturally high in sugar (~36 g sugar per 240 mL serving) [9]. While it has
been reported that fruit juices have similar glycemic responses to their corresponding whole fruits [10]),
grape juice has also been shown to have a lower insulinemic response than corresponding grapes [21].
This may be related to the differential profile of grape juice compared to grapes and, thus, a better
understanding of the interaction between GJ phenolics and the intrinsic sugar in these products is
required. This study was designed to develop insight into the ability and mechanisms by which GJ
phenolics may modulate starch digestion and absorption of glucose in the context of a juice matrix
with and without a starch rich meal.

One mechanism that has been proposed for these effects is related to phenolic inhibition of
starch digestion [47–50]. In the present study, GJ phenolic extracts (300 and 500 μM) demonstrated
only modest inhibitory capacity for α-amylase and α-glucosidase (Table 3). Harvest year impacted
α-amylase, but not α-glucosidase activity, with 2013 extracts generally having greater impact compared
to 2014 extracts. This may be related to subtle differences in qualitative phenolic profiles from 2013
to 2014 harvest GJs as total levels appeared similar between harvest years. Phenolic rich GJ extracts
had greater inhibitory activity toward α-glucosidase compared to α-amylase. Similar results were
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previously reported for wine grape tannins, pomace and skin extracts for inhibition of α-glucosidase
(~20% to 85%), with little to no detectable impact on α-amylase activity [48,49]. Levels of phenolics
required to achieve even modest inhibition were observed to be high (>300 μM). However, it is
important to note that concentrations of phenolics in the gut lumen from a serving of phenolic
rich food or beverage may in in fact be quite high and approach high μM to even mM levels as
previously postulated [7,51]. Therefore, results here suggesting a modest ability of GJ phenolics to
inhibit α-glucosidase at a 300 μM dose does support the hypothesis that consumption of GJ with starch
rich foods may have relevance to starch digestion and liberation of glucose in the gut lumen.

A second mechanism by which phenolics may modulate glycemic response is through alteration
of glucose intestinal transport [18–20]. In the present study, GJ extracts (10–100 μM total phenolics)
reduced intestinal glucose and fructose transport by Caco-2 human intestinal cell monolayers
compared to control. These findings are similar to those previously reported with plant-derived
phenolic extracts [18–20] (Figure 1; Table S1). Overall, inhibition by GJ extracts was greater for
d7-fru compared to d7-glu transport, with extracts from Niagara GJ generally exhibiting greater
inhibitory activity relative to Concord GJ extracts. Since extracts were standardized for total phenolics,
these results suggest that the qualitative phenolic profile of Niagara GJ, which is primarily composed of
non-anthocyanin flavonoids and phenolic acids and minimal amounts of anthocyanins (Table 2), may
be most critical to consider in selection of juices and therefore merits additional investigation as targeted
modifiers of intestinal glucose transport. The mechanism behind this reduction of glucose transport
may be related, in part, to the ability of GJ phenolics to inhibit expression of hexose transporters
(GLUT2 and SGLT1) or through direct inhibition of these transporters. Alzaid et al. [20] demonstrated
that GLUT2 and SGLT1 mRNA were significantly decreased compared to baseline by up to 85% and
70%, respectively, following treatment of cells with berry extract for over 12 h. However, although
GLUT2 protein was significantly reduced compared to control by treatment of blueberry extract for
16 h, SGLT1 protein levels were not affected. In a preliminary experiment, expression of GLUT2
and SGLT1 mRNA was measured in Caco-2 monolayers exposed to 100% GJ phenolic extracts (SO2

Niagara and Concord 2013) for 4 and 24 h. Interestingly, GLUT2 mRNA was significantly (p < 0.05)
decreased two-fold following treatment by Concord GJ phenolic extract, but no significant change
in SGLT1 expression was observed (Figure S1). While these preliminary results are consistent with
previous observations [18–20], they cannot fully explain the observed effects in the present study.
Previous reports have also demonstrated that bioavailability of select polyphenols may be increased in
the presence of carbohydrates [52–54] suggesting the potential for additional interrelated mechanism
impacting the transport of both phenolics and carbohydrate. Transepithelial flux of grape juice
phenolics was not simultaneously monitored in this study, and, as such, it is not possible to speculate
to these mechanisms. Further investigations are therefore warranted to better delineate the extent to
which phenolic inhibit of natural juice sugars may be related to changes in transporter expression or
function, or alternative mechanisms.

Finally, in order to better understand the extent to which these effects would be extendable
to 100% GJ, Niagara and Concord GJ or matching phenolic free control were formulated with and
without a starch rich model meal and digested in vitro. Differences observed in phenolic relative
bioaccessibility from juice alone are suggestive of variations in grape phenolic components between
harvest years (Tables 2 and 4). On the other hand, SO2 treatment did not impact relative bioaccessibility
of phenolics from Niagara GJ. These results logically suggest that starting concentration of phenolics
in 100% GJ have a direct impact on concentration of phenolics available for interactions in the gut
and ultimate stability and accessibility of phenolics in the small intestine. Following assessment of
phenolic bioaccessibility, transport of glucose from AQ digesta of 100% GJ and sugar match controls by
Caco-2 intestinal cells was assessed. All GJ AQ digesta reduced d7-glu transport efficiency compared
to phenolic-free sugar matched control up to 45% over 60 min (Figure 2; Table 5). These results were
similar to those observed from extract screening and suggest that reduced efficiency of intestinal
glucose transport may be a factor to consider in assessing glycemic response from GJ relative to a
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phenolic free sugar sweetened beverage. Interestingly, this observation is consistent with the glycemic
response of phenolic rich apple juice that has previously been shown to cause a modest reduction in
glycemic response relative to sugar matched controls in healthy humans [22,41].

To build on these findings with the awareness that GJ is commonly consumed with meals, it is
important to consider the consequences of co-consumed food on ability of GJ phenolics to modulate
carbohydrate digestion and glucose transport. It is well known that phenolics interact non-covalently
with protein and carbohydrate (reviewed by Bordenave et al. [55] and Jakobek et al. [56]).
These interactions in the context of a co-consumed meal may result in changes to the activity of
phenolics relative to endpoints critical to glycemic response, namely carbohydrate digestion and
glucose transport. Therefore, digestion of carbohydrate from a starch and protein-rich test meal
co-formulated with GJ compared to phenolic-free control was determined. Although the level of GJ
phenolics in AQ digesta resulting from co-digestion of GJ with test meal was lower compared to level
of phenolics from GJ extracts used in enzyme inhibition assays (Tables 3 and 5), results for inhibition
of starch digestion were in fact similar. Therefore, it appears bioaccessible phenolics in the context
of a complex meal still have the ability to impact digestion of carbohydrates derived from the meal.
The extent to which this may be due to the proximity of phenolics and macronutrients in the meal and
specific interactions that may develop through preparation and/or digestion remains to be explored.

Modifying glucose transport by GJ in the context of a digested meal was also determined.
The effect of AQ digesta from GJ containing meals demonstrated only modest inhibitory effects
(Figure 3) which reach significance only for 100% Concord GJ. While in contrast with extract
screening that found Niagara phenolics to be more effective, this observation was not totally
unexpected as the phenolic concentrations resulting from digestion of mixed meals were lower
than extract and juice experiments, especially for Niagara (Table 5). Considering that in humans
concentrations in the gut lumen may reach high μM to mM levels [12] from typical food doses and
gut dilution, responses within a meal such as those observed with berries by Törrönen et al. [57]
may be expected. While requiring additional clinical insights as to the direction and extent of
this effect in vivo are required, current results, while in vitro, do reflect the modest but important
changes in glycemic response observed in recent clinical trials involving phenolic-rich foods and
beverages [22,23,41–46]. This is relevant considering that moderate post-prandial hyperglycemia
blood glucose levels (148–199 mg/dL) have been shown to be indicative of the development of
negative health effects including atherosclerosis and endothelial damage [58]. This range represents
a ~6% increase compared to the recommended <140 mg/dL post-prandial (2 h) blood glucose
target [59], suggesting that even subtle improvements to post-prandial blood glucose level may
prevent development of negative health outcomes. Therefore, while subtle, the current observations
that 100% GJ may impact both carbohydrate digestion and glucose transport both from juice and in the
context of a model meal suggest that the benefits of 100% GJ may be extendable beyond the glucose
derived from the juice and to the response of a full meal and, thus, have positive impacts on health.

5. Conclusions

Although high in natural sugar, 100% Concord or Niagara GJ remains a rich source of dietary
phenolics that have been reported to modify glycemic parameters through alteration of carbohydrate
digestion and glucose transport. Results of the current study are in general agreement with previous
studies reporting the ability of phenolics to decrease α-glucosidase activity [48,49] and also indicate
that 100% GJ phenolics have the ability to decrease glucose transport even following simulated oral
gastric and small intestinal digestions. Further, results suggest that 100% GJ, when placed in the
context of a meal, maintains the ability to decrease intestinal starch digestion and subsequent glucose
transport, in a fashion consistent with promotion of healthy glucose homeostasis. Further clinical
assessments of 100% GJ in the context of glycemic response are warranted to clarify the impact of both
intrinsic fruit sugar in juice and the potential impact of fruit phenolics on glycemic response from
a meal.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/7/414/s1,
Table S1: Glucose transport by Caco-2 small intestinal epithelial cells co-treated with sugar solution (Glu and
Fru (9 mM each) and d7-Glu and d7-Fru (3 mM each) and phenolic extract from grape juice or phenolic-free
control matched for sugar content, Table S2: Relative (%) bioaccessibility of marker phenolics and anthocyanins
in Concord, 2013 grape juice co-digested with a protein containing corn starch gel (model meal), Table S3:
Forward and reverse PCR primer sequences utilized for gene expression analysis by PCR, Figure S1: Impact grape
juice phenolic extract (50 μM) treatment (4 or 24 h) has on Caco-2 expression of SGLT1 or GLUT2 compared to
phenolic-free control. Data is represented as protein expression compared to control β-actin. Data represent
mean ˘ SEM for n = 4 replicate wells. Presence of different letter between values indicates significant differences
in protein expression between treatments within each time point (p < 0.05).
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Abbreviations

The following abbreviations are used in this manuscript:

GJ Grape juice
d7-Glu Deuterated glucose
d7-Glu Deuterated fructose
LDL low density lipoprotein
GLUT2 glucose transporter 2
SGLT1 sodium-dependent glucose transporter 1
DMEM Dulbecco’s Modified Eagles Medium
NEAA non-essential amino acids
Pen/strep penicillin/streptomycin
HEPES 4-(2-hydroxylethyl)-1-piperazineethanes
FBS fetal bovine serum
FFA bovine serum albumin (free fatty acid free)
SPE solid phase extraction
LC-MS liquid chromatography-mass spectrometry
DMSO dimethylsulfoxide
PBS phosphate buffered saline
SM starting material
AQ aqueous (intestinal digesta)
NFDM non-fat dry milk
HPAEC-ECD high pressure anion exchange chromatography-electrochemical detector
PCR polymerase chain reaction

Appendix A

Appendix A.1 Modulation of Caco-2 Glucose/Fructose Transporter Gene Expression by GJ Phenolic Extracts

Cells and experimental conditions for gene expression experiment were maintained and
executed according to glucose transport experiments, with minor modifications. Test media was
prepared by solubilizing glucose and fructose (12 mM each) and GJ phenolic extracts in PBS pH 5.5
(delivering 50 μM total phenolics). Test media was applied to the apical surface of cell monolayers
and cells were incubated for 4 or 24 h. Cells were collected with RNAlater (Sigma-Aldrich) and frozen
until analysis. Treatments were replicated in quadruplicate.
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Appendix A.2 Characterization of mRNA Expression and Anthocyanin-Rich Fractions by LC-MS

Total RNA was isolated from the cultured cells using TRIzol® (Invitrogen™ Life Technologies,
Paisley, UK) according to the manufacturer’s instructions. RNA concentration was measured using
wavelength of 260 and 280 using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific.,
Wilmington, DC, USA) Following first strand cDNA synthesis, expression levels of glucose transporter
mRNA and GAPDH mRNA (used as a housekeeping gene) were analysed by real-time quantitative
PCR using an ABI Prism 7700HT Sequence Detection System and a Power SYBR® Green PCR master
mix kit (Applied Biosystems™, Cheshire, UK). The primer sequences used for each gene are given
in Table S3. cDNA was then synthesized from 150 ng RNA using M-MuLV reverse transcriptase
(BioLabs, Ipswich, MA, USA). Real-time q-RT-PCR was performed using a CFX Connect Real-Time
PCR Detection System (BioRad, Hercules, CA, USA). The expressions of SGLT1 and GLUT2 were
evaluated and the expression of housekeeping gene β-actin was assessed. The primer sequences used
for each gene are given in Table S3.
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Abstract: Anthocyanins are dietary flavonoids commonly consumed in the diet, which have been
suggested to have a preventative effect on cardiovascular disease (CVD) development among
epidemiological studies. We systematically reviewed randomized controlled trials (RCTs) testing the
effects of purified anthocyanins and anthocyanin-rich extracts on markers of CVD (triglycerides, total
cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol,
and blood pressure) in both healthy and diseased populations. Eligible studies included RCTs of
adults published in English. We searched PubMed, Web of Science Core Collection, and BIOSIS
Previews for relevant articles from inception until 1 July 2014. Twelve RCTs representing 10 studies
were included in this review. Supplementation with anthocyanins significantly improved LDL
cholesterol among diseased individuals or those with elevated biomarkers. Supplementation did
not significantly affect other markers of CVD in either healthy individuals or those with elevated
markers. No adverse effects of anthocyanins were reported across studies at levels up to 640 mg/day.
Limitations of trials in the qualitative analyses include short trial duration and large variability in the
dose administered within the trials. Longer-duration trials assessing dose response are needed to
adequately determine whether an effect of supplementation exists.

Keywords: anthocyanins; cardiovascular disease; LDL cholesterol

1. Introduction

Cardiovascular disease (CVD) is the number one cause of death worldwide, according to the
World Health Organization (WHO). The WHO predicts that by 2030, over 28 million individuals will die
from CVD annually [1]. Over the past decade, there has been increased interest in lifestyle and dietary
interventions to reduce CVD risk. Research has shown that individuals who adhere to US national
guidelines for a healthful diet [2] and physical activity [3] have lower cardiovascular morbidity and
mortality than those who do not adhere to these guidelines. Higher fruit and vegetable consumption
has been suggested to be inversely associated with a decreased risk of CVD [2]. Berry consumption
has recently been reviewed and has shown to be an essential fruit group in a heart-healthy diet [4].
This may be due in part to the abundance and variety of dietary bioactive components present in
plant foods.

Anthocyanins are the red-orange to blue-violet pigments present in many fruits, vegetables,
flowers, grains, and other plant-derived foods. Interest in the biological effects of anthocyanins
has grown because of their noted presence in the human diet, as well as their potential use as a
value-added alternative to synthetic colorants in many food products. Evidence from epidemiological
studies supports potential preventative effects of these compounds toward the onset of CVD [5–8] in a
dose-response manner in both men and women [6]. Animal and in vitro cell studies support biological
plausibility for these compounds to favorably improve validated and surrogate biomarkers of CVD [9].
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In humans, several small to medium-sized randomized controlled trials (RCTs) have assessed
the effects of purified anthocyanins and anthocyanin-rich extracts on validated biomarkers of CVD
in populations of both healthy and diseased adults (i.e., those with elevated markers). A plethora of
clinical evidence and expert reviews support increased consumption of anthocyanin-rich whole foods
and CVD prevention [4]; however, to our knowledge, there is no systematic review that assesses the
effect of purified anthocyanins and/or anthocyanin-rich extracts on markers of cardiovascular health
among RCTs. The objective of this study was to systematically review these RCTs and to identify
research gaps where additional scientific evidence is warranted. For this systematic review, we chose
to evaluate validated and/or common markers used clinically as biomarkers of cardiovascular health
and to diagnose cardiovascular diseases (i.e., lipids, triglycerides and blood pressure). Many types
of inflammatory markers have also been measured across clinical studies; however, we chose not to
review these markers because of their limited clinical use and high inter- and intra-assay variability.

2. Materials and Methods

We conducted this systematic review according to the Cochrane and Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [10,11]. This systematic review also
takes into account the recommendations of Lichtenstein et al. [12] and Moher and Tricco [13], which
highlight areas unique to the field of nutrition, that are important to consider throughout the systematic
review process.

2.1. Literature Search

We searched three databases (PubMed, Web of Science Core Collection, and BIOSIS Previews) for
relevant articles from inception until 1 July 2014 using the following search algorithm: (anthocyanins
AND (“cholesterol, hdl” OR “cholesterol, ldl” OR “cholesterol, vldl” OR triglycerides OR lipoproteins
OR hypertension)). Supplementary literature searches included examining the reference lists of all
relevant studies, pertinent review articles, and the Cochrane Library Database to identify articles not
identified in our initial electronic search.

2.2. Study Selection

Studies were eligible for inclusion if the following applied: (1) they were RCTs that compared
purified anthocyanins or anthocyanin-rich extracts against a placebo control; (2) they involved
adult participants aged ě18 years old; (3) they assessed the effect of purified anthocyanins or
anthocyanin-rich extracts on markers of CVD (triglycerides, total cholesterol, high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, or blood pressure); (4) the treatment
group(s) reported a quantitative or quantifiable anthocyanin content; and (5) they were published in
English. Three investigators (T.C.W., C.L.F., and M.S.) independently screened the titles and abstracts
of articles for eligibility for inclusion in the systematic review. If consensus was reached, ineligible
articles were excluded and eligible articles were moved to the next stage (full-text review) in the
process. If consensus was not reached, the article was moved to the next stage, in which the full text of
the selected articles was evaluated to determine the eligibility for inclusion in the systematic review.
Disagreements were resolved by discussion among the reviewers until a consensus was reached.

Based on the title and abstract review, 55 eligible articles were included in the full-text review.
In addition to the studies identified in the literature search, four other articles were identified
from the reference lists of full-text reviewed studies and were retrieved for full-text screening
(59 total studies). Based on the full-text review, 47 articles were excluded, including two studies
that did not assess validated markers of CVD, 15 studies that did not assess the effect of purified
anthocyanins or anthocyanin-rich extracts and/or did not report the amount of anthocyanins in the
treatment, 15 non-human studies, four review or conference proceedings manuscripts, two trials that
were not randomized, two trials that did not use a placebo control, four conference abstracts, one
duplicated study (data published twice in separate journals), and two studies not in English (Figure 1).
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Figure 1. Flow diagram of article selection.

2.3. Data Synthesis

One investigator (C.L.F.) extracted key information from selected studies (Table 1) and two
investigators (M.S. and T.C.W.) independently verified the extracted data for completeness and
accuracy. The investigators resolved disagreements by consensus. Data extracted included country,
sample size, participant characteristics (e.g., age, gender, and health status), dosage and duration
of the treatment or intervention, follow-up period, primary end point(s), and main findings for
CVD outcomes. Meta-analysis and/or meta-regression were not performed because the qualitative
assessment of heterogeneity of the RCTs indicated that it would be inappropriate to statistically
combine the studies. Assessment of heterogeneity included the duration of the trials (3–24 weeks),
dose of anthocyanins administered (7.35–640 mg/day), raw material source of anthocyanins and
therefore composition of individual anthocyanins, and the age, gender, health status, and body mass
index of the studied populations.
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2.4. Study Quality Assessment

The 3-category Scottish Intercollegiate Guidelines Network (SIGN) grading system [25] was used
to evaluate the overall methodological quality of each article that met the inclusion criteria (Table 1).
Each selected article was classified as high quality, acceptable, or unacceptable. An article was graded
as high quality if the majority of the outlined criteria were met, there was little or no risk of bias,
and the results were unlikely to be changed by further research. An article was graded as acceptable
if most of the criteria were met, there were some flaws in the study with an associated risk of bias,
and/or the conclusions may change in light of further studies. An article was graded as unacceptable
if most of the criteria were not met, there were significant flaws relating to key aspects of the study
design, and/or the conclusions were likely to change in light of further studies.

3. Results

3.1. Study Characteristics

We identified 12 articles [14–24,26] describing 10 studies that assessed the effect of purified
anthocyanins or anthocyanin-rich extracts on LDL, HDL, total cholesterol, triglycerides, or blood
pressure (Figure 1). One article reported two studies in separate populations in the same publication,
one in a healthy population and the other diseased [15]. Others published lipid and blood pressure
results from a single trial in separate articles [17,18,23,24]. Finally, another study reported results of
high-dose and low-dose anthocyanin administration [16]. Results of these two doses are presented
separately in the tables, but they are considered as one study in the tallies in the ensuing discussion.
Study characteristics are presented in Table 1.

The overall assessment of risk of bias in each article according to the SIGN criteria was conducted
and reported as unacceptable, acceptable, or high quality. Three articles had an overall assessment
of high quality [21,22,26], nine articles were of acceptable quality [14–20,23,24], and no articles were
found to have an unacceptable quality rating. Tables 2–4 report the overall assessment of risk of bias
of each article in proximity to study outcomes, and the full SIGN reviews by criteria are available in
Supplementary Table S1.

Of the 10 separate studies, half (n = 5) were conducted in Europe [14,16–19,26]. Two studies were
carried out in China [21,23,24], two in Iran [20,22], and one in Mexico [15]. All studies except the study
published by Zhu et al. [23,24] were single-site trials. All studies except three [15,16,19] reported that
they were double-blind in their design.

3.2. Lipoproteins

Table 2 shows the results of 10 lipoprotein studies that reported a LDL, HDL, and/or
total cholesterol response to anthocyanin supplement interventions. Nine of the 10 studies
included LDL as an outcome evaluated for statistical significance in the intervention group
compared with the control. Four of these nine studies reported a significant decrease in LDL by
the anthocyanin intervention [20–22,24]. Notably, only the studies conducted in hyperlipidemic
populations demonstrated a decrease in LDL [20–22,24]. None of the studies conducted with healthy
individuals or other cardiovascular-related disease statuses experienced a significant change in
LDL [15,16,19,26].
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Of the 10 lipoprotein studies, all reported the impact of intervention on HDL through statistical
comparison against the control. Six studies reported a significant increase in HDL with the anthocyanin
intervention [15,16,18,20,21,24]. Three of the six studies showing statistically significant increases in
HDL were in subjects with hyperlipidemia [20,21,24]. One study among healthy individuals [16],
one study assessing those with metabolic syndrome [19], and one study assessing those with
prehypertension [18] also found statistically significant increases in HDL.

Finally, all 10 of the lipoprotein studies reported the impact of intervention on total cholesterol
versus the control. Three of the 10 studies reported a significant improvement in the intervention
compared with the control [15,20,22]. This includes one study in subjects with metabolic syndrome,
in which both the control and intervention groups experienced increases in total cholesterol, but
the magnitude of the increase was smaller in the intervention group [15]. By contrast, subjects with
hyperlipidemia in the other two studies experienced dramatic lowering of LDL by 16.7% and 25.5%,
respectively, in the intervention group compared with the control [20,22].

3.3. Triglycerides

Table 3 presents the nine studies that assessed triglyceride response to anthocyanin supplement
interventions. Of the eight studies that reported a statistical comparison between intervention and
control groups, two witnessed a significant reduction in triglycerides [20,22]. Both were conducted in
subjects with hyperlipidemia.

Table 3. Triglycerides 1.

Reference SIGN Quality CVD-Related
Disease Status

Anthocyanin
Dose (mg/Day)

Triglycerides (mg/dL)
Percent Change
in Intervention

Percent Change
in Control

Percent Difference
Compared with Control

P

Curtis et al., 2009
[26] H Healthy 500 11.11 11.11 0.00 NS

Gurrola-Díaz et al.,
2010 [15] A Healthy 19.24 ´8.24 ´19.73 11.50 NR

Gurrola-Díaz et al.,
2010 [15] A MetS 19.24 ´37.94 ´17.04 ´20.91 NS

Hassellund et al.,
2013 [18] A Prehypertension 640 ND ND ND 0.127

Kianbakht et al.,
2014 [20] A Hyperlipidemic 7.35 ´18.67 ´9.68 ´8.99 0.002

Naruszewicz et al.,
2007 [14] A Post-MI 64 ´6.15 ´3.49 ´2.66 NS

Qin et al.,
2009 [21] H Dyslipidemic 320 ´4.24 ´2.62 ´1.62 0.576

Soltani et al.,
2014 [22] H Hyperlipidemic 90 ´30.79 3.76 ´34.55 <0.001

Zhu et al.,
2013 [24] A Hyperlipidemic 320 ´4.08 ´2.90 ´1.18 0.462

1 Percent change is calculated as follows: (end of study value ´ baseline value)/(baseline value) ˆ 100. A,
acceptable; H, high quality; CVD, cardiovascular disease; MetS, metabolic syndrome; MI, myocardial infarction;
ND, not determined; NR, not reported; NS, not significant; SIGN, Scottish Intercollegiate Guidelines Network.

3.4. Blood Pressure

Table 4 shows the results of the seven studies that reported blood pressure response to anthocyanin
supplement interventions. Six of the seven studies conducted a statistical test for systolic and diastolic
blood outcomes in response to the intervention versus the control. Only one study that assessed
individuals after myocardial infarction showed a significant decrease in systolic and diastolic blood
pressure compared with the control [14].
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4. Discussion

An inverse relationship between anthocyanins and anthocyanin-rich foods and CVD outcomes
(e.g., mortality) has been observed among epidemiological studies. McCullough et al. recently observed
a significant inverse dose-response relationship among 38,180 men and 60,289 women in regard to
anthocyanin intake (3.8–22.2 mg/day) and age-adjusted CVD mortality [6]. This systematic review of
RCTs suggests that anthocyanins may have potential to influence CVD development and progression
among individuals with elevated risk biomarkers. Although most of the potential effects seen in this
review were nonsignificant, improvement of biomarkers were consistent across studies, particularly in
those with elevated risk biomarkers at baseline.

CVD development and progression is slow and may span decades. Nutritional interventions
often show small changes in the short term but clear effects over the lifespan. Interestingly, trials that
used high doses of purified anthocyanins did not observe much more of an effect compared
with those studies of anthocyanin-rich extracts containing more physiologically achievable intake.
No dose-response relationships were identified among the RCTs included in this review. It is possible
that other dietary bioactive components present in the anthocyanin-rich extracts may exert synergistic
effects or contribute to a threshold effect.

Results from animal studies suggest that anthocyanins and other polyphenols may slow or
inhibit the absorption of lipids and glucose in the intestine. It has been reported that tea catechins may
improve lipid profiles by inhibiting the micelle formation by bile acid [27]. Another possible mechanism
for cholesterol-lowering effects of anthocyanins could be the inhibition of cholesterol synthesis.
It has been shown that anthocyanins can activate AMP-activated protein kinase (AMPK) [28,29],
which is involved in the regulation of energy homeostasis and influences the activity of many
enzymes. One enzyme that is inhibited by AMPK is 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase [30]. Because HMG-CoA reductase is the limiting enzyme of cholesterol
synthesis, increased AMPK activity would inhibit cholesterol synthesis and consequently lead to
lower cholesterol levels. Furthermore, AMPK inhibits the activity of acetyl-CoA carboxylases ACC1
and ACC2, which leads to increased fatty acid oxidation and decreased fatty acid synthesis [30],
and, accordingly, lower triglyceride concentrations. It is possible that anthocyanins may have the
ability to modulate low-grade inflammation, as consumption of anthocyanin-rich foods such as berries
have been suggested to affect many inflammatory markers of CVD in vivo [4]. Berry consumption
has been suggested to be an effective strategy to counteract postprandial metabolic and oxidative
stress associated with CVD, especially lipid oxidation [31]. Specific berries such as freeze-dried
strawberries [32], bilberries and lingonberries [33], blueberries [34] and cranberry extracts [35],
among others have shown similar favorable effects on lipid profiles those with elevated markers
as suggested in our review.

In regard to blood pressure, anthocyanins have been shown to lower direct measures of arterial
stiffness in a cross-sectional study of 1898 women [5]. Across the studies, most did not observe and
affect of purified anthocyanins or anthocyanin-rich extracts on blood pressure.

This systematic review identified several gaps in the literature. The age range of participants in
most studies was large and may contribute to the null findings of many studies, because it is likely
that interventions may have a greater effect among older populations and/or those with an elevated
risk of developing CVD. Compliance was also not reported in many of the included studies.

In studies that were not so heterogeneous, a meta-analysis would be carried out to assess the
magnitude of effect of purified anthocyanins and anthocyanin-rich extracts on CVD biomarkers.
However, we concluded from qualitative review that a meaningful summary estimate could not be
obtained by meta-analysis due to high heterogeneity. The control groups included a range of different
treatments (e.g., preventative diet). The duration of the studies (3–24 weeks), anthocyanin dose
administered (7.35–640 mg/day), composition of the anthocyanin-rich extracts, variation in baseline
status of the biomarkers, and difference in the reporting of outcome measures (e.g., mean absolute
difference, or percent change) also varied.
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For the purpose of developing recommended intakes, future intervention studies should be
designed to assess whether a dose-response relationship of anthocyanins on markers of CVD exists.
From this review, we identified gaps in the research literature that could be addressed in further studies.
Data in “healthy” individuals (i.e., those with risk biomarkers in the normal range) are important
in developing dietary guidance for the general population; however, these data are hard to obtain
in short-term clinical studies with a small population. Because larger clinical studies spanning a
decade or more are expensive and difficult to control, reliance on well-designed epidemiological
studies may be useful in complementing smaller clinical trial data. It may be helpful for future
trials to focus on a particular anthocyanin (e.g., Cy-3-glu the most common anthocyanin present in
nature), because the type of aglycon and amount of glycosylation and/or acylation of the compounds
may significantly alter their biological activity as well as their transportation across the basolateral
membrane. By contrast, anthocyanins are currently solely consumed as mixtures in plant-derived
foods and extracts. Thus, continued research in this area is equally important. Data on study compliance
and evaluation of baseline status of flavonoid and/or polyphenol intakes may improve the consistency
between small clinical interventions.

5. Conclusions

Anthocyanins are abundant among plant-derived foods that are currently recommended among
national and international dietary guidelines. This systematic review of RCTs adds to existing scientific
evidence from observational, animal, and mechanistic studies suggesting that anthocyanins and
anthocyanin-rich extracts may have the potential to affect markers of CVD. However, more carefully
controlled longer-duration trials assessing dose response across various populations are needed to
adequately determine whether an effect of supplementation exists. Current trials suggest that these
compounds may decrease LDL cholesterol among individuals with elevated markers, with little to no
safety concerns.
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Abstract: Gallic acid (3,4,5-trihydroxybenzoic acid, GA) is a plant secondary metabolite,
which shows antioxidant activity and is commonly found in many plant-based foods and
beverages. Recent evidence suggests that oxidative stress contributes to the development of many
human chronic diseases, including cardiovascular and neurodegenerative pathologies, metabolic
syndrome, type 2 diabetes and cancer. GA and its derivative, methyl-3-O-methyl gallate (M3OMG),
possess physiological and pharmacological activities closely related to their antioxidant properties.
This paper describes the antidepressive-like effects of intraperitoneal administration of GA and
two synthetic analogues, M3OMG and P3OMG (propyl-3-O-methylgallate), in balb/c mice with
post-stroke depression, a secondary form of depression that could be due to oxidative stress occurring
during cerebral ischemia and the following reperfusion. Moreover, this study determined the in vivo
antioxidant activity of these compounds through the evaluation of superoxide dismutase (SOD)
and catalase (Cat) activity, thiobarbituric acid-reactive substances (TBARS) and reduced glutathione
(GSH) levels in mouse brain. GA and its synthetic analogues were found to be active (at doses of
25 and 50 mg/kg) in the modulation of depressive symptoms and the reduction of oxidative stress,
restoring normal behavior and, at least in part, antioxidant endogenous defenses, with M3OMG
being the most active of these compounds. SOD, TBARS, and GSH all showed strong correlation with
behavioral parameters, suggesting that oxidative stress is tightly linked to the pathological processes
involved in stroke and PSD. As a whole, the obtained results show that the administration of GA,
M3OMG and P3OMG induce a reduction in depressive symptoms and oxidative stress.

Keywords: depression; gallic acid; ischemia; stroke

1. Introduction

Gallic acid (3,4,5-trihydroxybenzoic acid, GA, Figure 1A) is a secondary metabolite of plants,
mainly formed from 3-dehydroshikimic acid through the shikimic acid pathway occurring in all
plants. Thus, it is found in a wide array of foods in varying amounts according to plant species
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and environmental factors [1]. The main dietary sources of GA are red fruits (i.e., raspberries,
blueberries, and strawberries), grapes (Vitis vinifera L. and Vitis aestivalis Michx.), wine, oak bark,
and gallnuts. Many plant-based foods and beverages contain GA in its esterified form and/or as GA
derivatives, such as hydrolysable tannins, in addition to its free form. Green and semi-fermented or
fermented teas are the most important sources of GA in the esterified forms of catechin and epicatechin,
while gallotannins are not widespread in nature but have been identified in mango (Mangifera indica
L.) and the Leguminosae and Anacardiaceae families [2].
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COOH

HO

OH

OCH3 HO

OH

O

COOCH3COOCH3
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Figure 1. Chemical structure of gallic acid (A); methyl-3-O-methylgallate (B);
and propyl-3-O-methylgallate (C).

The positive effects on human health of GA and its derivatives have been under investigation
since the 1990s and many properties have been ascribed to these compounds. In addition to its
well-known antioxidant activity, GA exerts anti-inflammatory, neuroprotective, cardioprotective,
nephroprotective, and anticarcinogenic activities [3–6]. Moreover, it possesses antibacterial activity
against different bacteria including Escherichia coli, Staphylococcus aureus, Pseudonomas aeruginosa and
Klebsiella pneumonia [7]. A recent investigation has isolated a GA n-alkyl ester, methyl-3-O-methyl
gallate (M3OMG, Figure 1B), from the leaves of Peltiphyllum peltatum (Torr.) Engl. (Saxifragaceae),
a rhizomatous perennial herb used as a food and as a remedy in traditional medicine. A comparative
in vitro study of the antioxidant/prooxidant activities of GA and M3OMG has revealed that M3OMG
shows antioxidant activity when compared with GA, without showing prooxidant activity [8].
Further investigations on the in vivo antioxidant properties of M3OMG have shown that this compound
is able to exert neuroprotective and cardioprotective effects against NaF-induced oxidative stress
in rat brains and in erythrocyte hemolysates, respectively [9,10]. At the molecular level, GA and
M3OMG exert their protective activities through different mechanisms of action. In peripheral
blood mononuclear cells and EVC-304 cells, M3OMG acts through the epigenetic regulation of the
expression levels of miR-17-3p, a microRNA linked to the regulation of cellular redox status [11].
Furthermore, in different prostate cancer cell subpopulations GA and M3OMG inhibit NF-kB
transcriptional factor, a protein complex that controls transcription of DNA, cytokine production
and cell survival [12].

Stroke is an acute cerebrovascular event caused by a reduction in the blood supplied to the brain,
resulting in brain cells death. Two main types of stroke are recognized: ischemic and hemorrhagic ones.
In an ischemic stroke the reduction of blood supplied to the brain is caused mainly by thrombosis due
to the formation of a local blood clot causing vessels occlusion, or by embolisms due to the presence
of an embolus elsewhere in the body, or by systemic hypoperfusion. The main consequences are
local hypoxia, ATP decrease, and intracellular calcium increase, leading to irreversible cells damage.
On the other hand, hemorrhagic stroke occurs when a weakened blood vessel ruptures. Two main
types of weakened blood vessels are at the basis of hemorrhagic stroke: aneurysm and arteriovenous
abnormalities, both causing bleeding into the brain after rupture. Stroke represents the second leading
cause of disability in Europe and the sixth leading cause worldwide [13]. Five minutes after the onset
of ischemic stroke, neurons begin to die due to oxygen and glucose deprivation, which leads to a
series of negative mechanisms resulting in damage to the brain tissue. These mechanisms include
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oxidative stress, mitochondrial dysfunction, neuroinflammation, activation of glutamate receptors,
and reduction of circulating levels of nitric oxide [14,15].

Among the complications of ischemic stroke, post-stroke depression (PSD) has high clinical
relevance. One third of patients experience depression within the first year after the onset of
stroke, which persists for over 20 months in 34% of elderly patients with acute stroke [16]. PSD is
linked to worsened cognitive and physical outcomes, since it delays the recovery process and
reduces the effect of therapy and rehabilitation. Morbidity and mortality are highly increased as a
consequence. The common therapeutic approach for PSD consists of antidepressant pharmacotherapy,
which is effective in increasing the number of patients reaching partial or full independence.
Nevertheless, antidepressant drugs can cause side and adverse effects serious enough to make patients
stop taking the medication, thus aggravating morbidity [16].

The World Health Organization reports that low fruit and vegetable intake is among the
six main risk factors for cardiovascular diseases (with high blood pressure, high blood glucose,
physical inactivity, overweight and obesity). Moreover, an insufficient intake of fruit and vegetables is
estimated to contribute to around 9% of stroke deaths worldwide [17]. In addition, there is substantial
evidence regarding the role of oxidative stress in the pathogenesis of both ischemic stroke and
depression. Thus, our research group postulated the hypothesis that polyphenols and vegetable foods
could have a potential therapeutic role in PSD due to their antioxidant activity [18]. Our previous
research highlights the in vivo cardio- and neuroprotective effects of GA and its derivatives against
oxidative stress [9,10,19,20]. Moreover, the benefits of GA on the brain and cognitive functions are well
documented. In fact, GA reduces chronic cerebral hypoperfusion in rats and has a significant protective
effect on brain cell viability [21]. In addition, GA shows antidepressive-like activity in a mouse model
of unpredictable chronic mild stress [22]. A further study confirms this property by treating mice with
GA brain targeted nanoparticles, which are able to improve both its antioxidant and antidepressant-like
activity [23]. The antidepressive-like activity of GA has not been explored in a mouse model of PSD
to date, and in view of this, the first aim of the present paper is to study the antidepressive-like
effects exerted by intraperitoneal administration of GA in balb/c mice with post-stroke depression.
Recent investigations into the protective effects of polyphenols have been accompanied by an increasing
evaluation of their synthetic and semisynthetic analogues, which can ameliorate the bioavailability
and the metabolic conversion of the original natural product, whilst maintaining both efficacy and
low toxicity levels [24]. In view of this, the second aim of the present research is to evaluate the
antidepressive-like activity and the in vivo antioxidant activity of two GA synthetic derivatives,
to verify if some structural changes (i.e., increase of lipophilicity) can alter the activities of these GA
derivatives. The synthetic analogues, never tested on any animal model of depression, are M3OMG,
previously studied by our research group regarding its in vivo antioxidant effect and in vitro epigenetic
potential, and propyl-3-O-methylgallate, P3OMG, whose biological activities have not yet been
investigated (Figure 1C).

2. Materials and Methods

2.1. Reagents and Materials

Methyl gallate, borax, dimethyl sulphate, dipropyl sulphate, sodium hydroxide, sulphuric
acid, chloroform, sodium chloride and sodium sulphate were purchased from Sigma-Aldrich
(St Louis, MO, USA) for the synthesis of M3OMG and P3OMG. Bovine serum albumin
and a kit for protein measurement were purchased from ZiestChem Company (Tehran, Iran).
5,5-dithiobis(2-nitrobenzoic acid), ethylenediaminetetraacetic acid, nitro blue tetrazolium chloride,
potassium dihydrogen phosphate, reduced glutathione, sodium dihydrogen phosphate, trichloroacetic
acid, thiobarbituric acid, hydrogen peroxide, sodium carbonate, hydroxylamine chloride, ketamine,
lidocaine, xylazine were purchased from Sigma-Aldrich Chemical Company, (St. Louis, MO, USA).
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Other chemical reagents and solvents were of analytical grade or pure and were purchased from Merck
Chemical Company (Darmstadt, Germany).

2.2. M3OMG and P3OMG Syntheses

The synthesis of M3OMG and P3OMG was performed as reported by Nabavi et al. [9,10]. In brief,
an aliquot of 10 g of methyl gallate was added to a mixture of borax (80 g) and water (800 mL)
undergoing stirring for 30 min. Using a dropping funnel, dimethyl sulphate (30 mL) and dipropyl
sulphate (30 mL) and NaOH (13 g in 50 mL water) were added dropwise from two sides of the reaction
flask over 2.5 h, to synthetize M3OMG and P3OMG, respectively. After leaving the reaction mixtures
to be stirred overnight, concentrated sulphuric acid (50 mL) was added. The mixtures were further
stirred for 1 h and submitted to liquid extraction five times with CHCl3 (1 L). The combined chloroform
extracts were washed with 500 mL of brine (26% NaCl) and dried over anhydrous sodium sulphate.
Removal of the solvent under reduced pressure gave pure M3OMG and P3OMG, which were used for
the in vivo pharmacological tests.

2.3. Animals

Five-week old male balb/c mice weighing 20–25 g, purchased from the Pasteur Institute of Iran,
were used in the study. All mice were kept in the animal room at 24 ˘ 2 ˝C under a 12/12 h light/dark
cycle and 60% ˘ 5% humidity. Food and water were provided ad libitum. All mice were allowed to
acclimatize with the testing room for 24 h prior to behavioral examinations. In this study, behavioral
examination was performed between 10:00 a.m. and 2:00 p.m. The animal experiments were processed
following internationally accepted ethical guidelines for the care of laboratory animals in accordance
with Principles of Laboratory Animals Care (NIH Publication No. 85-23, revised 1996). The ethical
approval number is “81/021, 10 July 2002”.

2.4. Stroke Inducing

For the induction of ischemic stroke, mice were anaesthetized through the intraperitoneal
administration of a mixture of ketamine (60 mg/kg) and xylazine (5 mg/kg). Bilateral common
carotid artery occlusion (BCCAO) was performed as per the standard experimental animal model
of ischemic stroke. In brief, both right and left carotid arteries were selected and clamped for 5 min
by vascular clamps (time of ischemia). Thereafter, the vascular clamps were removed for the next
10 min (time of reperfusion), and both carotid arteries were subsequently clamped again for 5 min.
Finally, the vascular clamps were removed and blood circulation was allowed to return in both carotid
arteries. The surgical incisions were sutured and anaesthetized with lidocaine solution as a local
anesthetic drug and the area was washed with an antiseptic solution. All mice were transported to an
individual cage, kept at the standard temperature and allowed to recover normal body temperature.
Rectal temperature was checked every day and animals at 37 ˘ 1 ˝C were used in the study. In addition,
we eliminated animals with abnormal behavior, diarrhea or seizures [25].

2.5. GA, M3OMG and P3OMG Administration

Animals were randomly divided into 8 groups of 10 animals each. GA, M3OMG and P3OMG
were intraperitoneally administered in two doses (25 and 50 mg/kg body weight) for a week. After the
last application, depressive-like behaviors of all animals were tested using despair swimming and tail
suspension tests.

2.6. Examination of Stroke-Induced Anhedonia

For the examination of stroke-induced anhedonia, water bottles were removed from animal cages
for a period of 6 h. Thereafter, two bottles were provided to each animal cage. The first bottle was
filled with sucrose solution (2%, % w/v) and the second bottle was filled with water. This test is based
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on the evaluation of the volumes of consumed sucrose and water. Total volumes of sucrose solution
and water were recorded over a period of 6 h [26].

2.7. Despair Swimming Test (DST)

The despair swimming test is one of the most common animal models for the examination of
depressive-like behaviors. In brief, mice were individually placed in an open cylinder (25 cm height
and 10 cm diameter) containing fresh water at 24 ˘ 2 ˝C (19 cm of height). The animals were forced
to swim for a period of 6 min, with times recorded for periods of immobility (the period during
which animals have no horizontal movement, merely keeping their head above the water surface),
climbing (the period of active vertical movement, in which animals try to keep their forelegs above the
water surface) and swimming (the period of horizontal movement in which animals cross the water
surface) [27].

2.8. Tail Suspension Test (TST)

The tail suspension test is another common model for the examination of depressive-like behaviors
in experimental animals. In brief, mice were suspended at a height of 58 cm for a period of 5 min
through the use of adhesive tape attached 1 cm from the tail tip of each animal. The time of immobility,
defined as the amount of time spent motionless during the 5 min test, was recorded [25].

2.9. Anesthesia and Tissue Collection

At the end of the experimental period, the mice were anesthetized by the intraperitoneal
administration of ketamine (60 mg/kg) and xylazine (5 mg/kg) after withholding food for 12 h.
The brain was removed and kept at ´60 ˝C prior to biochemical assessment.

2.10. Preparation of Tissue Homogenate

The whole brain tissue of each animal was homogenized in 100 mM phosphate buffer saline (1:10,
% w/v) containing ethylenediaminetetraacetic acid (1 mM, pH 7.4) and centrifuged (12,000 g, 30 min,
4 ˝C). The supernatant was separated and used for biochemical analysis.

2.11. Measurement of Protein Content

The protein content of the homogenates of brain was determined using the Bradford method with
bovine serum albumin as the standard [28].

2.12. Estimation of Lipid Peroxidation

Lipid peroxidation, expressed as thiobarbituric acid-reactive substance (TBARS) formation,
was determined with the method used by Di Lorenzo et al. [26]. Brain tissue homogenates containing 1
mg protein were mixed with trichloroacetic acid (1 mL, 20%) and thiobarbituric acid (2 mL, 0.67%)
and then incubated for 1 h at 100 ˝C. After cooling, the precipitate was removed by centrifugation.
The absorbance of the reaction mixtures was measured at λ = 532 nm using a blank containing all the
reagents with the exception of tissue homogenates.

2.13. Determination of Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was examined according to the method used by Misra
and Fridovich [29]. The reaction mixtures consisted of sodium carbonate (1 mL, 50 mM), nitroblue
tetrazolium (0.4 mL, 25 μM), and freshly prepared hydroxylamine hydrochloride (0.2 mL, 0.1 mM).
The reaction mixtures were mixed by inversion followed by the addition of clear supernatant of
homogenates of brain tissue (0.1 mL, 1:10, % w/v). The change in absorbance of the reaction mixture
was recorded at λ = 560 nm.
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2.14. Determination of Catalase Activity

The enzyme catalase converts hydrogen peroxide into oxygen and water. Catalase activity was
measured using the method described by Nabavi et al. [30]. The tissue homogenates (containing 5 μg
of protein) were mixed with hydrogen peroxide (2.1 mL, 7.5 mM) and a time scan was performed for
10 min at λ = 240 nm and 25 ˝C. The disappearance of peroxide due to catalase activity was observed.
One unit of catalase activity is defined as the amount of enzyme that reduces 1 μmol of hydrogen
peroxide in a minute.

2.15. Determination of Reduced Glutathione Level

Reduced glutathione (GSH) level was determined with Ellman’s method [31]. Brain tissue
homogenates (720 μL) were double diluted and trichloroacetic acid (5%) was added to precipitate
their protein content. After centrifugation (12,000 ˆ g, 5 min) the supernatant was taken, 5,5-dithiobis
2-nitrobenzoic acid solution (Ellman’s reagent) was added and the absorbance of the reaction mixture
was measured at λ = 417 nm. A standard curve was drawn using known levels of reduced glutathione
solution. Using this standard calibration curve, reduced glutathione levels were calculated for
the homogenates.

2.16. Statistical Analysis

Statistical analysis was carried out with the SPSS statistical software package version 21.0
(SPSS Inc., Chicago, IL, USA).Results were expressed as means ˘ SD, and p < 0.01 was considered
statistically significant. A Shapiro-Wilk W-test was applied to assess the normal distribution of the data.
The statistical significance of the data was assessed by one-way variance analysis. When significant
differences were found, Bonferroni post hoc testing was used to determine the differences between
the groups involved. Possible bivariate correlations between different parameters were analyzed.
Variables were also adjusted for multiple linear regression models in order to evaluate the association
between enzyme activities (SOD and Cat), the marker of lipid peroxidation (TBARS), and the content
of GSH, with each of the registered behavioral parameters.

3. Results and Discussion

In the initial phase of the investigation, M3OMG and P3OMG were synthesized as reported in
the Materials and Methods section [11]. Their purity was estimated at over 95% (See Supplementary
Materials). Then, GA, M3OMG, and P3OMG were studied for their in vivo antidepressant-like and
antioxidant activities. Experimental animals were divided into three major groups: (a) a control
group of healthy mice; (b) a BCCAO group of animals, which underwent bilateral common carotid
artery occlusion (BCCAO); (c) 6 groups treated with GA, M3OMG and P3OMG at two different doses
(25 mg/kg and 50 mg/kg). As previously demonstrated [25], bilateral common carotid artery occlusion
caused anhedonia, a representative symptom of acute ischemic stroke. In fact, the results reported in
Figure 2 show that the BCCAO group was characterized by a significant (p < 0.01) increase in water
consumption and a significant (p < 0.01) drop in sucrose solution consumption compared to the normal
group, demonstrating the validity of this animal model in the study of ischemic stroke.

88



Nutrients 2016, 8, 248

0

1

2

3

4

5

BCCAO Normal GA 25 GA 50 M3OMG
25

M3OMG
50

P3OMG
25

P3OMG
50

W
at

er
 a

nh
ed

on
ia

 (m
L

)

a

b

c

d

e

f

g

h

A

0

2

4

6

BCCAO Normal GA 25 GA 50 M3OMG 
25

M3OMG 
50

P3OMG 
25

P3OMG 
50

Su
cr

os
e 

(m
L

)

a

b

c

d

e

f

g

h

B

Figure 2. Volume of water (A) and sucrose solution (B) consumption in the stroke-induced anhedonia
model. Data are shown as a mean (mL) ˘ SD (n = 3); different letters indicate statistically significant
differences (p < 0.01) between the two groups.

Intraperitoneal administration of GA, M3OMG and P3OMG significantly (p < 0.01) modified water
and sucrose solution consumption in a dose-dependent manner at both dosages tested, producing
an improvement in the anhedonia state when compared with the BCCAO group (Figure 2A,B,
respectively). The largest improvement in anhedonia was provided by M3OMG at both doses, which
was able to restore normal water consumption at the 50 mg/kg dose. The least active compound was
found to be P3OMG: at the highest dose (50 mg/kg) it showed the same activity (p = 0.033) on water
consumption as M3OMG administered at the lowest dose (25 mg/kg).

The BCCAO animal model is also a suitable system to study depressive-like behavior through the
use of two validated and commonly used tests, the despair swimming test (DST) and the tail suspension
test (TST). DST is an important model of depressive-like behavior in which animals are forced to
swim in a cylindrical container filled with water. Climbing, swimming and immobility periods are
registered for the 6 min duration of the test [25]. At both concentrations and in a dose-dependent
manner, the tested compounds showed antidepressive-like activity, significantly (p < 0.01) increasing
the climbing and swimming times and decreasing the immobility time with respect to the BCCAO
group (Figures 3–5 respectively).
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Figure 3. Effects of intraperitoneal administration of GA, M3OMG and P3OMG on climbing time in
the despair swimming test. Data are a mean (s) ˘ SD (n = 7); different letters indicate statistically
significant differences (p < 0.01) between the two groups.

Figure 4. Effects of intraperitoneal administration of GA, M3OMG and P3OMG on swimming time
in the despair swimming test. Data are a mean (s) ˘ SD (n = 7); different letters indicate statistically
significant differences (p < 0.01) between the two groups.

Figure 5. Effects of intraperitoneal administration of GA, M3OMG and P3OMG on immobility time
in the despair swimming test. Data are a mean (s) ˘ SD (n = 7); different letters indicate statistically
significant differences (p < 0.01) between the two groups.

For all the parameters registered and at both doses, the most active compound was found to be
M3OMG, whilst the least active was P3OMG, which here too shows the same activity (p ě 0.01) at the
highest dosage (50 mg/kg) as M3OMG administered at the lowest dosage (25 mg/kg).

TST describes the depressive behavior of experimental animals through the determination of
immobility time in unavoidable and inescapable stress conditions. An antidepressant agent reduces
the immobility times for unsuccessful attempts to escape [32]. For both concentrations and in
a dose-dependent manner, GA, M3OMG and P3OMG showed high antidepressive-like activity,
significantly (p < 0.01) decreasing the immobility time of the treated mice compared with that of
the BCCAO group (Figure 6). Here too, M3OMG results as the most active compound at both doses.
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Figure 6. Effects of the intraperitoneal administration of GA, M3OMG and P3OMG on the tail
suspension model. Data are a mean (s) ˘ SD (n = 7); different letters indicate statistically significant
differences (p < 0.01) between the two groups.

In our previous review, we reported that there is a growing body of evidence that supports
oxidative stress as playing a fundamental role in the pathogenesis of both ischemic stroke and
major depression. Thus, we formulated the hypothesis that oxidative stress is also involved in
the pathogenesis of post-stroke depression, and antioxidant substances could thus be useful in the
treatment of this pathology [18]. Considering the in vitro and in vivo antioxidant and neuroprotective
effects of GA and its related compounds, which are well documented in the literature [19,33–36],
the present study was extended to the evaluation of the in vivo protective effect of GA, M3OMG
and P3OMG against oxidative stress. The antioxidant activities of SOD and Cat, the degree of
lipid peroxidation, (expressed in TBARS levels), and GSH levels were determined for mouse brains.
As expected, stroke induced a significant (p < 0.01) increase in TBARS levels, revealing high oxidative
stress in the BCCAO group. The treatment with GA, M3OMG and P3OMG significantly (p < 0.01)
decreased TBARS levels at both tested concentrations, even though the compounds were not able
to completely restore normal conditions (Figure 7A). Among the tested compounds, M3OMG was
found to be the most active at both dosages (25 and 50 mg/kg), whilst P3OMG was less active.
In fact, at the highest dose P3OMG showed the same activity (p = 0.196) as M3OMG administered at
the lowest concentration. As far as endogenous antioxidant defenses are concerned, the induction
of stroke was found to cause a significant (p < 0.01) decrease in SOD and Cat activities and GSH
levels in comparison with the control group, confirming a relevant oxidative stress condition in the
BCCAO group. Although the administration of GA, M3OMG and P3OMG improved endogenous
antioxidant defenses, increasing SOD and Cat activities and GSH levels compared to the BCCAO
group, the registered values did not attain those determined in the normal group (Figure 7B–D,
respectively). M3OMG again exerted the highest antioxidant activity at both dosages, compared to
GA and P3OMG, resulting as the most promising antioxidant compound with potential uses in the
treatment of post-stroke depression.
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Figure 7. Effects of intraperitoneal administration of GA, M3OMG and P3OMG on oxidative stress
levels in mouse brain tissue: TBARS levels, expressed as nmol MDA eq/g tissues (A); SOD activity,
expressed as U/mg per protein (B); Cat activity, expressed as μg/mg per protein (C); and GSH levels,
expressed as μg/mg per protein (D). Data are a mean ˘ SD (n = 7); different letters indicate statistically
significant differences (p < 0.01) between the two groups.

To explore the relationship between the results obtained from behavioral tests and antioxidant
assays in more depth, we evaluated possible bivariate correlations between the independent variables,
consisting of enzyme activities (SOD and Cat), the marker of lipid peroxidation (TBARS), and the
content of GSH, with the registered behavioral parameters taken as dependent variables (Table 1).
Statistical significance was found for the associations of GSH, SOD and TBARS, with all the dependent
variables. The highest significant associations were found between SOD and the dependent climbing
and swimming variables, and for GSH and TBARS with immobility and immobility registered in
TST. There were no significant associations between Cat activity and any of the studied behavioral
parameters. These results support the hypothesis that oxidative stress is closely related and tightly
linked to post-stroke depression.

Table 1. Multiple linear regression analysis on the dependent variables of climbing, swimming,
immobility, and immobility in tail-suspension test (TST). p < 0.05 was considered statistically significant.

Antioxidant Enzymes/Marker of
Lipid Peroxidation

Climbing Swimming Immobility Immobility (TST)

Cat
β 0.586 0.256 ´1.961 ´1.730
p 0.190 0.285 0.178 0.292

GSH
β ´7.125 ´3.241 28.265 27.411
p 0.000 0.000 0.000 0.000

SOD
β 0.340 0.135 ´1.149 ´1.220
p 0.004 0.029 0.003 0.005

TBARS
β ´1.098 ´0.646 4.210 5.045
p 0.037 0.023 0.015 0.010

4. Conclusions

In this study we have demonstrated that the intraperitoneal administration of GA, M3OMG and
P3OMG restores behavioral parameters indicative of depression to healthy levels in experimental
animals in which PSD has been induced by bilateral common carotid artery occlusion. M3OMG was
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found to be more active than GA and P3OMG, decreasing anhedonia and improving depressive-like
behavior. In all behavioral tests, GA was found to be less effective than M3OMG at both doses,
and P3OMG administered at the highest dose (50 mg/kg) showed the same activity as M3OMG
administered at the lowest dose (25 mg/kg). These data suggest that increasing lipophilicity,
moving from GA to M3OMG, increases the antidepressive-like activity while a further increase
of lipophilicity, moving from M3OMG to the propyl derivative, does not correspond to an increase
in activity.

The in vivo antioxidant activity exerted by GA, M3OMG and P3OMG supports the hypothesis that
oxidative stress, which occurs during cerebral ischemia and the following reperfusion, is implicated
in the pathogenesis of PSD. M3OMG shows the highest capacity to improve SOD and Cat activities,
GSH levels and decrease TBARS levels, which confirms that this compound shows higher activity
than GA and P3OMG. The relationship found between the results obtained from behavioral tests
and antioxidant assays corroborates our hypothesis that oxidative stress is closely related and tightly
linked to stroke and post-stroke depression. It is very interesting to highlight that bivariate correlations
were shown for associations between GSH, SOD and TBARS, and all behavioral parameters, while no
significant associations between Cat activity and any behavioral parameters were found. These last
results seems to suggest that the capacity of these exogenous antioxidant compounds to modulate
depressive symptoms is probably exerted primarily through SOD activity, GSH levels and a decrease
in lipid peroxidation instead of through Cat activity.

Though GA and its derivatives were administered through intraperitoneal injection rather than
oral ingestion, the obtained results are interesting because they show a new biological function of these
hydroxy-benzoic compounds. Future studies will be performed using the oral route of administration
in view of a future use for these compounds in food supplements or drugs, and to mimic the ingestion
of these polyphenols as part of plant based foods and beverages. In conclusion, this work represents
the first attempt to demonstrate the positive effect of GA and its synthetic derivatives on post-stroke
depression and to correlate this protective activity with their antioxidant activity.
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Abstract: Long-term use of fish oil (FO) is known to induce oxidative stress and increase the risk of
Alzheimer’s disease in humans. In the present study, peanut skin extract (PSE), which has strong
antioxidant capacity, was mixed with FO to reduce its side effects while maintaining its beneficial
properties. Twelve-week Institute of Cancer Research (ICR) mice were used to conduct animal
behavior tests in order to evaluate the memory-enhancing ability of the mixture of peanut skin
extract and fish oil (MPF). MPF significantly increased alternations in the Y-maze and cognitive
index in the novel object recognition test. MPF also improved performance in the water maze
test. We further sought to understand the mechanisms underlying these effects. A significant
decrease in superoxide dismutase (SOD) activity and an increase in malonyldialdehyde (MDA)
in plasma were observed in the FO group. The MPF group showed reduced MDA level and
increased SOD activity in the plasma, cortex and hippocampus. Furthermore, the gene expression
levels of brain-derived neurotrophic factor (BDNF) and cAMP responsive element-binding protein
(CREB) in the hippocampus were increased in the MPF group, while phosphorylation of protein
kinase B (AKT), extracellular signal-regulated kinase (ERK) and CREB in the hippocampus were
enhanced. MPF improves memory in mice via modulation of anti-oxidative stress and activation of
BDNF/ERK/CREB signaling pathways.

Keywords: brain-derived neurotrophic factor; fish oil; ERK; oxidative stress; peanut skin extract

1. Introduction

Fish oil (FO) is a widely used nutrition supplement. It is rich in omega-3 fatty acids, specifically
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Previous studies have indicated
that FO can reduce blood fat [1] and prevent Alzheimer’s disease (AD) [2]. FO also exhibits
anti-inflammatory [3], anti-cancer [4], and anti-aging [5] effects. However, negative reports concerning
FO consumption have emerged in recent years. The oxidation products of FO are harmful to
mitochondria functions [6,7]. Furthermore, FO replaces critical omega-6 metabolites, thus modifying
tissue structure, and reducing prostacyclin production, which increases the risk of cardiovascular
diseases [8]. Furthermore, prolonged or excessive consumption of FO containing the oxidized
product polyunsaturated fatty acid oxide leads to production of free radicals and induction of cellular
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senescence, which involves senile plaque formation and tissue damage. These problems limit the
use of FO as a nutrient supplement. Therefore, reassessment of the function and reliability of FO
is imperative.

Oxidative stress, insulin resistance and inflammation interrelate. Oxidative stress can lead to
insulin resistance and inflammation. Conversely, both insulin resistance and inflammation can also
increase oxidative stress. Several studies have shown that all of these factors can be induced by a high
fat diet and can impair cognitive performance and memory decline [9–11]. Therefore, further studies
are necessary for improvement of cognitive function of the aging brain by using anti-oxidative,
anti-diabetic and anti-inflammatory agents.

Peanut skin is a protective pink-red layer with astringent taste. It is rich in phenolics and
other health-promoting compounds. Peanut skin extract (PSE) mainly contains 3-procyanidins,
4-anthocyanins, 2-flavanols, and 5-flavonols. Resveratrol also exists in PSE and its concentration is
higher than that in peanut kernels [12]. The anti-inflammatory, anti-cardiovascular disease, anti-cancer,
anti-obesity and anti-diabetic properties of many polyphenolic compounds have been investigated
recently [13–17]. Peanut skin polyphenols, particularly procyanidine, improve lipid homeostasis,
reduce inflammation, and act as natural antioxidants and antimicrobial agents [18–20]. In the current
study, we used PSE to alleviate the side effects of FO and sought to determine whether MPF improves
memory in mice via its anti-oxidative effects or regulation of gene expression.

2. Materials and Methods

2.1. PSE, FO and MPF

PSE and FO with 20% DHA and 8% EPA were obtained from Gifu Shellac Mfg. Co., Ltd.,
Gifu, Japan. MPF was composed of PSE and FO at a 1:2 ratio by mass. The vehicle contained 40%
glycerin, 6% emulsifier, and 54% water. Samples were prepared by dissolving PSE, FO, and MPF
in the vehicle to get final concentrations of 15% PSE, 30% FO, and 15% PSE + 30% FO, respectively.
The effective dose of fish oil for use as supplements has been shown to be 20–40 mg/kg for adults.
Therefore, 20 mg/kg of FO was used in our study.

2.2. Neurite Outgrowth Assay

Bioassay was performed as described in a previous study [21]. Firstly, 2 ˆ 104 rat
pheochromocytoma (PC12) cells were placed in each well of a 24-well microplate and cultured in 5%
CO2 incubator at 37 ˝C for 24 h. After that, 1 mL of serum-free dulbecco’s modified eagle medium
that contain test samples (PSE at doses of 0.3, 1 and 3 μg/mL; FO at doses of 0.3, 1 and 3 μg/mL;
MPF at doses of 0.3 + 0.3, 0.3 + 1, 0.3 + 3, 1 + 0.3, 1 + 1, 1 + 3 μg/mL) and dimethyl sulfoxide (DMSO)
(0.5%) was used to replace old medium and incubated for two days. Nerve growth factor (NGF) was
used as positive control. Cells were observed using a phase-contrast microscope (Olympus, Model
CKX41, Tokyo, Japan) every 24 h. Approximately 100 cells were counted from a random region of the
culture dish. If the outgrowth of a PC12 cell was longer than the diameter of the cell body, the cell was
determined to be neurite-bearing. Independent experiments were repeated thrice and the results are
expressed as mean ˘ SEM.

2.3. Animal Study and Experimental Design

Twelve-week-old male ICR mice (n = 60) were used as experimental animals (Zhejiang Academy
of Medical Sciences, Hangzhou, China). The mice were fed in a clean room at 23 ˘ 1 ˝C with a 12:12
light-dark cycle and fed with a commercial diet (Zhejiang Academy of Medical Sciences, Hangzhou,
China) ad libitum. All experiments were performed according to the Guide by the Animal Ethics
Committee of Medical School, Zhejiang University (Permit Number: ZJU201401101005). The mice
were divided into six groups. The control group received vehicle treatment. The PSE group received
PSE at 10 mg/kg body weight per day. The FO group received FO at 20 mg/kg body weight per
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day. Three MPF groups received MPF at 0.03, 3 and 30 mg/kg body weight per day with oral
administration. The animals were administered with samples for 5 weeks and then subjected to the
Y-maze and novel objects recognition (NOR) test. The water maze experiment was performed on the
sixth week. After finishing animal behavior experiments, blood was collected from mice orbit with
capillary and the treated mice were killed with neck dislocation. Brain and plasma samples of the mice
were taken quickly and then frozen at ´20 ˝C.

2.3.1. Y-Maze Memory Test

The mice were tested for spontaneous alternations using the Y-maze as previously reported [22].
The Y-maze used in the present study has three equal arms with 120˝ angle. The mice were placed
in the “start” arm of the Y-maze and left to roam freely for 8 min. Three continuous choices in three
different arms were considered to be alternations. The average of percentage alternations was plotted.

2.3.2. NOR Memory Tasks

After completion of the Y-maze test, the NOR test was performed. The novel object apparatus
consisted of a white plastic box (46 ˆ 26 ˆ 20 cm), two identical objects (2 ˆ 12 cm plastic flashlights)
and a novel object (5 ˆ 11 cm coffee can). At first, each mouse was placed in the empty open field
of the box for 5 min for habituation on Day 1. The area was cleaned with 75% ethanol solution well
ahead of time to ensure that no olfactory cues were present. The next day, the test of the NOR task
was performed, which consisted of a training trial and a retention phase. In the training trial, the mice
were exposed to the same arena where two identical objects were placed in opposite sides at equal
distances for 5 min. The time spent exploring the two objects by each mouse were measured. After 1 h
of training trial, one of two identical objects was replaced with a novel object. The animals were
removed from the arena and exposed for 5 min again. The time spent exploring each object was
recorded. Exploration was fixed as the mice used the nose or forepaws to sniff or touch the objects.
A discrimination index (DI) was represented with the percentage of exploring time on the novel object
divided by the total time spent exploring both objects.

2.3.3. Morris Water Maze Test

The Morris water maze test was performed after sample administration for 5 weeks. The apparatus
comprised of a movable platform (14 cm diameter) and a circular tank (1.2 m diameter, 50 cm depth).
In addition, a digital camera connected to a computer hung above the tank and was used to track
mice movement. Before the experiment, water was added up to 34 cm depth and warmed to 22 ˘ 1
˝C. Black ink was added to make the water opaque and to hide the platform. During training, the
tank was divided into four quadrants. Each mouse underwent four trials in four quadrants in 1 day.
The mice learned to run away from the water by finding the platform under the water in the center of
quadrant 1 in the tank. The experiment was performed in 4 days. The mice which could not locate the
platform within 120 s were put on the platform and allowed to stay there for 10 s. The probe trials
were done on the fifth day after removing the platform. In every trial, the mouse was placed in the
water back to the front from one of four starting points. The time to find the platform in training trials
and times of crossing platform in the training trial and probe trial were measured by reviewing the
video recordings. Data from four tests conducted each day were averaged for statistical analysis.

2.4. SOD Activity and MDA Level in the Plasma, the Cerebral Cortex and the Hippocampus

Plasma samples were obtained by centrifuging the blood at 10,000 rpm for 10 min at normal
temperature and depot at ´20 ˝C until analysis. Approximately 50 mg of cerebral cortex samples or
one hippocampus were homogenized in cold phosphate-buffered saline at a 1:9 volume ratio, sonicated
thrice for 1 min each, and then centrifuged at 12,000 rpm for 15 min at 4 ˝C. The supernatants were
used for analysis. The samples were assayed for SOD activity and MDA using commercially available
T-SOD and MDA assay kits (Bioengineering Institute of Nanjing Jiancheng Company, Nanjing, China)
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according to the manufacturer’s protocols. We selected 5.5 μL of basic plasma solution and 25 μL of
1% cerebral cortex or hippocampus homogenate of each sample as optimal quantities to measure the
total SOD activity. Simultaneously, approximately 20 μL of plasma, 20 μL of 10% cerebral cortex and
40 μL of 10% hippocampus homogenate were used to measure MDA. The protein concentrations of
the cerebral cortex samples were spectrophotometrically measured using a Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA, USA) at 595 nm.

2.5. Real-Time PCR Analysis

Approximately 50 mg of the cerebral cortex and hippocampus samples were obtained.
Extraction of total RNA, reverse transcription and cDNA synthesis were performed as described
in a previous study [23] using CFX96-Touch (Bio-rad, Hercules, CA, USA) and SYBR Premix EX Taq™
(Takara, Otsu, Japan). The mouse BDNF, CREB, activity-regulated cytoskeleton-associated protein
(ARC), B-cell lymphoma-X1 (BCL-X1) and 18S RNA primers used for the PCR were as follows-for
BDNF: sense, 51-TTG TTT TGT GCC GTT TAC CA-31, anti-sense, 51-GGT AAG AGA GCC AGC CAC
TG-31; for CREB: sense, 51-AAT GGT ACG ATG GGG TAC A-31, anti-sense, 51-TCC ATC AGT GGT
CTG TGC AT-31; for ARC: sense, 51-GAG AGC TGA AAG GGT TGC AC-31, anti-sense, 51-GCC TTG
ATG GAC TTC TTC CA-31; for: BCL-X1: sense, 51-TTC GGG ATG GAG TAA ACT GG-31, anti-sense,
51-TGT CTG GTC ACT TCC GAC TG-31; and for 18S RNA: sense, 51-TAA CCC GTT GAA CCC CAT
T-31, and anti-sense, 51-CCA TCC AAT CGG TAG TAG CG-31. We amplified cDNA using the following
conditions: 95 ˝C for 2 min, followed by 40 cycles for 15 s at 95 ˝C, and 35 s at 60 ˝C. All results were
standardized to 18S RNA gene expression, and relative mRNA transcript levels were determined by
the Ct formula. Each sample was run in triplicate, and the average of the three measurements was
calculated for every sample.

2.6. Western Blot

Hippocampus samples obtained at the end of the animal experiment were homogenized in lysis
buffer containing 1% protease inhibitors. Approximately 15 μg proteins were moved to a new tube
and incubated at 100 ˝C for 5 min for denaturation. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was run at 120 V for 45 min. The proteins were transferred to polyvinylidene difluoride
membranes and then blocked with 5% non-fat dry milk buffer for 60 min at room temperature
(RT). Blots were incubated with anti-phospho-p44/42 mitogen-activated protein kinase (MAPK),
anti-p44/42 MAPK (ERK1/2), anti-CREB, anti-phospho-CREB, anti-AKT (Cell Signaling Technology,
Boston, MA, USA), and anti-phospho-AKT (Abcam, Hong Kong, China) antibodies overnight at 4 ˝C.
After washing three times, the membranes were incubated with secondary antibody for 45 min at RT.
eECL Western Blot Kit (Beijing CoWin Biotechnology, Beijing, China) was used to develop the bands.

2.7. Statistical Analysis

All experiments were independently performed twice, and each experiment was conducted
using five or ten samples. Data are presented as mean ˘ SEM. Significant differences between
groups were determined by one-way ANOVA, followed by two-tailed multiple t-tests using
the Student–Newman–Keuls method in SPSS biostatistics software (IBM, Armonk, NY, USA).
Statistical significance was considered at p < 0.05.

3. Results

3.1. NGF-Mimicking Effects of PSE, FO, and MPF on PC12 Cells

The NGF-mimicking effects of PSE, FO, and MPF on PC12 cells are displayed in Figure 1A–B.
PSE-induced neurite outgrowth in PC12 cells, and the percentages of neurite-bearing cells for those
treated with 0.3, 1.0, and 3.0 μg/mL PSE for 48 h reached 37.0% ˘ 2.4%, 34.7% ˘ 1.3%, and 34.0% ˘ 3.3%,
respectively. These values were significantly higher than that of the control group (16.0% ˘ 2.4%,
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p < 0.001). FO induced neurite outgrowth, and the percentages of neurite-bearing cells for those treated
with 0.3, 1.0 and 3.0 μg/mL FO for 48 h reached 39.0% ˘ 1.7%, 43.3% ˘ 2.4%, and 32.5% ˘ 2.0%,
respectively (p < 0.001). The percentages of neurite outgrowth after treatment with 0.3 + 0.3, 0.3 + 1.0,
0.3 + 3.0, 1.0 + 0.3, 1.0 + 1.0, and 1.0 + 3.0 μg/mL PSE + FO (MPF) for 48 h reached 50.7% ˘ 0.6%,
37.0% ˘ 1.2%, 43.0% ˘ 2.4%, 43.0% ˘ 2.5, 39.5% ˘ 1.2%, and 40.0% ˘ 1.3%, respectively (p < 0.01,
p < 0.001). These results suggest that PSE, FO and MPF significantly influence neurite outgrowth of
PC12 cells.

Figure 1. NGF-mimicking effects of PSE, FO and MPF on PC12 cells. (A) microphotograph of PC12 cells
after treatment with DMSO, NGF, PSE, FO and MPF for 48 h; (B) percentage of PC12 cells with neurite
outgrowth after treatment with DMSO, NGF, PSE, FO and MPF for 48 h. Cells bearing neurites were
identified as those with processes that were at least twice the cell diameter in length. (Control: DMSO,
0.5%; Positive control: NGF, 40 ng/mL). *** Significantly different from the control group at the same
time point at p < 0.001. ## Significantly different compared to only PSE or FO treated group at a dose of
0.3 μg/mL.

3.2. MPF Improves Learning Ability and Spatial Memory

Examination of animal behavior is a highly important part for functional evaluation. The
Y-maze and NOR tests were performed to evaluate the behavior of PSE, FO, MPF treated mice
and control mice. The total numbers of enter arms did not change in any of the groups (Figure 2A).
Hence, the spontaneous alternation in PSE group at 10 mg/kg (70% ˘ 3.3%) and MPF treated group
at 3 (71% ˘ 2.6%) and 30 mg/kg (76% ˘ 3.3%) were obviously higher than that of the control group
(58% ˘ 2.1%, p < 0.05, p < 0.01 or p < 0.001) (Figure 2B). During the NOR test, all animals in the training
phase showed similar DIs for recognition of the two familiar objects (Figure 2C). In the trial phase,
all treated mice receiving PSE, FO and MPF spent more time exploring the novel object (69% ˘ 2.7%,
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73% ˘ 4.8%, 72% ˘ 4.1%, 76% ˘ 3.2% and 73% ˘ 2%) than the control mice (66% ˘ 4%). These results
reveal that PSE, FO and MPF enhance the learning ability of mice in vivo.

Figure 2. Effects of PSE, FO, and MPF on the learning and memory of mice in vivo. (A) changes in total
numbers of enter arm; (B) alternation in the Y-maze test after treating PSE, FO and MPF; (C) change
in cognitive index in the novel object recognition test after treating PSE, FO and MPF. Y maze and
NOR tests were performed after sample administration for five weeks. Each value represents the mean
˘ SEM of eight or seven mice. *, ** and *** indicate significant difference relative to the control group
at the same time point at p < 0.05, p < 0.01 and p < 0.001, respectively.

To further evaluate spatial memory, the water maze test was used to assess the training over
four days using the hidden platform. A probe trial was conducted without a platform on the fifth day.
PSE, FO and MPF did not significantly affect the latency time before training for two days. The latency
time significantly reduced in the MPF groups at doses of 3 mg/kg on the second (19.88 ˘ 2.71) and
fourth training day (10.86 ˘ 1.64) compared with that in the control group at the same time point
(38.59 ˘ 6.84, 50.5 ˘ 8.3, p < 0.05, p < 0.001) (Figure 3A). At the same time, the significant reduction
of latency time in PSE group was also observed on the fourth training day (28.09 ˘ 3.10, p < 0.05).
The crossing platform times in the PSE at 10 mg/kg and MPF-treated groups at 3 and 30 mg/kg
(5.3 ˘ 0.7, 6.0 ˘ 0.7 and 5.5 ˘ 0.8) also significantly increased on the fifth day in the probe trial versus
the control (2.8 ˘ 0.8, p < 0.05 and p < 0.01) (Figure 3B). These results indicate that MPF can improve
the learning ability and spatial memory of normal mice.
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Figure 3. Effects of PSE, FO, and MPF on the spatial memory of mice in vivo. (A) Escape latency of
mice during the training period in water maze test after administrating PSE, FO and MPF; (B) Times of
crossing platform after training for 4 days in water maze test after administering PSE, FO and MPF.
Water maze test was conducted after sample administration for 5 weeks. Each value represents the
mean ˘ SEM of eight or seven mice. # and ### indicate significant difference relative to the control at
the same time point at p < 0.05 and p < 0.001; * and ** indicate significant difference relative to the
control at the same time point at p < 0.05 and p < 0.01, respectively.

3.3. MPF Can Rescue SOD Activity Reduction and Reduce MDA Production Induced by FO in the Plasma

The changes in SOD activity and MDA level in the plasma after administering MPF, PSE, and FO
are displayed in Figure 4A,B. The total SOD activity of the FO group (42.8 ˘ 1.62) was lower than that
of the control group (48.8 ˘ 1.0, p < 0.05). However, the reduction in SOD activity in the FO group
can be alleviated by adding PSE to FO (MPF) (47.7 ˘ 0.8, 48.6 ˘ 0.9; p < 0.05, p < 0.05, respectively).
The MDA level increased in the plasma of the FO group (5.6 ˘ 0.5) and reduced in the plasma of the
PSE group (2.7 ˘ 0.3), respectively, compared with that in the control group (4.2 ˘ 0.1, p < 0.05, p < 0.05,
respectively). The plasma MDA level in the MPF groups at 3 and 30 mg/kg (4.8 ˘ 0.3, 4.1 ˘ 0.4) was
normalized. These results suggest that using a single FO can induce oxidative stress in vivo and that
PSE can inhibit the oxidative stress caused by FO.

3.4. MPF Increases SOD Activity and Lowers MDA Production in the Cerebral Cortex and Hippocampus

Oxidative stress in the brain impairs the memory and learning ability of mice. Therefore, we also
investigated changes in SOD activity and MDA level in the cerebral cortex and hippocampus after
treatment. In the cortex, no difference in SOD activity was observed in the FO-treated group (19.3 ˘ 1.2).
However, SOD activity increased in the PSE (23.0 ˘ 1.2) and MPF groups at 3 and 30 mg/kg (23.8 ˘ 0.7,
23 ˘ 0.6) compared with that in the control group (19.4 ˘ 1.1) (Figure 5A, p < 0.05, p < 0.05, p < 0.05,
respectively). The MDA level was significantly lower in the PSE and MPF groups (2.7 ˘ 0.6, 2.7 ˘ 0.5,
3.4 ˘ 0.7) compared with that in the control group (6.8 ˘ 0.7) (Figure 5B, p < 0.05, p < 0.01 and p < 0.01,
respectively). The MDA level in the FO group (4.6 ˘ 1.0) was decreased but showed no statistically
significant differences. In the hippocampus, SOD activity was also significantly increased in PSE
(30.7 ˘ 1.17) and MPF groups at 3 and 30 mg/kg (29.26 ˘ 0.79, 29.57 ˘ 0.58) compared with that in the
control group (26.1 ˘ 0.81) (Figure 5C, p < 0.05, p < 0.05 and p < 0.05). The MDA level of the FO group
(3.44 ˘ 0.29) was significantly increased (Figure 5D, p < 0.05). Meanwhile, the MDA levels in the PSE
and MPF groups at 3 and 30 mg/kg (1.65 ˘ 0.18, 1.08 ˘ 0.1, 1.12 ˘ 0.06) were significantly lowered
compared with that of the control group (2.56 ˘ 0.20) (Figure 5D, p < 0.01, p < 0.001 and p < 0.001,
respectively). These results indicate that MPF improves the memory and learning ability of mice by
reducing oxidative stress.
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Figure 4. Effects of PSE, FO, and MPF on the SOD activity and MDA level of the plasma. Effects of
PSE, FO, and MPF on the SOD activity (A) and MDA level (B) of the plasma after oral administration
of PSE, FO, and MPF for six weeks. Each value represents the mean ˘ SEM of eight or seven mice.
*, ** indicates significant difference relative to the control group at the same time point at p < 0.05 and
p < 0.01; # and ## indicates significant difference relative to the FO group at the same time point at
p < 0.05 and p < 0.01, respectively.

Figure 5. Effects of PSE, FO, and MPF on the SOD activity and MDA level of the cerebral cortex
and hippocampus. Effects of PSE, FO, and MPF on the SOD activity and MDA level of the cerebral
cortex (A, B) and hippocampus (C, D) after oral treatment for six weeks. Each value represents the
mean ˘ SEM of eight or seven mice. *, ** and *** indicate significant difference relative to the control at
the same time point at p < 0.05, p < 0.01 and p < 0.001, respectively.
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3.5. MPF Increases BDNF and CREB Gene Expression Levels in the Cerebral Cortex and the Hippocampus

The gene expression levels of BDNF, CREB, ARC, and BCL-X1 in the cerebral cortex are displayed
in Figure 6A. MPF did not affect the mRNA expression levels of CREB, ARC, and BCL-X1 in the
cerebral cortex. Only BDNF gene expression was significantly increased in the cerebral cortex (p < 0.05).
However, changes in both BDNF and CREB gene expression levels were observed in the hippocampus
(Figure 6B, p < 0.05, p < 0.01 and p < 0.001). These results suggest that MPF can promote the expression
of genes related to memory and learning ability in the hippocampus.

Figure 6. Effects of PSE, FO, and MPF on gene expression, and Western blot analysis in the cerebral
cortex and hippocampus. Effects of PSE, FO, and MPF on expression of CREB, BDNF, ARC, and BCL-X1
in the cerebral cortex (A) and the hippocampus (B), and phosphorylation of AKT, ERK, and CREB
proteins in the hippocampus (C and D). Each value represents mean ˘ SEM of seven mice. *, ** and
*** indicate significant difference relative to the control at the same time point at p < 0.05, p < 0.01 and
p < 0.001, respectively.

3.6. MPF Increases Phosphorylation of AKT, ERK and CREB in the Hippocampus

The hippocampus is critically important for memory and learning. It receives sensory information
from the five senses and adjusts endocrine activity. Therefore, we investigated phosphorylation of
AKT, ERK, and CREB proteins related to memory and learning in the hippocampus. Phosphorylation
of AKT, ERK and CREB was found to be significantly increased in the MPF groups (Figure 6C,D,
p < 0.05, p < 0.05 and p < 0.05, respectively). These results suggest that MPF may improve the memory
and learning ability of mice via the ERK signaling pathway.
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4. Discussion

This report demonstrated that PSE, FO and MFP had NGF-mimicking effects on PC12 cells
(Figure 1A,B). It is consistent with our previous study [20]. Furthermore, we found that MPF and PSE
can enhance both learning and special memory of mice (Figures 2 and 3). However, FO alone can
improve the learning ability but not the spatial memory of normal mice (Figures 2 and 3). This result
agreed with other reports [24].

In this study, the effects of MPF did not display a dose-dependent relationship; it is possible that
normal mice were used to do experiments since we mainly considered the health functions of MPF for
healthy people. The index of normal mice was difficult to change by a large margin. Thus, we will
investigate the treatment effects of MPF with a pathological model in the future.

Oxidative stress has been implicated in the pathogenesis of dementia and neurodegenerative
disorders. Moreover, increases in reactive oxygen species have been implicated in cognitive decline
of the aging brain and in AD [25–27]. SOD and MDA are closely related to the redox state of an
organism. MDA is a lipid peroxide product that indicates aging. Therefore, we focus on these two
points to investigate the mechanisms of action of FO, PSE, and MPF in this study. Administration of
FO alone for six weeks significantly reduced SOD activity and increased MDA level in the plasma
(Figure 4). These results agree with previous reports [28]. As expected, MPF alleviated this symptom
and normalized the MDA level. These results indicate that FO induces oxidative stress after long-term
administration in vivo and that adding PSE can alleviate the side effects of FO. The observed an
increase in SOD activity and reduction of MDA production in the cerebral cortex and hippocampus
(Figure 5), after treating the samples suggested that long-term administration of FO alone cannot
confer neuroprotection in vivo and that PSE can alleviate the side effects of FO. MPF and PSE can also
significantly improve the memory of mice via anti-oxidative effects.

Memory is known to be regulated by key genes such as BDNF, CREB and ARC. BDNF and
CREB participate in memory formation and storage [29–32]. ARC is an immediate early gene that
mediates consolidation of long-term potentiation by altering actin dynamics [30]. Increasing BDNF,
CREB, and ARC levels enhance some forms of long-lasting memory. Our observation of elevated
expression of BDNF and CREB in the hippocampus (Figure 6B) suggests that BDNF/CREB signaling
pathways may have important roles in the enhanced intelligence of MPF-treated mice. We used
normal mice in this study, and sensitivity to MPF in the hippocampus was higher than that in the
cerebral cortex. PI3K/AKT-signaling pathway is also important for spatial and working memory and
amygdala-dependent fear conditioning, whereas the ERK1/2 cascade is involved in an aversively
motivated hippocampus and amygdala-dependent learning tasks [33–35]. Thus, we investigated the
phosphorylation of AKT, ERK, and CREB proteins in the hippocampus using Western blot analysis.
The significant increase in the phosphorylation of AKT, ERK and CREB (Figure 6C) indicates that the
ERK signaling pathway is also involved in improving the memory of MPF-treated mice.

5. Conclusions

In conclusion, FO and PSE exhibited NGF-mimicking effects on PC12 cells and improved the
learning ability of normal mice. PSE alleviated the side effects of FO produced in the body after
long-term administration, and MPF significantly improved the learning ability and spatial memory of
mice via modulation of anti-oxidative stress and regulation of BDNF/ERK/CREB signaling pathways.
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Abbreviations

The following abbreviations are used in this article:

AD Alzheimer’s disease
AKT Protein kinase B
ARC Activity-regulated cytoskeleton-associated protein
BCL-X1 B-cell lymphoma-X1
BDNF Brain derived-neurophic factor
CREB cAMP responsive element-binding protein
DHA Docosahexaenoic acid
DI Discrimination index
DMSO Dimethyl sulfoxide
EPA Eicosapentaenoic acid
ERK Extracellular signal-regulated kinase
FO Fish oil
ICR Institute of Cancer Research
MAPK Mitogen-activated protein kinase
MDA Malonyldialdehyde
MPF Mixture of peanut skin extract and fish oil
NGF Nerve growth factor
NOR Novel object recognition
PC12 cells Rat pheochromocytoma cells
PSE Peanut skin extract
RT Room temperature
SOD Superoxide dismutase
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Abstract: Calcitonin gene-related peptide (CGRP) is a pivotal messenger in the inflammatory process in
migraine. Limited evidence indicates that diet impacts circulating levels of CGRP, suggesting that certain
elements in the diet may influence migraine outcomes. Interruption of calcium signaling, a mechanism
which can trigger CGRP release, has been suggested as one potential route by which exogenous food
substances may impact CGRP secretion. The objective of this study was to investigate the effects
of foods and a dietary supplement on two migraine-related mechanisms in vitro: CGRP secretion
from neuroendocrine CA77 cells, and calcium uptake by differentiated PC12 cells. Ginger and grape
pomace extracts were selected for their anecdotal connections to reducing or promoting migraine.
S-petasin was selected as a suspected active constituent of butterbur extract, the migraine prophylactic
dietary supplement. Results showed a statistically significant decrease in stimulated CGRP secretion
from CA77 cells following treatment with ginger (0.2 mg dry ginger equivalent/mL) and two doses
of grape pomace (0.25 and 1.0 mg dry pomace equivalent/mL) extracts. Relative to vehicle control,
CGRP secretion decreased by 22%, 43%, and 87%, respectively. S-petasin at 1.0 μM also decreased
CGRP secretion by 24%. Meanwhile, S-petasin and ginger extract showed inhibition of calcium
influx, whereas grape pomace had no effect on calcium. These results suggest that grape pomace and
ginger extracts, and S-petasin may have anti-inflammatory propensity by preventing CGRP release in
migraine, although potentially by different mechanisms, which future studies may elucidate further.

Keywords: calcitonin gene-related peptide; migraine; food trigger; calcium; grape pomace; ginger;
butterbur; petasin

1. Introduction

Migraine is a complex primary headache condition that affects 17% of American women and 5.6%
of men annually [1]. Worldwide, migraine is responsible for half of all neurological disease-induced
disability [2]. Suggestions abound regarding the potential connection between food and migraine,
but valid scientific evidence on the subject remains limited.

The current pathophysiological understanding of migraine entails over-sensitization of the brain,
which produces a painful response to otherwise normal stimuli, in combination with an inflammatory
response. A key inflammatory mediator in neurogenic inflammation of migraine is calcitonin
gene-related peptide (CGRP). The connections of CGRP to migraine are numerous. Fibers originating
in the trigeminal ganglion terminate in the dura where they release CGRP, and this connection is
thought to be central to the genesis of migraine pain [3]. Elevated CGRP levels have been detected in the
serum of migraineurs [4,5] and at higher levels in individuals with chronic migraine than in episodic
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migraineurs [6]; CGRP is capable of precipitating migraine in prone individuals [7]; and sumatriptan,
a pharmaceutical intervention used to abort migraine, has been shown to decrease CGRP levels
concomitant with symptom relief [8]. Sumatriptan is primarily classified as a 5-HT1 (serotonin) receptor
agonist, but has also demonstrated inhibition of action potential signaling by inhibiting N-type Ca2+

channels in CGRP fibers [3]. Calcium influx upon depolarization is a fundamental signaling mechanism
which, among a host of other functions, stimulates the release of CGRP.

Several lines of evidence indicate that food intake may be capable of altering CGRP levels [9–12],
suggesting a potential mechanistic link between diet and migraine whereby some component of
food may modulate expression and/or release of CGRP. Conversely, intraperitoneal administration
of CGRP is also shown to induce a short term reduction in food intake likely resulting from
cAMP/PKA (cyclic adenosine monophosphate/protein kinase A) pathway activation [13]. Foods or
components whose ingestion results in a decrease of CGRP would be hypothesized to reduce migraine,
whereas those which increase CGRP would be expected to increase migraine.

This project sought to improve our understanding of the potential mechanisms by which grape
pomace and ginger may impact migraine. These foods were chosen because of anecdotal connections
to migraine. Ginger is renowned for its anti-inflammatory abilities, while anecdotal evidence and
traditional medicine connect it with anti-migraine abilities. Grape is viewed suspiciously because
of the common belief that red wine triggers migraine events, while the naturally present phenolic
compounds have anti-inflammatory qualities. Meanwhile, we have also included a pure compound in
our investigations: S-petasin is believed to be an active component in the butterbur dietary supplement,
which is classified as having “established efficacy” for the prophylaxis of migraine, as reviewed by the
American Academy of Neurology and the American Headache Society [14]. Nonetheless, the potential
of these foods and supplement for impacting biomechanisms related to migraine have not been
sufficiently investigated. We have prepared extractions of ground dried ginger root and two varieties of
grape pomace, and tested purified S-petasin and these extractions in cell culture models to investigate
their ability to modulate CGRP secretion and calcium signaling.

2. Materials and Methods

2.1. Materials

Solvents—methanol, ethanol, acetone, DMSO (dimethyl sulfoxide), and ultrapure water—and syringe
filters were obtained through Fisher Scientific (Pittsburgh, PA, USA). Cell culture media and reagents were
purchased from Life Technologies (Grand Island, NY, USA), including fetal bovine serum, horse serum,
trypsin-EDTA (ethylenediaminetetraacetic acid), HEPES (4-(2-hydroxyethyl)- 1-piperazineethanesulfonic
acid) buffer, HBSS (Hank’s balanced salt solution) buffer, penicillin-streptomycin, and Lipofectamine
2000. Poly-D-lysine for cell culture adherence was produced by MP Biomedicals (Santa Ana, CA, USA).
Methylene blue, glutaraldehyde, Type I Collagen, nerve growth factor, and S-petasin (>98% pure)
were obtained through Sigma Aldrich (St. Louis, MO, USA). CGRP enzyme immunoassay kits
were produced by Bertin Pharma (Montigny le Bretonneux, France) and purchased through Cayman
Chemicals. The GCaMP5 plasmid was provided courtesy of Dr. Nadine Kabbani lab at George Mason
University, Fairfax, VA, USA. GCAMP5 is a genetically encoded calcium indicator, originated by
Janelia Research (Ashburn, VA, USA). Grape pomace samples from Chrysalis Vineyards (Middleburg,
VA, USA) were obtained through Dr. John Parry, formerly at the Agricultural Research Station at
Virginia State University (Petersburg, VA, USA). Dried, sliced ginger root was obtained commercially
through Penzeys Spices (Wauwatosa, WI, USA).

2.2. Extractions

Dried, sliced ginger root was ground in a standard coffee grinder to pass through a 40-mesh sieve,
to select for particles of size 0.420 mm or smaller. Ground ginger was extracted at a ratio of 1 g in 10 mL
100% methanol [15]. After 24 h, the combination was centrifuged, liquid extract transferred to a clean
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tube, and the extraction was repeated twice. The three fractions were combined, filtered with a 0.45
μm nylon syringe filter and evaporated under nitrogen gas stream. Each extraction was performed in
triplicate. Average percent yield by weight was 13.1% ˘ 0.2%.

Two varieties of dried grape pomace (Tinta cao and Cabernet franc) were ground in a standard
coffee grinder to pass through a 40-mesh sieve, to select for particles of size 0.420 mm or smaller.
Ground pomace was extracted at a ratio of 1 g in 10 mL solvent (50:50, acetone:water, v/v) [16,17].
Tubes were vortexed to mix. After 24 h, the combination was centrifuged and the liquid extract
transferred to a clean tube, and partially evaporated under nitrogen gas stream, followed by
lyophilization to remove water. Each extraction was performed in triplicate.

Dried extracts were stored at ´20 ˝C until further use. Immediately prior to use, extracts were
dissolved in DMSO for cell treatments. For cell assays, concentrations of treatments are expressed as mg
equivalents of original pomace extracted per mL of cell treatment media (mg PE/mL) or mg dry ginger
extracted per mL of cell treatment media (mg PE (pomace equivalent)/mL or mg equivalent/mL).

2.3. Cell Culture Maintenance

The CA77 rat medullary thyroid carcinoma cell line is an in vitro model used to study the
modulation of CGRP levels. CA77 cells are neuroendocrine, having originated from the neural crest
and retaining neuronal tendencies. Specifically, the cells express a high ratio of CGRP mRNA (90%)
relative to the alternately spliced calcitonin mRNA. CA77 cells were received from Dr. Andrew
Russo, Department of Molecular Physiology and Biophysics, University of Iowa, Iowa City, IA, USA.
CA77 cells are now available through the ATCC repository (Manassas, VA, USA) as product number
CRL-3234. Cells were maintained on laminin-coated plates with a DMEM-F12 (Dulbecco’s Modified
Eagle Medium-Nutrient Mixture F-12) base media, containing 10% fetal bovine serum, 10 mM HEPES,
and 50 units/mL penicillin/streptomycin. CA77 cells were passaged via trypsin-EDTA incubation.

Meanwhile, PC-12 cells are rat adrenal pheochromocytoma cells used as a model for sympathetic
neurons due to the presence of Ca2+ transporters. PC-12 cells are available for purchase from the
ATCC repository (Manassas, VA, USA) as product number CRL-1721. PC-12 cells were maintained on
collagen-coated plates with a low-glucose DMEM base media, containing 10% horse serum, 5% fetal
bovine serum, 10 mM HEPES, and 50 units/mL penicillin/streptomycin. PC-12 cells were passaged
by the cell scraping technique. All cells were maintained under humidity at 37 ˝C, 5% CO2.

2.4. Cytotoxicity Assay

To determine appropriate doses for further testing, several doses of the grape extracts and spice
extracts were tested for cytotoxicity via the Methylene Blue Assay according to a previously published
protocol [18]. In short, cells were exposed to treatments for 24 h in a 96-well plate, after which the viable
cells were fixed to the plate with glutaraldehyde and dyed with methylene blue. Subsequently, the plate
was rinsed and developed by elution of the dye in ethanol. Absorbance at 570 nm was interpreted as
representing a linear relationship with the number of viable cells.

2.5. CGRP Assay

CGRP secretion was measured in CA-77 cells according to a method previously reported,
with modifications [10]. Cells were seeded in a 96-well, Advanced Tissue Culture coated plates
(Greiner Bio-One, Monroe, NC, USA) at 70,000/well. After 24 h, media was removed by gentle
aspiration and replaced with treatment solution for 1 h. All treatment solutions, including vehicle
control contained 0.1% DMSO. Treatment was immediately followed by incubation with 50 mM KCl to
stimulate release of CGRP. After 1 h, media was collected, diluted in buffer as necessary, and assayed
for CGRP content using a commercial enzyme immunoassay (EIA) kit, according to manufacturer
instructions (Bertin Pharma, Montigny le Bretonneux, France). Samples were diluted with assay
buffer as needed to fall within the standard curve. Absorbance readings were taken at 410 nm on a
Spectramax M3 multimode plate reader (Molecular Devices, Sunnyvale, CA, USA).
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2.6. Calcium Influx

We used the transfected probe, GCaMP5, for measuring cytosolic calcium. The probe was transfected
into PC-12 cells using lipofection via incubation of cells in the presence of GCaMP5-encoding plasmid
and Lipofectamine 2000 reagent for 6 h, according to manufacturer instructions. Following transfection,
cells were seeded on a poly-D-lysine coated glass-bottom, black-sided 96-well plate and incubated
in regular growth media with 100 ng/mL nerve growth factor (NGF) for 48 h, to induce neuronal
differentiation prior to stimulation and imaging. A Zeiss fluorescence microscope was used for
imaging at room temperature with GFP (green fluorescent protein) filter with excitation/emission
at 470/525 nm. After 48 h, NGF-containing media was removed by careful aspiration, and wells
were immediately treated with 100 μL media with extract for 10 min prior to the calcium challenge.
Fluorescence readings were then taken every 70 millieseconds for 50 s. After approximately 10 s
of baseline readings, cells were challenged with KCl injection while readings continued, to a final
concentration of 50 mM KCl. Image sequence data was processed using PhysImage, a fork of Image
J open-source image processing software (imagej.nih.gov), manually selecting the cell body as the
area of interest and using the Moving Average Filter set to a 5 frame average. A plot of change in
fluorescence compared to baseline (ΔF/F0) versus time was produced. The maximum ΔF/F0 value,
typically reached as a spike within the first 5 s after KCl injection, was used as an indicator of the
extent of calcium influx upon KCl stimulation, and thus the treatment impact on calcium permeability.
Vehicle controls were performed for each 96-well plate.

2.7. Statistical Analysis

Statistical analysis was conducted with SPSS for Windows (version 22, SPSS Inc.,
Chicago, IL, USA). Data in figures is reported as mean ˘ standard deviation. Differences in means were
detected using one-way ANOVA and either Tukey’s (dose comparison) or Dunnett’s (comparison only
to vehicle control) post hoc test. Statistical significance was defined at P ď 0.05.

3. Results

3.1. Cytotoxicity Assay

The cytotoxicity assay successfully identified grape pomace extract, ginger extract, and purified
S-petasin treatment doses which did not impact cell viability, and thus were acceptable for further
testing. Results of the grape pomace cytotoxicity assay with CA-77 cells show that all doses of extracts
at or below 1.0 mg equivalents/mL media did not impact cell viability (P < 0.05), as compared
to the vehicle control (Figure 1). Higher doses could not be tested due to extract solubility and
a DMSO solvent maximum of 0.1% total volume in the treatment media. In other words, grape pomace
extracts were not toxic to cultured CA-77 cells at achievable doses. Results in PC-12 cells with solvent
extractions followed the same pattern.

Meanwhile, ginger extract treatment doses at or below 0.2 mg equivalents/mL did not impact
cell viability, and S-petasin treatments at 1 μM also produced no statistical difference. Higher doses of
both treatments were observed to reduce cell viability (Figure 1b,c).
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Figure 1. CA77 cell viability after 24-h treatment with extracts: (a) Tinta cao and Cabernet franc grape
pomace extract treatments (n = 8), (b) Ginger root extract treatments (n = 8), and (c) purified S-petasin
treatments (n = 4). PE = pomace equivalents. Results obtained via the Methylene Blue Cytotoxicity
Assay. All treatments contain 0.1% DMSO (dimethyl sulfoxide), including vehicle. * Indicates a value
statistically different from the vehicle (P < 0.05).

3.2. CGRP Secretion

The CGRP secretion assay demonstrated that grape pomace extracts, ginger extract, and purified
S-petasin could inhibit CGRP secretion in CA77 cells at various doses. The high and medium dose
of both grape pomace extracts produced a significant decrease in CGRP secretion by CA77 cells,
upon a 1 h pre-treatment with the extracts. At a dose of 1.0 mg pomace equivalent/mL treatment, the
Tinta cao extraction resulted in an 87% decrease in CGRP secretion (shown in Figure 2a), which was
statistically significant as compared to vehicle control and the lower doses of Tinta cao extraction
(P < 0.05). Varying the concentration produced a dose dependent response, where the medium dose of
0.25 mg PE/mL had approximately half the effect of the high dose, reducing CGRP secretion by 43%.
The low Tinta cao dose of 0.1 mg PE/mL did not produce a significant change, as compared to the
vehicle. Cabernet franc extraction treatments produced a similar response, decreasing CGRP secretion
by 88% and 73% for the high and medium doses, respectively (Figure 2b). The lowest dose of C. franc
did not produce a statistical difference in CGRP secretion.
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Figure 2. CGRP (Calcitonin gene-related peptide) secretion levels upon treatment with extracts:
(a) Tinta cao grape pomace extract (n = 6), (b) Cabernet franc grape pomace extract (n = 6), (c) dried
ginger root extract (n = 9), and (d) purified S-petasin (n = 4). CA-77 cells were treated for 1 h with
extracts at specified final doses. All treatments contain 0.1% DMSO, including vehicle. Results obtained
via commercial ELISA kit. Columns of the same sub-figure marked by the same letter are not statistically
different (P < 0.05).

Upon 1 h pre-treatment with extracts, the high dose of ginger extract produced a significant
decrease in CGRP secretion by CA77 cells. At a dose of 0.2 mg equivalent/mL treatment, the ginger
methanol extraction resulted in a 22% decrease in CGRP secretion (shown in Figure 2a), which was
statistically significant as compared to vehicle control and the lower doses of ginger methanol extracts.
S-petasin was tested at only one dose of 1.0 μM, which did produce a significant decrease in CGRP
secretion by 24%, as compared to the 0.1% DMSO vehicle.

3.3. Effect on Calcium Influx

The impact of treatments on acute KCl-stimulated calcium influx was measured using the
fluorescent, genetically-encoded GCaMP5 calcium indicator and fluorescence microscopy. The data
shows no statistical difference in maximum fluorescence between grape pomace treatment or the
vehicle control (Table 1). Visual images of the observed progression before, immediately after, and 20 s
after KCl stimulation are shown in Figure 3.

Table 1. Maximum change in GCaMP5 1 fluorescence by treatment, relative to vehicle control.

Sample Treatment Concentration ΔF/Fo (% Vehicle) 2 n P

Tinta cao extract 1.0 mg PE/mL 3 66.2 (55.7) 13 0.146
Cabernet franc extract 1.0 mg PE/mL 3 76.8 (43.2) 14 0.365

Ginger extract 0.2 mg equivalent/mL 60.1 (23.9) 14 0.007
S-Petasin 10 μM 22.3 (8.4) 6 <0.001

1 GCAMP5 is a genetically encoded calcium indicator originated by Janelia Research (Ashburn, VA, USA).
2 Data shown as mean (SD); 3 PE = pomace equivalents. Vehicle control for all samples was 0.1% DMSO.
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Figure 3. Time lapse of calcium-mediated fluorescence following KCl stimulation. Images depict the
fluorescence in GCaMP5 transfected PC-12 cells pre-treated with 0.1% DMSO Vehicle. Images were
taken (a) before, (b) immediately after, and (c) 20 s post-KCl injection. Final KCl concentration = 50 mM.

Given that no difference was detected for grape pomace extracts, it is expected that calcium
channels remained unobstructed in the presence of these treatments, thus allowing calcium influx
into the cell. Therefore, observed decreases in CGRP secretion by grape pomace extracts cannot be
attributed to modulation of calcium signals.

The impact of ginger extract on calcium influx is shown in Figure 4. When a decrease of
fluorescence is observed as compared to vehicle control—as is seen with the ginger extract (P = 0.007,
n = 14)—it is expected the treatment is blocking one or more type of calcium channel.

Figure 4. Calcium influx following treatment with methanol ginger extract. PC-12 cells transfected
with GCaMP5 fluorescent calcium indicator were pre-treated for 10 min with (a) 0.1% DMSO vehicle
or (b) 0.2 mg equiv/mL ginger extract. Maximum change in fluorescence compared to background
(ΔF/Fo) when stimulated with 50 mM KCl is reported. All treatments contain 0.1% DMSO in media,
including vehicle. (P = 0.007, n = 14).

4. Discussion

This study explored the impact of grape pomace and ginger extracts, and purified S-petasin on
two mechanisms related to migraine inflammation: the release of CGRP by CA-77 neuroendocrine
cells and calcium signaling in PC-12 cells. CGRP and its signaling properties are key targets for drug
discovery for migraine, thus the ability of food to impact CGRP is of high interest.

Two mechanisms have been observed to cause cellular release of CGRP in trigeminal cells:
calcium signal and low pH [19]. In this study, we verified the pH of each prepared cell media plus
extract to be approximately 7.2. Interestingly, grape pomace extracts displayed the strongest ability
to inhibit CGRP secretion of any of the tested substances. This is notable not only for the scale of the
inhibition, but also because the grape pomace extracts did not significantly inhibit calcium uptake
upon stimulation. This suggests that inhibition of CGRP release of grape pomace extracts occurs by
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a mechanism different from calcium channel inhibition. We did not explore the chemical composition
of grape pomace extracts in this study, but the phenolic composition of Tinta Cao extracts prepared by
this extraction procedure is previously reported, and chlorogenic acid was the predominating phenolic
acid, followed by ferulic, vanillic, and p-coumaric acids [17]. Total phenolics content was reported at
72.0 mg gallic acid equivalents/g pomace. Presumably, as red grapes, both pomace extracts would
also contain anthocyanins, procyanidins, flavonols, and catechins [20]. It is reasonable to propose these
phenolic acids and polyphenolics may be responsible for the activity witnessed here.

Cocoa extracts, which are also known to contain high levels of phenolic compounds, showed a
similarly dramatic suppression of CGRP secretion, both in cell culture and an in vivo rat feeding
study [10,11]. Interestingly, the authors suggest that calcium channel blocking is the likely
mechanism, having shown that the cocoa extracts blocked effects of KCl stimulated calcium influx.
However, food phenolic bioactivity is an intensely researched area, but no evidence could be found in
the literature of calcium channel blockade activity by cocoa phenolics or more generally, cocoa.

Meanwhile, ginger extract at the highest tested dose of 0.2 mg ginger equivalents/mL media
demonstrated a mild decrease in calcium uptake as well as a mild reduction in CGRP secretion.
While we did not assess composition of the ginger extract, a prior study demonstrated that extracts
prepared by this method contain 6-, 8-, and 10-gingerol, as well as 6-shogoal [15]. The proportion
of shogoals, the dehydrated form of gingerols, is increased in dried ginger root as compared to
fresh, thus we might expect higher shogoals in our dried ginger extracts [21]. The gingerol family of
compounds has been identified as calcium channel antagonists [22]. The minor decrease in CGRP
secretion may have been mediated by a relative decrease in the intracellular calcium signal caused by
the gingerols’ calcium channel antagonism. Ginger has been recognized for centuries in traditional
medicine for its anti-inflammatory and analgesic properties, which is increasingly corroborated by
demonstrations of impact on cell signaling in various models, including inhibition of prostaglandin
and leukotriene synthesis, and inhibition of cyclooxygenase-1 (COX-1) and inducible nitric oxide
synthase (iNOS) enzyme activity [21]. Interestingly, a randomized placebo-controlled trial successfully
relieved acute migraine symptoms with a sublingual feverfew and ginger preparation [23].

In the present study, CGRP secretion from CA-77 cells was mildly but statistically significantly
reduced by 1 μM S-petasin treatment. Treatment with S-petasin also significantly decreased the calcium
influx in PC-12 cells. Thus, it is likely that the inhibition of calcium uptake is at least partially responsible
for the decrease in CGRP secretion witnessed here. S-petasin, an eremophilane sesquiterpenoid, and other
petasins are the suspected bioactive components of butterbur (Petasites hybridus) extract, the only
dietary supplement with Level A “established efficacy” evidence for the prophylaxis of migraine,
as reviewed by the American Academy of Neurology and the American Headache Society [14]. It is
a known antagonist of L-type voltage-gated calcium channels and has antispasmotic activity at least
partially independent of this calcium blocking ability [24–27]. Impact of S-petasin or butterbur on
CGRP levels has not been previously reported in vitro or in vivo.

Petasites extract, though not specifically petasins, has been demonstrated to inhibit leukotriene
synthesis and COX-2 expression in cell models [28]. Petasins other than S-petasin have demonstrated
ability to inhibit leukotriene synthesis [29]. Thus, reductions in CGRP are only one potential mechanism
to explain the anti-migraine activity of the supplement. Importantly, the Petasites hybridus plant
contains hepatotoxic, mutagenic, and carcinogenic pyrrolizidine alkaloids. Unpurified botanical
supplements (i.e., leaves or crude extracts) should be avoided due to these potentially severe side
effects. Purified Petasites extracts are available, with higher concentrations of the active petasins,
and concentrations of toxic alkaloids below 0.1 ppm [30].

There is some in vivo evidence in the literature to support the notion that diet is capable of
impacting CGRP levels, both in circulation and specifically in the brain. One study demonstrated
that rats orally fed grape seed extract for 14 days had lower basal expression of CGRP in the neurons
and microglia of the trigeminal nucleus caudalis than control rats [12]. Furthermore, there is believed
to be shared pathology between TMJ disorders and migraine. When rats were injected with Freud’s
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adjuvant to stimulate the tempromandibular joint (TMJ) capsule, those who received the oral grape seed
extract experienced repressed levels of phosphorylated-p38, OX-42 and glial fibrillary acidic protein as
compared to control rats, suggesting the grape seed extract suppressed sensitization. Another study
fed rats diets containing 1% or 10% cocoa, and observed suppression of basal neuronal CGRP
expression, in addition to suppression of stimulated iNOS proteins and MAPK p38 [11]. This study
confirmed in vivo prior observations from a primary trigeminal ganglia cell model, which secreted
less CGRP when pre-treated with a methanol extract of cocoa beans [10]. In humans, meals containing
various amounts of macronutrients elicited different responses in plasma CGRP: the high protein meal
produced the greatest drop in CGRP, beginning at 30 min post-prandial [31].

A recent publication suggested the link between dietary triggers and oxidative stress [32],
including discussion of dietary phenolic “antioxidants”. Anecdotal evidence suggests that chocolate
and red wine are migraine triggers, yet we present data on red grape pomace and discuss published
results of cocoa research, which demonstrate a decrease of CGRP release in response to in vitro
or in vivo exposure to these high-phenolic foods. The dual chemical nature of these molecules,
functioning as anti- or pro-oxidants depending on their concentration, may warrant further exploration
in relation to migraine. It is possible that one concentration eliciting an antioxidant effect may inhibit
migraine, whereas a concentration capable of a pro-oxidant effect may provoke it. Alternatively, it is
also interesting to note that this discrepancy bears some resemblance to the CGRP levels observed in
relation to medication-overuse headaches (MOH). As mentioned in the Introduction, the triptan family
of drugs relieves acute migraine symptoms while also decreasing CGRP levels; however, triptans
increase circulating CGRP and cause allodynia in animals with chronic exposure, and cause MOH in
humans when taken too frequently [33]. This similarity suggests that the presence of the offending
food may not alone precipitate migraine, but the repeated presence of the food followed by its absence
may contribute to a rebound effect in sensitive patients.

5. Conclusions

CGRP secretion was dramatically and dose-dependently inhibited by treatment with
grape pomace extracts, while S-petasin and ginger root extract elicited a minor decrease.
Meanwhile, at similar doses, grape pomace did not elicit a significant difference in calcium uptake,
whereas S-petasin and ginger extract inhibited calcium influx. Because of their differing impact on
calcium signals, grape pomace extract may impact CGRP release by a different mechanism than ginger
extract and S-petasin, which inhibit calcium influx to some degree. Overall, if these results were to
translate to the in vivo human, the ability of foods to mitigate CGRP release would be considered
anti-inflammatory and may decrease occurrence of migraine.
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Abstract: 4-pentylphenol (PP) and 3-methyl-4-nitrophenol (PNMC), two important components
of vehicle emissions, have been shown to confer toxicity in splenocytes. Certain natural products,
such as those derived from walnuts, exhibit a range of antioxidative, antitumor, and anti-inflammatory
properties. Here, we investigated the effects of walnut polyphenol extract (WPE) on immunotoxicity
induced by PP and PNMC in murine splenic lymphocytes. Treatment with WPE was shown to
significantly enhance proliferation of splenocytes exposed to PP or PNMC, characterized by increases
in the percentages of splenic T lymphocytes (CD3+ T cells) and T cell subsets (CD4+ and CD8+ T cells),
as well as the production of T cell-related cytokines and granzymes (interleukin-2, interleukin-4,
and granzyme-B) in cells exposed to PP or PNMC. These effects were associated with a decrease in
oxidative stress, as evidenced by changes in OH, SOD, GSH-Px, and MDA levels. The total phenolic
content of WPE was 34,800 ˘ 200 mg gallic acid equivalents/100 g, consisting of at least 16 unique
phenols, including ellagitannins, quercetin, valoneic acid dilactone, and gallic acid. Taken together,
these results suggest that walnut polyphenols significantly attenuated PP and PNMC-mediated
immunotoxicity and improved immune function by inhibiting oxidative stress.

Keywords: 3-methyl-4-nitrophenol; 3-methyl-4-nitrophenol; walnut polyphenol extract; attenuates;
immunotoxicity; splenic lymphocyte

1. Introduction

Vehicle emissions have been shown to significantly inhibit endocrine [1–3], reproductive [4–7],
and immune system [8,9] function through a variety of different mechanisms. Diesel exhaust
particles confer toxicity in human neutrophil granulocytes, rat alveolar macrophages, and murine
RAW 264.7 macrophages [10,11], and suppress cytokine release [12], significantly diminishing
immune function [13,14], while gasoline exhaust particles have also been shown to inhibit T-cell
proliferation [15]. Among the bioactive compounds found in vehicle emissions, two chemicals,
4-pentylphenol (PP) and 3-methyl-4-nitrophenol (PNMC), have been shown to significantly inhibit
splenocyte viability and cytokine production, indicating immunotoxicity of the two vehicle exhaust [16–18].
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Dietary polyphenols have been shown to confer protective activity against a variety of toxins.
One such polyphenol, proanthocyanidin, significantly attenuated cadmium-induced renal damage
in mice [19], inhibited neurological impairments caused by lead exposure in rats [20], and prevented
nodularin-mediated lymphocyte toxicity in Carassius auratus [21]. Similarly, another polyphenol,
quercetin, protected against male reproductive toxicity caused by PNMC in germ cells of embryonic
chickens and mice [22–24], as well as inhibited atrazine-induced damage in the liver, kidney, brain,
and heart of adult Wistar rats [25]. However, despite these preliminary observations, little is known
about the role of these compounds in preventing the immunotoxicity caused by PP or PNMC.

Walnuts (Juglans regia L.) are not only an excellent source of essential unsaturated fatty acids
(linoleic and α-linolenic acids) but are also rich in polyphenols [26], ranking second in antioxidant
content among 1113 different foods evaluated [27]. Beneficial properties associated with walnut extracts
include antibacterial, anticancer, hepatoprotective, antidiabetic, anti-inflammatory, anti-depressive,
and antioxidative activities [28]. Walnut polyphenols were shown to protect against CCl4-induced
oxidative damage in rat liver, inflammation and cellular dysfunction in rat primary hippocampal
neurons, amyloid beta protein-induced oxidative stress and cell death [29–31], and cisplatin-induced
disruptions in motor and cognitive function [32]. However, despite these well-documented activities,
the effect of walnut polyphenols on immune toxicity is unknown. Here, we investigated the potential
protective effects of walnut polyphenol extract (WPE) on PP- and PNMC-induced immunotoxicity and
evaluated the relationship between immunotoxicity and oxidative stress. Finally, we sought to identify
the individual phenolic constituents contained within WPE.

2. Materials and Methods

2.1. Materials

Walnuts were obtained from the Jingpin Fruit Industry Co., Ltd (Hebei, China).
Quercetin (purity ě 98%) was purchased from Tauto Biotech Co., Ltd. (Shanghai, China),
and proanthocyanidin (purity ě 95%) from Jianfeng Natural Product R and D Co., Ltd. (Tianjin, China).
PP was purchased from Sigma (St. Louis, MO, USA) and PNMC from TCI Chemicals (Tokyo, Japan).
RPMI 1640 medium and phosphate-buffered saline (PBS, pH 7.4) were obtained from Mediatech
(Manassas, VA, USA). Pharmingen Stain Buffer (BSA) was obtained from BD (Becton Dickinson,
San Diego, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was
purchased from Sigma. ELISA kits for IL-2, IL-4, and Granzyme B were purchased from Cusabio
Biotech (Wuhan, China). Assay kits of hydroxyl free radical (¨ OH), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) were bought from the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). LC–MS grade solvents were obtained from
Honeywell Burdick and Jackson (Muskegon, MI, USA). All other commercial reagents were of
analytical grade and were purchased from local commercial firms.

The following antibodies purchased from Biogen (San Diego, CA, USA) were used in the
phenotypic analysis studies: fluorescein isothiocyanate (FITC)-labeled anti-mouse CD3 (IgG2b) to
stain T-cells, FITC-anti-mouse CD4 (IgG2b) and FITC-anti-mouse CD8 (IgG2b) to stain T-cell subsets,
and FITC-anti-mouse CD19 (IgG2a) to stain B-cells. FITC-labeled rat IgG2a and IgG2b were used as
negative isotype controls.

2.2. Experimental Animals

Specific-pathogen-free Kunming mice (male, eight weeks of age) were purchased from the Military
Academy of Medical Sciences Laboratory Animal Center (Beijing, China) to serve as the source of
cells for use in all assays herein. The mice were housed in a pathogen-free facility maintained at
a temperature of 23–25 ˝C and a relative humidity at 57%–60% with a 12-h light-dark cycle. All mice
had ad libitum access to standard sterilized rodent chow and filtered water. All procedures here were
carried out in accordance with the Policy on the Care and Use of Animals established by the Ethical
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Committee of the Beijing Forestry University and approved by the Department of Agriculture of Hebei
Province, China (JNZF11/2007).

2.3. Preparation of WPE

The WPE was prepared by the method of Muthaiyah et al. [31]. In brief, walnuts (30 g) were
frozen for 24 h; the shelled kernels were ground with a mechanical grinder and then immersed in
240 mL of 100 mM acetate buffer, pH 4.8/acetone (30:70, v/v) at 4 ˝C for 24 h. This process was
repeated. The two extracts were combined and concentrated using a rotary evaporator under reduced
pressure at 37 ˝C until the organic solvent was completely evaporated. The concentrated solution was
extracted three times with 75 mL ethyl acetate. The three ethyl acetate extracts were combined and
then evaporated to remove ethyl acetate. Powder of WPE was obtained by lyophilizing.

2.4. Preparation of Splenocytes

Based on the protocols of Benencia et al. [33], naïve mice were euthanized by cervical dislocation
and its spleen was removed. Single cell suspensions were prepared by mincing and tapping spleen
fragments on a stainless 200-mesh held in RPMI 1640 medium. Thereafter, erythrocytes present
were lysed by incubating the cells in ammonium chloride (0.8%, w/v) solution on ice for 2 min.
After centrifugation (380ˆ g, 5 min), the pelleted cells were washed three times with RPMI-1640 and
finally re-suspended in RPMI-1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U penicillin/mL, and 100 μg streptomycin/mL (all products from Mediatech). Cell number
and viability were determined using a hemocytometer and trypan blue dye. Cell viability always
exceeded 95%.

2.5. Cell Viability Assay

Measurement of cell survival was assayed as previously described [34]. In brief, one hundred
microliters of splenocyte suspension (5 ˆ 106 cell/mL) was aliquoted into each well of a 96-well
flat-bottom microtiter plates. After 4 h incubation, 100 μL PP/PNMC (10´4 M final concentration in
well, optimal dose as determined by preliminary experiments) alone or in combinations with WPE
(0.01, 0.1, 1.0, 2.0, 3.0, 4.0, 5.0, and 10.0 μg/mL final concentration in well), Que (1.0 μg/mL final
concentration in well), or PC (1.0 μg/mL final concentration in well) was added to designated wells.
Cells treated with RPMI 1640 medium were used as positive control. The cells were then incubated at
37 ˝C in a humidified atmosphere with 5% CO2 for another 48 h. At the end of the exposure, 20 μL
MTT solution (5 mg/mL) were then added into each well. The samples were incubated a further 4 h.
The culture supernatant was carefully removed, and 200 μL DMSO was added to each well. The plate
was shaken slightly for 20 min and the absorbance was determined at 570 nm using an ELISA plate
reader (BioRad, Hercules, CA, USA). Cell viability (%) = (the absorbance of experiment group/the
absorbance of control group) ˆ 100%.

2.6. Cell Staining/Flow Cytometry for Phenotypic Analysis

Cell staining for phenotypic analysis was carried out as described previously [9,35]. In short,
the treated spleen cells were harvested, washed with PBS, then diluted to 2.5 ˆ 107 cells/mL in PBS.
Re-centrifuged the cells and then re-suspended in 50 μL Ab Block (BD Pharmingen Stain Buffer (BSA))
for 5 min at 4 ˝C. After blocking, the cells were added a given specific FITC-labeled antibody at
1 μg/mL (optimal dose as determined by preliminary experiments), then incubated for 30 min at 4 ˝C
in the dark. After staining, the cells were washed three times with PBS and centrifugation. After the
final washing, the cells were transferred to FACS tubes (in PBS) for phenotypic analysis using a BD
FACS Calibur flow cytometer (Becton Dickinson, San Diego, CA, USA) equipped with FloJo software
(Emerald Biotech, Hangzhou, China) for data analysis. Cells were excited with a 488 nm argon laser
line and the fluorescence of FITC was analyzed on FL1 (530 nm), counting 10,000 events per sample.
Splenocytes were electronically gated to exclude any residual platelets, red cells, or dead cell debris.
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The results were indicated as the percentage positive cells within a gate which was the same for both
exposed and control splenocytes.

2.7. Measurement of Cytokine/Granzyme Production and Determination of ¨ OH, SOD, GSH-Px, and
MDA Levels

For assessment of IL-2, IL-4, granzyme-B, SOD, GSH-Px, ¨ OH, and MDA levels, splenocytes
was treated with the test reagents for 48 h at a density of 5 ˆ 106 cells/mL in 96-well plates.
Culture supernatant was then collected and quantified following procedures by commercial ELISA
kits. The lower detection limit of the kits was 3.9 pg IL-2/mL, 0.4 pg IL-4/mL, 3.1 pg Granzyme B/mL,
0.5 U SOD/mL, 0.5 U GSH-Px/mL, 0.04 U ¨ OH/mL, and 0.01 mmol MDA/mL.

2.8. Determination of the Total Phenolic Content

The total phenolic content was determined by the Folin–Ciocalteu phenol reagent method
prescribed by Wang et al. [36]. 200 μL of WPE was transferred to a 10 mL volumetric flask, to which
0.5 mL of Folin–Ciocalteu reagent was added. After 1 min, 1.5 mL of 20% (w/v) Na2CO3 was added and
the volume was made up to 10 mL with distilled water. After 2 h incubation at 40 ˝C, the absorbance
was measured at 760 nm in a 722 UV-VIS Spectrum Spectrophotometer (ShunYu Constant Scientific
Instrument co., Ltd., Shanghai, China). The total phenolic content was calculated on the basis of the
standard curve for gallic acid solutions and expressed as g of gallic acid equivalents (GAE)/100 g
of sample.

2.9. LC-MS Analyses (HPLC-ESI-IT-TOF-MS)

LC–MS analysis was conducted as described previously [37,38] and with some
modifications. LC–MS analysis was performed using a Shimadzu ESI-IT-TOF-MS instrument
(Shimadzu, Tokyo, Japan) equipped with a HPLC system (SIL-20A HT autosampler, LC-20AD pump
system, SDP-M20A photo diode array detector). The LC separation was performed using a C18
reverse-phase column (Shimpack XR-ODS column, 50 mm ˆ 3.0 mm id ˆ 2.2 μm; Shimadzu Scientific
Instruments Inc., Columbia, MD, USA) and maintained at 30 ˝C with a solvent system comprising of
0.1% formic acid in H2O (A) and 0.1% formic acid in acetonitrile (B). Prior to the injection, the column
was equilibrated for 5 min at initial conditions (5% B). Compounds were eluted into the ion source at a
flow rate of 1 mL/min with a step gradient of 5%–95% B over 30 min, isocratic at 95% B over 2 min,
and return to 5% B over 1 min. The injection volume was set to 10 μL. The heat block and curved
desolvation line of were maintained at 200 ˝C. Nitrogen gas was used as nebulizer and drying gas
with the flow rate set at 1.5 L/min. The ESI source voltage was set at 4.5 kV and the detector was
set at 1.5 V. Ionization was performed using a conventional ESI source in negative ionization mode.
Data was acquired from m/z 100–1000. Shimadzu’s LC-MS Solution software (Shimadzu Scientific
Instruments Inc.) was used for system control and data analysis. Each compound was identified by
comparison between retention time, compound spectra, as well as mass (m/z), with their counterparts
in previous studies (please see reference in Table 1).

Table 1. Identification of phenolic compounds in WPE using HPLC-ESI-IT-TOF-MS in the negative
ion mode.

No. tR (min)
Measured
[M ´ H]´

(m/z)

Predicted
[M ´ H]´

(m/z)

λ

(nm)
Molecular
Formula

Identification Expressed as Reference

1 12.663, 12.906 300.9993 300.9990 280 C14H6O8 Ellagic aci Ellagitannins [37–39]

2 11.946 433.0432 433.0412 280 C19H14O12 Ellagic acid 4-O-xyloside Ellagitannins [37–39]

3 12.507 433.1119 433.0772 280 C20H18O11 Quercetin pentoside isomer Quercetin [38]

4 11.946 456.0383 457.0781 280 C22H17O11 Epigallocatechin-3-O-gallate Ellagitannins [40]

5 13.74 447.0831 447.0938 280 C21H19O11 Kaempferol-3-O-glucoside Ellagitannins [40]

6 12.507, 12.663,
12.906 469.0492 469.0049 280 C21H10O13 Valoneic acid dilactone Valoneic acid

dilactone [38]
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Table 1. Cont.

No. tR (min)
Measured
[M ´ H]´

(m/z)

Predicted
[M ´ H]´

(m/z)

λ

(nm)
Molecular
Formula

Identification Expressed as Reference

7 11.946 481.5355 481.0620 280 C20H18O14 2,3-O-HHDP-D-glucoside Ellagitannins [38]

8 9.828, 10.020,
10.512, 10.784 483.5192 483.0777 280 C20H20O14 Digalloyl-glucose isomer Gallic acid [38,39]

9 12.25 615.5905 615.0986 280 C28H24O16 Quercetin galloylhexoside isomer Quercetin [38]

10 8.382, 8.751,
9.624 633.0720 633.0720 280 C27H22O18 Strictinin (galloyl-HHDP-glucose) Ellagitannins [37–39]

11 10.784, 11.136 635.0876 635.0877 280 C27H24O18 Trigalloyl-glucose isomer Ellagitannins [38]

12 8.382, 8.751,
9.003 783.0685 783.0681 280 C34H24O22 Pedunculagin (bis-HHDP-glucose) Ellagitannins [37–39]

13 10.020, 10.236 785.0808 785.0840 280 C34H26O22
Tellimagrandin I

isomer(digalloyl-HHDP-glucose) Ellagitannins [37–39]

14 11.946, 12.250 787.1144 787.0996 280 C34H28O22 Tetragalloyl-glucose Ellagitannins [38]

15 10.784, 11.488 933.0316 933.0630 280 C41H26O26 Praecoxin D Ellagitannins [37–39]

16 11.136 935.0746 935.0786 280 C41H28O26
Casuarinin(Galloyl bis

HHDP glucose) Ellagitannins [37–39]

2.10. Statistical Analysis

All data were expressed as means ˘ SD. Statistical analyses were performed using one-way
analysis of variance (ANOVA) followed by a post hoc test, Tukey’s test (as part of SPSS software
package (IBM, Armonk, NY, USA)). Significance was accepted at a p-value < 0.05.

3. Results

3.1. WPE Attenuates Cytotoxicity in Splenocytes

Splenocyte cells exposed to PP or PNMC were examined by MTT assay to assess the effect of
WPE on cell viability. PP and PNMC significantly decreased cell viability to 66% and 88%, respectively,
relative to controls. These effects were significantly attenuated in cells treated with WPE (Figure 1A,B),
which limited cytotoxicity in a concentration-dependent manner at concentrations of 0.01–1.0 μg/mL.
Treatment of splenocytes with 1.0 μg/mL WPE increased cell viability from 66% to 100% and from
88% to 102% in PP- and PNMC-treated cells, respectively, relative to controls. As no additional
benefits were seen at concentrations > 1.0 μg/mL WPE, this concentration was chosen for use in all
subsequent experiments. Treatment with quercetin or proanthocyanidin (1 μg/mL) increased cell
viability (Figure 1C,D), but the protective effects of the two compounds were weaker than those of WPE.
These data showed that WPE protected against PP- and PNMC-induced cytotoxicity in splenocytes.
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3.2. WPE Inhibited Decreases in Splenic T Cell Sub-Populations

To determine the effects of WPE on splenic T cell populations exposed to PP and PNMC,
splenocytes were stained with FITC-labeled antibodies for 48 h and evaluated by flow cytometry. The
percentages of CD3+ T and CD8+ T cells were significantly lower in splenocytes exposed to PP relative
to controls (Figure 2A,C). Although PP did not have a significant effect on CD4+ T cells, and decreased
the cells populations (Figure 2B), with similar results seen for all CD3+, CD4+, and CD8+ T cells
exposed to PNMC (Figure 3A–C). However, neither compound appeared to affect the levels of CD19+
B cells (Figures 2D and 3D). Treatment with WPE resulted in higher proportions of CD3+, CD4+,
and CD8+ T cells among splenocytes exposed to PP and PNMC (Figures 2 and 3), with overall T cell
population numbers similar to those of controls. These results suggest that WPE may restore T cell
sub-populations in splenic cells exposed to PP or PNMC.

Figure 2. Percentages of various lymphocyte cell types as determined using flow cytometric analysis.
(A) CD3+ T-cells; (B) CD4+ T-cells; (C) CD8+ T-cells; and (D) B-cells in cells exposed to medium only
(control), PP (10´4 M), or WPE (1.0 μg/mL), together with PP for 48 h. Results shown are means ˘ SD
of three separate experiments. * p < 0.05 vs. untreated control; # p < 0.05 vs. PP treatment.
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Figure 3. Percentages of various lymphocyte cell types as determined using flow cytometric analysis.
(A) CD3+ T-cells; (B) CD4+ T-cells; (C) CD8+ T-cells; and (D) B-cells in cells exposed to medium only
(control), PNMC (10´4 M), or WPE (1.0 μg/mL), together with PNMC for 48 h. Results shown are
means ˘ SD of three separate experiments.

3.3. Treatment with WPE Prevents the Loss of Splenic T Cell Activity

To determine the effect of WPE on T cell activation, cells were exposed to PP or PNMC for 48 h
in the presence or absence of WPE and analyzed for cytokine and granzyme production by ELISA:
interleukin (IL)-2, IL-4, and granzyme B were chosen as markers for CD4+ TH1 cells, CD4+ TH2 cells,
and CD8+ T cells, respectively. Both PP and PNMC inhibited secretion of IL-2, IL-4, and granzyme B
relative to controls (Figures 4 and 5). These effects were significantly attenuated in cells treated with
WPE: IL-2 increased from 58% to 99% and 36% to 80% in cells exposed to PP and PNMC, respectively;
IL-4 increased from 52% to 80% and 77% to 93%, respectively; and granzyme B increased from 27% to
90% and 52% to 93%, respectively, relative to controls (Figures 4 and 5). These results clearly showed
that WPE protected splenocytes from the loss of cytokine/granzyme production in cells exposed to PP
and PNMC.
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Figure 4. Effect of WPE on select cytokine/granzyme production in splenocytes exposed to PP.
Splenocytes were cultured for 48 h in the presence of PP (10´4 M) or WPE (1.0 μg/mL) together with
PP. Levels of (A) IL-2; (B) IL-4; and (C) granzyme B released into culture media were then measured
by ELISA. Results shown are means ˘ SD of three separate experiments. * p < 0.05 or ** p < 0.01 vs.
untreated control; # p < 0.05 or ## p < 0.01 vs. PP treatment.

Figure 5. Effects of WPE on select cytokine/granzyme production in splenocytes exposed to PNMC.
Splenocytes were cultured for 48 h in the presence of PNMC (10´4 M) or WPE (1.0 μg/mL) together
with PNMC. Levels of (A) IL-2; (B) IL-4; and (C) granzyme B released into culture media were then
measured by ELISA. Results shown are means ˘ SD of three separate experiments. * p < 0.05 or
** p < 0.01 vs. untreated control; # p < 0.05 vs. PNMC treatment.

3.4. WPE Attenuates PP- and PNMC-Induced Oxidative Damage in Splenocytes

To examine whether WPE can inhibit PP- and PNMC-induced oxidative stress in splenocytes,
we examined SOD, GSH-Px, OH, and MDA levels following treatment with PP and PNMC.
PP significantly enhanced ¨ OH and MDA levels in treated cells (Figure 6A,D), while PNMC induced
significant increases in ¨ OH content relative to controls (Figure 7A,D). These levels were significantly
attenuated in cells treated with WPE, with decreases in ¨ OH contents from 923 U/mL to 736 U/mL
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and 852 U/mL to 761 U/mL in cells treated with PP and PNMC, respectively (Figures 6A and 7A);
MDA levels were reduced from 0.63 to 0.53 mmol/mL and 0.60 to 0.48 mmol/mL, respectively
(Figures 6D and 7D). In contrast, there were marked decreases in SOD and GSH-Px activity in
cells exposed to PP and PNMC. These data are consistent with previous studies that established
the effect of PNMC on oxidative stress parameters in several models [22,24]. Treatment with WPE
restored SOD activity levels from 76% to 91% and 84% to 90%, relative to controls, in cells exposed
to PP and PNMC, respectively (Figures 6B and 7B). Similarly, GSH-Px activity was also increased
in WPE-treated cells exposed to PP or PNMC, from 54% or 72% to 125% or 106% of control levels,
respectively (Figures 6C and 7C).

Finally, we compared the effects of WPE to those of the polyphenol proanthocyanidin, as this
compound has been shown to exhibit strong antioxidant activity [41]. As seen with WPE, proanthocyanidin
treatment reduced both ¨ OH and MDA levels and increased SOD and GSH-Px activities in
splenocytes exposed to PP and PNMC; however, the protective effects were lower than those of
WPE (Figures 6C and 7C). Taken together, these results indicate that WPE can inhibit both PP- and
PNMC-mediated oxidative stress in splenocytes at levels greater than those by proanthocyanidin.

Figure 6. Effects of WPE on levels of ¨ OH, SOD, GSH-Px, and MDA in splenocytes exposed to PP.
Splenocytes were cultured in the presence of PP (10´4 M) or WPE (1.0 μg/mL), PC (1.0 μg/mL, together
with PP for 48 h. Changes in (A) hydroxyl free radical (¨ OH) activity; (B) superoxide dismutase (SOD)
activity; (C) glutathione peroxidase (GSH-Px) activity; and (D) malonaldehyde (MDA) content in
the cells were measured using specific assay kits. Results shown are means ˘ SD of three separate
experiments. * p < 0.05 or ** p < 0.01 vs. untreated control; # p < 0.05 or ## p < 0.01 vs. PP treatment;
$ p < 0.05 vs. WPE (1.0 μg/mL) together with PP (10´4 M) treatment.
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Figure 7. Effects of WPE on levels of ¨ OH, SOD, GSH-Px, and MDA in splenocytes exposed to PNMC.
Splenocytes were cultured in the presence of PNMC (10´4 M) or WPE(1.0 μg/mL), PC (1.0 μg/mL)
together with PNMC for 48 hr. Changes in (A) hydroxyl free radical (¨ OH) activity; (B) superoxide
dismutase (SOD) activity; (C) glutathione peroxidase (GSH-Px) activity; and (D) malonaldehyde
(MDA) content in the cells were measured using specific assay kits. Results shown are means ˘ SD of
three separate experiments. * p < 0.05 vs. untreated control; # p < 0.05 or ## p < 0.01 vs. PNMC treatment;
$ p < 0.05 vs. WPE (1.0 μg/mL), together with PNMC (10´4 M) treatment.

3.5. Quantification and Characterization of Phenolic Compounds in WPE

Given the strong antioxidant effects of WPE in splenocytes, we next examined the phenolic
constituents of WPE. Total phenolic content was quantified using the Folin–Ciocalteu phenol
assay, revealing an average content of 34,800 ˘ 200 mg gallic acid equivalents (GAE)/100 g.
Individual compounds were then identified by LC-MS analyses, with the names and m/z scores of each
compound listed in Table 1. These results are considered tentative. A total of 16 individual phenolic
compounds were identified, including ellagitannins (1,2,4,5,7,10–16), quercetin (3,9), valoneic acid
dilactone (6), and gallic acid (8). In-depth studies should be performed to further clarify and
characterize the phenolic compounds in WPE, and to determine the specific role of each constituent in
the protective effect of WPE.

4. Discussion

The data presented here show that WPE attenuated PP- and PNMC-mediated toxicity in murine
splenocytes, characterized by significant increases in cell viability following treatment with WPE,
as well as increases in the proportions of splenic CD3+, CD4+, and CD8+ T cells following exposure to
the agents. These increases in T cell populations were accompanied by strong increases in the secretion
of IL-2, IL-4, and granzyme B in WPE-treated cells, relative to those exposed to PP or PNMC alone.
Examination of ¨ OH, SOD, GSH-Px, and MDA levels showed that WPE administration significantly
inhibited oxidative damage in treated cells. Finally, we determined the total phenolic content of WPE
to be 34,800 ˘ 200 mg GAE/100 g, consisting of at least 16 phenolic compounds based on LC-MS
analyses. Taken together, these findings suggest that WPE may provide protection against PP- and
PNMC-mediated immunotoxicity in splenocytes by inhibiting oxidative stress.

In recent years, the ability of natural products to both treat and prevent diseases has gained
significant attention. Polyphenols have been shown to protect against certain toxicities caused
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by vehicle emissions. Two compounds, a polyphenol extract of Ginkgo biloba and quercetin were
shown to protect against endocrine disruptions caused by diesel exhaust [1], while rosmarinic acid
significantly attenuated lung injury caused by diesel exhaust [42]. Similarly, in vitro treatment of
rat primary neurons with partridgeberry polyphenols significantly attenuated β amyloid-induced
cell death and membrane damage [43]. Preliminary studies of walnut polyphenols revealed
significant anti-oxidative properties [27], limiting oxidative damage induced by CCl4 and β amyloid
protein [29,31]. In this study, WPE significantly attenuated cytotoxicity caused by PP and PNMC in
splenocytes. Furthermore, this protective effect was greater than that seen with two other polyphenols,
proanthocyanidin, and quercetin (Figure 1C,D).

Polyphenols may also help maintain proper T cell function. Treatment of normal human
peripheral blood lymphocytes with cacao liquor polyphenol in vitro regulated T cell proliferation
in a concentration-dependent manner [44]. Similarly, the phenolic compounds in P. glaucum grains
modulated splenic T cell growth in rats [45], while L. guyonianum polyphenols are capable of inducing
both T and B cell proliferation [46]. In contrast, oligomeric proanthocyanidins from blueberry leaves
inhibited the growth of human T cell lymphotropic virus type 1-associated cell lines by inducing
apoptosis and cell cycle arrest [47], indicating a more complex regulatory effect for these compounds.
Similarly, icariin flavonoid glucoside has been shown to ameliorate autoimmune encephalomyelitis by
suppressing the proliferation of T cells and the differentiation of Th1 and Th17 cells among splenocytes
and lymph node cells [48]. The results presented here showed that WPE restored the proportion of
T cell sub-populations to a level at or near that of controls. This observation is in general agreement
with many previous studies suggesting that polyphenols may be useful for maintaining proper
T cell function.

Cytokines are essential regulators of both innate and adaptive immune responses, which can
be influenced by a variety of dietary antioxidants [49–51]. Supplementation of sea bass fed with
polyphenols extracted from red grapes increased their production of interferon (IFN)-γ, which may
protect against loss of immune function in animals exposed to continuous antigenic pressure by
microbes and environmental agents [50]. Ellagic acid and polyphenols present in walnut kernels
increased the secretion of IL-2 in peripheral blood mononuclear cells [51], while the expression of
IL-3, IL-4, IL-1R2, IL-6R, and IL-7R2 were all upregulated in response to tea polyphenols following
alcohol-induced liver injury in rats [52]. Similarly, green tea polyphenols regulated both IFN-γ and
TNF-α secretion in colon and lamina propria lymphocytes in a murine model of inflammatory bowel
disease [53]. In the present study, treatment of splenic lymphocytes with WPE led to increases in
the production of T cell-related effector molecules in cells exposed to PP and PNMC, consistent with
previous studies.

In this study, the total phenolic content of WPE was 34,800 ˘ 200 mg GAE/100 g, which was
greater than that seen in other studies (2464–11,500 mg GAE/100 g) [38,54,55]. In total, 16 polyphenolic
compounds, including ellagitannins, quercetin, valoneic acid dilactone, and gallic acid, were identified
in the extract [37–40]. Ellagitannins have been reported to stimulate the immune system by
activating macrophages and promoting the release of Il-1β [56]. Quercetin has been shown to have a
protective effect on immune function by decreasing lymphocyte DNA damage in vivo [57]. Gallic acid
may inhibit murine leukemia WEHI-3 cells in vivo and promote macrophage phagocytosis [58].
In this study, the polyphenolic compounds extracted from WPE, including ellagitannins, quercetin,
and gallic acid, had a protective effect against immunotoxicity induced by PP and PNMC in murine
splenic lymphocytes.

In recent years, several lines of evidence have shown that dietary polyphenols can protect
against oxidative damage caused by a variety of substances. The polyphenolic compounds found
in raspberry seeds prevented damage to human peripheral blood lymphocytes by reactive oxygen
species [59], while green tea polyphenols protected against nicotine-induced oxidative stress by
significantly elevating plasma catalase and SOD activities in male rats [60]. Supplementation with
quercetin (1.0 μg/mL) attenuated the toxicity of three nitrophenol components of diesel exhaust
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by limiting the production of ¨ OH and MDA, while simultaneously increasing GSH-Px and SOD
activities in embryonic chicken testicular cells in vitro [22,61,62]. Similar effects on MDA levels and
SOD activity were also seen in brain tissue following administration of walnut polyphenols, leading to
improvements in both learning and memory functions [63].

The data presented here showed that WPE was able to increase SOD and GSH-Px activities,
while decreasing the levels of both ¨ OH and MDA in splenocytes after exposure to PP and PNMC.
SOD and GSHPX activities are associated with cellular enzymatic defense against free radical attacks.
The ¨ OH radical is one of the most toxic and harmful ROS, and MDA is an end-product of lipid
peroxidation in cells. Although there was no direct evidence in this study that the protective effect of
WPE against PP- or PNMC-induced immunotoxicity was due to its activity against oxidative damage,
past findings indicate that certain WPE phenolic compounds are able to protect immune cells from
oxidative damage by inhibiting the formation of excessive free radicals.

5. Conclusions

Here, we showed that WPE protected against PP- and PNMC-mediated toxicity in splenic
lymphocytes, limiting the damaging effects of these compounds on both cell viability and
cytokine/granzyme production in vitro. The data also support the idea that the protective effect
of WPE may at least be partly due to the attenuation of oxidative damage. Further studies will
be necessary to identify the active phenolic compounds in WPE and to determine the mechanisms
underlying these protective effects.
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Abstract: Several in vitro and in vivo studies have reported the anti-inflammatory, anti-diabetic
and anti-obesity effects of the flavonoid apigenin. However, the long-term supplementary effects
of low-dose apigenin on obesity are unclear. Therefore, we investigated the protective effects
of apigenin against obesity and related metabolic disturbances by exploring the metabolic and
transcriptional responses in high-fat diet (HFD)-induced obese mice. C57BL/6J mice were fed an
HFD or apigenin (0.005%, w/w)-supplemented HFD for 16 weeks. In HFD-fed mice, apigenin
lowered plasma levels of free fatty acid, total cholesterol, apolipoprotein B and hepatic dysfunction
markers and ameliorated hepatic steatosis and hepatomegaly, without altering food intake and
adiposity. These effects were partly attributed to upregulated expression of genes regulating fatty
acid oxidation, tricarboxylic acid cycle, oxidative phosphorylation, electron transport chain and
cholesterol homeostasis, downregulated expression of lipolytic and lipogenic genes and decreased
activities of enzymes responsible for triglyceride and cholesterol ester synthesis in the liver.
Moreover, apigenin lowered plasma levels of pro-inflammatory mediators and fasting blood glucose.
The anti-hyperglycemic effect of apigenin appeared to be related to decreased insulin resistance,
hyperinsulinemia and hepatic gluconeogenic enzymes activities. Thus, apigenin can ameliorate
HFD-induced comorbidities via metabolic and transcriptional modulations in the liver.

Keywords: apigenin; hepatic metabolic and transcriptional responses; hepatic steatosis;
high-fat diet-induced obesity; insulin resistance

1. Introduction

The global prevalence of obesity and associated metabolic complications has increased in recent
decades [1]. Obesity, especially abdominal obesity, is a main risk factor and a feature of metabolic
syndrome, including insulin resistance, type 2 diabetes, dyslipidemia and nonalcoholic fatty liver
disease (NAFLD) [2]. Evidence has suggested that inflammation, a hallmark of metabolic syndrome,
can trigger obesity and obesity-related metabolic diseases [2,3]. Therefore, the use of anti-inflammatory
phytochemicals is one of the strategies for treating obesity and its associated metabolic disturbances [4].
Moreover, obesity is directly associated with NAFLD, which includes a spectrum of disease ranging
from simple hepatic steatosis to non-alcoholic steatohepatitis [5]. Excessive hepatic lipid accumulation
is associated with systemic and hepatic inflammation, as well as dysregulated lipid metabolism [6].
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Some herbal products, including silymarin, a lipophilic extract derived from milk thistle, have been
reported to exhibit beneficial effects in NAFLD [7].

Flavonoids are a group of phytochemicals present in various fruits and vegetables. Among the
diverse flavonoids, apigenin (5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is a flavone
common in chamomile, parsley, onions, grapefruit and oranges [8]. It has been shown to reduce
inflammation and has beneficial effects against cardiovascular disease and cancer [8]. In addition,
recent studies have demonstrated the anti-obesity and anti-diabetic effects of apigenin. It suppressed
adipogenesis in 3T3-L1 cells by activating 51 AMP-activated protein kinase (AMPK) and by inhibiting
mitotic clonal expansion [9,10]. It also improved glucose homeostasis, glucose tolerance and
hepatic lipid metabolism in mice fed a high-fat diet (HFD) [11]. Moreover, apigenin (0.05%, w/w)
slightly reduced food intake and body weight gain for 30 days in HFD-induced obese mice [12].
However, little is known about the long-term supplementary effects of low-dose apigenin on obesity
and its associated metabolic disturbances, as well as the molecular mechanisms underlying its actions.
Here, we examined the effects of apigenin (0.005%, w/w) on adiposity, insulin resistance, dyslipidemia
and NAFLD in mice fed an HFD for 16 weeks and elucidated the metabolic and transcriptional
mechanisms involved.

2. Materials and Methods

2.1. Animals

Four-week-old male C57BL/6J mice (n = 24) were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). All mice were individually housed under constant temperature (24 ˝C)
with a 12-h light/dark cycle, fed the AIN-76 (AIN, the American Institute of Nutrition) semi-purified
diet for 1 week after arrival and then randomly divided into two groups. The mice were fed an HFD
consisting of 20% (w/w) fat and 1% (w/w) cholesterol (n = 12) or HFD with 0.005% (w/w) apigenin
(Sigma Chemical, St. Louis, MO, USA, from parsley powder) (n = 12) for 16 weeks. The HFD contains
40 kcal% fat, 17 kcal% protein and 43 kcal% carbohydrate. In the HFD, 85% (w/w) of total fat was
from lard, which contains high amounts of saturated fat, and 15% (w/w) of total fat was from soybean
oil, an unsaturated fat source. They were provided free access to food and distilled water, and food
consumption, body weight and fasting blood glucose levels were measured daily, weekly and every
2 weeks. At the end of the experimental period, all mice were anesthetized with ether after a 12-h fast,
and blood was taken from the inferior vena cava for the determination of plasma parameters. The liver
and adipose tissue were removed, rinsed with physiological saline, weighed, immediately frozen in
liquid nitrogen and stored at ´70 ˝C until analysis. Studies were performed using protocols for animal
studies approved by the Ethics Committee at Kyungpook National University (KNU-2010-4-14).

2.2. Levels of Fasting Blood Glucose, Plasma Insulin and Homeostatic Index of Insulin Resistance

Every 2 weeks, 12-h fasting whole blood samples were obtained from the tail veins,
and the fasting blood glucose concentration was measured using a glucose analyzer
(GlucDr supersensor, Allmedicus, Korea). The plasma insulin level was determined using a
commercial radioimmunometric assay (MilliplexTM MAP Mouse endocrine kit, Millipore, Billerica,
MA, USA), and the homeostatic index of insulin resistance (HOMA-IR) was calculated as follows:
HOMA-IR = (fasting glucose (mmol/L) ˆ fasting insulin (μL¨ U/mL))/22.51.

2.3. Plasma Adipocytokines, Lipids, Apolipoproteins and Aminotransferases Levels

Plasma levels of adipocytokines (leptin, monocyte chemoattractant protein-1 (MCP-1), interferon
gamma-γ (IFN-γ), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6)) were determined with
a multiplex detection kit from Bio-Rad (Hercules, CA, USA). Plasma triglyceride, total cholesterol,
HDL-cholesterol, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were
measured using enzymatic assay kits (Asan Pharm, Seoul, Korea). Plasma free fatty acid (FFA, Wako,
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Tokyo, Japan), apolipoprotein A1 (apoA1, Eiken, Tokyo, Japan) and apolipoprotein B (apoB, Eiken,
Tokyo, Japan) levels were also determined using enzymatic kits. The ratio of HDL cholesterol
to total cholesterol (HTR) and the atherogenic index (AI) were calculated using the following
Equations (1) and (2):

HTR “ ppHDL-cholesterolq{ptotal cholesterolqq ˆ 100 (1)

AI “ pptotal cholesterolq ´ pHDL-cholesterolq{pHDL-cholesterolqq (2)

2.4. Morphology of Liver

The livers were removed from each mouse, fixed in 10% (v/v) paraformaldehyde/
phosphate-buffered saline (PBS) and then embedded in paraffin for staining with hematoxylin and
eosin. The stained areas were viewed using an optical microscope (Nikon, Tokyo, Japan) with a
magnifying power of ˆ200.

2.5. Hepatic Enzymes Activity

Hepatic cytosolic, mitochondrial and microsomal fractions were prepared as previously
described [9]. The activities of cytosolic glucokinase, phosphoenolpyruvate carboxykinase (PEPCK),
mitochondrial glucose-6-phosphatase (G6Pase), microsomal phosphatidate phosphohydrolase (PAP),
acyl CoA cholesterol acyltransferase (ACAT) and glycogen content were measured according to
previously described procedures [13,14].

2.6. RNA Preparation

Total RNA was extracted from the liver using TRIzol RIZOL reagent (Invitrogen, Grand Island,
NY, USA), and the RNA purity and integrity were evaluated by microfluidics analysis using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA samples were then stored at
´70 ˝C prior to further analysis by microarray and real-time quantitative PCR (RT-qPCR). To reduce
variation among individuals within each of the two groups, total RNA from mice of the same group
was pooled together in equal amounts to generate a mixed sample. These three pooled RNA sample
sets were subsequently used for RT-qPCR and microarray analysis.

2.7. Microarray Analysis and RT-qPCR

Biotinylated cRNA was generated using the Ambion Illumina RNA amplification kit (Ambion,
Waltham, MA, USA). A total of 750 ng biotinylated cRNA per sample was hybridized to Illumina
MouseWG-6 v2 Expression BeadChips (Illumina, San Diego, CA, USA) for 16–18 h at 58 ˝C,
and hybridized arrays were washed and stained with Amersham fluorolink streptavidin-Cy3
(GE Healthcare Bio-Sciences, Little Chalfont, U.K.) following the standard protocol in the bead
array manual. BeadChips were then scanned using an Illumina BeadArray Reader, and raw gene
expression data were obtained from the array scanned images using the Illumina BeadStudio software.
Probe signal intensities were quantile normalized and log transformed. Limma was used to determine
significantly differentially-expressed genes based on a false discovery rate of less than 5%, a Benjamin
and Hochberg-adjusted p-value of less than 0.05 and a fold change greater than 1 [15]. The DAVID
(Database for Annotation, Visualization and Integrated Discovery) Functional Annotation Tool was
used to identify enriched biological themes and to cluster redundant annotation terms.

For the validation of microarray data, several randomly-selected genes (Lpl, Pparγ, Srebf1, Dgat2,
Scd1 and Cidea) were measured independently by RT-qPCR using the same pooled RNA samples
that were hybridized to BeadChips. Total RNA (1 μg) was reverse-transcribed into cDNA using the
QuantiTect® reverse transcription kit (Qiagen, Hilden, Germany), and then, mRNA expression was
quantified by RT-qPCR using the SYBR green PCR kit (Qiagen, Hilden, Germany) and the CFX96TM
real-time system (Bio-Rad, Hercules, CA, USA). Cycle thresholds were determined based on SYBR
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green emission intensity during the exponential phase. Ct data were normalized using Gapdh,
and relative gene expression was calculated with the 2´ΔΔCt method.

2.8. Statistical Analysis

The values were expressed as the means ˘ standard error (S.E). Significant differences between
two groups were determined by Student’s t-test or the Wilcoxon t-test using the SPSS program
(SPSS Inc., Chicago, IL, USA). Results were considered statistically significant at p < 0.05.

3. Results

3.1. Apigenin Did Not Alter Food Intake, Body Weight Gain and Fat Accumulation

Supplementation of apigenin did not alter food and energy intake in mice (Figure 1A,B).
Initial body weight, final body weight, body weight gain and fat mass also did not differ between the
two groups (Figure 1C–E). Moreover, apigenin did not affect circulating levels of leptin, a representative
adipokine secreted from adipocytes in proportion to fat mass and involved in the regulation of food
intake and energy homeostasis [2].

Figure 1. Effects of apigenin on (A) food intake; (B) energy intake; (C,D) body weight; (E) fat-pad mass
and (F) plasma leptin level in C57BL/6J mice fed a high-fat diet. Data are shown as the means ˘ S.E.
HFD: high-fat diet (20% fat, 1% cholesterol); API: HFD + 0.005% apigenin.

3.2. Apigenin Decreased Fasting Blood Glucose and Plasma Insulin Levels and Ameliorated Insulin Resistance
and Inflammation

We next examined whether apigenin influenced HFD-induced insulin resistance and inflammation.
Apigenin significantly decreased fasting blood glucose levels after two weeks of supplementation
in HFD-fed mice (Figure 2A). Levels of plasma insulin and HOMA-IR, a method used to
quantify insulin resistance and β-cell function [16], were also significantly decreased by apigenin
(Figure 2B,C). Although hepatic glucokinase activity and glycogen content remained unaffected
(Figure 2D,E), hepatic PEPCK and G6Pase activities were decreased in apigenin-supplemented mice.
Moreover, plasma levels of pro-inflammatory mediators, such as MCP-1, IFN-γ, TNF-α and IL-6,
were significantly decreased by apigenin (Figure 2F).
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Figure 2. Effects of apigenin on (A) fasting blood glucose level; (B) plasma insulin level; (C) homeostatic
index of insulin resistance (HOMO-IR); (D) hepatic glucose metabolism-related enzyme activities;
(E) hepatic glycogen content and (F) plasma pro-inflammatory marker levels in C57BL/6J mice fed a
high-fat diet. Data are shown as the means ˘ S.E. Values are significantly different between the high-fat
diet and apigenin groups according to Student’s t-test: * p < 0.05; ** p < 0.01; *** p < 0.001. HFD: high-fat
diet (20% fat, 1% cholesterol); API: HFD + 0.005% apigenin.

3.3. Apigenin Improved Dyslipidemia, Hepatic Steatosis and Hepatomegaly

There were no significant differences in plasma triglyceride, HDL-cholesterol and apoA1 levels
between the two groups (Figure 3). However, plasma free fatty acid levels were significantly decreased
in apigenin-supplemented obese mice. Plasma total-cholesterol levels, as well as plasma apoB levels
and the apoB/apoA1 ratio were also markedly decreased by apigenin.

Figure 3. Effect of apigenin on plasma lipids and apolipoproteins in C57BL/6J mice fed a high-fat diet.
Data are shown as the means ˘ S.E. Values are significantly different between the high-fat diet and
apigenin groups according to Student’s t-test: * p < 0.05. HFD: high-fat diet (20% fat, 1% cholesterol);
API: HFD + 0.005% apigenin.
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In addition, apigenin significantly decreased liver weight and hepatic lipid droplets’ accumulation
along with plasma ALT and AST levels (Figure 4A–C). Hepatic PAP and ACAT activities were also
significantly lowered in apigenin-supplemented obese mice (Figure 4D).

Figure 4. Effect of apigenin on liver weight (A), hepatic morphology (B), plasma transaminases
activities (C) and activities of hepatic enzymes controlling the synthesis of triglyceride and cholesterol
ester (D) in C57BL/6J mice fed a high-fat diet; ((A), (C), and (D)) Data are shown as the means ˘ S.E.
Values are significantly different between the high-fat diet and apigenin groups according to Student’s
t-test: * p < 0.05, ** p < 0.05; (B) Original magnification ˆ200. Bar, 50 M. HFD: high-fat diet (20% fat,
1% cholesterol); API: HFD + 0.005% apigenin.

3.4. Liver Gene Expression Profiles in Response to Apigenin

To investigate changes in hepatic gene expression profiles in response to apigenin, we identified
differentially-expressed genes in apigenin-supplemented mice compared to HFD control mice using
microarray analysis. Of the 281 differentially-expressed genes in the two groups, 271 genes were
upregulated, and one gene was downregulated. The top 10 differentially-upregulated genes and one
downregulated gene are shown in Figure 5A. Functional annotation clustering using DAVID revealed
that the majority of hepatic genes regulated by apigenin in HFD-fed mice were related to oxidative
phosphorylation (OXPHOS), the electron transport chain, the tricarboxylic acid (TCA) cycle, fatty acid
metabolism and cholesterol homeostasis (Figure 5B).

To further validate the reliability of our microarray data, we performed RT-qPCR on six
randomly-selected genes (Lpl, Pparγ, Srebf1, Dgat2, Scd1 and Cidea). The results were in agreement
with the microarray data, and RT-qPCR was more sensitive to small changes in gene expression
compared to the microarray, similar to a previous study [15]. Except for Scd1, mRNA expression of
lipolysis- and lipogenesis-related genes (Lpl, Pparγ, Srebf1, Dgat2 and Cidea) was downregulated in
the livers of apigenin-supplemented mice (Figure 5C).
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Figure 5. The top 10 most upregulated and downregulated genes in the livers of the apigenin group
compared to the control group (A); functional gene ontologies associated with the apigenin-responsive
genes (B); and real-time quantitative PCR validation (C); (A,B) comparison of differentially-expressed
genes in the apigenin group vs. the control group using Benjamin–Hochberg adjusted p-value < 0.05,
FDR (False Discovery Rate) <5%, fold change >1; (B) functional gene ontology terms enriched among
apigenin responsive genes are clustered according to biological processes (enrichment score >1) using
DAVID. The heatmap shows the expression profiles of the representative apigenin responsive genes
in each cluster; (C) Data are shown as the means ˘ S.E. Values are significantly different between
the high-fat diet and apigenin groups according to Student’s t-test: * p < 0.05; ** p < 0.05. Microarray
data based on pooled RNA hybridized to Illumina MouseWG-6 v2.0 BeadChips. HFD: high-fat diet
(20% fat, 1% cholesterol); API: HFD + 0.005% Apigenin; Lpl: lipoprotein lipase; Pparγ: peroxisome
proliferator-activated receptor γ; Srebf1: sterol regulatory element-binding transcription factor 1;
Dgat2: diacylglycerol O-acyltransferase 2; Scd1: stearoyl-CoA desaturase-1; Cidea: cell death activator;
ES: Enrichment Score.
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4. Discussion

In the present study, supplementation of an HFD with apigenin (0.005%, w/w) for 16 weeks
did not alter food intake, body weight gain and fat accumulation in mice. These findings were in
disagreement with previous findings, which demonstrated that apigenin (0.05%, w/w) reduced food
intake and body weight gain for 30 days in HFD-fed mice [5], and it inhibited adipogenesis in 3T3-L1
cells through downregulation of PPARγ by activating AMPK and the modulation of mitotic clonal
expansion [9,10]. The low-dose (0.005%, w/w) of apigenin used in the present study may be insufficient
for suppressing food intake, body weight gain and body fat accumulation.

Insulin resistance and hyperinsulinemia are hallmarks of obesity and can induce many of
the abnormalities associated with metabolic syndrome [17]. A previous study from our laboratory
demonstrated that an HFD for 16 weeks led to increased fasting blood glucose, hyperinsulinemia
and insulin resistance in mice compared to a normal diet [15]. In the present study, apigenin
significantly decreased levels of fasting blood glucose, plasma insulin and HOMA-IR, a surrogate
marker for insulin resistance, in HFD-fed mice. Moreover, it significantly decreased the activities of
hepatic PEPCK and G6Pase. These are key enzymes for gluconeogenesis, and controlling hepatic
gluconeogenesis is crucial for maintaining glucose homeostasis [18]. Insulin is the most important
hormone, which inhibits gluconeogenesis, and it directly suppresses the transcription and activity of
hepatic gluconeogenic enzymes [18]. Hepatic insulin resistance results in impaired insulin-induced
suppression of gluconeogenesis in obese subjects, and gluconeogenesis closely correlates with the
severity of diabetes and the degree of obesity [19]. Therefore, apigenin seems to decrease fasting
blood glucose by inhibiting hepatic gluconeogenic enzyme activities, and the changes in hepatic
glucose-regulating enzymes may be partly attributed to the apigenin-induced improvements in
insulin resistance. Our findings were supported by a previous in vitro study that demonstrated
the inhibitory effects of apigenin on gene expression of PEPCK and G6Pase in HepG2 cells [20].
Moreover, a significant decrease in fasting blood glucose levels after apigenin consumption was
observed in HFD-fed mice [11] and streptozotocin-induced type 1 diabetic rats [21].

Inflammation is one of the main mechanisms of impaired insulin action. The production of
adipocytokines is related to ectopic fat accumulation and decreases insulin sensitivity directly
and/or indirectly in adipose tissue and the liver, leading to impaired glucose homeostasis [3,22,23].
For example, TNF-α is an important mediator of insulin resistance in obesity owing to its inhibitory
effects on insulin receptor signaling. IL-6 also plays a direct role in insulin resistance by inhibiting
insulin receptor signal transduction and insulin action in hepatocytes [24]. Their circulating levels were
increased in insulin resistance states, such as obesity and type 2 diabetes, while they were decreased in
response to weight reduction or anti-diabetic drugs [2,25,26]. IFN-γ is another pro-inflammatory
cytokine mainly produced by T-cells, and it regulates insulin resistance in obesity by inducing
pro-inflammatory cytokine expression in macrophages [27]. The production of IFN-γ by T-cells in
adipose tissue was higher in HFD-induced obese mice than lean mice, and obese IFN-γ-deficient
mice showed modest increases in insulin sensitivity [27]. O’Rourke et al. [28] also demonstrated
a role for IFN-γ in the regulation of inflammation and glucose homeostasis in obesity though
multiple mechanisms, including its effects on pro-inflammatory cytokine expression and macrophage
phenotype. In addition to cytokines, obese adipose tissue secretes chemokines, such as MCP-1,
which contribute to obesity-related insulin resistance [2]. A previous study reported that apigenin
exerted anti-inflammatory activity in vitro and in vivo by inactivating NF-κB, thereby reducing
the production of inflammatory mediators [29]. Since we also observed that plasma levels of
pro-inflammatory mediators, such as MCP-1, IFN-γ, TNF-α and IL-6, were significantly decreased by
apigenin, these changes could be partly associated with the decreased fat accumulation, improved
insulin resistance and glucose homeostasis in apigenin-supplemented obese mice.
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It is well known that abnormal lipid metabolism in obesity is regarded as a major driving force
for dyslipidemia and hepatic steatosis, and insulin resistance and inflammation play an important role
in the development of dyslipidemia and hepatic steatosis [2]. In insulin resistance states, the increased
lipolysis of stored triglycerides in adipose tissue promotes the production of fatty acids, and the
elevation of circulating free fatty acid inhibits the anti-lipolytic action of insulin and favors increased
uptake into the liver, leading to dyslipidemia and hepatic steatosis. Free fatty acid can also serve as
an endogenous signal to stimulate the production of pro-inflammatory mediators, such as TNF-α
and IL-6, and inhibition of pro-inflammatory signaling pathways can prevent free fatty acid-induced
insulin resistance [2,30]. Moreover, pro-inflammatory cytokines, including TNF-α and IL-6, increase
circulating levels of total cholesterol, LDL-cholesterol and free fatty acid and stimulate over secretion
of apoB in the liver [2]. In addition, elevated levels of TNF-α, IL-6 and MCP-1 were associated with
the development of NAFLD, and pharmacological and genetic inhibition of these pro-inflammatory
mediators ameliorated hepatic steatosis in obese animals [2,31].

In the present study, apigenin markedly decreased plasma total-cholesterol levels, as well as
plasma apoB levels and the apoB/apoA1 ratio, indicating its protective role against atherogenic
dyslipidemia in HFD-induced obese mice. In addition, plasma free fatty acid levels were significantly
decreased in apigenin-supplemented obese mice. As described in the preceding text, increased delivery
and uptake of free fatty acids into the liver promote the production of triglycerides, which ultimately
leads to hepatic steatosis [2]. Moreover, increased levels of circulating free fatty acids, rather than
excessive hepatic lipid accumulation, serve as an indicator of the degree of liver damage [32].
The plasma levels of ALT and AST, useful biomarkers of liver injury, as well as hepatic lipid droplet
accumulation were elevated in HFD-induced obese animals [33]. In the present study, apigenin
decreased hepatomegaly and hepatic lipid droplets’ accumulation along with plasma ALT and AST
levels, indicating its beneficial effects on NAFLD.

Lipid droplets are dynamic organelles that govern the storage and turnover of lipids and comprise
a core of storage of neutral lipids, i.e., triglycerides and cholesterol esters. PAP is a rate-limiting enzyme
for hepatic triglyceride synthesis, and the activity and expression of the lipin-1 gene encoding PAP were
increased in HFD-fed obese mice or ob/ob mice [15,34], while deficiency of lipin-1 attenuated hepatic
steatosis [34]. The esterified cholesterol is also a major component of lipid droplets, and ACAT, a key
cholesterol-regulating enzyme involved in the hepatic esterification of cholesterol, facilitates cholesterol
ester incorporation into lipid droplets [35]. The activity of ACAT in the livers of HFD-induced obese
mice was higher than that of non-obese mice [15], and inhibition of ACAT improved abnormal
lipid metabolism and hepatic steatosis in obese mice [36]. Alger et al. [37] also demonstrated that
the increased accumulation of cholesterol ester in lipid droplets could limit the mobilization of
hepatic triglycerides and decrease the release of very-low-density lipoprotein-triglyceride by the
liver, leading to cholesterol-associated hepatic steatosis. Interestingly, we observed that hepatic PAP
and ACAT activities were significantly lowered by apigenin. Based on these results, apigenin seemed
to ameliorate hepatic steatosis by reducing lipid droplet accumulation via a decrease in plasma free
fatty acid and an inhibition of hepatic enzyme activities involved in the synthesis of triglycerides
and cholesterol esters in HFD-fed mice. Moreover, inhibition of hepatic ACAT may be a possible
mechanism for decreased plasma total cholesterol and apoB levels observed in apigenin-supplemented
mice, since ACAT inhibitors stimulate bile acid synthesis and inhibit apoB secretion, thus controlling
plasma cholesterol levels, as well as hepatic cholesterol biosynthesis and catabolism [38,39].

In aerobic organisms from bacteria to humans, OXPHOS is the major source of energy-rich
ATP, and the electron transport chain is responsible for creating the proton gradient that drives the
generation of ATP via OXPHOS. The electron transport chain is composed of four protein complexes
(complexes I, II, III and IV), which are found in the inner membrane of a mitochondrion. Ndufs4 is
a gene encoding the NADH-ubiquinone oxidoreductase subunit of complex I, the first multisubunit
enzyme complex of the mitochondrial respiratory chain, which plays a critical role in cellular generation
of ATP. In a recent study, a deletion of Ndufs4 led to an inhibition of OXPHOS and increases in

145



Nutrients 2016, 8, 305

circulating free fatty acid and inflammation [40]. In addition to Atp5a1, which encodes a subunit of
mitochondrial ATP synthase (complex V), other mitochondrial complex I and II subunit-encoding
genes (e.g., Ndufb5, Ndufb9 and Sdhd) were downregulated in obese subjects and type 2 diabetic
patients, and impaired mitochondrial OXPHOS was proposed as an etiological mechanism underlying
insulin resistance [41]. Interestingly, apigenin upregulated nine genes involved in OXPHOS and the
electron transport chain, including Atp5a1, Cox7a2, Ndufs4, Ndufb5, Ndufb9 and Sdhd.

We also observed that TCA cycle genes (Idh2, Fh1, Aco1) and fatty acid oxidation genes
(Acadsb, Ehhadh) were upregulated in the livers of apigenin-supplemented obese mice, along with
other genes that facilitate fatty acid utilization (e.g., Elovl2 and Pecr) (Figure 5B). Fatty acid oxidation
is the catabolic process by which fatty acid molecules are broken down in the mitochondria to produce
acetyl coenzyme A, which enters the TCA cycle [42]. The reactions of the TCA cycle generate NADH
and FADH2, which are in turn used by the OXPHOS pathway to generate ATP [42]. The mRNA
expression of Elovl2, which is involved in the elongation required for the synthesis of docosahexaenoic
acid, was reduced in the livers of obese subjects, and an intervention to improve hepatic steatosis
and diabetes upregulated hepatic Elovl2 expression along with hepatic fatty acid oxidation [43,44].
Since the synthesis of docosahexaenoic acid from linolenic acid requires one round of peroxisomal
β-oxidation in addition to elongation and desaturation [45], the observed upregulation of Elovl2 may
be related to the upregulated expression of peroxisomal fatty acid oxidation genes, such as Ehhadh.
Hepatic gene expression of Pecr, another fatty acid elongation gene, was also upregulated by a dietary
strategy for the treatment of hepatic steatosis [46], and its gene expression was downregulated in mice
after acute inhibition of β-oxidation [47]. Taken together, our microarray data suggest that apigenin can
upregulate the expression of hepatic genes involved in energy metabolism, such as OXPHOS, electron
transport chain, TCA cycle and fatty acid oxidation, which may contribute to improved metabolic
abnormalities, such as hepatic steatosis, dyslipidemia and insulin resistance.

The microarray data of the liver also revealed that supplementation of the HFD with apigenin
upregulated the expression of genes involved in cholesterol homeostasis. The liver plays a critical
role in cholesterol metabolism and in controlling its removal through the bile. Along with
cholesterol esterification, the hepatic conversion of cholesterol into bile acid is an important
cholesterol-metabolizing pathway for the elimination of excess cholesterol. Approximately 95%
of bile acids are reabsorbed in the intestine and transported back to the liver, and the remaining
5% is lost via the feces and compensated via de novo bile acid synthesis from cholesterol in the liver.
Prior to bile acid secretion, the synthesized bile acids in the liver need to be conjugated to either
glycine or taurine to form bile salts. The bile acid conjugation processes can protect against hepatic
damage, because glycine/taurine conjugates are generally less toxic and more hydrophilic than the
primary bile acids [48]. Baat is implicated in the conjugation of de novo-synthesized bile acids from
cholesterol in the liver. Defects in Baat can cause intrahepatic cholestasis, which occurs in a subgroup
of patients with NAFLD [49]. Similar to our study, hepatic Baat mRNA expression was upregulated
by treatment with an agent protecting against diet-induced NAFLD [50]. Moreover, we observed
that apigenin upregulated hepatic gene expression of NPC2 encoding a cholesterol-binding protein,
Niemann-Pick type C 2, which positively regulates biliary cholesterol secretion via stimulation of
ABCG5/ABCG8-mediated cholesterol efflux [51]. Since the amount of cholesterol secreted into the
bile each day is comparable to the amounts synthesized in the liver and absorbed from the intestine,
the regulation of biliary cholesterol secretion by Npc2 is thought to be important in the maintenance of
the whole-body cholesterol level. Moreover, lack of Npc2 increased cellular cholesterol, suggesting the
role for Npc2 in the regulation of sterol homeostasis [52].

In addition to bile acid, steroid hormones are generally synthesized from cholesterol. Among the
various genes involved in steroid hormone synthesis, the gene expression of Hsd17b6, which is
involved in the conversion of testosterone back to androstenedione, was upregulated in the livers of
apigenin-supplemented obese mice. The Hsd17b6 is suggested to act as a modifier gene influencing
insulin resistance and obesity [53], and obese subjects show lower Hsd17b6 gene expression in the
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liver [43], whereas its gene expression is increased in the livers of obesity-resistant animals [54].
In the present study, apigenin also upregulated mRNA expression of hepatic Slc37a4 mRNA,
whose expression was decreased during the progression of liver fibrosis [55], and suppression
of this molecule was associated with stimulation of de novo lipogenesis and the development of
hepatic steatosis [56]. A recent study suggested that it is involved in processes determining the
total plasma cholesterol concentration [57]. In addition, we observed that apigenin increased hepatic
gene expression of angiopoietin-like (Angptl) 3, which is exclusively expressed in the liver and is
involved in the trafficking and metabolism of lipids. Although genetic deletion of Angptl3 was
associated with reduced circulating HDL-cholesterol and triglyceride levels in mice [58], apigenin did
not affect these circulating lipid levels in the present study. This may be related to unchanged hepatic
Angptl8 mRNA expression, because Quagliarini et al. [59] recently demonstrated that the plasma
triglyceride level was not altered in mice expressing Angptl3 alone, but coexpression of Angptl8 leads
to hypertriglyceridemia despite a reduction in the circulating Angptl3 level. They have suggested that
Angptl8 is a paralog of Angptl3, which controls triglyceride metabolism together with Angptl3.

We also observed that mRNA expression of lipolysis- and lipogenesis-related genes (Lpl, Pparγ,
Srebf1, Dgat2 and Cidea) was downregulated in the livers of apigenin-supplemented mice. The gene
expression of Lpl, which controls fatty acid uptake through the hydrolysis of triglyceride-rich
lipoproteins, was higher in obese subjects with NAFLD compared to subjects without NAFLD [60],
and liver-specific overexpression of Lpl induced hepatic steatosis and insulin resistance in mice [61].
Therefore, it is proposed that upregulation of Lpl can contribute to hepatic steatosis by promoting
the incorporation of circulating fatty acids into intrahepatic triglycerides [62]. Similar to Pparγ,
Srebf1, Dgat2 and Cidea, several lipogenic genes have also been suggested as steatogenic factors in
the liver [62]. The hepatic overexpression of Dgat2, which catalyzes the final step of triglyceride
synthesis, led to hepatic steatosis in mice [63], and liver-specific disruption of Pparγ or Srebf1
protected mice against hepatic steatosis [64]. Moreover, Cidea promoted large lipid droplets’
accumulation in the liver [65]. In contrast, a deficiency of hepatic Scd1, which converts saturated
fatty acids to monounsaturated fatty acids, provided protection against hepatic steatosis induced by a
high-carbohydrate diet, but not HFD [66]. Together, our data indicate that the molecular mechanism
of apigenin action involves not only activation of energy metabolism and regulation of cholesterol
metabolism, but also reduction of lipolysis and lipogenesis in the liver.

5. Conclusions

Long-term supplementation of apigenin (0.005%, w/w) to HFD-fed mice ameliorated dyslipidemia
and hepatic steatosis. These beneficial effects were accompanied by decreased activities of hepatic
enzymes controlling triglyceride synthesis and cholesterol esterification and by increased expression
of hepatic genes involved in fatty acid oxidation, the TCA cycle, OXPHOS, the electron transport chain
and cholesterol homeostasis, as well as decreased expression of hepatic lipogenic and lipolytic genes,
as summarized in Figure 6. Furthermore, apigenin lowered levels of pro-inflammatory cytokines
and chemokines in plasma, and it improved hyperglycemia, hyperinsulinemia and insulin resistance.
The improved glucose metabolism by apigenin appeared to be mediated through the inhibition of
hepatic gluconeogenic enzyme activities. Taken together, our findings suggest that apigenin may
help to ameliorate HFD-induced metabolic disturbances, such as dyslipidemia, hepatic steatosis and
insulin resistance.
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Figure 6. Schematic diagram showing the mechanisms underlying the beneficial effects of apigenin
on obesity-related metabolic disturbances. Apigenin decreased the activities of hepatic enzymes
controlling triglyceride synthesis and cholesterol esterification and increased the expression of hepatic
genes involved in fatty acid oxidation, the TCA cycle, OXPHOS, the electron transport chain and
cholesterol homeostasis while decreasing the expression of hepatic lipogenic and lipolytic genes,
indicating that these changes may be potential mechanisms for improving dyslipidemia and hepatic
steatosis in HFD-fed mice. Moreover, apigenin decreased plasma pro-inflammatory adipocytokines
levels and hepatic gluconeogenic enzyme activities, which may be partly associated with the improved
hyperglycemia, hyperinsulinemia and insulin resistance.
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Abstract: The effects of total flavonoids (TFs) from Rosa laevigata Michx fruit against liver damage and
cerebral ischemia/reperfusion (I/R) injury have been reported, but its action on hepatic I/R injury
remains unknown. In this work, the effects and possible mechanisms of TFs against hepatic I/R injury
were examined using a 70% partial hepatic warm ischemia rat model. The results demonstrated TFs
decreased serum aspartate transaminase (AST), alanine aminotransferase (ALT), myeloperoxidase
(MPO), and lactate dehydrogenase (LDH) activities, improved liver histopathology and ultrastructure
through hematoxylin-eosin (HE) staining and electron microscope observation. In addition,
TFs significantly decreased malondialdehyde (MDA) and increased the levels of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px), which indicated that TFs alleviated oxidative stress
caused by I/R injury. RT-PCR results proved that TFs downregulated the gene levels of inflammatory
factors including interleukin-1 beta (IL-1β), interleukin-1 (IL-6), and tumor necrosis factor alpha
(TNF-α). Further research indicated that TF-induced hepatoprotection was completed through
inhibiting TLR4/MyD88 and activating Sirt1/Nrf2 signaling pathways. Blockade of the TLR4
pathway by TFs inhibited NF-κB and AP-1 transcriptional activities and inflammatory reaction.
Activation of Sirt1/Nrf2 pathway by TFs increased the protein levels of HO-1 and GST to improve
oxidative stress. Collectively, these findingsconfirmed the potent effects of TFs against hepatic I/R
injury, which should be developed as a candidate for the prevention of this disease.

Keywords: hepatic ischemia/reperfusion; inflammation; oxidative stress; Rosa laevigata Michx fruit;
total flavonoids

1. Introduction

Ischemia/reperfusion (I/R) injury is a pathologic process occurring in the organs that suffer
temporary blood flow deprivation (ischemia) and restoration (reperfusion) [1]. Clinically, hepatic I/R
injury always occurs in a number of settings, including hepatic transplantation, hepatic resection,
and hemorrhagic shock, which can lead to higher incidences of acute and chronic organ failure [2].
Patients who suffer from hepatic I/R are exposed to enormous pain and financial burdens [3].
However, no ideal drugs show good efficiency to cure hepatic I/R injury at the clinical level [4].
Therefore, it is urgent to develop new and effective therapies for the treatment of hepatic I/R injury.
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Many basic and clinical experiments have demonstrated that hepatic I/R can induce direct cellular
insult and delayed dysfunction, as well as the injury resulting from activating multiple oxidative
stress and inflammatory pathways [5–7]. Sirtuin 1 (Sirt1) is a nicotinamide adenine dinucleotide
(NAD+)-dependent nuclear class III histone deacetylase that participates in theregulation of metabolic
and oxidative stress [8]. Briefly, a transcription factor-nuclear erythroid factor 2-related factorn2 (Nrf2)
is anchored in the cytoplasm where it binds to Kelch-like ECH-associated protein 1 (Keap1) under
normal circumstances [9]. However, Nrf2 translocates into the nucleus and then activates its target
genes through an antioxidant-response element (ARE) when Sirt1 triggers the separation of Nrf2 and
Keap1 [10]. Among the target genes of Nrf2, heme oxygenase-1 (HO-1), and glutathione-S-transferase
(GST) are two anti-oxidative stress representatives [11]. HO-1 can catalyze heme metabolism to
eliminate free radicals [12]. GST, one xenobiotic-metabolizing enzyme, can catalyze the nucleophilic
attack of reactive oxygen species (ROS) and help to detoxify [13]. Accordingly, Sirt1/Nrf2 signaling
can activate some antioxidant enzymes to improve the cellular redox state.

Furthermore, inflammatory response is well known to concern the activation of congenital
immunity through binding toll-like receptor 4 (TLR4) with endogenous ligands in the absence of
pathogens [14]. Recent reports have shown that activated TLR4 can trigger TNF receptor-associated
factor 6 (TRAF6) by its adaptor protein myeloid differentiation primary response gene (88)
(MyD88) [15]. Then, TRAF6 increases nuclear factor kappa B (NF-κB) translocation and c-Jun
N-terminal kinase (JNK) phosphorylation that subsequently stimulates activator protein 1 (AP-1)
transcription [16]. Ultimately, these molecules cause the release of a large number of inflammation
cytokines including interleukin-1 beta (IL-1β), interleukin-1 (IL-6), and tumor necrosis factor alpha
(TNF-α) after warm hepatic I/R [17]. Thus, many studies have focused on regulation of immune
function to alleviate hepatic I/R injury.

Rosa laevigata Michx fruit has been used in China for a long history to treat chronic
cough, arterial sclerosis, menstrual irregularities, and urinary incontinence [18,19], which
mainly contains polysaccharose, flavonoids, and saponins [20,21]. The crude extract of total
flavonoids (TFs) from it mainly contains flavones and flavonols, including quercetin, kaempferide,
apigenin, and isorhamnetin [22,23]. Our previous investigations have demonstrated that TFs have
hepatoprotective effects against high-fat diet and carbon tetrachloride-induced liver damage [24,25].
We also indicated that TFs have potent effects against cerebral I/R injury [26]. Nevertheless, to the
best of our knowledge, no work has been investigated to report the actions of TFs against hepatic
I/R injury.

Thus, the aim of this paper was to investigate the effects and possible mechanisms of TFs from
R. laevigata Michx fruit against liver I/R damage.

2. Material and Methods

2.1. Chemicals and Materials

D101 macroporous resin was purchased from the chemical plant of Nankai University
(Tianjin, China). Aspartate transaminase (AST, Code No. C010-1), alanine aminotransferase
(ALT, Code No. C009-1), myeloperoxidase (MPO, Code No. A044), lactate dehydrogenase
(LDH, Code No. A020-1), malondialdehyde (MDA, Code No. A003-1), superoxide dismutase
(SOD, Code No. A001-1), and glutathione (GSH, No. A005) kits were obtained from Nanjing
Jiancheng Institute of Biotechnology (Nanjing, China). Hematoxylin (Code No. ZLI9606),
eosin (Code No. ZLI9612), and diaminobenzidine (DAB, Code No. ZLI9632) staining kits
were purchased from Zhongshan Golden Bridge Biotechnology (Beijing, China). Tissue Protein
Extraction Kit (Code No. KGP2100) and Nuclear and Cytoplasmic Protein Extraction kit
(Code No. KGP150) were obtained from KEYGEN Biotech. Co., Ltd. (Nanjing, China). Bicinchoninic
acid Protein Assay Kit (BCA, Code No. P0012S) was purchased from Beyotime Institute of
Biotechnology (Shanghai, China). RNAiso Plus (Code No. 9109), PrimeScript™ RT reagent
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Kit with gDNA Eraser (Perfect Real Time) (Code No. RR047A) and SYBR® Premix Ex Taq™ II
(Tli RNaseH Plus) (Code No. RR820A) were purchased from TaKaRa Biotechnology Co., Ltd. (Dalian, China).

2.2. Herbal Material and Preparation of TFs

R. laevigata Michx fruit was obtained from Yunnan Qiancaoyuan Pharmaceutical Company Co.
Ltd. (Yunnan, China) and identified by Dr. Yunpeng Diao (College of Pharmacy, Dalian Medical
University, Dalian, China). The crude extract was prepared and the content of TFs was 81.5% according
to our previous work [22]. Briefly, the powder (500 g) of the R. laevigata Michx fruit was crushed and
extracted with 60% aqueous ethanol (4 L) two times and at 2 h for each under heat reflux. The extracted
solution was condensed under 60 ˝C and the produced residue was added into a D101 macroporous
resin column. Then, in order to obtain the crude extract, the 40% ethanol fraction was collected and
evaporated. Finally, according to the previous methods [27], the content of TFs in the crude extract
was detected by colorimetric methods.

2.3. Animals

The TFs weresuspended in 0.5% sodium carboxyl methyl cellulose (CMC-Na). Male SD rats
(180–220 g) were purchased from the Experimental Animal Center at Dalian Medical University
(Dalian, China) (SCXK: 2013-0003). All experimental procedures were approved by the Animal
Care and Use Committee of Dalian Medical University (approval number: SYXK (Liao) 2013-0108;
8 November 2013), and performed in strict accordance with the PR China Legislation Regarding the
Use and Care of Laboratory Animals. The rats were allowed to adapt to the new environment for
one week before the experiments, which were housed in a room under 12 h light/dark cycles, a relative
humidity of 60% ˘ 10%, and a controlled temperature of 22 ˘ 3 ˝C. The rats were group housed and
allowed ad libitum access to water and a standard pellet diet throughout the experiment.

2.4. Pharmacological Treatments and I/R

The rats were randomly divided into eight groups: animals (n = 32) in vehicle groups were treated
with 0.5% CMC-Na; animals (n = 32) in TF groups were treated with TFs, which were administered
intragastrically (i.g.) to the animals at the doses of 200 mg/kg once daily for seven consecutive
days. On the eighth day, the model of 70% partial hepatic ischemia as described previously was
performed [28]. Previous studies have implemented a time course to detect the optimal ischemia
time period for inducing liver injury [29,30]. The results indicated that less than 60 min of ischemia
produced only minimal transaminase elevations, whereas greater than 75 min of ischemia was poorly
tolerated with gross evidence of poor reperfusion of the ischemic lobes. Therefore, a reproducible
level of liver injury was observed using 1 h of ischemia and, thus, used for the modeling methods
in this paper. In addition, the activities of AST and ALT were of greater relevance to the times of
reperfusion. Thus, we carried out different times of reperfusion (2 h, 6 h, and 24 h). Briefly, the rats
were anesthetized, and the livers were exposed by midline laparotomy, then the inflow of the left
lateral and median lobes of the livers were choked by placement of a bulldog clamp, while the right
lobes were remained perfused to prevent intestinal congestion occlusion. After 1 h of hepatic ischemia,
the bulldog clamp was removed and the liver was reperfused by the blood. Furthermore, the animals
in vehicle and TF groups were divided into four groups: the rats in the sham groups underwent
similar surgical procedures without I/R; the rats in the I/R groups were subject to 2, 6, and 24 h
reperfusion, respectively. At the end of surgery, blood samples of all rats were obtained via the
abdominal vein under anaesthesia. The left lateral lobes of livers were obtained after perfusing
with 4 ˝C phosphate-buffered saline (PBS) and then fixed in 4% paraformaldehyde for histological
examination. The median lobes were stored at ´80 ˝C for the other assays.
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2.5. Biochemical Assay

The activities of serum AST, ALT, MPO, and LDH in each group were measured by using the
commercial kits according to the manufacturer’s instructions.

2.6. Histopathological Examination

Formalin-fixed liver samples were embedded in paraffin and cut for 5-μm slices, and then stained
with hematoxylin and eosin (HE) according to the manufacturer’s instructions. The staining images
were acquired using a light microscope (Leica DM4000B, Solms, Germany) with 200ˆ magnification.

2.7. Transmission Electron Microscopy (TEM) Assay

The liver tissue (<1 mm3) samples were harvested and fixed overnight at 4 ˝C in 2%
glutaraldehyde. After washing in 0.1 M sodium cacodylate buffer, the samples were fixed in 1%
osmium tetroxide for 2 h, and then dehydrated in gradient ethanol solutions. Finally, pretreated
samples were used for ultramicrotomy and collected on copper grids. The obtained sections were then
stained and observed using a transmission electron microscope (JEM-2000EX, JEDL, Tokyo, Japan).

2.8. Oxidative Stress Assay

The activities of MDA, SOD, and GSH in liver tissues were measured by using the commercial
kits according to the manufacturer’s instructions.

2.9. Immunohistochemical Examination

Regarding the histopathological examination, the slices were incubated in 3% hydrogen
peroxide (H2O2) for 30 min and normal goat serum to block nonspecific protein binding for
30 min. Then, the sections were incubated overnight at 4 ˝C with rabbit anti-Sirt1 or TLR4
antibody (1:100, dilution), followed by incubating biotin labeled goat anti-rabbit IgG and horseradish
peroxidase-conjugated streptavidin for 15 min, respectively. Eventually, the slides were incubated in
DAB solution for 10 min at 37 ˝C, counterstained by hematoxylin and mounted with neutral gum.
Images were taken by a light microscope (Leica DM4000B, Solms, Germany) with 100ˆ magnification.
The optical density (IOD) of photographs were assayed by using Image-Pro Plus 6.0 (Media Cybernetics,
Rockville, MD, USA).

2.10. Quantitative Real-Time PCR Assay

The total RNA samples were extracted by using RNAiso Plus reagent following the manufacturer’s
protocol. The purity of the extracted RNA was determined, then reverse transcription polymerase chain
reaction (RT-PCR) was performed using a PrimeScript® RT reagent Kit following the manufacturer’s
instructions with a TC-512 PCR system (TECHNE, Staffordshire, UK). The levels of mRNA expression
were quantified by real-time PCR with SYBR® PremixEx Taq™ II (Tli RNaseH Plus) and ABI 7500
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The sequences of the primers for
rats are shown in Table 1. A no-template control was analyzed in parallel for each gene, and the
GAPDH gene was selected as the house-keeping gene in our study. Finally, the unknown template
was calculated through the standard curve for quantitative analysis.
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Table 1. The primer sequences used for real-time PCR assay in rats.

Gene
GenBank
Accession

Full Name Primer (51–31)

TNF-α NM_012675.3 Tumour necrosis
factor alpha

Forward: TCAGTTCCATGGCCCAGAC;
Reverse: GTTGTCTTTGAGATCCATGCCATT

IL-1β NM_031512.2 Interleukin-1 beta Forward: CCCTGAACTCAACTGTGAAATAGCA;
Reverse: CCCAAGTCAAGGGCTTGGAA

IL-6 NM_012589.1 Interleukin-6 Forward: ATTGTATGAACAGCGATGATGCAC;
Reverse: CCAGGTAGAAACGGAACTCCAGA

2.11. Western Blot Assay

Then, total protein, nuclear, and cytolymph proteins were extracted from the tissues using
appropriate cold lysis buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF) based
on the manufacturer’s instructions. Samples were loaded onto the SDS-PAGE gel (10%–15%),
separated electrophoretically, and transferred onto a PVDF membrane (Merck Millipore, Merck KGaA,
Darmstadt, Germany). After blocking non-specific binding sites for 3 h with 5% dried skim milk
in TTBS at room temperature, the membrane was individually incubated overnight at 4 ˝C with
primary antibodies (Table 2). Then the membrane was incubated at room temperature for 2 h with
horseradish peroxidase-conjugated antibodies at a 1:5000 dilution. Protein expression was detected by
an enhanced chemiluminescence (ECL) method and imaged using ChemiDoc XRS (BIO-RAD, Hercules,
CA, USA). To eliminate the variations of protein expression, the data were adjusted to correspond
internal reference expression (IOD value of target protein versus IOD of correspond internal reference).

Table 2. The information of the antibodies used in the present work.

Antibody Full Name Source Dilutions Company

Nrf2 Nuclear erythroid factor
2-related factorn2 Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

Sirt1 Sirtuin 1 Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

Keap1 Kelch-like ECH-associated
protein 1 Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

HO-1 Heme oxygenase-1 Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

GST Glutathione-S-transferase Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

TLR4 Toll like receptor 4 Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

MyD88 Myeloid differentiation
primary response gene (88) Rabbit 1:1000 Abcam, Cambridge, UK

TRAF6 TNF receptor-associated
factor 6 Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

p-JNK Phosphorylation of JNK Rabbit 1:500 Bioworld Technology, San Luis, MN, USA

JNK c-Jun N-terminal kinase Rabbit 1:500 Bioworld Technology, San Luis, MN, USA

NF-κB Nuclear factor kappa B Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

AP-1 Jun oncogene Rabbit 1:1000 Proteintech Group, Chicago, IL, USA

β-Tubulin Tubulin, beta Rabbit 1:2000 Proteintech Group, Chicago, IL, USA

Lamin B1 Lamin B1 Rabbit 1:2000 Proteintech Group, Chicago, IL, USA

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase Rabbit 1:5000 Proteintech Group, Chicago, IL, USA

2.12. Statistical Analysis

All of the data were analyzed using statistical software SPSS 18.0 (IBM, Almon grams, NY, USA)
and expressed as means ˘ SD. Differences among groups were determined using one-way ANOVA,
followed by a post hoc least-significant difference (LSD) test. Comparisons between the two groups
were performed using an unpaired Student’s t-test. p < 0.05 and p < 0.01 were considered to
be significant.
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3. Results

3.1. TFs Reduces the Levels of ALT, AST, MPO, and LDH after I/R Injury

As shown in Figure 1A, compared to the sham group, severe hepatotoxicity occurred and
was quantified by the distinctly increased serum AST activities after 1 h of ischemia and different
times of reperfusion (2 h, 6 h, and 24 h) with p-values of 0.003, 0.004, and 0.019, respectively.
Similar results occurred in the serum ALT levels (p-values = 0.001, 1.97 ˆ 10´4, and 0.023, respectively).
However, pretreatment with 200 mg/kg of TFs markedly attenuated AST (p-values = 0.026, 0.002,
and 0.046) and ALT (p-values = 0.036, 0.009, and 0.021) activities compared with vehicle groups
after 2 h, 6 h, and 24 h reperfusion, respectively. In addition, compared to the sham group, 1 h
of ischemia and different times of reperfusion (2 h, 6 h, and 24 h) significantly increased MPO
(p-values = 0.005, 0.004, and 0.009) and LDH (p-values = 1.86 ˆ 10´8, 2.43 ˆ 10´11, and 0.002) levels in
serum, respectively. However, TFs could markedly decrease MPO (p-values = 0.022, 0.048, and 0.044)
and LDH (p-values = 3.61 ˆ 10´4, 1.88 ˆ 10´5, and 0.008) activities compared with the vehicle rats at
2 h, 6 h, and 24 h reperfusion, respectively.

Figure 1. TFs reduced AST, ALT, MPO, and LDH activities after I/R injury. (A) Effects of TFs on serum
AST, ALT, MPO, and LDH activities after 1 h of ischemia and different times of reperfusion (2 h, 6 h,
and 24 h). Data are presented as the mean ˘ SD (n = 6). # p < 0.05 and ## p < 0.01 versus sham; * p < 0.05
and ** p < 0.01 versus vehicle; and (B) effects of TFs on HE staining (200ˆ magnification) after 1 h of
ischemia and different times of reperfusion (2 h, 6 h, and 24 h).
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3.2. TFs Attenuates I/R-Induced Liver Morphological Changes in Rats

As shown in Figure 1B, H and E staining results indicated that the rats in the model group
showed obviously-increased areas of necrotic and inflammatory cell infiltration (the black arrow),
correlating with significantly worsened hepatic functions compared with the vehicle group. In addition,
there was sparing of the periportal area with progressively increased injury approaching the central
vein. However, TFs (200 mg/kg) attenuated the I/R-induced morphological variations after 2 h, 6 h,
and 24 h reperfusion.

3.3. TFs Improves I/R-Induced Cellular Structure Changes in Rats

As shown in Figure 2, the ultrastructure of hepatic cells was observed by TEM (15,000ˆ magnification).
The cell in I/R groups displayed nucleus chromatin condensation and marginalization, mitochondrial
cristae break-down, and swelling after 2 h, 6 h, and 24 h reperfusion. However, TFs (200 mg/kg)
improved I/R-induced cellular structure changes in rats.

Figure 2. TFs improved I/R-induced cellular structure changes in rats. Effects of TFs on the
ultrastructure (15,000ˆ magnification) of hepatic cells after 1 h of ischemia and different times of
reperfusion (2 h, 6 h, and 24 h).

3.4. TFs Improves I/R-Induced Oxidative Stress

As shown in Figure 3A, in I/R-treated group, the levels of MDA were increased compared with
sham rats after 2 h (p-value = 5.04 ˆ 10´5), 6 h (p-value = 1.57 ˆ 10´4), and 24 h (p-value = 0.001)
reperfusion. However, TFs significantly decreased the MDA levels (p-values = 0.046, 0.006, and
1.39 ˆ 10´5) compared with the vehicle group after 2 h, 6 h, and 24 h reperfusion, respectively.
In addition, the decreased levels of SOD (p-values = 0.002, 0.001, and 0.004) and GSH (p-values = 0.009,
0.004, and 0.021) were observed in I/R rats compared with sham group after 2 h, 6 h, and 24 h
reperfusion, respectively. However, TFs (200 mg/kg) markedly decreased SOD (p-values = 0.151,
0.041, and 0.027) and GSH (p-values = 0.093, 0.049, and 0.029) levels after 2 h, 6 h, and 24 h
reperfusion, respectively.
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Figure 3. TFs inhibited I/R-induced oxidative stress and inflammation after I/R injury. (A) Effects
of TFs on MDA, SOD, and GSH activities in liver tissue after 1 h of ischemia and different times of
reperfusion (2 h, 6 h, and 24 h); and (B) effects of TFs on the mRNA levels of IL-1β, IL-6, and TNF-α
in liver tissue after 1 h of ischemia and different times of reperfusion (2 h, 6 h, and 24 h). Data are
presented as the mean ˘ SD (n = 6). # p < 0.05 and ## p < 0.01 versus sham; * p < 0.05 and ** p < 0.01
versus vehicle.

3.5. TFs Inhibits Liver Inflammation after I/R Injury

As shown in Figure 3B, in I/R-treated group, the mRNA levels of IL-1β (p-values = 0.020, 0.005,
and 0.009), IL-6 (p-values = 0.004, 4.20 ˆ 10´4 and 0.003) and TNF-α (p-values = 0.008, 0.002 and
3.03 ˆ 10´4) were significantly increased compared with sham rats after 2 h, 6 h, and 24 h reperfusion,
respectively, which were significantly downregulated by TFs.

3.6. TFs Downregulates SIRT1 and Upregulates TLR4 Protein Levels after I/R Injury

As shown in Figure 4A,B, fewer Sirt1-positive areas (brown areas) and decreased IOD values
(p = 0.002, 0.003, and 0.002, respectively) were observed in I/R group compared with sham group
after 2 h, 6 h, and 24 h reperfusion. However, compared to the vehicle group, TFs markedly increased
Sirt1 protein levels (p-values = 0.002, 0.006, and 0.022, respectively) after 2 h, 6 h, and 24 h reperfusion.
Immunohistochemical analysis also revealed that the protein levels of TLR4 (brown areas) and IOD
values (p-values = 0.003, 3.98 ˆ 10´4, and 0.001, respectively) were considerably increased in the I/R
group, which were also significantly decreased by TFs (p-values = 0.009, 0.001, and 0.001, respectively)
compared with vehicle group after 2 h, 6 h, and 24 h reperfusion (Figure 4C,D).
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Figure 4. TFs downregulated Sirt1 and upregulated TLR4 protein levels after I/R injury. (A) Effects
of TFs on Sitr1 protein level (brown areas) in liver tissue after 1 h of ischemia and different times of
reperfusion (2 h, 6 h, and 24 h); (B) statistical analysis of the IOD values of Sitr1 protein level; (C) effects
of TFs on TLR4 protein level (brown areas) in liver tissue after 1 h of ischemia and different times of
reperfusion (2 h, 6 h, and 24 h); and (D) statistical analysis of the IOD values of TLR4 protein levels.
Data are presented as the mean ˘ SD (n = 6). # p < 0.05 and ## p < 0.01 versus sham; * p < 0.05 and
** p < 0.01 versus vehicle.

3.7. TFs Activate SIRT1/Nrf2-Mediated Signaling Pathway

As shown in Figure 5, in I/R-treated group, the total Nrf2 (p-values = 2.57 ˆ 10´4, 0.002,
and 0.015, respectively) and nuclear Nrf2 (nNrf2, p-values = 0.009, 0.009, and 0.009, respectively) levels
were downregulated, and cytoplasmic Nrf2 (cyNrf2, p-values = 0.001, 2.77 ˆ 10´4, and 5.84 ˆ 10´5,
respectively) levels were upregulated compared with sham rats after 2 h, 6 h, and 24 h reperfusion.
However, compared to vehicle group, TFs significantly increased the total Nrf2 (p-values = 0.005,
0.007, and 0.020) and nNrf2 (p-values = 0.018, 4.35 ˆ 10´4, and 0.008) levels, and decreased
cyNrf2 level (p-values = 0.003, 0.001, and 3.25 ˆ 10´4) after 2 h, 6 h, and 24 h reperfusion,
respectively. Furthermore, compared with sham rats, the protein levels of Sirt1 (p-values = 0.001,
0.189, and 0.006), Keap1 (p-values = 0.002, 0.072, and 0.684), HO-1 (p-values = 0.005, 0.021, and 0.108),
and GST (p-values = 0.001, 0.001, and 0.015) were downregulated after 2 h, 6 h, and 24 h reperfusion.
However, TFs at the dose of 200 mg/kg dramatically upregulated the levels of Sirt1 (p-values = 0.002,
0.049, 0.557), Keap1 (p-values = 0.001, 0.008, 0.013), HO-1 (p-values = 0.071, 0.016, and 0.009), and GST
(p-values = 0.001, 0.001, and 0.601) compared with vehicle groups after 2 h, 6 h, and 24 h reperfusion,
respectively. These findings showed that TFs increased the antioxidant enzyme activities via activating
Sirt1/Nrf2 signals.
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Figure 5. TFs activated the Sirt1/Nrf2-mediated signaling pathway. (A) Effects of TFs on Nrf2, nNrf2
(nucleus Nrf2), and cyNrf2 (cytoplasm Nrf2) proteins expression in liver tissue after 1 h of ischemia
and different times of reperfusion (2 h, 6 h, and 24 h); (B) effects of TFs on Sirt1, KEAP1, HO-1, and
GSH protein expression in liver tissue after 1 h of ischemia and different times of reperfusion (2 h, 6 h,
and 24 h); and (C) statistical analysis of the Western blot assay. Data are presented as the mean ˘ SD
(n = 6). # p < 0.05 and ## p < 0.01 versus sham; * p < 0.05 and ** p < 0.01 versus vehicle.

3.8. TFs Inhibits TLR4 Signaling Pathway after I/R Injury

As shown in Figure 6, compared with sham rats, I/R significantly induced TLR4 levels
(p-values = 0.014, 0.003, and 0.011) and suppressed the subsequent activation of its signaling
effectors, reflected by the increased levels of MyD88 (p-values = 0.001, 0.001, and 4.39 ˆ
10´4), TRAF6 (p-values = 0.001, 0.003, and 0.006), p-JNK (p-values = 0.001, 0.018 and 0.001),
AP-1 (p-values = 0.001, 0.021, and 0.004) and NF-κB (p-values = 0.001, 0.027, and 0.003), respectively.
However, 200 mg/kg TFs pretreatment notably decreased the protein levels of TLR4 (p-values =
0.023, 2.98 ˆ 10´4, and 0.001), MyD88 (p-values = 0.012, 0.018, and 0.032), TRAF6 (p-values = 0.003,
0.006, and 0.004), p-JNK (p-values = 0.006, 0.016, and 0.004), AP-1 (p-values = 0.003, 0.022, and 0.034),
and NF-κB (p-values = 0.005, 0.019, and 0.007) compared with vehicle groups after 2 h, 6 h, and 24
h reperfusion, respectively. Furthermore, after 2 h, 6 h, and 24 h reperfusion, the protein levels
of cytoplasmic NF-κB (cyNF-κB, p-values = 0.001, 0.013, and 0.012) in ischemic liver were notably
up-regulated, whereas nucleus NF-κB (nNF-κB, p-values = 0.001, 0.001, and 0.001) levels were markedly
decreased. Compared with the vehicle group after 2 h, 6 h, and 24 h reperfusion, TFs obviously
downregulated cyNF-κB (p-values = 0.006, 0.003, and 0.007), and upregulated nNF-κB (p-values =
0.026, 0.007, and 0.003) protein levels. The results also suggested that TFs inhibited the nuclear
translocation from nucleus to cytoplasm of NF-κB in ischemic liver cells.

162



Nutrients 2016, 8, 418

Figure 6. TFs inhibited the TLR4 signaling pathway after I/R injury. (A) Effects of TFs on TLR4, MyD88,
TRAF6, p-JNK, and AP-1 protein expression in liver tissue after 1 h of ischemia and different times of
reperfusion (2 h, 6 h, and 24 h); (B) effects of TFs on NF-κB, nNF-κB (nucleus NF-κB), and cyNF-κB
(cytoplasm NF-κB) proteins expression in liver tissue after 1 h of ischemia and different times of
reperfusion (2 h, 6 h, and 24 h); and (C) statistical analysis of the Western blot assay. Data are presented
as the mean ˘ SD (n = 6). # p < 0.05 and ## p < 0.01 versus sham; * p < 0.05 and ** p < 0.01 versus vehicle.

4. Discussion

Hepatic I/R injury, a frequent cause of liver failure, is related with liver transplantation,
vascular surgery, and stroke [31,32]. A large number of studies have been carried out in the past
several decades, but the pathogenesis of hepatic I/R injury has not been completely illuminated,
and few medicines are available [33].

Previous studies have shown that liver reperfusion can increase cell injury by oxidative stress
and inflammatory reactions [6]. Briefly, the early phase of hepatic I/R insult (within 2 h after
reperfusion) involves the release of ROS and pro-inflammatory mediators [17]. The late phase
(6–24 h after reperfusion) is featured with neutrophil-mediated inflammatory reaction [4]. ROS may
result in lipid peroxidation, and activate signal transduction pathways, mitochondrial permeability
transition, necrosis, and apoptosis of hepatocytes [8]. Larger amounts of complement factors, such as
chemokines and cytokines, recruit neutrophils into the liver, which will insult hepatocytes through
ROS release [3]. Therefore, the modulation of oxidative stress and inflammatory reactions represent
promising therapeutic strategies to alleviate hepatic I/R injury.

TFs with potent anti-oxidative stress and anti-inflammatory actions have been shown in our
previous research [24,34]. In the present work, a rat hepatic I/R model significantly increased
serum AST, ALT, and LDH levels. However, pretreatment with TFs considerably reversed the
alternations of these enzyme activities. The richest protein in neutrophils-MPO can be used as a
quantitative measure of neutrophil infiltration [7]. Our results proved that TFs notably decreased
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neutrophil infiltration. In addition, HE staining results indicated that TFs exerted the protective
action by decreasing coagulation necrosis with massive inflammatory cell infiltration in the liver.
Furthermore, TEM assay results showed that TFs improved I/R-induced cellular structure changes in
rats. Altogether, these results suggested that TFs have potent action for the prevention of hepatic I/R
injury in rats.

High levels of SOD and GSH can protect hepatic I/R injury. SOD can catalytically reduce
superoxide anion (O2

´) to hydrogen peroxide, and GSH can catalyze the reduction of hydrogen
peroxide [13]. MDA is an end-product of lipid hydroperoxide and an indicator of ROS [25].
The present paper indicated that SOD and GSH activities in the liver were markedly increased
after TFs pretreatment compared with the model group, and MDA activity was dramatically decreased.
Further results presented in this paper suggested that TFs significantly decreased the mRNA levels
of IL-1β, IL-6, and TNF-α in the liver. These results proved the inhibition of oxidative stress and
inflammatory response may be the potential mechanisms of TFs against hepatic I/R injury.

A number of studies have shown that Sirt1 possesses a potent anti-oxidative effect, which can
enhance transcriptional activity of Nrf2 [8]. Nrf2 plays a vital role in the inhibition of cellular oxidative
stress by regulating intracellular redox homeostasis, which can also activate phase II antioxidants
including HO-1 and GST [10]. Nrf2 can translocate from cytosol to nucleus when it is triggered,
and lead to the increased antioxidant enzymes activities and decreased ROS induced insult [9,35].
In this paper, we found that TFs increased the levels of Sirt1, total Nrf2, nuclear Nrf2, HO-1, GST,
and decreased cytoplasmic Nrf2 level in liver tissue. These results suggested that the anti-I/R effect of
TFs might be through increasing the Sirt1 level and activating the Nrf2/ARE pathway (Figure 7).

The latest evidence suggests that TLR4 signaling plays a vital role in the progress of liver
inflammation after I/R [36]. In detail, the activation of TLR4 signaling at the plasma membrane triggers
NF-κB and AP-1 signaling, which are the vital regulators of some genes involved in inflammation [37].
Western blotting results in the present work proved that TFs downregulated TLR4 and downstream
protein levels, including MyD88, TRAF6, p-JNK, NF-κB, and AP-1. In addition, TFs also inhibited the
level and translocation of NF-κB. These findings indicated that the effects of TFs against hepatic I/R
damage may be through inhibiting inflammation via adjusting TLR4 signaling (Figure 7).

Our previous studies have shown that the main chemicals of the product were flavonoids,
with a content of 80.5% based on the chemical reactions and colorimetric method. The HPLC analysis
results further proved that the contents of quercetin, kaempferide, and isorhamnetin in TFs were 3.11%,
2.72%, and 1.49%, respectively. These flavonoid constituents form in the pathophysiology, signaling,
and the subsequent hepatic protection. However, other flavonoid substances in the crude extract were
still unknown, and we will perform a deep investigation into the chemicals of TFs in our future work.
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Figure 7. Proposed model for the protective effects of TFs against hepatic I/R injury. TFs alleviated
liver I/R damage by regulating oxidative stress and inflammatory reactions through the inhibition of
TLR4/MyD88 signaling and the activation of Sirt1/Nrf2 signaling.

5. Conclusions

In summary, TFs have good protective effects against hepatic I/R injury by inhibiting oxidative
stress and inflammation. Accordingly, TFs represent a novel and potent candidate for the treatment of
I/R-induced liver injury in the future. Of course, further investigations are needed to deeply elucidate
the mechanisms and clinical applications of the natural product.
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Abstract: It has been reported that barley leaves possess beneficial properties such as antioxidant,
hypolipidemic, antidepressant, and antidiabetic. Interestingly, barley sprouts contain a high content
of saponarin, which showed both anti-inflammatory and antioxidant activities. In this study,
we evaluated the effect of barley sprouts on alcohol-induced liver injury mediated by inflammation
and oxidative stress. Raw barley sprouts were extracted, and quantitative and qualitative analyses
of its components were performed. The mice were fed a liquid alcohol diet with or without barley
sprouts for four weeks. Lipopolysaccharide (LPS)-stimulated RAW 264.7 cells were used to study the
effect of barley sprouts on inflammation. Alcohol intake for four weeks caused liver injury, evidenced
by an increase in serum alanine aminotransferase and aspartate aminotransferase activities and
tumor necrosis factor (TNF)-α levels. The accumulation of lipid in the liver was also significantly
induced, whereas the glutathione (GSH) level was reduced. Moreover, the inflammation-related gene
expression was dramatically increased. All these alcohol-induced changes were effectively prevented
by barley sprouts treatment. In particular, pretreatment with barley sprouts significantly blocked
inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 expression in LPS-stimulated
RAW 264.7. This study suggests that the protective effect of barley sprouts against alcohol-induced
liver injury is potentially attributable to its inhibition of the inflammatory response induced
by alcohol.

Keywords: barley sprouts; alcohol-induced liver injury; glutathione; TNF-α; inflammation

1. Introduction

Fatty liver or hepatic steatosis is defined as the accumulation of triglycerides in the liver,
leading to more than 5% of the hepatic cells containing either micro- or macrovesicular lipid
droplets. Multiple factors are involved in the induction of fatty liver; however, obesity, diabetes,
and dyslipidemia, as well as excessive alcohol drinking, are the most frequent causes of fatty liver.
Especially, alcoholic liver disease (ALD), one of the major chronic liver diseases, is characterized by
a complex spectrum ranging from simple steatosis to cirrhosis. Although it is highly prevalent and
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holds a high rank in the causes of death worldwide, preventive and therapeutic approaches have yet
to be discovered [1,2].

A well-known mechanism of alcohol-induced hepatotoxicity is its ability to induce inflammatory
responses and oxidative stress following free radical formation [3]. The liver cells have various sources
of reactive oxygen species (ROS) which are activated by chronic alcohol consumption, leading to an
increase in the generation of oxidants [4]. In detail, they are generated by a complex pathway by
metabolic enzyme-mediated oxidation, abnormal mitochondrial function, Kupffer cell activation,
disruption of lipid metabolism, and cytokine production [3,5,6]. Notably, alcohol consumption
increases the permeability of intestinal mucosa and sensitizes Kupffer cells to activation by endotoxins
via Toll-like receptor 4 (TLR4). The harmful paracrine effects of Kupffer cell activation include the
production of various inflammatory mediators as well as ROS, which contribute to the pathological
progression of ALD from simple fat accumulation to steatohepatitis [7–10]. Indeed, Li et al. [11]
evaluated whether steatosis has inflammatory biomarkers using clinical and experimental approaches.
In this study, the group with fatty liver showed a significantly higher level of serum tumor necrosis
factor (TNF)-α than the control group did, which correlated with the pathological severity of the
hepatic lesions [11].

Barley (Hordeum vulgare L.) has been used as a food material since ancient times and was one
of the first cultivated grains, particularly in Eurasia, as far back as 13,000 years ago. It has also been
used as animal fodder, a source of fermentable material for beer and certain distilled beverages, and a
component of numerous health foods. Barley sprouts, which are the young leaves of barley harvested
approximately 10 days after sowing the seeds, have recently received much attention as a functional
food in numerous countries, especially Japan and Korea. It has been reported that barley leaves possess
beneficial properties such as antioxidant, hypolipidemic, antidepressant, and antidiabetic [12–14].
Interestingly, barley sprouts contain a high content of saponarin (Figure 1), which is a member
of the flavonoid family, in addition to policosanol polyphenol series, various minerals, and free
amino acids. Among these, saponarin is the major compound in barley sprouts, and it shows both
anti-inflammatory and antioxidant activities. LPS-induced inflammation in RAW 264.7 cells was
significantly inhibited by treatment with saponarin isolated from barley sprouts, and this effect is
mediated by the inhibition of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
extracellular signal-regulated kinase (ERK), and p38 signaling [15]. In addition, saponarin prevented
cocaine or paracetamol-induced hepatotoxicity by inducing the hepatic antioxidant capacity [16,17].
Based on these reports, we hypothesized that the extract of barley sprouts could have the potential to
ameliorate chronic alcohol-induced liver injury mediated by an inflammatory response and, therefore,
we investigated our hypothesis in this study.

Figure 1. Structure of saponarin, an active compound in barley sprouts extract.

2. Materials and Methods

2.1. Extraction

The barley sprouts were cultivated in Yeonggwang-gun, Jeollanam-do Province, Korea.
The original grain of barley used was the saechalssal (hulled barley), and the extract was prepared
from the barley sprouts after they had grown to a length of approximately 20 cm. The raw material
was provided by Saeddeumwon Co., Ltd. (Yeonggwang, Korea) in 2015 and the extract was produced
by Novarex Co., Ltd. (Ochang, Korea). The analysis of the biological component and microbiological
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test were confirmed by Novarex Co., Ltd. All other chemicals were purchased from Sigma-Aldrich
Chemical Corp. (St. Louis, MO, USA) and Wako Pure Chemical Industries (Osaka, Japan). The raw
barley sprouts plant material was extracted for 9 h at 25 ˝C by exposing it to circulating 30% aqueous
fermented ethanol. Then, the extract was filtered through a 75-μm cartridge, and the residue was
removed by using centrifugation. The supernatant was vacuum-concentrated under reduced pressure
(10 atm, 55–58 ˝C) to attain 35 brix materials. Then, it was blended with dextrin, sterilized at 95 ˝C
for 30 min, followed by spray-drying (liquid temperature, 75–80 ˝C; blowing temperature, 180 ˝C;
atomizer, 18,000 rpm) to obtain a barley sprouts extract powder. To establish the bulk scale production
of the barley sprouts extract we optimized the manufacturing process based on experimental pilot
conditions (Figure 2).

Figure 2. Manufacturing process for production of barley sprouts extract powder.

2.2. Analysis of Saponarin Using Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

We performed the material separation using the LUNA C18 column (2.0 ˆ 150 mm, 5-μm).
Solvent A was water with 0.1% formic acid, and solvent B was acetonitrile with 0.1% formic acid.
The gradients of the solvents were as follows: 0 min, 10% B; 1 min, 10% B; 7 min, 70% B; 8.5 min,
70% B; 9 min, 10% B; and 15 min, 10% B. The samples were dissolved in 50% acetonitrile and the
injection volume was 5 μL. We used digoxin as the internal standard to quantify saponarin in barley
sprouts extract, and the detailed conditions for the liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis are shown in Table 1.

Table 1. Condition for LC-MS/MS analysis of barley sprouts extract.

HPLC Condition

Column Luna C18 RP column (2.0 ˆ 150 mm, 5 μm)
Flow rate 0.3 mL/min

Injection volume 5 μL
Column temperature 40 ˝C

Autosampler temperature 4 ˝C

Mass Condition

Ion source Turbo spray (Negative)
Curtain Gas 10 psi

Collision Gas N2 (Medium)
Ion spray Voltage ´4.2 kV

Source temperature 400 ˝C
Gas 1 40 psi
Gas 2 50 psi
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2.3. Animals and Treatments

Male C57BL/6 mice were obtained from Orient Bio (Sungnam, Korea). The use of the animals was
in compliance with the guidelines established and approved by the Institutional Animal Care and Use
Committee of Pusan National University (PNU-2015-1027). The animals were allowed to acclimate
to temperature (22 ˘ 2 ˝C)- and humidity (55% ˘ 5%)-controlled rooms with a 12 h light/dark
cycle for one week prior to use. The mice were fed a Lieber–DeCarli liquid alcohol diet (Dyets Inc.,
Bethlehem, PA, USA) with or without barley sprouts for four weeks. For the control diet, 35% of
the energy was derived from fat, 18% from protein, and 47% from carbohydrates, while the alcohol
diet contained 35% of energy from fat, 18% from protein, 11% from carbohydrates, and 36% from
ethanol (Table 2). The barley sprouts were administered by gavage daily, and silymarin (Sigma-Aldrich
Chemical Corp., St. Louis, MO, USA) was treated as the positive control.

Table 2. Composition of the alcohol liquid diet.

Component
Standard Diet Alcohol Diet

g/L kcal/L g/L kcal/L

Casein 41.4 176.778 41.4 176.778
L-Cystine 0.5 2 0.5 2

DL-Methionine 0.3 1.2 0.3 1.2
Corn oil 8.5 75.14 8.5 75.14
Olive oil 28.4 251.056 28.4 251.056

Safflower oil 2.7 23.868 2.7 23.868
Dextrin maltose 115.2 456.192 24.72 97.89

Choline barbiturate 0.53 0 0.53 0
Fiber 10.0 0 10.0 0

Xanthan gum 3.0 0 3.0 0
mineral 8.75 4.1125 8.75 4.1125
vitamin 2.5 9.5 2.5 9.5
Ethanol 0 0 51.3 358.46

Total energy 1000 kcal/L 1000 kcal/L

Each diet used the vitamin mix at 2.5 g/L diet (g/kg vitamin mix); thiamine HCl, 0.6; riboflavin, 0.6;
pyridoxine HCl, 0.7; niacin, 3.0; calcium pantothenate, 1.6; folic acid, 0.2; biotin, 0.02; vitamin B12 (0.1%),
10; vitamin A acetate (500,000 IU/g), 4.8; vitamin D3 (400,000 IU/g), 0.4; vitamin E acetate (500 IU/g), 24.0;
menadione sodium bisulfite, 0.08; p-amino benzoic acid, 5.0; inositol, 10.00; dextrose 939.0. Each diet also
used the mineral mix at 8.75 g/L diet (g/kg mineral mix); calcium phosphate, 500; sodium chloride, 74;
potassium citrate, 220; potassium sulfate, 52; magnesium oxide, 24; manganous sulfate, 4.6; ferrous sulfate, 4.95;
zinc carbonate, 1.6; cupric carbonate, 0.3; potassium iodate, 0.01; sodium selenite, 0.01; chromium potassium
sulfate, 0.55; sodium fluoride, 0.06; sucrose, 117.92.

2.4. Hematological and Histopathological Evaluation of Liver Injury

The serum activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
and total triglyceride (TG) levels were determined by using an automated chemistry analyzer
(Prestige 24I, Tokyo Boeki Medical System, Tokyo, Japan). The serum concentration of TNF-α
was measured by using an enzyme-linked immunosorbent assay (ELISA) using a commercially
available kit (R & D Systems, Minneapolis, MN, USA) according to the manufacturer’s instruction.
The serum endotoxin level was assessed using the Limulus Amebocyte Lysate chromogenic endotoxin
quantitation kit (Thermo Scientific, Sunnyvale, CA, USA). To evaluate the lipid accumulation in the
liver tissue, 5-μm cross sections of the left lateral lobe of the liver were sliced, immersed in propylene
glycol for 5 min, and then stained with Oil red O. After washing with 85% propylene glycol and distilled
water, the sections were counterstained with hematoxylin for 2 min before microscopic examination.

2.5. Determination of Hepatic TG Content

The total lipids were extracted from 100 mg of liver tissue using a mixture of chloroform/methanol
(2:1, v/v). To determine the TGs content of the total lipids, a commercially available

171



Nutrients 2016, 8, 440

enzymatic kit (Sigma-Aldrich Chemical Corp., St. Louis, MO, USA) was used according to the
manufacturer’s instruction.

2.6. Measurement of Hepatic Glutathione (GSH)

The liver homogenate was prepared by using a 4-fold volume of ice-cold 1 M perchloric acid.
After centrifugation at 10,000ˆ g for 10 min to remove the denatured protein, the total GSH level
in the supernatant was measured by using a high-performance liquid chromatography (HPLC)
separation/fluorometric detection method [18].

2.7. Cell Culture and Viability Assay

The RAW 264.7 cells were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (GenDEPOT,
Barker, TX, USA) at 37 ˝C in a humidified incubator with 5% CO2. Cell viability was determined
by EZ-CyTox (Daeil Lab Service, Seoul, Korea). After 24 h incubation of cells with barely sprouts
extract, EZ-CyTox solution was added to each well and it was measured at a 450 nm. The results were
expressed as a percentage compared to the vehicle treated cells.

2.8. Determination of Nitric Oxide (NO) Production

After stimulating the cells with 200 ng/mL of LPS (Sigma-Aldrich, St. Louis, MO, USA)
for 24 h, the culture medium was collected and assayed for NO production. A 50 μL aliquot of
the medium was mixed with 50 μL Griess reagent (1% sulfanilamide in 5% phosphoric acid and
0.1% naphthylethlyenediamene dihydrochloride) and then incubated for 20 min. The absorbance
was measured at 540 nm using a microplate reader (Multiskan™ GO microplate spectrophotometer,
Thermo Scientific, Sunnyvale, CA, USA). The NO concentration was determined by using a sodium
nitrite standard curve.

2.9. Western Blotting

Cells were lysed with ice-cold PRO-PREP™ protein extract solution (iNtRON, Sungnam,
Gyunggi, Korea) and the protein concentration was determined by using the bicinchoninic acid
(BCA) procedure (Thermo Scientific, Sunnyvale, CA, USA). Equal amounts of protein were separated
by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). The membrane
was blocked with 5% skim milk in 100 mM Tris-hydrochloride (HCl, pH 7.5), 150 mM sodium
chloride (NaCl), and 0.2% Tween-20 (TBST) for 1 h at room temperature. The membranes were
incubated with TBST containing 5% milk and the primary antibodies against anti-inducible nitric
oxide synthase (iNOS), anti-cyclooxygenase (COX)-2, and β-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). After washing with TBST, the blot was incubated with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies. The antigen was detected by using a Western
Bright enhanced chemiluminescence (ECL) HRP substrate kit (Advansta, Menlo Park, CA, USA).

2.10. Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

The total RNA was isolated from liver tissue and cells using the RNeasy kit
(Qiagen, Valencia, CA, USA). Then, the cDNA was synthesized by using the iScript™ cDNA Synthesis
system (Bio-Rad, Hercules, CA, USA). The real-time RT-PCR was performed by using the SensiFAST
SYBR qPCR mix (Bioline, London, UK) according to the manufacturer’s protocol. The relative values
of gene expression were normalized to 18S ribosomal RNA. The primer sequences and full gene names
are provided in Table 3.
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Table 3. List of mouse primer used for real-time reverse transcription-polymerase chain reaction (RT-PCR).

Genes Primer Sequences

TNF-α F: GGCCTCTCTACCTTGTTGCC R: CAGCCTGGTCACCAAATCAG
IL-1β F: TTCACCATGGAATCCGTGTC R: GTCTTGGCCGAGGACTAAGG
IL-6 F: TTGCCTTCTTGGGACTGATG R: CCACGATTTCCCAGAGAACA

CD14 F: AAACTCGCTCAATCTGTCTTTCACT R: TCCTATCCAGCCTGTTGTAACTGA
iNOS F: CGAAACGCTTCACTTCCAA R: TGAGCCTATATTGCTGTGGCT
COX2 F: GCATTCTTTGCCCAGCACTT R: AGACCAGGCACCAGACCAAAG

18S F: CAGCCACCCGAGATTGAGCA R: TAGTAGCGACGGGCGGTGTG

2.11. Statistical Analysis

All the results are expressed as mean ˘ standard deviation (SD) and were analyzed by using
a one-way analysis of variance (ANOVA) followed by the Newman–Keuls multiple range test
(parametric). The acceptable level of significance was established at p < 0.05.

3. Results

3.1. Analysis of Barley Sprouts Extract Composition

We prepared the calibration curves for saponarin according to a concentration-dependent
electrospray ionization-mass spectrometer (ESI-MS) method. We found that the correlation coefficient
(r2) value was 0.9997, which showed good linearity of the calibration curves. The limits of
detection and quantification were 2.32 and 7.03 ng/mL, respectively. The condition of the
multiple-reaction-monitoring (MRM) mode was m/z 593.2 (precursor ion) Ñ 311.2 (product ion)
for saponarin (Figure 3). For the quantitative analysis, we used the calibration curves to calculate the
ratios of compounds in the analyzed material to their respective standards. We diluted the barley
sprouts extract 1/5 to ensure that the concentration of its components was within the quantitative
range of the calibration curves and then multiplied the obtained concentration by 5 (the dilution factor).
The quantitative result of saponarin was 14.74 ˘ 0.27 μg/mg in the barley sprouts extract.

Figure 3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) spectrum of saponrin.
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3.2. Preventive Effect of Barley Sprouts on Alcohol-Induced Liver Injury

To test the effect of barley sprouts on the alcohol-induced liver injury, a study was performed in
mice fed a standard Lieber–DeCarli liquid diet supplemented with ethanol for four weeks to determine
the potential dose-dependency of the extract. Different doses of the barley sprouts extract ranging
from 50 to 200 mg/kg body weight were orally administered daily from the beginning of the liquid
diet. We compared the effect of the barley sprouts extract on the alcoholic liver injury with that of
silymarin (100 mg/kg body weight), a well-known compound that alleviates alcohol-induced liver
injury, as a positive control. The serum ALT and AST activities and TNF-α level in the alcohol-fed mice
were all significantly higher than those in the control diet-fed mice were (Figure 4A–C). Whereas the
hepatic GSH concentration in the alcohol-treated mice was significantly decreased compared with that
of the control mice (Figure 4E). All these alcohol-induced changes were prevented significantly by
supplementation with barley sprouts extract at doses exceeding 100 mg/kg. Interestingly, the increased
serum level of endotoxin in the alcohol-fed mice was not changed by treatment of barley sprouts extract
(Figure 4D). The lipid content of the liver of the alcohol-treated mice showed dramatic accumulation
when examined by using both the oil red O staining (Figure 5A) and triglyceride content determination
(Figure 5B). Furthermore, supplementation with more than 100 mg/kg of barley sprouts extract
significantly reversed the hepatic lipid accumulation (Figure 5). These results were comparable with
those obtained with silymarin treatment, indicating that the barley sprouts extract could be a promising
candidate to protect against liver injury induced by chronic alcohol ingestion.

Figure 4. Dose-dependent effect of barley sprouts extract on alcohol-induced liver injury.
Serum (A) ALT and (B) AST activities; (C) TNF-α; and (D) endotoxin level in the serum; and (E)
GSH concentration in the liver. Each value is mean ˘ standard deviation (SD) of six mice. Values with
different letters are significantly different by analysis of variance (ANOVA) followed by Newman–Keuls
multiple range test (p < 0.05). ALT, alanine aminotransferase; AST, aspartate aminotransferase;
TNF, tumor necrosis factor; Con, control diet fed mice; Alc, alcohol diet fed mice; Alc + Sily, Alc
fed mice treated with 100 mg/kg silymarin; Alc + BS50, Alc fed mice treated with 50 mg/kg barley
sprouts extract; Alc + BS100, Alc fed mice treated with 100 mg/kg barley sprouts extract; Alc + BS200,
Alc fed mice treated with 200 mg/kg barley sprouts extract.
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Figure 5. Lipid accumulation in liver of mice treated with alcohol with or without barley sprouts
extract. (A) Oil red O staining of liver at same magnification (400ˆ) and (B) liver triglyceride (TG).
Each value is mean ˘ standard deviation (SD) of six mice. Values with different letters are significantly
different by analysis of variance (ANOVA) followed by Newman–Keuls multiple range test (p < 0.05).
Con, control diet fed mice; Alc, alcohol diet fed mice; Alc + Sily, Alc fed mice treated with 100 mg/kg
silymarin; Alc + BS50, Alc fed mice treated with 50 mg/kg barley sprouts extract; Alc + BS100, Alc fed
mice treated with 100 mg/kg barley sprouts extract; Alc + BS200, Alc fed mice treated with 200 mg/kg
barley sprouts extract.

3.3. Inhibitory Effect of Barley Sprouts Extract on Inflammatory Response-Related Gene Expression in Liver
of Alcohol-Treated Mice

The importance of the inflammatory response in alcoholic liver injury has been suggested.
Increased circulating endotoxin activates Kupffer cells, which are the resident liver macrophage,
and leads to the induction of cytokines, chemokines, and ROS. Here, we determined the expression
level of inflammation-related genes using qPCR. The hepatic mRNA expression of TNF-α, interleukin
(IL)-1β, IL-6, a cluster of differentiation (CD) 14, iNOS, and COX2 was induced significantly in the
liver of the alcohol-treated mice (Figure 6). Supplementation with the barley sprouts extract for the
entire alcohol consumption period effectively inhibited the increase of all the mRNAs determined in
this experiment (Figure 6).

Figure 6. Effect of barley sprouts extracts on inflammation-related gene expression in liver of
alcohol-treated mice. mRNA expression of liver (A) TNF-α; (B) IL-1β; (C) IL-6; (D) CD14; (E) iNOS;
and (F) COX2 using real-time RT-PCR. Each value is mean ˘ standard deviation (SD) of six mice.
Values with different letters are significantly different by analysis of variance (ANOVA) followed
by Newman–Keuls multiple range test (p < 0.05). TNF, tumor necrosis factor; IL, interleukin; CD,
cluster of differentiation; iNOS, inducible nitric oxide synthase; COX, cyclooxygenase; RT-PCR, reverse
transcription-polymerase chain reaction; Con, control diet fed mice; Alc, alcohol diet fed mice; Alc + BS,
Alc fed mice with 200 mg/kg barley sprouts extract.
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3.4. Anti-Inflammatory Effect of Barley Sprouts Extract in LPS-Activated Raw 264.7 Cells

To investigate whether the barley sprouts extract regulates NO production, cells were pretreated
with the extract for 1 h before treatment with LPS for 24 h. As shown in Figure 7A, no cytotoxic
effects of barley sprouts extract were observed. Treatment with LPS significantly upregulated
the nitrite production (17.7 ˘ 0.4 μM) compared to that of the untreated control (5.1 ˘ 0.1 μM,
Figure 7B). However, RAW 264.7 cells pretreated with barley sprouts extract displayed a marked
decrease in nitrite in a dose-dependent manner after stimulation with LPS. Next, we investigated
whether barley sprouts extract regulates iNOS protein expression. Consistent with the suppression
of nitrite production, the barley sprouts extract dose-dependently inhibited iNOS protein expression
(Figure 7C,D). In addition, the protein expression of COX2 also showed the same pattern as that of
iNOS (Figure 7C,D). These data indicate that the barley sprouts extract attenuated the upregulation of
LPS-induced COX2 and iNOS expression. Next, we determined the effect of barley sprouts extract on
the mRNA expression of TNF-α, iNOS, and COX2 in LPS-stimulated RAW 264.7 cells. Treatment with
LPS for 6 h dramatically increased the mRNA expression of TNF-α, iNOS, and COX2 (Figure 8).
However, 1 h pretreatment with barley sprouts extract before LPS stimulation significantly blocked the
expression of mRNA (Figure 8). These results clearly support the inhibitory effect of barley sprouts
extract on inflammatory gene expression in the liver of alcohol-treated mice.

Figure 7. Dose-dependent effect of barley sprouts extract on nitric oxide (NO) generation and protein
expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 in lipopolysaccharide
(LPS)-stimulated Raw 264.7 cells. (A) Cell viability was determined after treatment with barley sprouts
extract for 24 h. Cells were pretreated with barley sprouts extract for 1 h before treatment with
200 ng/mL LPS for 24 h; (B) NO generation in medium and (C) protein expression of iNOS and COX2
in whole cell lysates; (D) Quantitative analysis of blots. Each value is mean ˘ standard deviation
(SD) of triplicates in three independent experiments. Values with different letters are significantly
different by analysis of variance (ANOVA) followed by Newman–Keuls multiple range test (p < 0.05).
BS, barley sprouts extract; iNOS, inducible nitric oxide synthase; COX, cyclooxygenase.
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Figure 8. Effect of barley sprouts extract on inflammation-related gene expression in lipopolysaccharide
(LPS)-stimulated Raw 264.7 cells. Cells were pretreated with barley sprouts extract for 1 h before
treatment with 200 ng/mL LPS for 6 h. mRNA expression of (A) TNF-α; (B) iNOS; and (C)
COX2 using real-time RT-PCR. Each value is mean ˘ standard deviation (SD) of triplicates in three
independent experiments. Values with different letters are significantly different by analysis of variance
(ANOVA) followed by Newman–Keuls multiple range test (p < 0.05). BS, barley sprouts extract; iNOS,
inducible nitric oxide synthase; COX, cyclooxygenase; RT-PCR, reverse transcription-polymerase
chain reaction.

4. Discussion

In the present study, barley sprouts extract supplementation in the mice fed alcohol for four weeks
significantly inhibited the progression of the alcoholic liver injury. Furthermore, the increased levels of
the liver injury markers such as hepatic lipid accumulation, as well as serum activities of ALT and
AST in alcohol-fed mice were almost completely blocked by treatment with barley sprouts extract.
Moreover, its effect on anti-alcoholic liver injury was accompanied by the preservation of hepatic
GSH and normalization of the increased serum TNF-α level. This observation suggests that the barley
sprouts extract may mechanistically manage the alcohol-induced liver injury.

Accumulating evidence indicates that the role of oxidative stress and inflammation is
critical in the pathogenesis of alcohol-induced liver injury [19–21]. Chronic exposure to alcohol
generates ROS, mainly hydrogen peroxide and superoxide anion in several metabolic steps,
which initiate the peroxidation of membrane phospholipids and lipoproteins. The main sources
of ROS include the ethanol-inducible cytochrome P450 (CYP) 2E1, aldosterone dehydrogenase
(ADH), mitochondrial respiratory chain, iNOS, and peroxisomal β-oxidation of free fatty acids [19].
Moreover, alcohol depletes GSH, which sensitizes the liver to oxidative stress and TNF-α [20].
Meanwhile, alcohol increases the permeability of the intestinal mucosa and subsequently enhances the
level of bacterial-derived endotoxin that stimulates Kupffer cells to produce both ROS by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX) and cytokines [21]. The oxidants generated
activate NF-κB in Kupffer cells, which produces of TNF-α and enhances the inflammatory pathway
cascade, ultimately leading to tissue injury [19].

GSH is a thiol-containing tripeptide found in high levels, particularly in the liver. It plays a
central role in detoxification and serves as a major antioxidant. It is well known that alcohol intake
generates excessive ROS and reactive metabolites, accompanied by a profound depletion of hepatic
GSH [22]. Consequently, alcohol administration abrogates the balance between antioxidant and
oxidant, and oxidative stress is considered as one of the key mechanisms that cause alcohol-induced
liver injury. Several studies have focused on the increase in the antioxidant capacity to prevent
oxidative liver damage by alcohol. One study showed that the overexpression of SOD, an enzyme that
catalyzes the partitioning of superoxide radical, inhibited the lipid accumulation in the liver, whereas
deletion of both glutathione peroxidase-1 and catalase promoted alcohol-induced liver injury [23–25].
The administration of GSH precursor or antioxidants also reduced the liver injury in alcohol-fed
mice by decreasing oxidative stress [26–29]. In this study, the alcohol-induced reduction in the GSH
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levels of the liver of the treated mice was significantly prevented by supplementation with barley
sprouts extracts. This result indicates that the improvement of the antioxidant capacity in the liver
of alcohol-fed mice via maintenance of hepatic GSH by the barley sprouts extract could make it a
potentially valuable treatment strategy for alcoholic liver disease.

The increase in the circulating LPS levels caused by abnormal gut permeability is known to be
a key mediator of the inflammatory process in alcoholic liver injury. LPS activates and stimulates
Kupffer cells by binding to the CD14 receptor on the cell membrane to release pro-inflammatory
cytokines, chemokines, and ROS [19,30,31]. Notably, TNF-α generated in activated Kupffer cells is
considered to be one of the most harmful cytokines involved in alcoholic liver injury [30,32]. In the
lipid regulatory processes in the body, TNF-α induces lipolysis in adipose tissue, followed eventually
by fat accumulation in the liver. Several studies showed that TNF-α causes the release of free fatty acid
from adipocytes, and stimulates lipogenesis via sterol regulatory element-binding protein (SREBP)-1c,
whereas it inhibits β-oxidation of free fatty acids in the liver [33–36].

In agreement with these reports, the deletion of TNF-receptor 1 (TNFR1) almost completely
inhibits the development of alcohol-induced fatty liver [30]. In the present study, chronic alcohol
consumption resulted in a significant inflammatory response accompanied by increased circulating
TNF-α level, which was significantly inhibited by supplementation with barley sprouts extract.
The anti-inflammatory effect of the barley sprouts extract was also demonstrated in the LPS-stimulated
RAW 264.7 macrophages.

5. Conclusions

In conclusion, our results indicate that the suppression of TNF-α secretion and maintenance
of hepatic GSH by barley sprouts extract contributed to its overall preventive effects against
alcohol-induced liver injury.
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Abstract: Diabetes is a metabolic, endocrine disorder which is characterized by hyperglycemia and
glucose intolerance due to insulin resistance. Extensive research has confirmed that inflammation
is closely involved in the pathogenesis of diabetes and its complications. Patients with diabetes
display typical features of an inflammatory process characterized by the presence of cytokines,
immune cell infiltration, impaired function and tissue destruction. Numerous anti-diabetic drugs
are often prescribed to diabetic patients, to reduce the risk of diabetes through modulation of
inflammation. However, those anti-diabetic drugs are often not successful as a result of side effects;
therefore, researchers are searching for efficient natural therapeutic targets with less or no side effects.
Natural products’ derived bioactive molecules have been proven to improve insulin resistance and
associated complications through suppression of inflammatory signaling pathways. In this review
article, we described the extraction, isolation and identification of bioactive compounds and its
molecular mechanisms in the prevention of diabetes associated complications.

Keywords: type 2 diabetes mellitus; insulin resistance; polyphenols; inflammatory mediators;
diabetic complications

1. Introduction

Presently, there are more than 415 million people affected by diabetes mellitus worldwide,
according to the International Diabetes Federation, and this figure is projected to rise to over 642 million
or more by 2040. Around 90% of diabetic patients in the worldwide are diagnosed with type 2 diabetes
mellitus (T2DM). The cost of health care related to diabetes and its secondary complications continues
to expand and is a massive economic burden for afflicted diabetic patients and particularly developing
countries (Diabetes Atlas, 7th edition, International Diabetes Federation, 2015). T2DM represents
a major global health issue and incidence of diseases increases with various genetic and other associated
factors such as age, obesity, stress, diet, ethnicity, lack of exercise and inflammation. The burden of
type 2 diabetes and its major complications are rising worldwide [1].

Inflammation has been recognized as a key player in the pathophysiology of both type 1
and type 2 diabetes and its secondary complications [2]. Chronic low-grade inflammation and

Nutrients 2016, 8, 461 181 www.mdpi.com/journal/nutrients



Nutrients 2016, 8, 461

an activation of the various immune reactions are particularly involved in the pathogenesis of
obesity-linked insulin resistance and type 2 diabetes. Activated inflammatory markers are major
factors to initiate and develop diabetes-associated complications including retinopathy, nephropathy,
neuropathy, ischemic heart disease, peripheral vascular disease, and cerebrovascular disease, etc. [3,4].
Therefore, targeting the inflammation and its signaling pathways may be an active target to
prevent/manage diabetes mellitus and its associated complications. Existing therapeutic drugs used
for diabetes, which increase various secondary complications including cardiovascular disease, kidney
failure, liver injury, dizziness, mental disorders, weight gain, and skin diseases [5].

Natural products and its derived active compounds may be achievable alternatives for the
treatment of type 2 diabetes and its complications without any adverse effects. There are a huge
number of active medicinal plants and its natural bioactive molecules that have already reported the
therapeutic nature against diabetes [6]. Several medicinal plants have been used since ancient times to
manage and prevent diabetes and associated conditions [7].

Looking into the list of drugs approved within the last decades demonstrates that plant ingredients
are still of importance in drug discovery. Plant compounds have been shown to confer some protection
against the pathology of diabetes mellitus through the attenuation of inflammatory mediators.
Therefore, this paper intends to review the most salient recent reports on the anti-inflammatory
associated diabetes mellitus properties of phytochemicals and the molecular mechanisms underlying
these properties.

2. Inflammation Status in Diabetes Mellitus

Insulin resistance or T2DM has been well-defined as a state of universal inflammation condition
involving both innate and adaptive immunity [3]. Preclinical and clinical studies have demonstrated
that various anti-inflammatory agents can improve blood glucose level and pancreatic beta cell function
in T2DM [8,9]. Thus, inflammatory associated pathways are one of the principal pathways in the
pathogenesis of T2DM and its complications.

T2DM are associated with increased expressions of complete markers of chronic inflammation
and the primary molecular link between inflammation and T2DM are macrophage mediators,
tumor necrosis factor-α (TNF α), interleukin-1β (IL-1β) and interleukin-6 (IL-6). Elevated amounts of
these pro-inflammatory cytokines have been confirmed in diabetes mellitus [10]. The trend of diabetic
patients to have higher amounts of inflammation status has serious consequences that contribute
to both microvascular and macrovascular complications [11]. Among both types of complications,
macrovascular complications are critical for human life, namely, cardiovascular disease and also
around 80% of diabetic patients die from coronary artery diseases and its related complications [12].

Monocyte chemoattractant protein-1 (MCP-1) is a key chemokine produced by mainly adipocytes
upon recruitment of macrophages and endothelial cells [13]. The augmented release of circulating
MCP-1 during adiposity, promotes the expression of pro-inflammatory cytokines thereby, it impairs
the inflammation associated with type 2 diabetes. Adiponectin is one of the most important
anti-inflammatory cytokines secreted by white adipose tissue. The level of adiponectin mainly reduces
in obesity, and inflammation associated type 2 diabetic conditions; meanwhile, the increased level of
adiponectin was observed during type 1 diabetes mellitus (T1DM) [14].

Toll-like receptors (TLRs) are playing a central role in innate immunity by their capability to
sense pathogens across the pathogen-associated molecular patterns (PAMPs) and to notice tissue
injury through the danger-associated molecular patterns (DAMPs) [15]. Among different types
of TLRS, TLRs 1,2,4,5,6, and 11 are plasma membrane proteins, while TLRs 3,7,8 and 9 exist in
intracellular compartments. Various factors including microbial constituents provoke the activation of
the TLR (excluding for TLR3) signaling through a MyD88 (myeloid differentiation factor)-dependent
pathway, principal to the activation of the signaling transcription factor NF-κB and the production
of inflammatory mediators. These TLR signaling pathways might activate through the production
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of numerous factors including endogenous HMGB1 (High-Mobility Group Box 1), and advanced
glycation end products (AGEs) [15,16].

HMGB1 is also one of the ligands for activation for TLR2 and 4, and it has also been elevated in
an experimental diabetic animal model. It was previously recognized as one of the transcription factor
regulator, and it was later confirmed as a cytokine produced through cell damage and immune cells
like macrophages, thus HMGB1 actively stimulates a NF-κB signaling cascade [17,18].

Advanced glycation end products (AGEs), which were principally believed as oxidative
derivatives, due to from diabetic hyperglycemia conditions, and these are gradually realized as
a possible risk factor for pancreatic islet β-cell injury and type 2 diabetes. These AGEs significantly
elevated the inflammatory markers as well as oxidative markers in diabetic conditions; meanwhile,
it impairs the production and action of insulin [19].

Numerous preclinical and clinical studies have clearly established that adipose tissue, livers,
muscles and pancreases are major sites of inflammation of the occurrence of obesity and T2DM [2].
An infiltration of macrophages into adipose tissue, liver, muscle and pancreas are seen in obesity
and diabetes-induced animal models and in obese human individuals with T2DM. Macrophages are
essential for the production of pro-inflammatory cytokines [20], including TNFα, IL-6, IL-1β and
other inflammatory mediators. These inflammatory mediators act in an autocrine and paracrine way
to stimulate insulin resistance by interfering with insulin signaling in peripheral tissues through
activation of various inflammatory associated pathways such as nuclear factor-kappa B (NF-κB) and
c-JUN N-terminal kinase (JNK) pathways [21,22]. These pathways are responsible for promoting the
tissue inflammation in obesity and diabetic condition.

At the molecular level, signaling pathway, NF-κB is the inflammation principal switch that
controls the synthesis of numerous active proteins series such as IκB, IL-1β, IL-1, and TNF-α for
the activation and maintenance of the inflamed state. In obesity condition, it stimulates the NF-κB
activation and associated pathways in adipose tissue, livers, and pancreases, thus promoting insulin
resistance and T2DM. Researchers have proven that inflammation is not only a marker, but it is also
a mediator of disease that was confirmed earlier.

The immune cells’ macrophages can be categorized into two distinct subtypes:
the “classically activated macrophages” phenotype, termed M1, which produce major pro-inflammatory
cytokines including TNF-α, IL-6, IL-1β and the “alternatively activated macrophages” phenotype,
termed M2, which produces major anti-inflammatory cytokines, IL-10 [20]. Furthermore, macrophage
infiltration in to adipose tissue and obesity causes a phenotypic switch from the M2 to M1 phenotype,
connecting with insulin resistance in animals and humans [23]. The M1 phenotype of macrophages can
alter insulin signaling pathways and adipogenesis in adipocytes while M2 macrophages appear to
safeguard against obesity-induced insulin resistance [20].

Increased expression/production of TNFα in adipose tissue was observed in obese individuals,
and it is playing the vital role in obesity-induced insulin resistance [24]. Previous findings have
been confirmed a specific up-regulation of inflammatory genes and an over-production of numerous
pro-inflammatory cytokines and chemokines in inflamed adipose tissue [2]. Furthermore, improvement
in insulin sensitivity induced by weight loss was accompanied by a reduction in the expression of
multiple pro-inflammatory genes [2,25]; hence, inflammation in adipose tissue was considered as
a crucial consequence leading to T2DM and its complications.

In the conclusion, previous investigations reveal a complex interaction between cells of innate and
adaptive immunity system and the equilibrium among these immune cells turns out to be essential for
the homeostasis and control of tissue inflammation in obesity and T2DM (Figure 1).
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Figure 1. Activation of inflammatory pathway and inflammatory mediators in diabetic condition.
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3. Anti-Inflammatory Based Therapeutics for Diabetes

Several therapeutic interventions are very effective in reducing acute and chronic inflammation
and improving diabetes and its complications via indirect or pleiotropic mechanisms. Issues that
reduce the inflammation (particularly, key inflammatory markers such as pro-inflammatory mediators
TNFα, IL-6, IL-1β and CRP) could offer a vital public health tool to reduce the burden of diabetes and
associated complications including cardiovascular diseases in the general population. The probability
of regulating innate immunity-related inflammation as an important experimental approach for the
management/prevention of T2DM is based on findings that investigated the therapeutic efficacy of
anti-inflammatory agents [26].

Nowadays, the key therapeutic agents to treat T2DM and its complications, sulfonylureas,
metformin, and insulin-sensitizing glitazones all improve metabolic control and lead to control of
various circulating inflammation mediators through innate immunity-related signaling pathways.
Sulfonylureas and metformin are main drugs to prevent the T2DM, and sulfonylureas increase insulin
production from pancreatic β-cells, while metformin suppresses glucose production in the liver and
meanwhile increases insulin sensitivity in peripheral tissues [27]. Glitazones, another anti-diabetic
drug, binds to peroxisome proliferator-activated receptors (PPARs), beginning a transcriptional activity
that leads to improved insulin action through reducing the secretion of inflammatory markers.
Consequently, glitazones reduced levels of CRP, PAI-1, TNF-α and other inflammatory markers.
These drugs showed better anti-diabetic nature and also have the comparable anti-inflammatory
potential [26,28].

Other therapeutic approaches for T2DM that would act as principals in the inflammatory system
have been proposed in the form of salicylates, an anti-inflammatory therapeutic that inhibits IκB kinase
(IKK), and also lowering the glucose level through improvement of beta cell function [29]. Various well
established non-steroidal anti-inflammatory drugs (NSAIDs) and cyclooxygenase inhibitors (e.g.,
ibuprofen, naproxen) are able to improve glucose-mediated insulin release, glucose tolerance,
and reduce the insulin resistance in diabetic patients [30,31].

In clinical studies, treatment with NSAIDs enhanced many biochemical indices such as
blood glucose level, glucose uptake, insulin clearance, CRP, lipid profile associated with obesity,
and T2DM [32]. Though these findings support the notion that inflammation plays a key role in T2DM
and its complications, attenuating inflammation as a strategy for disease prevention in a public health
setting will demand a markedly different perspective. In this case, an approach that can be introduced
into the population with the minimal side effects and the maximal therapeutic result should be adopted.
In this connection, natural products based therapeutic approach would be a better opportunity to treat
inflammatory associated chronic diseases like T2DM and its complications, since natural products
derived agents are generally safer, lower cost and more highly available in the world.

4. Natural Phyto Bioactive Compounds Role in Anti-Diabetics

Natural phyto bioactive compounds are currently more in demand than the synthetic medicines
for the treatment of diabetes owing to the rich availability, efficacy and fewer side effects [33,34].
The higher amount of these phyto bioactive compounds rich foods can be consumed on the daily basis
that can enhance the antidiabetic activities. It also performed well in various traditional medicines
includes Indian Ayurvedic and Chinese traditional medicines and showed enhanced bioactivity of
those phyto compounds [35,36]. These phyto bioactive compounds rich extracts either as a single or
combination of the multiple extracts showed enhanced anti-diabetic activities. These combination
extract therapy aids in multiple actions of those bioactive compounds by single therapies thereby
enhance the beneficiary activities, which, in turn, reduces the drug load to the patients. Among the
drugs approved for the anti-diabetic activities in the last 10 years, 49% derived from the plant origin.
Overall, 1200 phyto bioactive compound rich plants were reported for their better antidiabetic activities,
among them 400 phyto bioactive rich plant extracts showed type 2 anti-diabetic activities [34–36].
Phyto bioactive compounds include saponin, myrcelin, flavonoids, pectin, and glucosides rich in
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various parts of the plants showed enhanced antidiabetic activities. The antidiabetic activities of
these phytocompounds can be varied based on mechanisms of their actions for lowering the glucose
including glucose absorption, target insulin resistance and pancreatic functions.

Phyto bioactive compounds rich in extracts of safflower and Japanese kelp showed higher
suppress-glucosidase activity, thereby regulating the glucose absorption in the gut [37,38]. In
another study, Inulin, the soluble fiber showed regulation of GLp-1 homeostasis [39]. Further
regulation of insulin resistance was reported by various phyto bioactive compounds rich plants
such as Dioscorea polysaccharides, blueberry anthocyanins, cinnamon and fenugreek seeds [40–43]. In
addition, several phyto extracts showed combinational effect of these bioactivities and its include chili
peppers, bitter melon, ginseng, turmeric and tea extracts [44–49]. Therefore, the combinational intake
of these foods or synergistic efficacy of these phyto compounds will be a future research area in the
diabetic disease models. Even though these phyto compounds showed multiple beneficial effects
in various in vitro studies, their extraction method limits their actions in their bioactivity of these
compounds. A few of those novel technologies used in the extraction of those bioactive compounds
and their roles in the anti-diabetic activity are discussed below.

5. Extraction, Identification and Characterization of Bioactive Compounds from Natural Products

World Health Organization (WHO) reported that more than 25,000 medicinally valuable plants
exist in different countries including in both developing and developed countries. The principal
steps to exploit the bioactive phyto-compounds from natural resources are solvent extraction,
bioassays, isolation, and characterization, toxicological, preclinical and clinical investigation of
bioactive phyto-compound.

We need to establish the different appropriate methods to investigate the biological properties
of phyto compounds from the natural products, and these biological assays are required to identify
and isolate the bioactive compounds present in the extract. The entire in vitro biological assay is very
reliable and a simple method to get to know the biological activities of extracts, and it may differ based
on the targeted diseases like anti-cancer, anti-diabetes, anti-inflammation, anti-malarial, anti-microbial
and toxicity studies.

5.1. Extraction

Extraction from the natural products is the first step to screen the biological activities of extracts
and identify the bioactive compounds for further isolation, identification and characterization.
These steps include washing and drying the raw materials, and blending to obtain the powder and
using a different solvent system to extract the crude extract to investigate its biological activities [50,51].

Appropriate extraction methods should be used to ensure that potential bioactive constituents
are not lost, distorted or destroyed during the preparation of the crude extract from samples [40].
The selection of a suitable solvent system basically depends on the physical nature of the
bioactive compound being targeted as various solvent systems are available to extract/identify
the bioactive compound from natural products. The hydrophilic compound extraction, mainly of
polar solvents including methanol, ethanol or ethyl-acetate, and for lipophilic compounds extraction,
dichloromethane or mixtures of dichloromethane/methanol in the ratio of 1:1, was used to identify the
compounds [52].

Recently, various modern extraction techniques were used by natural products based researchers,
which include solid-phase micro-extraction, supercritical-fluid extraction, pressurized-liquid extraction,
microwave-assisted extraction, and surfactant-mediated techniques. These modern extraction
techniques have a lot of advantages including the decrease in organic solvent consumption and
in sample stability, removal of unwanted samples clean-up and solvent concentration steps before
chromatographic separation, improvement in extraction productivity, selectivity, kinetics of extraction.
The exhaustive extraction method is also one of the most efficient extraction methods, and it is
mostly carried out with different solvent systems of increasing polarity in order to extract the
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most bioactive components with significant biological properties. Based on the advantages of these
modern techniques, researchers have used these techniques to identify the bioactive compounds more
efficiently [53].

Effective identification and isolation of bioactive compounds from natural products are mainly
subject to the type of solvent used in the extraction methods. The solvent selection will also
depend on the polarity of targeted bioactive compounds to be extracted from natural products [54].
Moreover, the molecular similarity between solvent and solute, mass transfer, use of co-solvent
method, toxicity nature, ease of solvent evaporation at low temperature, stability, and inability
to cause the extract to composite or dissociate. The choice of solvent selection was affected by
other factors such as the amount of phytocompounds to be extracted, the frequency of extraction,
the variety of phytocompounds to be extracted, ease of successive handling of the crude extracts and
cost effectiveness.

5.2. Novel Technologies Used in Extraction of Phyto Based Antidiabetic Compounds

Extraction of the bioactive compounds from the anti-diabetic plants showed a crucial step in
determining the antidiabetic activity of the phyto extracts with higher yield and greater potency of
those extracts. For the higher yield extraction of the compounds, several factors need to be considered
in conventional technologies such as the type of sample, solvent, mixture of those solvents [55]. In order
to overcome several difficulties in conventional technologies includes higher use of organic solvents
and sample degradation, several modern technologies serve as an alternative for the extraction of
those bioactive compounds from antidiabetic plants. Those technologies include but are not limited to
ultrasound extraction, microwave-assisted extraction and supercritical extraction. These technologies
overcome the conventional technologies by reducing organic solvents usages, higher yield and
elimination of unwanted compounds from the extract and showed the greater antidiabetic efficiency
of those phyto bioactive compounds [53].

5.3. Ultra Sound Extraction of Phyto Compounds from Anti-Diabetic Plants

Ultra sound extraction technology is one of the most modern technologies frequently used in
the extraction of phyto bioactive compounds from antidiabetic plants with enhanced anti-diabetic
bioactivities [56]. This technology enhances the extraction yield with many highly stable bioactive
compounds from the antidiabetic plants by the enhanced cell penetrating effect of solvents and
breaking of the intramolecular forces through high intensity sound waves [56,57]. The main advantage
of these techniques is that they can able to extract the maximum bioactive compounds with limited
raw material and shorter time. Recently, polysaccharides from mulberry fruits were extracted
using ultrasound technology at an extraction time of about 75 min, produced an extraction yield
of about 3.13%, and showed higher anti-glycemic activity by stronger α-glucosidase inhibition
activity [58]. Similarly, higher extraction yield of total polyphenol was also obtained by ultrasound
assisted extraction of guava leaves extract with higher anti-hyperglycemic activity than acarbose [56].
Likewise, the higher extraction yield of α-glucosidase enzyme was also obtained in the guava leaves
with maximum antihyperglycemic activities. Similarly anthocyanins extraction yield increases using
ultrasound assisted extraction of bilberry, blackberry and mulberry fruits. The extraction yield of
those anthocyanins reached a maximum of up to 2800 mg/L. These extracts showed enhanced anti
hyperglycemic activity in the diabetic rats [57]. In another study, the antidiabetic activity of the
Pterocarpus marsupium Roxb. Heartwood can be enhanced with ultrasound extraction with the higher
protection of the phyto bioactive compounds than other conventional methods in alloxan induced
antidiabetic rats [59]. From all of these studies, it was confirmed that extraction yield of the phyto
bioactive compounds can be enhanced through the ultrasound extraction technologies, and it also
opens ways for the researchers to use these non-conventional technologies for the higher extraction of
the bioactive compounds from the anti-diabetics plants.
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5.4. Microwave Assisted Extraction of Phyto Compounds from Antidiabetic Plants

Microwave assisted extraction is another novel technology currently used in the extraction
of phyto bioactive compounds from various medicinal plants like ginger, tea, mango, sapotta [60–
65] and other herbs proven to have antidiabetic activities. The microwave technology is
highly used in the extraction of phyto bioactive compounds with lesser degradation of those
compounds, higher extraction yield and cost effectiveness than other conventional technologies.
Recently, antidiabetic activity of microwave assisted extraction of Solanum nigrum leaves was studied
and found that higher extraction yield of Solanum nigrum leaves extract were obtained using microwave
assisted extraction with a yield of 64%. The antidiabetic activities of those extracts were found to
be dose dependent. Higher and medium doses were found to have a greater antidiabetic effect.
In addition, for the extraction of the bioactive compounds, drying using the microwave technology
also enhances the extraction yield of the phyto bioactive compounds. Recently, leaves of Aquilaria
subintegra and Aquilaria malaccensis were dried using microwaves and were found to increase the yield
of bioactive compounds with enhancing antidiabetic activity [66]. In addition to the extraction and
antidiabetic study of the phyto bioactive compounds, several phyto bioactive compounds were studied
for the effective extraction using microwave assisted extraction technology with higher extraction
yield [67,68]. However, their efficacy in various diabetic models is still limited. This will provide a new
research scope about the role of microwave technology in extraction and bioactivity against various
diabetic models in near future.

5.5. Supercritical Fluid Extraction of Bioactive Compounds from Antidiabetic Plants

Supercritical fluid extraction technology is one of the novel technologies for the extraction of
phyto bioactive compounds from the antidiabetic plants [69–72] with possible application of those
ingredients in the developments of the functional foods and pharmaceutical industries. This technology
has several advantages over conventional technologies like higher yield, and multiple compounds
can be extracted from this technology, and it can ultimately lead to multiple health benefits of those
products developed using these extracts. In addition, this technology has several other advantages
including the low viscosity of supercritical fluid that leads to multiple extractions, less solvent residue,
and faster extraction process [72]. Recently, various non-polar constituents from Toona sinensis leaves
were extracted using supercritical fluid extraction technology and found 24 different active compounds.
The major compound in those extractions was that of phytol which possesses greater antidiabetic
activity along with the prevention of hepatosteatosis [72]. The same research group also checked for
the commercial essential oils obtained by a supercritical extraction process showed greater antidiabetic
activity owing to the higher non polar constituents. Similarly, bixin, a colored pigment that possesses
anti-hyperglycemic activity, was obtained by a supercritical extraction process with higher yield [73].
Several bioactive compounds can also be effectively extracted from the anti-diabetic plants such as
ginseng, turmeric, but their active role in the diabetic model of supercritical extracted compounds is
still yet to be elucidated.

Overall, modern extraction processes such as ultrasounds, microwaves, and supercritical fluid
extraction process can efficiently extract various phyto bioactive compounds with higher extraction
yield, faster process, and lesser thermal degradation, possessing multiple benefits in anti-diabetic
activity. However, certain modern equipment is cost effective such as the supercritical fluid extraction
process, requires much space, and needs to be considered in future. Table 1 illustrates the modern
extraction techniques used for the preparation of bioactive compounds from medicinal plants.
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Table 1. Novel extraction methods of extracting bioactive compounds from anti-diabetic plants.

Serial No. Extraction Methods Phyto Bioactive Compounds Plant Parts Antidiabetic Activities Reference

1 Ultrasound assisted extraction

Polysaccharides Mulberry fruits α-glucosidase inhibition [62]
Polyphenols Guava leaves Anti-hyperglycemic [60]

Anthocyanins Berry fruits Anti-hyperglycemic [61]
Crude extract Heart woods Anti-diabetic [63]

2 Microwave assisted extraction
Crude extracts Night shade leaves Anti-diabetic [74]

Dried leaves extracts Aquilaria leaves Anti-diabetic [70]

3 Supercritical fluid extraction Phytol Toona sinensis leaves Antidiabetic [75]
Bixin Annatoo seeds Anti-hyperglycemic [76]

5.6. Purification of Bioactive Compounds

Purification of bioactive compounds from crude extracts is an important task, as purified
compounds are much more therapeutically effective. Recent modern techniques have created numerous
ways for the purification and large-scale production of several bioactive compounds [77]. The plant
crude extracts generally occur as a combination of various categories of bioactive compounds with
different polarities, hence different levels of chromatographic separations are used to purify the
bioactive compounds including Thin Layer Chromatography (TLC), Column Chromatography and
High Performance Liquid Chromatography (HPLC). These chromatographic techniques are still
used to purify/isolate the bioactive compounds due to various advantages including convenience,
and availability of the variety of stationary phases for separation of active phytochemicals [75,76].

Mainly, TLC has been used to the fraction of different components from natural products and this
technique shortens the process of isolation and identification of bioactive compound [74]. HPLC is
one of the important widely used purification techniques for the isolation of natural products followed
by TLC and other chromatographic techniques [78]. Presently, HPLC is gaining popularity among
other analytical chromatographic techniques as the key choice for phytocompound fingerprinting.
The bioactive molecules are often existing only as a minor component in the crude extract and the
determination ability of HPLC is ideally suited to the quick processing of multicomponent natural
products based samples on both an analytical and preparative scale [79].

Apart from HPLC, there are other alternative analytical methods employed to identify
phytocompounds, among which is the diode array detector (DAD) coupled with a mass spectrometer
(MS), liquid chromatography and gas chromatography coupled with mass spectrometry (LC/MS
and GC/MS) [79,80]. These alternative analytical methods provide abundant useful information for
structural elucidation and identification of the bioactive compounds when tandem mass spectrometry
(MS) is applied. Thus, the combination of HPLC with MS facilitates prompt and more accurate
identification of phytocompounds from natural products sample.

LC-NMR is the combination of chromatographic separation and structural elucidation of
an unknown compound and mixture. It is the one of the most powerful and a time saving method to
isolate the structures of interested molecules [81]. The current introduction of a pulsed field gradient
technique in high resolution NMR, together with a three-dimensional technique enhances application
in structure elucidation and molecular weight information. These new hyphenated techniques are
valuable in the regions of pharmacokinetics, toxicity studies, drug metabolism and drug discovery
process [82].

5.7. Structural Characterization of Purified Compounds

The isolated and purified phytocompound needs to be structurally determined to analyze
the chemical properties of the compound. This process involves accumulating information from
a wide range of spectroscopic techniques, including UV-visible spectroscopy, Infra-Red (IR),
and NMR, which provides a certain clue regarding the structure of the isolated/purified molecule.
Characteristics of the isolated phyto-compound can be analyzed by UV-visible spectroscopy and the
IR spectroscopy technique has proven to be a precious tool for the characterization and identification
of compounds and/or its functional groups (chemical bonds) present in an unidentified mixture of the
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natural products extract [83]. The identification of functional groups in a compound may be detected
using IR by analyzing the different bonds present.

NMR spectroscopy is the most unswerving tool for the elucidation of molecular structures.
An NMR microscope defines the number and types of nuclei in an organic molecule, describing the
individual chemical environment and their interconnection. Swotting the molecule of interest with
NMR spectroscopy permits the determination of differences in the magnetic properties of the various
magnetic nuclei present and atoms are present in neighboring groups [84,85].

6. Natural Anti-Diabetic/Inflammatory Bioactive Compounds and Their Mechanisms of Action

The chemical substances from living organisms are identified as natural compounds. The primary
sources of natural compounds are plants. Plant synthesize diverse groups of natural compounds,
commonly referred to as secondary metabolites and their function in plants is now attracting attention
because of their use as dyes, glues, oils, waxes, flavoring agents, drugs and perfumes, and they are noticed
as potential sources of natural drugs, antibiotics, insecticides and herbicides, etc. [7,86]. Currently, the role
of some secondary metabolites as protective dietary elements has become a progressively vital area in
human nutrition based research. Evidence affirms that modest long-term intakes can have favorable
impacts on the incidence of many chronic inflammatory associated diseases/disorders, including
T2DM (Table 2) [7,87].

Based on their biosynthetic origins, plant secondary metabolites can be divided into three major
groups such as (i) phenolic compounds; (ii) terpenoids and (iii) nitrogen-containing alkaloids
and sulphur-containing compounds. Compared to another group of secondary metabolites,
phenolic compounds are largely responsible for beneficial effects on human health [88], and these
naturally occurring compounds are found largely in fruits, vegetables, cereals and beverages [89].
The content of the polyphenols in a plant is greatly affected by environmental factors like sun exposure,
soil types, rainfall and stress, etc. [90,91]. Phenolics that are not soluble are found in cell walls,
while soluble phenolics are present within the plant cell vacuoles (Figure 2) [92]. Phenols are classified
into different groups as a function of the number of phenol rings in the structure and their main classes
include phenolic acids, flavonoids, stilbenes and lignans.
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Figure 2. Chemical structures of the different classes of polyphenols.

Two classes of phenolic acids are derivatives of benzoic acid and cinnamic acid. The hydroxybenzoic
acid content of edible plants is generally very low, with the exception of certain red fruits, black radishes,
and onions. Because these hydroxybenzoic acids, both free and esterified, are found in only a few plants
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eaten by humans, they have not been extensively studied and are not currently considered to be of great
nutritional interest. The hydroxycinnamic acids are more common than are the hydroxybenzoic acids
and consist chiefly of p-coumaric, caffeic, ferulic, and sinapic acids. These acids are rarely found in the
free form, except in processed food that has undergone freezing, sterilization, or fermentation [93].

Favonoids comprise the most studied group of polyphenols. Flavonoids may be divided into
six subclasses: flavonols, flavones, flavanones, flavanols, anthocyanins and isoflavones based on the
variation in the type of heterocycle involved. They are typically found in the form of glycosides and
sometimes as acylglycosides, while acylated, methylated and sulfate molecules are less frequent and
in lower concentrations. They are water-soluble and accumulate in cell vacuoles [88].

Stilbenes are a subgroup of non-flavonoid polyphenols with two phenyl moieties connected by
a two-carbon methylene bridge and are found in low quantities in the human diet. One of these is
resveratrol, and the protective effect of this molecule is unlikely at normal nutritional intakes [94].

Lignins fall under the subgroup of non-flavonoid polyphenols. They are diphenolic compounds
that contain a 2,3-dibenzylbutane structure that is formed by the dimerization of two cinnamic acid
residues. Several lignans, such as secoisolariciresinol, are the richest dietary source of linseed. They are
considered to be phytoestrogens [95].

Table 2. Classification of bioactive compounds and their major plant sources with therapeutic targets
for inflammation associated diabetes.

Class Compounds Plant Sources Mechanism of Actions Reference

Flavone

Apigenin

Parsley

1. Activation of ERK1/2
2. Attenuates the production of pro-inflammatory cytokines
such as IL-6, IL-1β, and TNF-α

[96,97]

Celery
Rosemary
Oregano
Thyme
Basil

Coriander
Chamomile

Cloves

Diosmin
Lemon
Orange

Buddha fingers

1. Deactivation of NF-κB targets
2. Suppression of monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor (TNF-α), and interleukins
(IL-1β and 6)

[98]

Flavonol

Quercetin

Capers

1. Inhibition of NF-κB system
2. Reduction in serum level of both TNF-α and CRP

[99,100]
Onions

Cranberries
Blueberrie

Chokeberris

Kaempferol

Tomatoes

1. AMPK activation
2. Decrease the fasting blood glucose, and improved
insulin resistance

[101,102]

Green Tea
Potatoes
Broccoli
Brussels
Sprouts
Squash

Eriodictyol Lemons
Mountain balm

1. Suppress the activation of NF-κB system
2. Reduce TNF-α, intercellular adhesion molecule 1
(ICAM-1), vascular endothelial growth factor (VEGF),
and endothelial NOS (eNOS)

[103,104]
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Table 2. Cont.

Class Compounds Plant Sources Mechanism of Actions Reference

Flavanone

Naringenin
Grapefruit

oranges
tomatoes

1. Activation of AMPK and suppression of NF-κB pathways
2. Increases the glucose tolerance and insulin sensitivity

[105,106]

Hesperetin
LemonOrange

Peppermint
Tangerine

1. Suppress the activation of NF-κB system
2. Down-regulation of pro-inflammatory cytokines and
oxidative stress markers

[107,108]

Baicalein
ParsleyCellery

Capsicum
Pepper

1. Activation of AMPK pathway
2. Suppresses fatty acid synthesis, gluconeogenesis and
increases the mitochondrial β-oxidation

[109–111]

Chrysin Skullcap
Honey

1. Suppression of TNF-α production and activation of
NF-κB activation
2. Reduce the serum levels of pro-inflammatory cytokines,
IL-1β and IL-6

[112]

Flavanol

Catechin

Green tea
Suppress the activation of NF-κB system through the
inhibiton of pro-inflammatory cytkines productions

[113,114]
Chocholate

Beans
Cherry

Morin
Indian guava

Green tea extract
Almond

1. Modulation of SphK1/S1P signaling pathway
2. Reduce the elevation of inflammatory cytokines IL-1β,
IL-6 and TNF-α

[115–117]

Isoflavonoid Genistein
41,5,7-OH

Soy flour
Soy milk

Soy beans

1. Represses the release of TNF-α production
2. Inhibits the activation of ERK and P38 phosphorylation

[118]

Phenolic
acid

Curcumin
Turmeric

Curry powder
Mango Ginger

1. Suppression of ICAM-1 expressions & ROS
2. Improves Vascular inflammation Inhibits MCP-1 &
ICAM-1 expressions

[119,120]

Colchicine Saffron
Colchicum

1. Mitigates inflammatory cell infiltration
2. Suppression of MCP-1 and ICAM-1expression

[121]

Stilbene

Resveratrol

Grapes

1. Suppress the activation of NF-κB signaling pathway
2. Downregulates the COX-2 gene expression which
increase the release of pro-inflammatory mediators

[122,123]

Wine
Grape

Peanuts
Cocoa
Berries

Emodin

Japanese
knotweed
Rhubarb

Buckthorn

1. Suppress the activation of NF-κB system
2. Down-modulated the adhesion molecules including
ICAM-1, and VCAM-1.

[124,125]

Diabetes has been recognized as an oxidative stress based disorder caused by an imbalance
between the cellular production of reactive oxygen species and the counteracting antioxidant
mechanisms by body’s natural antioxidants [126]. Studies have suggested that oxidative stress are
enacted in systemic inflammation, endothelial dysfunction, impaired secretion of pancreatic β-cells
and glucose utilization in peripheral tissues that lead to long-term secondary complications [127].
Growing evidence from epidemiological studies suggests a positive association between reduction in
the incidence diabetes and the consumption of a diet rich in phenols [128]. Several biological beneficial
properties have been documented for dietary phenols including antioxidant [129], anti-allergic [130],
anti-viral [131], anti-microbial [132], anti-proliferative [133], anti-carcinogenic [134], free radical
scavenging [135] and regulation of cell cycle arrest [136].

Phenol-rich foods increase plasma antioxidant capacity, and this incidence may be explained by
acceptance of electron from reactive oxygen species (ROS), thus forming relatively stable phenoxyl
radicals (Clifford). ROS are considered to be a toxic byproduct, pose a threat to cells by causing
peroxidation of lipids, oxidation of proteins, and damage to nucleic acids, enzyme inhibition,
activation of a programmed cell death (PCD) pathway, and ultimately lead to death of the cells [137].
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Phenols, therefore, protect cell constituents against oxidative damage and limit the risk of various
degenerative diseases associated with oxidative stress. Likewise, inflammation and stress are both
responsible for the pathogenesis of T2DM, suggesting the potential importance of antioxidants and
anti-inflammatory alternatives [138]. The phenolic compounds with potent anti-oxidant activity are
capable of exhibiting anti-inflammatory activity, with the potential to prevent DM and its complications.
The current review is an attempt to provide a description of various plants’ derived phenolic
compounds currently used for treatment, and inhibition of inflammatory pathways that are important
in diabetic prevention strategies.

Apigenin is a natural flavonoid abundantly present in common fruits and vegetables
(Figure 3) [139]. Apigenin as a therapeutic agent for various inflammatory diseases inhibits TNF-α
and IL-1β-induced activation of NF-κB via ERK1/2 activation. Apigenin attenuates production of
pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α through modulating multiple intracellular
signaling pathways in macrophages, which ameliorated hyperglycemic and improved antioxidants
via oxidative stress-related signaling [97].

O

OH

OH

HO

O

Figure 3. Chemical structure of Apigenin.

Diosmin is a naturally occurring flavonoid, abundant in the pericarp of various citrus fruits
(Figure 4) [140]. Excessive production of free fatty acids (hyperglycaemia) has previously been shown
to cause inflammation leading to mitochondrial DNA damage and pancreatic cell malfunctioning [141].
Antioxidant supplementation by diosmin suppressed diabetes induced ROS resulting in deactivation
of NF-κB associated pro-inflammatory chemokines and cytokines such as macrophage chemotactic
protein (MCP-1), tumor necrosis factor (TNF-α), and interleukins (IL-1β and 6) [98].

Figure 4. Chemical structure of Diosmin.

Quercetin is found in a great variety of food, including vegetables, tea, apples, grapevines, berries,
broccoli, red onions and capers (Figure 5) [142]. Inflammatory mediators can activate a number of
receptors, which subsequently result in pancreatic β-cell dysfunction, insulin signaling impairment,
endothelial dysfunction and altered vascular flow that lead to diabetic vascular complications [143].
CRP, a marker of systemic inflammation, and markers of endothelial dysfunction have been
reported in both type 1 and type 2 diabetic patients [144]. Quercetin administrations protect against
diabetes-induced exaggerated vasoconstriction. These effects resulted from the reduction in serum
level of both TNF-α and CRP and inhibition of aortic NF-kβ in both models of diabetes [100].
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Figure 5. Chemical structure of Quercetin.

Kaempferol is a natural flavonol, relatively abundant in grapefruit, tea cruciferous vegetables
and some edible berries (Figure 6) [145]. Previous findings showed that antioxidant content of
Kaempferol reduced IL-1β, TNF-α [101], and kaempferol was also reported to significantly decrease
the fasting blood glucose and improve insulin resistance. Anti-inflammatory and anti-diabetic effects
of kaempferol are mediated by through AMPK activation [102].
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Figure 6. Chemical structure of Kaempferol.

Eriodictyol is a bitter-masking flavanone extracted from lemon, Indian beech and rose
hips. Eriodictyol has been reported to possess anti-inflammatory properties, by significantly
lower retinal TNF-α, intercellular adhesion molecule 1 (ICAM-1), vascular endothelial growth
factor (VEGF), and endothelial NOS (eNOS) (Figure 7) [104]. Supplementation with eriodictyol
suppressed diabetes with upregulation of mRNA expression of PPARγ2 and adipocyte-specific fatty
acid-binding protein as well as the protein levels of PPARγ2 in differentiated 3T3-L1 adipocytes.
Furthermore, eriodictyol reactivated Akt in HepG2 cells with HG-induced insulin resistance [103].

O

OH

HO

O

OH

OH

Figure 7. Chemical structure of Eriodictyol.

Naringenin is a flavonoid found in fruits including grapefruit, oranges, and tomatoes with
robust antioxidant potential (Figure 8) [146]. Naringenin was also found to prevent reactivity in
diabetic via upregulation of both 51 AMPK. Stimulation of innate immunity by high blood glucose,
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induce inflammation and lead to type 2 diabetes [147]. Naringenin administration upregulates the
activation of the AMPK pathway and then increases glucose tolerance and insulin sensitivity [106].

Figure 8. Chemical structure of Naringenin.

Hesperidin is a flavanone glycoside found in citrus fruits, orange, and lemon (Figure 9) [148].
Hesperidin attenuates the diabetic condition through control over hyperglycemia and hyperlipidemia
by downregulation of free radical generation, and the release of pro-inflammatory cytokines.
Reduced oxidative stress by hesperidin due to strong antioxidant capacity was also found to be
helpful in the prevention of damage caused by oxygen free radicals of cellular organelles and its related
enzymes and development of insulin resistance [108].

Figure 9. Chemical structure of Hesperidin.

Baicalein, a flavonoid, was originally isolated from the roots of Scutellaria baicalensis, Scutellaria lateriflora
and fruits of Oroxylum indicum (Figure 10) [149]. Baicalein was reported to suppress the activation
of NF-κB, and decrease expression of iNOS and TGF-β1, which support its anti-inflammatory
property [110]. Baicalein displayed significant improvement in hyperglycemia, glucose tolerance,
and insulin levels. Mechanism of its action was by upregulation of AMPK and its related signal pathway,
a regulator of metabolic homeostasis involving inflammation and oxidative stress. Activated AMPK
could abolish inflammation through the MAPK signaling pathway. Activated AMPK could attenuate
insulin resistance by phosphorylating IRS-1, AKT and dephosphorylate ERK, JNK and NF-κB. It also
suppresses fatty acid synthesis, gluconeogenesis and increases mitochondrial β-oxidation [111].
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Figure 10. Chemical structure of Baicalein.

Chrysin is a naturally occurring flavonoid and is found in honey, propolis, fruits, vegetables,
beverages and medicinal plants such as Passiflora caerulea, Pelargonium peltatum and Tilia tomentosa
Moench (Figure 11) [150]. According to Ahad et al. [112], treatment with chrysin reduced the serum
levels of pro-inflammatory cytokines, IL-1β and IL-6. Consequently, chrysin prevents the development
of diabetes through anti-inflammatory effects, specifically targeting the TNF-α pathway.

O
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Figure 11. Chemical structure of Chrysin.

Catechin is a flavonol, and high concentrations of catechin can be found in grapes, berries, apples,
dark chocolate, ginger, tea and cocoa (Figure 12) [151]. Chronic nutrient surplus and excessive energy
balance activate stress in adipose tissue leading to stimulation of the innate immunity defense [152],
and provoke inflammation to protect the organism against cellular damage and pathogen invasion.
Chronic inflammation can aggravate diseases like obesity, type 2 diabetes, and atherosclerosis [147].
Catechin effectively suppresses the activation of NF-κB system through inhibition of the secretion
of pro-inflammatory cytokines (TNF-α and IL-6), specifically into the adipose tissue [114,153,154].
The inhibitory effects of Catechin on the oxidative-inflammatory loop contribute to its therapeutic
efficacies against diabetes.

Figure 12. Catechin is a crystalline four molecule flavonoid compound (C15H14O6).
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Morin, a major active component of traditional medicinal herbs from almond, guajava
(common guava) and wine (Figure 13) [155]. A study demonstrates that management of diabetes
with morin reduced the elevation of inflammatory cytokines IL-1β, IL-6 and TNF-α via a SphK1/S1P
signaling pathway. This activity supports its anti-inflammatory property and possible beneficial
effects in diabetes [116]. Subsequently, treatment with morin expressively abridged the blood glucose,
glucose metabolic enzymes and improved the production of insulin levels in the diabetes model [117].
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Figure 13. Chemical structure of Morin.

Genisteins are mainly isolated from soybeans and other legumes, such as chickpeas, contain small
amounts of genistein (Figure 14) [156]. Diabetic retinopathy is affiliate with microglial activation and
increased levels of inflammatory cytokines (TNF-α). This inflammatory signal involves the activation
of tyrosine kinase and its subsequent events, ERK and p38 MAPK pathways. These effects of diabetes
in retinas were reduced by intervention treatment with genistein. Genistein, a tyrosine kinase inhibitor,
represses the release of TNF-α and significantly inhibits ERK and P38 phosphorylation in activated
microglial cells [118,157,158].
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Figure 14. Chemical structure of Genistein.

Curcumin is the major active component of turmeric, and it is one of the polyphenol compounds
that exhibits antioxidant, anti-inflammatory, anti-tumorigenic, and antimicrobial properties (Figure 15).
Hyperglycemia-induced ROS can stimulate NF-κB activation which then causes the increase in
vascular adhesion molecule expression (ICAM-1), which plays a central role in diabetic vascular
inflammation [159]. Overexpression of their adhesive capability (ICAM-1) is considered as the main
event in the development of atherosclerosis associated diabetes [160]. Curcumin supplementation
ameliorates diabetic vascular inflammation through the decrease in ROS overproduction and ICAM-1
expressions [120].
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Figure 15. Chemical structure of Curcumin.
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Colchicine was originally extracted from the Colchicum autumnale (Colchicaceae) plant and
also contained in the corms of Colchicum luteum, and the seeds of Gloriosa superba (Figure 16).
Colchicine is traditionally considered the staple therapy for inflammatory diseases such as gout and
pericarditis [161]. Elevated infiltration of inflammatory cells in renal tubulointerstitium is commonly
seen in diabetic nephropathy patients [162]. Chemokines and adhesion molecules such as monocyte
chemotactic protein (MCP)-1 and intercellular adhesion molecule (ICAM-1) expression are increased in
diabetes nephropathy. Colchicine supplementation mitigates inflammatory cell infiltration in diabetic
nephropathy by inhibiting MCP-1 and ICAM-1 expression [121].
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Figure 16. Chemical structure of Colchicine.

Resveratrol is a type of natural phenol compound, and a high concentration of resveratrol is
found in the skin and seeds of grapes, peanuts and ground nuts (Figure 17) [161]. Diabetes is usually
associated with inflammation, and an excess level of glucose is shunted via alternative pathways, which,
in turn, leads to an increase in TGF-β1 and NF-κB (inflammatory mediators). Upregulation of NF-κB
is convoyed by the COX-2 [163] enzyme, and it is responsible for the production of prostaglandins,
inflammatory mediators produced by activated macrophages/monocytes as well as microglia in the
neuroinflammatory diseases [164]. Administration of resveratrol significantly ameliorated diabetes
inflammation [123] by acting as a potent scavenger of ROS, which deters lipid peroxidation, which is
induced by oxidative stress [165]. In addition, resveratrol attenuates the activation of immune cells and
release of pro-inflammatory mediators through the inhibition of NF-κB, followed by downregulated
COX-2 gene expression in the diabetic model [123].
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Figure 17. Chemical structure of Resveratrol.

Emodin is a major active component from Aloe vera, kiwi fruits, lettuce and banana.
Emodin exerts anti-inflammatory effect via suppressing the activation of NF-κB in human umbilical
vein endothelial cells (Figure 18) [166]. In addition, Emodin proved to have antidiabetic properties
via inhibiting the degradation of IκB, an inhibitory subunit of NF-κB. When added, emodin also
downmodulated adhesion molecules like ICAM-1, and VCAM-1 contains NF-κB binding sites in their
promoter region in endothelial cells that could reduce the impact of type 2 diabetes [124,125].
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Figure 18. Chemical structure of Emodin.

7. Phytochemicals Bioavailability and Their Effect on Human Metabolism

Bioavailability is defined as substances obtained from ingested materials that reach circulatory
systems for further delivery into designated tissues so that the beneficial compounds are biologically
available for exerting healthy functions. The normal routes of dietary phytochemicals thus include
ingestion, digestions, and transport across gastrointestinal epithelium prior to circulatory vessels.
Phytochemicals are located inside vacuoles and cell walls of plant cells. Most cell wall materials are
indigestible by human enzymic systems. Therefore, digestibility of the phytochemicals is of great
interest or reveals how the phytochemicals can affect human health and fight or prevent diseases [167].

7.1. Digestibility of Phytochemicals

The processing factors (food texture, e.g., heat, temperature, or pressure application) can impinge
on the bioaccessibility (fraction of a compound that is released from the matrix and potentially available
for further uptake and absorption) of bioactivity [168]. The elimination of a natural barrier of the cell
wall yields a better release of phytocompounds. For example, more phenolic is obtained from tomato
juice than those from dried and fresh tomato, indicating that the natural barrier of the cell wall has
been eliminated. In contrast, chlorogenic acid is present in fresh products, but it gradually disappears
in juice. This could be caused by the different extractability due to different matrices of the products or
by chemical changes due to processing and digestion environments [169].

Compounds that are free from cell wall materials show clearer responses during gastrointestinal
digestion. Phenolic stability is strongly affected by pH. For example, flavonols and proanthocyanidins
remain intact, but they may also be broken down when pH is sufficiently low in the stomach. pH higher
than 7.4 is unfavorable for phenolics, and the effects of high pH are worsened by lengthy exposures.
This results from oxidation further into diketones and other degradation products. The number of
–OH groups in benzene rings of simple phenolics can also be critical clues for phenolic stability [170].

7.2. Absorption of Phytochemicals

Most absorptive tissues are comprised of epithelial cells that protect the human body from
hazardous components in ingested foods. There is no well-established molecular form of absorbed
substances in the gastrointestinal tract, i.e., whether they are absorbed intact or as metabolites.
The influence of enzyme concentrations, solubility, pH, and time of digestion all play a role and
influence bioaccessibility and absorption [171].

For example, the release of carotenoids increases significantly in intestinal digestion where bile
extract and pancreatic secretions exist. Consecutive gastrointestinal digestions do not help with
higher release of carotenoids. This is more likely due to insufficient emulsifier–water ratios to provide
emulsification of carotenoids that are fat-soluble [172].

7.3. Bioavailability of Phytochemicals

Phytochemicals bioavailability is strongly dependent on cell wall compositions of the food
matrices they originate from, the structural chemistry of the phytochemicals, history of processing,
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and the individual human gastrointestinal system. This factor greatly alters the structure and profile
and thus the potential bioactivity of many plant compounds that are not absorbed in the small intestine.
These complexities determine the dietary phytochemicals plan that should be recommended in order
to reach biologically-safe active dosages [173].

8. Conclusions

Inflammation emerges to contribute to the pathogenesis of T2DM and its secondary complications,
particularly in cardiovascular disease. Various researchers have investigated the underlying
mechanisms that initiate inflammation and link it to insulin resistance and associated complications.
These investigations may provide new opportunities for treating type 2 diabetic patients and its
complications. Most of the anti-diabetic drugs have the ability to control the glucose level and improve
insulin secretion through anti-inflammatory mechanisms, but they have few undesirable effects based
on the preclinical and clinical investigations. The current investigations have suggested that natural
products derived bioactive compounds act as a therapeutic tool in chronic inflammatory diseases.
Mostly, polyphenols appear to be significant metabolic modulators by virtue of their capability to
influence various cellular and molecular pathway targets, which have been proven as potential targets
for the polyphenolic group of compounds. Nevertheless, clinical use of natural products based
active compounds has not yet been investigated properly through intracellular signaling pathways.
Further research will be needed to fully explain the cellular and molecular mechanisms of actions of
natural products’ derived compounds and their analogues in several physiological processes, in order
to yield essential insights into their prophylactic and therapeutic uses.
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Abstract: Acetaminophen (APAP)-induced acute liver failure (ALF) is a serious health problem in
developed countries. N-acetyl-L-cysteine (NAC), the current therapy for APAP-induced ALF, is not
always effective, and liver transplantation is often needed. Opuntia spp. fruits are an important
source of nutrients and contain high levels of bioactive compounds, including antioxidants. The aim
of this study was to evaluate the hepatoprotective effect of Opuntia robusta and Opuntia streptacantha
extracts against APAP-induced ALF. In addition, we analyzed the antioxidant activities of these
extracts. Fruit extracts (800 mg/kg/day, orally) were given prophylactically to male Wistar rats before
intoxication with APAP (500 mg/kg, intraperitoneally). Rat hepatocyte cultures were exposed to
20 mmol/L APAP, and necrosis was assessed by LDH leakage. Opuntia robusta had significantly higher
levels of antioxidants than Opuntia streptacantha. Both extracts significantly attenuated APAP-induced
injury markers AST, ALT and ALP and improved liver histology. The Opuntia extracts reversed
APAP-induced depletion of liver GSH and glycogen stores. In cultured hepatocytes, Opuntia extracts
significantly reduced leakage of LDH and cell necrosis, both prophylactically and therapeutically.
Both extracts appeared to be superior to NAC when used therapeutically. We conclude that Opuntia
extracts are hepatoprotective and can be used as a nutraceutical to prevent ALF.

Keywords: Opuntia fruits; acetaminophen; acute liver failure; antioxidants; hepatoprotective; nutraceutical

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAID) are widely used for the alleviation of pain, fever
and inflammation. NSAID are the most widely prescribed medications in the world and are used by
millions of patients on a daily basis. However, excessive consumption of NSAID has been related to
severe side effects caused by oxidative stress, resulting in considerable morbidity and mortality [1,2].
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Acetaminophen (APAP), a non-prescription drug, is a safe and effective analgesic and antipyretic drug
when used at therapeutic doses [3]. However, an acute or cumulative overdose can cause severe liver
injury that may progress to acute liver failure (ALF). In fact, APAP is the most common cause of ALF
in developed countries [4,5].

The liver is the main organ involved in the metabolism of APAP. At therapeutic doses, APAP is
eliminated via glucuronidation and sulfation reactions. However, at high doses, the conjugation
pathways are saturated, and part of the drug is converted by cytochrome P450 2E1 (CYP2E1) to
the highly reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) that reacts with sulfhydryl
groups. Reduced glutathione (GSH) initially traps NAPQI, and the GSH adduct is excreted.
However, when GSH is depleted, NAPQI reacts with cellular proteins, including a number of
mitochondrial proteins, to form NAPQI adducts. Consequences of this process are the inhibition of
mitochondrial respiration and ATP depletion, as well as mitochondrial oxidative stress [6–8].

This results in increased susceptibility to liver injury by reactive oxygen species (ROS),
including hydrogen peroxide (H2O2), superoxide anions (O2

•−) and hydroxyl radicals (·OH).
In addition to reducing the GSH level, the APAP overdose also reduces the antioxidant enzyme
activities, increases lipid peroxidation and causes hepatic DNA fragmentation, which ultimately leads
to cellular necrosis [9,10].

Currently, the treatment of choice for APAP overdose is N-acetyl-L-cysteine, a precursor of
intracellular cysteine and GSH that counteracts the depletion of GSH and allows the excretion
of NAPQI as the GSH-adduct. This reduces oxidative stress and, consequently, liver injury [11].
Unfortunately, N-acetyl-L-cysteine is not always effective, and there is an urgent need for more
effective interventions.

Medicinal benefits from plants have been recognized for centuries. Vegetables and fruits are very
important in human nutrition and as sources of phytochemicals that reduce disease risks, like oxidative
stress, inflammation and DNA damage [12,13]. The protective effects of diets rich in fruits and
vegetables are not only due to fibers, vitamins and minerals, but also to secondary metabolites
of plant products [14]. In recent years, many antioxidant compounds, such as vitamins, pigments and
phenolic phytochemicals from fruits, vegetables and herbs, have received special attention due to their
protective actions against oxidative damage and genotoxicity [15,16].

Cactus (Opuntia spp.) is used as a common vegetable and medicinal plant on the American
continent. There are about 200 recognized species of Opuntia, and at least 84 are found in México [17,18].
Cactus pears are sweet edible fruits from the cactus (Opuntia spp.) that belong to the Cactaceae
family [19]. These fruits have been used in traditional medicine for the treatment of several diseases [20]
and contain a wide variety of trace elements, sugars and other bioactive compounds, such as
betalains, carotenoids, ascorbic acid, flavonoids and other phenolic compounds [21]. Cactus pear
fruits are now recognized as a rich source of nutritional compounds with health-promoting activities,
including antioxidant [22–26], neuroprotective, anti-inflammatory, cardioprotective, anti-diabetic [27],
anti-clastogenic [28] and anti-genotoxic actions [16]. In addition, they have protective effects on
erythrocyte membranes [29] and on acute gastric lesions [30], and they improve platelet function [31]
and cancer chemoprevention [18]. Interestingly, APAP-induced liver injury is one of the most
widely-used models to evaluate the hepatoprotective potential of natural products [32].

The aim of this study was to investigate the hepatoprotective effect of Opuntia robusta and
Opuntia streptacantha fruits from a semi-arid region of Mexico in a model of APAP-induced liver injury
and to perform an initial characterization of the main bioactive compounds in these fruits.

2. Experimental Procedures

2.1. Chemicals and Materials

Stock solutions of acetaminophen (APAP, 2 mol/L), reduced glutathione (GSH, 50 mmol/L) and
N-acetyl-L-cysteine (NAC, 1 mol/L) were prepared in the appropriate solvents (phosphate-buffered
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saline for in vivo experiments and culture medium for the in vitro experiments). All reagents
were from Sigma Aldrich, St. Louis, MO, USA. Sytox green nucleic acid stain, gentamycin,
William’s E medium and fetal calf serum were obtained from Invitrogen (Breda, The Netherlands);
penicillin-streptomycin-fungizone (PSF) was from Lonza (Verviers, Belgium); microplate readers Biotek
PowerWave XS and Biotek Synergy HT were from BioTek Instruments Inc. (Winooski, VT, USA).

2.2. Animals

Adult male Wistar rats (200–250 g) were used for the in vivo and in vitro studies. The animals
were kept in polypropylene cages at room temperature (25 ± 2 ◦C) with food and water ad libitum.
Experiments were approved by and performed following the guidelines of the local Committee for
Care and Use of laboratory animals (Permission No. 6415A of the Committee for Care and Use of
laboratory animals of the University of Groningen and Mexican governmental guideline NOM 033
ZOO 1995).

2.3. Plant Materials and Extracts Preparation

Ripe fruits of Opuntia robusta and Opuntia streptacantha were collected from randomly-selected
plants of the same species in the semi-arid region of Aguascalientes, México (21◦46′55.86′ ′ N,
102◦6′16.08′ ′ O, and 1994 meters above sea level). The juice of each batch of peeled fruits was
extracted and mixed in a single procedure using a Braun J500 juice extractor (Braun GmbH, Taunus,
Germany). The collected juice of each batch was aliquoted into 50-mL dark tubes, centrifuged at
5000 rpm for 15 min at 4 ◦C, filtered through Whatman 40 filter paper (8-μm pore size), stored at
−80 ◦C and lyophilized in a Labconco FreeZone Freeze Dry System (Labconco Corp, Kansas City,
MO, USA) [26,28]. Extracts of one batch were used for the entire study. Lyophilized extracts were
reconstituted with 50 mL of deionized water.

2.4. Determination of the Main Bioactive Compounds of Fruit Extracts

The reconstituted extract of each Opuntia species was clarified (12,000× g for 15 min at 15 ◦C) and
used to determine the bioactive compounds. Flavonoids were quantified by the colorimetric method
of Zhishen et al. [33], and values were expressed as μg quercetin equivalents/mL. The total content
of betalains (betacyanins and betaxanthins) was determined according to the methods described by
Stintzing et al. [34] and Sumaya-Martínez et al. [26], and results were expressed as mg of betacyanin
or betaxanthin equivalents/L. Ascorbic acid content in the extracts was determined by the method
of Dürüst et al. [35], and the results were expressed as mg ascorbic acid equivalents/L. The total
phenolic content was determined by the Folin-Ciocalteu method described by Georgé et al. [36] and
was expressed as mg gallic acid equivalents/L. All measurements were performed in triplicate on a
Biotek PowerWave XS microplate reader.

2.5. Determination of Free Radical Scavenging and Chelating Activities

The antioxidant activity of the Opuntia fruit extracts was determined by different methods.
The DPPH (2,2-diphenyl-1-picrylhydrazyl) method was performed according to Morales and
Jimenez [37], and the antioxidant activity was expressed as mmol Trolox equivalents/L. The ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) method was performed according to
Re et al. [38] and Kuskoski et al. [39], and the results were expressed as mg ascorbic acid (AA)/100 mL.
FRAP (ferric reducing antioxidant power) was determined as described by Hinneburg et al. [40],
and the results were expressed as mg ascorbic acid (AA)/100 mL. The assay to determine the
chelating activity was performed as described by Gulcin et al. [41] and was expressed as mol EDTA
equivalent/L. All measurements were performed in triplicate on a Biotek PowerWave XS microplate
reader. The ORAC (oxygen radical absorbance capacity) was determined as described by Huang [42],
and the results were expressed as mmol Trolox equivalents/L. This assay was performed in triplicate
on a Biotek Synergy HT microplate reader.
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2.6. Rat Hepatocyte Isolation

Hepatocytes were isolated from male Wistar rats by two-step collagenase perfusion as described
by Conde de la Rosa et al. [43] and Vrenken et al. [44]. The cell viability was determined by
trypan blue exclusion assay and was always higher than 85%. After isolation, the hepatocytes were
plated on 6-well coated plates in William’s E medium supplemented with 50 μg/mL gentamycin,
1% penicillin-streptomycin-fungizone and 10% fetal calf serum. Cells were cultured for 4 h to attach in
a humidified incubator at 37 ◦C and 5% CO2.

2.7. Experimental Design

2.7.1. In Vivo Study

Animals were randomly divided into seven groups (n = 12): (1) control (C); (2) acetaminophen
treated (APAP); (3) Opuntia robusta treated (Or); (4) Opuntia streptacantha treated (Os); (5) Or + APAP
treated; (6) Os + APAP treated; and (7) GSH + APAP treated. Rats were pretreated with daily oral doses
of cactus extract (800 mg/kg), according to the protocol of Kim et al. [30] with some modifications) or
GSH (50 mg/kg, intraperitoneally) for five days before APAP treatment (500 mg/kg intraperitoneally;
single dose). Samples of blood and liver tissue were collected 4 h after APAP intoxication for assessment
of liver damage markers [45]. Some animals were sacrificed 24 h after APAP intoxication, and liver
tissue was obtained for histological evaluation.

Liver damage was assessed by measurement of alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and alkaline phosphatase (ALP) serum activities using a
commercial spectrophotometrical method (SPINREACT, Girona, Spain). The values represent the
mean of three measurements (±standard deviation) and are expressed as IU/L.

The GSH content in liver tissue homogenates was determined according to Hissin and Hilf [46],
using o-phtaldehyde (OPT) as the fluorescent reagent. The fluorescence intensity was measured
at 420 nm using 350 nm as the excitation wavelength, using a Luminescence Spectrophotometer
(Model LS-50B, PerkinElmer Inc., Waltham, MA, USA).

For histological studies, animals were anesthetized with sodium pentobarbital and perfused via
the portal vein with saline solution (sodium chloride 0.9%), containing 0.5% heparin and 0.1% procaine
and fixed in situ with neutral formalin (10%). The hepatic tissue was embedded in paraffin blocks, and
sections of 5 μm were prepared with a microtome (Leica RM2125RT). The sections were stained with
periodic acid Schiff (PAS) reagent. Liver tissue images were captured using a Carl Zeiss microscope
(Axioskope 40) and processed using Image-Pro Plus software.

2.7.2. In Vitro Study

After the attachment period of 4 h, the medium was changed for medium without fetal calf
serum. Monolayer cultures were exposed to a toxic dose of acetaminophen (20 mmol/L). A single
dose of 125 μL (8% v/v) of Opuntia streptacantha or Opuntia robusta reconstituted extract or 5 mmol/L
N-acetyl-L-cysteine (NAC) was added 30 min before (prophylactic regimen) or 30 min, 1, 2, 4 and 8 h
after the addition of acetaminophen (therapeutic regimen).

To quantitatively assess hepatocyte injury, LDH leakage into medium was evaluated. LDH activity
was measured spectrophotometrically at 340 nm by determining NADH oxidation in the presence
of sodium pyruvate in a microplate reader (BioTek EL808) for 30 min at 37 ◦C and expressed as fold
induction versus control values [47]. Hepatocyte necrosis was also assessed by Sytox Green staining
to confirm the LDH leakage results. Sytox green binds to nuclear DNA, but can only enter cells
with ruptured plasma membranes, as occurs in necrotic, but not in apoptotic cell death. Necrosis of
hepatocytes was determined by incubation for 15 min with Sytox green (1:40,000) nucleic acid stain as
described by Woudenberg-Vrenken et al. [48]. Necrosis was quantified by counting fluorescent nuclei
and the total number of cells in three randomly chosen high power fields. Fluorescent nuclei were
visualized using a Leica microscope DMI 6000B at 450–490 nm.
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2.8. Statistical Analysis of Data

For the analysis of the components and antioxidant activities of cactus fruit extracts, the unpaired
t-test was carried out with a confidence level of 99%. The analysis of biochemical results was done
using the one-way ANOVA test, and the means of the different experimental groups were compared
using the Tukey test with a confidence level of 95%. GraphPad Prism 5 software was used for the
statistical analysis (La Jolla, CA, USA).

3. Results

3.1. Yields of the Juice Extraction Method

Depending on the size and ripeness stage, approximately three fruits of Opuntia robusta and six
fruits of Opuntia streptacantha were used to obtain 50 mL of juice extract. After lyophilization of 50 mL
of each fruit juice, 6.89 ± 0.80 g of Opuntia robusta and 6.68 ± 0.63 g of Opuntia streptacantha powder
were obtained (Figure 1). The difference in yield between the two cactus species was not statistically
significant (p > 0.05). For the in vivo experiments, a dose of 800 mg/kg in rats (200–250 g b.w.)
corresponded to approximately 1.5 mL of the reconstituted extract. For the in vitro experiments, a dose
of 8% v/v in primary rat hepatocytes corresponded to approximately 125 μL of the reconstituted extract.
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Figure 1. Yield (gram powder) obtained after lyophilization of 50 mL of juice. Each scatter column
represents the mean of six samples ± SEM. p > 0.05.

3.2. Bioactive Compounds of Cactus Pear Fruit Extracts

The extracts of Opuntia robusta and Opuntia streptacantha ripe fruits contain a high quantity of
bioactive compounds. Opuntia robusta had a significantly higher amount of flavonoids, ascorbic acid
and total phenolic compounds than Opuntia streptacantha (Table 1). Opuntia robusta contained
a significantly higher amount of betacyanin than Opuntia streptacantha. In addition, both Opuntia fruit
extracts had more betacyanin than betaxanthin, causing the red-purple color of the fruits (Table 2).
Similar values of these compounds have been reported in other Opuntia species [26,34].

Table 1. Total amount of bioactive compounds in the Opuntia fruit extracts.

Fruit
Flavonoids (μg eq.

Quercetin/mL)
Ascorbic Acid (mg eq.

Ascorbic Acid/L)
Total Phenolic Compounds

(mg eq. Gallic Acid/L)

Opuntia robusta 89.19 ± 2.84 * 328.83 ± 28.47 * 573.73 ± 24.99 *

Opuntia streptacantha 54.48 ± 0.93 65.86 ± 12.33 343.12 ± 9.72

Values are the mean of three measurements ± SD. Opuntia robusta vs. Opuntia streptacantha * p < 0.01.
eq.: equivalent.
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Table 2. Betacyanin and betaxanthin content and total amount of betalains in the two Opuntia
fruit extracts.

Fruit
Betacyanin (mg eq.

Betacyanin/L)
Betaxanthin (mg eq.

Betaxanthin/L)
Total Betalains (mg eq.

Betalains/L)

Opuntia robusta 333.27 ± 11.46 * 133.66 ± 4.83 * 466.93 ± 16.29 *

Opuntia streptacantha 87.24 ± 1.54 36.47 ± 1.07 123.70 ± 2.61

Values are the mean of three measurements ± SD. Opuntia robusta vs. Opuntia streptacantha * p < 0.01.

3.3. Free Radical Scavenging and Chelating Activities of Opuntia Extracts

Both Opuntia species demonstrated free radical scavenging capacity, but to different extents
(Table 3). Opuntia robusta had superior antioxidant activity compared to Opuntia streptacantha,
which might be due to its chemical composition since Opuntia robusta contains higher amounts of
bioactive compounds (Tables 1 and 2). On the other hand, extracts of Opuntia streptacantha contained
more chelating activity than Opuntia robusta (Table 4).

Table 3. Free radical scavenging activity of Opuntia fruit extracts.

Fruit
DPPH (mmol
eq. Trolox®/L)

FRAP (mg eq.
Ascorbic Acid/100 mL)

ABTS (mg eq.
Ascorbic Acid/100 mL)

ORAC (mmol
eq. Trolox®/L)

Opuntia robusta 5.77 ± 0.33 * 73.24 ± 3 * 92.62 ± 5 * 41.78 ± 1.89 *

Opuntia streptacantha 1.31 ± 0.94 28.82 ± 2 61.69 ± 3 31.42 ± 0.43

DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant power; ABST, 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid); ORAC, oxygen radical absorbance capacity. Values are the mean of
three measurements ± SD. Opuntia robusta vs. Opuntia streptacantha * p < 0.01.

Table 4. Chelating activity of Opuntia fruit extracts.

Fruit Ferrous Ion Scavenging (mol eq. EDTA/L)

Opuntia robusta 3.69 ± 0.9
Opuntia streptacantha 6.09 ± 0.8 *

Values are the mean of three measurements ± SD. Opuntia robusta vs. Opuntia streptacantha * p < 0.01.

3.4. In Vivo Experiments

The plasma levels of transaminases and alkaline phosphatase, as well as the GSH content
in liver homogenates of experimental animals 4 h after APAP intoxication are shown in Table 5.
APAP treatment significantly increased plasma levels of transaminases and ALP compared to control
animals (p < 0.05). The prophylactic administration of both Opuntia fruit extracts (Or + APAP and
Os + APAP) in APAP-treated animals significantly decreased all markers of liver cell injury compared
to APAP-intoxicated animals (p < 0.05). The extracts alone did not cause any changes in these plasma
markers (Table 5). GSH appeared to be less effective in attenuating liver damage compared to the
Opuntia extracts (Table 5).

GSH was almost completely depleted after APAP overdose. Opuntia robusta extract completely
and Opuntia streptacantha extract partially prevented the depletion of GSH induced by APAP treatment.
Opuntia extracts alone did not change hepatic GSH levels. GSH administration partially prevented
the depletion of hepatic GSH levels, comparable to Opuntia streptacantha. Thus, Opuntia robusta had
superior protective effects than Opuntia streptacantha in acute APAP intoxication.

In the APAP group, an extensive hydropic vacuolation was observed (Figure 2B), as well as
glycogen depletion (Figure 2C) and focal necrosis of cells with pyknotic nuclei (Figure 2D) of the
hepatocytes nearest to the central vein compared to the control group (Figure 2A). Opuntia extracts
alone did not cause morphological changes, glycogen depletion or necrosis (Figure 3A,B). Both Opuntia
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extracts attenuated the histological changes induced by APAP alone and maintained cytoplasmic
glycogen stores, without signs of vacuolation or necrosis in the hepatic acinus (Figure 3C,D).
GSH supplementation also prevented vacuolation and necrosis, although some hepatocytes lost
glycogen stores (Figure 3E).

Table 5. Effect of Opuntia fruit extracts on acetaminophen-induced acute liver injury. Levels of
transaminases in plasma and reduced glutathione in liver homogenates.

Group ALT (IU/L) AST (IU/L) ALP (IU/L) GSH (μg/g)

Control 37.9 ± 0.7 * 79.5 ± 4.2 * 319 ± 15.4 * 1797 ± 28 *
APAP 82.4 ± 8.8 320 ± 48.0 512 ± 36.6 198 ± 4

Or 37.3 ± 3.8 * 75.2 ± 2.8 * 285 ± 36.2 * 1709 ± 23 *
Os 39.9 ± 3.3 * 84.5 ± 5.8 * 251 ± 35.2 * 1519 ± 101 *

Or + APAP 41.9 ± 3.3 * 129 ± 10.3 * 246 ± 11.2 * 1608 ± 31 *
Os + APAP 58.1 ± 6.1 * 151 ± 33.3 * 459 ± 28.6 666 ± 47 *

GSH + APAP 69.8 ± 5.5 289 ± 42.2 309 ± 15.4 * 604 ± 26 *

APAP: acetaminophen; Or: Opuntia robusta; Os: Opuntia streptacantha; GSH: reduced glutathione. Values are the
mean of six measurements (±SEM). * p < 0.05 regarding the APAP group.

Figure 2. Histopathological images of liver tissue of non-treated control animals and APAP-treated
animals. (A) Control: normal morphology in all zones of the hepatic acinus with positive PAS staining,
indicating glycogen stores (black arrow *); magnification 100×; (B) APAP group: intense cytoplasmic
vacuolation of hepatocytes nearest to the central vein (Zones II and III; black arrow **); magnification
100×; (C) PAS staining of APAP group indicating depletion of cytoplasmic glycogen stores and
vacuolation of the hepatocytes near the central vein (black arrow **); magnification 200×; (D) APAP
group: focal necrosis of hepatocytes (black arrow ***); magnification 400×.
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Figure 3. Histopathological images of liver tissue of APAP-intoxicated rats, prophylactically treated
with Opuntia extracts. (A) Opuntia robusta-treated group and (B) Opuntia streptacantha-treated group:
hepatocytes of Zones II and III to hepatic acinus showed normal morphology and PAS positive reaction
(black arrow *); magnification 100×; (C) Opuntia robusta + APAP group; (D) Opuntia streptacantha +
APAP; and (E) GSH + APAP group: normal morphology and PAS positive staining of pericentral
(Zones II and III) hepatocytes (black arrow *); magnification 100×; (F) Zones of the hepatic acinus.

3.5. In Vitro Experiments

Both Opuntia extracts protected the hepatocytes against APAP-induced cell necrosis when added
prior to APAP (prophylactic regimen), as shown in Figure 4. NAC was also protective, but tended to
be less potent than the Opuntia extracts. In the therapeutic regimen, both Opuntia extracts protected
against APAP-induced toxicity when added up to 4 h after APAP, whereas NAC was only protective
when added up to 1–2 h after APAP (Figure 4).
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Figure 4. Opuntia extracts protect against APAP-induced toxicity in primary cultures of rat hepatocytes.
Cell toxicity is represented as LDH released into medium 24 h after the addition of 20 mmol/L APAP.
Opuntia extracts and NAC were added at different time points before and after APAP intoxication.
Or, Opuntia robusta; Os, Opuntia streptacantha; APAP, acetaminophen; NAC, N-acetyl-L-cysteine.
Results are expressed as fold-increase relative to control group; * p < 0.05, ** p < 0.01 compared
to the APAP group.

To confirm the results obtained by determining the LDH release, we also used Sytox green
as a fluorescent dye for necrotic cells. APAP (20 mmol/L) induced significant cell necrosis in
primary cultures of rat hepatocytes (Figure 5B) in comparison to the Control (Figure 5A), which was
almost completely abolished by the Opuntia extracts (Figure 5F,G). NAC (Figure 5H) showed a
similar protective effect as the Opuntia extracts. These results confirm the data obtained with the
LDH determinations.

Figure 5. Cont.
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Figure 5. Opuntia extracts protect against APAP-induced necrotic cell death in primary cultures of
rat hepatocytes. Cell toxicity was determined using the Sytox green fluorescent dye for necrotic
cells. Opuntia extracts and NAC were added 30 min prior to APAP. Hepatocytes were exposed to
20 mmol/L APAP for 24 h, and subsequently, Sytox green was added. Micrographs were taken 15 min
after addition of Sytox green. Different groups are explained in the lower-right panel. Magnification
100×. (A) Control; (B) APAP; (C) O. robusta; (D) O. streptacantha; (E) NAC; (F) O. robusta + APAP;
(G) O. streptacantha + APAP; (H) NAC + APAP.

4. Discussion

Natural compounds have a huge structural diversity and many biological activities, thus offering
ample opportunities to identify novel compounds for the treatment of different diseases [49,50].
The presence or absence of many bioactive compounds in leaves, fruits, roots, seeds and other natural
subproducts depends on geographical and environmental factors, such as humidity, temperature,
season, pollution, altitude, etc. Therefore, it is very difficult to standardize the composition of natural
products, but it is acceptable to link their therapeutic benefits to the presence and concentration
of specific compounds in the extracts used [51]. We studied two Opuntia species that are widely
distributed in the central semi-arid regions of Mexico [52]. The fruits contained a large quantity
of the most important phytochemical compounds with proven therapeutic activity as reported by
Vinson et al. [53] and Coria Cayupán et al. [24]. A chemical characterization of the main bioactive
compounds present in these two species of Opuntia fruits from different areas has been performed
previously by different authors, and the results showed that the main components of them are mostly
betalains, specifically betacyanins; flavonoids and phenolic compounds that apparently are responsible
for their biologic activity [20,23].

Bioflavonoids are widely distributed in fruits and vegetables and have multiple biological effects,
including free radical scavenging activity and chelation of metal ions [54]. It is well known that
flavonoid effects are related to their chemical structure. This is especially true for flavonols, such
as quercetin, which represents the most abundant dietary flavonoid. Mechanisms of antioxidant
action include the suppression of reactive oxygen species (ROS) formation either by inhibition
of ROS-generating enzymes; the chelation of trace elements that are involved in free radical
generation; or by the induction of antioxidant defenses. These abilities are intimately related to the
oxidation/reduction potential and the activation energy for electron transfer of the substance [55–57].
Several therapeutic effects of flavonoids have been linked to their antioxidant capacity, e.g.,
the inhibition of inflammation [58] and lipoperoxidation [59], as well as nephroprotective [60,61],
neuroprotective [62] and hepatoprotective activities [63]. In addition, there is increasing evidence that
polyphenols protect cellular constituents against oxidative damage and, therefore, limit the risk of
chronic diseases associated with oxidative stress [64].

The fruit extracts of both Opuntia species investigated in this study contain high concentrations of
betalains. The chemical structure of these pigments is derived from betalamic acid, and depending
on the structures added to the main structure, they give rise to betacyanins and betaxanthins [65].
These bioactive compounds are natural antioxidants with a high radical scavenging potential [66].
The betanin molecule includes phenolic and cyclic amine groups, which are potent electron donors
that endow betanin with an exceptionally high free radical scavenging ability [67]. Studies have
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investigated the capacity of betalains, mainly betanin, to scavenge free radicals in vitro, and this
capacity is even higher than that of vitamin C [34,68]. Betanin has also been reported to inhibit
cancer cell proliferation in vitro and in vivo [18], and it protects against acute lung injury and gastric
lesions [30,69].

At high doses, the metabolism of APAP leads to the generation of the highly-reactive metabolite
NAPQI, which leads to GSH depletion and the subsequent reaction of NAPQI with cellular proteins
and lipids to form APAP adducts. Mitochondria are one of the most important targets of NAPQI,
resulting in ATP depletion, oxidative stress and ultimately hepatocyte necrosis [7,8]. It has been
reported that the hepatoprotective effect of some natural products is related to their antioxidant
capacity to prevent liver cell damage or death, both prophylactically and therapeutically [70,71].

Our results suggest that the frequent consumption of Opuntia robusta and Opuntia streptacantha
provides many bioactive compounds with antioxidant activity to counteract the cellular oxidative
damage caused by APAP acute intoxication. Therapeutic treatment more closely resembles the clinical
situation of APAP intoxication; however, the primary goal of this study was to demonstrate the
protective effect of Opuntia extracts in APAP intoxication. Although we demonstrate in vitro the value
of therapeutic treatment, this needs to be confirmed in vivo, as well. Animal studies have revealed
the promising in vivo therapeutic value of antioxidants on liver diseases. Furthermore, APAP is a
model of severe oxidative stress, and in many liver diseases, oxidative stress precedes or aggravates
existing liver diseases (e.g., in non-alcoholic liver diseases). In fact, oxidative stress is considered
as a common mechanism of liver injury in many (chronic) liver diseases, and the application of
antioxidants is a rational strategy to prevent or ameliorate liver diseases involving oxidative stress [72].
Therefore, there is certainly value in the prophylactic use of Opuntia extracts as anti-oxidants, and we
are currently testing Opuntia extracts in other models of (oxidative) liver damage.

The CYP2E1 enzyme is considered to be the main enzyme responsible for APAP biotransformation,
and this enzyme is predominantly expressed in the centrilobular region [73]. In line with this, we
observed the most prominent histological damage in the centrilobular area (Zones II/III of the hepatic
acinus). Our histological data are also consistent with necrotic hepatocyte loss. This is confirmed by
our in vitro data that clearly show that necrosis (Sytox green, LDH leakage) is the predominant mode
of cell death in APAP intoxication. The Opuntia extracts are still protective when added up to 4 h
after APAP intoxication, and in this respect, they are superior to NAC, the currently-used therapy
for ALF induced by APAP. The reason for this might be that the Opuntia extracts contain a multitude
of components that counteract oxidative damage via different mechanisms. Future studies should
identify the components of Opuntia extracts that contribute to this protective effect.

In summary, we provide evidence that both Opuntia fruit extracts contain many bioactive
compounds with antioxidant activity to counteract the oxidative damage caused by APAP. Our results
also suggest that the daily ingestion of Opuntia streptacantha and Opuntia robusta fruit extracts at the
indicated doses can increase liver detoxification and could be used as a dietary supplement to prevent
APAP-induced acute liver failure. Finally, our results also suggest that the Opuntia extracts can be
considered for other oxidative stress-related liver diseases like (non-)alcoholic fatty liver diseases.
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Abbreviations

AA Ascorbic acid
ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
ALF Acute liver failure
ALP Alkaline phosphatase
ALT Alanine aminotransferase
ANOVA Analysis of variance
APAP Acetaminophen
AST Aspartate aminotransferase
CAT Catalase
Cu/Zn-SOD Copper/zinc-superoxide dismutase
CYP450 Cytochrome P-450
CYP2E1 Cytochrome P-450 isoform 2E1
DNA Deoxyribonucleic acid
DPPH 2,2-Diphenyl-1-picrylhydrazyl
EDTA Ethylenediaminetetraacetic acid
FRAP Ferric reducing antioxidant power
GPx Glutathione peroxidase
GSH Reduced glutathione
LDH Lactate dehydrogenase
Mn-SOD Manganese-superoxide dismutase
NAC N-acetyl-L-cysteine
NAPQI N-acetyl-p-benzoquinone imine
NSAID Non-steroidal anti-inflammatory drugs
OPT o-phtaldehyde
ORAC Oxygen radical absorbance capacity
PAS Periodic acid Schiff
PSF Penicillin-streptomycin-fungizone
ROS Reactive oxygen species
SEM Standard error of the mean
SD Standard deviation
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Abstract: Green tea (GT) has various health effects, including anti-obesity properties.
However, the multiple molecular mechanisms of the effects have not been fully determined. The aim
of this study was to elucidate the anti-obesity effects of GT via the analysis of its metabolic and
transcriptional responses based on RNA-seq profiles. C57BL/6J mice were fed a normal, high-fat
(60% energy as fat), or high-fat + 0.25% (w/w) GT diet for 12 weeks. The GT extract ameliorated
obesity, hepatic steatosis, dyslipidemia, and insulin resistance in diet-induced obesity (DIO)
mice. GT supplementation resulted in body weight gain reduction than mice fed high-fat through
enhanced energy expenditure, and reduced adiposity. The transcriptome profiles of epididymal white
adipose tissue (eWAT) suggested that GT augments transcriptional responses to the degradation of
branched chain amino acids (BCAAs), as well as AMP-activated protein kinase (AMPK) signaling,
which suggests enhanced energy homeostasis. Our findings provide some significant insights into
the effects of GT for the prevention of obesity and its comorbidities. We demonstrated that the GT
extract contributed to the regulation of systemic metabolic homeostasis via transcriptional responses
to not only lipid and glucose metabolism, but also amino acid metabolism via BCAA degradation in
the adipose tissue of DIO mice.

Keywords: energy expenditure; green tea extract; obesity; RNA-seq; transcriptome

1. Introduction

Obesity is a metabolic disorder characterized by excess fat accumulation in the body. It is
associated with the development of hyperlipidemia, insulin resistance, type 2 diabetes mellitus,
hypertension, and non-alcoholic fatty liver disease [1]. A major proportion of the excess body weight
in obese subjects is attributable to the expansion of white adipose tissue (WAT). In obesity, WAT is
more closely linked to metabolic complications than other tissues [2], while chronic inflammation
in the WAT may play a vital role in the development of obesity related metabolic dysfunction [3].
Meanwhile, adipose tissue is considered as a regulator of energy homeostasis and a key endocrine
organ secreting multiple adipokines. These adipokines may contribute to the whole-body homeostasis
in normal conditions; however, in an obese state, enlarged adipose tissue leads to the dysregulated
secretion of adipokines. The dysregulated production of adipokines in obesity may contribute not
only to inflammation, but also to the development of various metabolic diseases via altered lipid and
glucose homeostasis [4,5]. While the role of adipose tissue in glucose and lipid metabolism is relatively
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well known, its role in protein and amino acid metabolism is less well recognized. Several studies
provide evidence that adipose tissue also contributes to amino acid metabolism, particularly that of
branched chain amino acids (BCAAs) [6,7]. Metabolic diseases are characterized by higher levels of
circulating BCAAs, which have recently been recognized as regulators of metabolic homeostasis [7–9].
Moreover, BCAA supplementation or BCAA deficiency is closely associated with the regulation of
metabolic homeostasis [10,11].

Green tea (GT) has been widely studied for its health benefits in humans and animals.
It contains caffeine and polyphenolic compounds known as catechins. The four major flavonoids
in GT are the catechins such as epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG),
and epigallocatechin gallate (EGCG). The efficacy of GT may be attributed to the presence of
catechin polyphenols, and it has been suggested that EGCG could be responsible for the various
health effects associated with GT [12,13]. GT has been reported to have various effects including
anti-obesity, antioxidant, anti-hypertensive, anti-diabetic, and anti-inflammatory [13–17]. In particular,
GT has been shown to increase energy expenditure [18] and enhance the metabolic rate and
fat-burning ability [19,20]. Most recently, Rocha and colleagues [21] reported that GT extract activates
AMP-activated protein kinase (AMPK) and ameliorates WAT metabolic dysfunction that is induced
by obesity.

In the present study, we investigated the possible mechanisms of the anti-obesity effect of GT
extract by focusing on its phenotypic and transcriptional responses in an obesogenic animal model.
This is the first report on the efficacy of GT, with epididymal white adipose tissue (eWAT) and liver
tissue transcriptomes obtained from RNA-seq.

2. Materials and Methods

2.1. Animals

Thirty 4-week-old male C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA). All mice were individually housed at a constant temperature (24 ◦C) and with 12-h light/dark
cycles. The mice were fed a normal chow diet for an acclimatization period of 1 week after their arrival.
At 5 weeks of age, they were randomly divided into 3 groups of 10 mice per group, and fed either
a normal diet (ND), high-fat diet (HFD), or HFD + 0.25% (w/w) GT extract for 12 weeks. The ND
(AIN-93G, TD94045, Harlan, Madison, WI, USA) contained 17.2% kcal from fat, 18.8% kcal from protein,
and 63.9% kcal from carbohydrate, while the HFD (TD06414, Harlan, Madison, WI, USA) contained
60.3% kcal from fat, 18.4% kcal from protein, and 21.3% kcal from carbohydrate. GT ethanol extract was
obtained from Bioland (Ansan, Korea) and it was a functional food ingredient approved by the Ministry
of Food and Drug Safety (MFDS, formerly known as the Korea Food & Drug Administration (KFDA)).
The GT extract contained 40.5% catechins, which comprised 4.8% EC, 11.16% EGC, 3.16% ECG,
and 21.33% EGCG, and 3.39% caffeine. The human dose of GT, determined based on the MFDS
guidelines, is 500 mg/day for adults as catechin. The human GT dose was converted to a mouse
dose using the body surface area normalization method [22]. The mice were provided free access
to food and distilled water, while food intake, and body weight were measured daily and weekly,
respectively. At the end of the diet period, all mice were anesthetized with isoflurane after a 12-h fast.
Blood was taken from the inferior vena cava for determination of glucose, plasma lipid, and hormone
concentrations. The liver and adipose tissue were removed, rinsed with physiological saline, weighed,
immediately frozen in liquid nitrogen, and then stored at −70 ◦C until use. The animal study protocols
were approved by the Ethics Committee of Kyungpook National University (KNU 2012-136).

2.2. Measurement of Energy Expenditures

Energy expenditure was measured using an indirect calorimeter (Oxylet; Panlab, Cornella,
Spain) in five randomly selected mice per group during final week. The mice were placed into
individual metabolic chambers at 25 ◦C, with free access to food and water. Oxygen and carbon
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dioxide analyzers were calibrated with high-purity gas. Oxygen consumption and carbon dioxide
production were recorded at 3-min intervals, using a computer-assisted data acquisition program,
(Chart 5.2; AD Instrument, Sydney, Australia) over a 24-h period, and the data were averaged for each
mouse. Energy expenditure (EE) was calculated according to the following formula:

EE (kcal·day−1·bodyweight−0.75) = VO2 × 1.44 × (3.815 + (1.232 × VCO2/VO2)) (1)

2.3. Analysis of Plasma and Hepatic Lipids

Enzymatic assays to determine the plasma free fatty acid, total cholesterol and triglyceride
levels were performed using kits purchased from Asan Pharm Co. (Seoul, Korea). Hepatic lipid was
extracted according to the methods described by Folch [23]. This was followed by the determination
of cholesterol and triglyceride levels using the same enzymatic kit used for the plasma analyses.
The hepatic fatty acid level was measured using the Wako enzymatic kit (Wako Chemicals, Richmond,
VA, USA). Plasma and hepatic lipids measurements were performed in triplicate.

2.4. Levels of Plasma Aspartate Aminotransferase (AST) and Alanine Aminotransferase (ALT)

AST and ALT activities were measured in triplicate using commercially available kits
(Asan Pharm Co., Seoul, Korea).

2.5. Plasma Glucose and Insulin Resistance Index

The plasma glucose level was measured in triplicate using commercially available kit
(Asan Pharm Co., Seoul, Korea). The homeostasis model assessment for insulin resistance (HOMA-IR)
was calculated using the following formula:

HOMA-IR = (fasting insulin concentration (mU/L)) × (fasting glucose concentration

(mg/dL) × 0.05551)/22.5
(2)

2.6. Plasma Hormones, Adipokines, and Proinflammatory Cytokines

Plasma concentrations of hormones (insulin and glucagon) and adipokines (leptin, resistin,
and plasminogen activator inhibitor 1 (PAI-1)) were quantified in triplicate using a multiplex
detection kit (171-F7001M, Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol.
Plasma concentrations of adiponectin and plasma cytokines (interferonγ (IFN-γ), monocyte chemoattractant
protein 1 (MCP-1), and tumor necrosis factor α (TNF-α)) were quantified in triplicate using a detection
kit (171-F7002M, Bio-Rad, Hercules, CA, USA) and multiplex detection kit (M60-009RDPD, Bio-Rad),
respectively, according to the manufacturer’s instructions.

2.7. Hepatic Enzyme Activities and Glycogen Concentration

Fatty acid β-oxidation and malic enzyme activities were measured in triplicate according to
previously described protocols [24–26]. Microsomal HMG-CoA reductase (HMGCR) activity was
measured in triplicate using [14C]-HMG-CoA and [14C]-Oleoyl CoA as substrates [27]. The hepatic
glycogen concentration was determined in triplicate as previously described [28].

2.8. Histological Analysis of eWAT and the Liver

The liver and eWAT were excised from each mouse, fixed in 10% (v/v) paraformaldehyde in
PBS, and embedded in paraffin for staining with hematoxylin and eosin (H & E), and Masson’s
trichrome (MT) dye. The stained slices were examined under an optical microscope (Zeiss Axioscope)
at 200× magnification [29].
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2.9. RNA Preparation, Library Preparation, and RNA-Seq

The eWAT and liver were collected from three randomly selected mice from each of the ND,
HFD, and GT groups. Total RNA was extracted from the eWAT using TRIzol reagent (Invitrogen Life
Technologies, NY, USA) according to the manufacturer’s instructions. After synthesizing cDNA
libraries, their quality was evaluated using an Agilent 2100 BioAnalyzer (Agilent, CA, USA).
The cDNA libraries were quantified using the KAPA Library Quantification Kit (Kapa Biosystems,
Boston, MA, USA). After cluster amplification of the denatured templates, samples in flow
cells were sequenced as paired-end polymers (2 × 100 bp) using the Illumina HiSeq2500
(Illumina, San Diego, CA, USA).

2.10. Preprocessing of the RNA-Seq Data

Low-quality reads were filtered out according to the following criteria: reads containing >10% of
skipped bases (marked as N’s), reads containing >40% of bases whose quality scores were <20,
and reads whose average quality score was <20. The filtering process was performed using in-house
scripts. The remaining reads were mapped onto the mouse reference genome (Ensembl, release 72),
using the aligner software STAR version 2.3.0e [30]. The gene expression levels were measured using
Cufflinks version 2.1.1 [31], using the gene annotation database of Ensembl, release 72. The noncoding
gene regions were removed by means of the mask option. To improve the accuracy of the measurement,
“multiread correction” and “frag bias-correct” options were used. All other options were set to the
default values.

2.11. Differential Transcriptome and Functional Analysis

For differential expression analysis, the data on gene level counts were generated using
HTSeq-count version 0.5.4p3 [32]. Using the resulting read count data, differentially expressed
genes (DEGs) were identified using the R software package, TCC (Bioconductor open source
project) [33]. The TCC package uses robust normalization strategies to compare tag count data.
Normalization factors were calculated using the iterative DEGES/edgeR method. The q-value was
calculated from the p value using the p.adjust function in the R package and the default settings. DEGs
were identified based on a q-value threshold of less than 0.05. K-means clustering was performed in
the Bioinformatics Toolbox of MATLAB R2009a.

2.12. Molecular Pathway and Function Analysis

The DEG lists were analyzed using the Ingenuity Pathway Analysis (IPA) software (IPA, Ingenuity®

systems, Qiagen, CA, USA). IPA allows for the identification of network interactions and pathway
interactions between genes, based on an extensive manually curated database of published gene
interactions. We uploaded the genes with a q-value threshold of less than 0.05, and a fold change
in expression of more than 1.5, after HFD, with or without GT supplementation, and the associated
expression value from the RNA-seq data into IPA.

2.13. Statistical Analysis

Results were expressed as the mean ± standard error of the mean (SEM). Differences among
the ND, HFD, and GT groups were assessed for significance using one-way analysis of variance
(one-way ANOVA), as calculated using the SPSS v18.0 software (SPSS Inc., Chicago, IL, USA).
Any differences identified between groups at each time-point were analyzed further using Duncan’s
multiple-range post-hoc test. Results were considered statistically significant at p < 0.05.
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3. Results

3.1. Supplementation with GT Ethanol Extract Reduced Body Weight Gain and Body Fat Mass with Enhanced
Energy Expenditure and Plasma Lipid and Glucose Profiles in Diet-Induce Obesity (DIO) Mice

Body weight and body weight gain were significantly lower in the GT group than in the HFD
group (Figure 1A,B). For this reason, the food efficiency ratio (FER) was significantly lower in the GT
group than in the HFD group (Figure 1D). Similar to the trends observed in body weight, liver weight
per 100 g of body weight was significantly lower in the GT-treated group than in the HFD group.
The significant reductions in kidney and muscle weights observed in the HFD group were reversed
upon treatment with GT (Figure 1E). Furthermore, treatment with GT resulted in significant decreases
in the weights of perirenal, mesenteric, interscapular, and visceral tissue, in addition to total WAT
when compared with the HFD group (Figure 1F).

Figure 1. (A) Changes in body weight over 12 weeks; (B) body weight gain; (C) differences in
energy intake; (D) food efficiency ratio; (E) organ weight; and (F) adipose tissue (AT) weights in
diet-induced obese C57BL/6J mice treated with green tea extract for 12 weeks. The data are shown
as mean ± standard error of the mean. a–c Mean values not sharing a common superscript were
significantly different among the groups (p < 0.05). ND, normal diet, AIN-93G; HFD, high-fat diet,
60% kcal from fat; GT, green tea extract (0.25%, w/w). FER, Food efficiency ratio = body weight
gain/energy intake per day. Energy intake (kcal/day/g) = food intake (g/day) × calories (kcal/g) × body
weight (g). The energy intake was normalized by mouse body weight.

The energy expenditure decreased in the HFD group relative to the ND group during both light
and dark phases, while GT supplementation significantly augmented the energy expenditure during
the dark phase (Figure 2A,B). Furthermore, GT-treated mice exhibited higher oxygen consumption
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(VO2) than HFD-fed mice during the dark phase (Figure 2C). Plasma-free fatty acid and total-cholesterol
levels were significantly lower in the GT group than in the HFD group (Figure 2D). Plasma glucose
and insulin levels were also significantly reduced with GT supplementation after 12 weeks compared
to that in the HFD group. Additionally, the HOMA-IR was significantly lower in the GT group than in
the HFD group, which indicates decreased insulin resistance. The HFD-induced elevation in hepatic
glycogen was attenuated by GT supplementation (Figure 2E).

Figure 2. (A,B) Energy expenditure; (C) oxygen consumption (VO2); (D) plasma lipid profiles;
and (E) glucose metabolism-related markers in diet-induced obese C57BL/6J mice treated with green
tea extract for 12 weeks. The data are shown as mean ± standard error of the mean. a–c Mean values not
sharing a common superscript were significantly different among the groups (p < 0.05). ND, normal diet,
AIN-93G; HFD, high-fat diet, 60% kcal from fat; GT, green tea extract (0.25%, w/w).

3.2. GT Ethanol Extract Attenuated the Level of Plasma Adipokines in DIO Mice and Modulated
Transcriptional Responses to a HFD in eWAT

The epididymal adipocyte size in the HFD group was visibly larger than in the ND-fed mice.
Treatment with GT reduced the epididymal adipocyte size when compared to the size in HFD-fed mice.
According to the results of MT staining, HFD-fed mice exhibited visible morphological evidence of
fibrosis when compared to the ND-fed mice, while no signs of fibrotic changes were identified in the GT
group (Figure 3A). The plasma leptin and resistin levels were remarkably lower in GT-treated mice than
in the HFD-fed mice. In contrast, plasma adiponectin levels were significantly elevated in the GT group
(Figure 3B) than in the ND and HFD groups. Furthermore, GT supplementation resulted in a significant
decrease in the plasma levels of tumor necrosis factor α (TNF-α), monocyte chemoattractant protein 1
(MCP-1), plasminogen activator inhibitor 1 (PAI-1), and interferon γ (IFN-γ) when compared to HFD
group (Figure 3C).
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Figure 3. (A) Hematoxylin and eosin staining (H & E; upper panel) and Masson’s trichrome staining
(MT; lower panel) of epididymal adipocytes (magnification 200×); and (B,C) differences in plasma
adipokines in diet-induced obese C57BL/6J mice treated with green tea extract for 12 weeks. The data
are shown as mean ± standard error of the mean. a–c Mean values not sharing a common superscript
were significantly different among the groups (p < 0.05). ND, normal diet, AIN-93G; HFD, high-fat diet,
60% kcal from fat; GT, green tea extract, 0.25% w/w.

To identify the global transcriptomic profiles associated with obesity and its comorbidities,
we performed RNA-seq on eWAT and liver samples obtained from the ND, HFD, and GT groups and
systematically analyzed the results. First, we identified differentially expressed genes (DEGs) between
HFD-fed and GT-treated mice using the cutoff set to a fold change of ≥1.5 and a q-value of <0.05.
In the eWAT, 1173 DEGs were identified between GT-treated and HFD-fed mice (703 upregulated
and 470 downregulated). Next, we identified significant molecular pathways and functions when
comparing GT to HFD groups using ingenuity pathway analysis (IPA). GT supplementation resulted
in the up-regulation of AMPK signaling-related genes such as Acacb, Adipoq, Adra1a, Adrb3, Akt2,
Cpt2, Eef2k, Gys1, Insr, Irs2, Lipe, Mlycd, Nos3, Pfkfb3, Prkag2, Prkar2b, and Slc2a4 of adipose tissue in
DIO mice (Figure 4A,B). Among the significant canonical pathways, triacylglycerol biosynthesis
and degradation, and fatty acid β-oxidation pathway related genes, were up-regulated by GT
supplementation (Figure 5A–C). Furthermore, GT supplementation increased the transcriptional
response involved in thermogenesis (Figure 5D).
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Figure 4. (A) Canonical pathway; and (B) heat map of the genes related to the AMP-activated protein
kinase (AMPK) signaling pathway in epididymal white adipose tissue (eWAT) of diet-induced obese
C57BL/6J mice treated with green tea extract for 12 weeks. ND, normal diet, AIN-93G; HFD, high-fat diet,
60% kcal from fat; GT, green tea extract, 0.25% w/w. The significant pathways and functions were
obtained via Ingenuity Pathway Analysis (IPA).

Degradation pathways of amino acids, including valine, proline, alanine, histidine, leucine,
tryptophan, tyrosine, and isoleucine, were also significantly altered by GT supplementation.
It augmented the transcriptional response to the degradation of BCAA in the eWAT of DIO mice,
and valine degradation was identified as the most significant canonical pathway among 298 canonical
pathways based on IPA. The expression of genes related to the degradation of leucine and isoleucine
was also up-regulated by GT supplementation (Figure 6A). In particular, mRNA expression of the
branched-chain α-keto dehydrogenase (BCKD) complex components (Bckdha, Bckdhb, and Dbt) of the
eWAT in DIO mice was significantly up-regulated by GT supplementation (Figure 6B).
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Figure 5. Expression profiles of lipid metabolism-related genes in epididymal white adipose tissue
(eWAT) of diet-induced obese C57BL/6J mice treated with green tea extract for 12 weeks. ND, normal diet,
AIN-93G; HFD, high-fat diet, 60% kcal from fat; GT, green tea extract, 0.25% w/w. The significant
pathways and functions were obtained via Ingenuity Pathway Analysis (IPA).

Figure 6. (A) A heat map of the genes involved in amino acid degradation; and (B) the transcriptional
response related to branched-chain α-keto dehydrogenase (BCKD) in the epididymal white adipose
tissue (eWAT) of diet-induced obese C57BL/6J mice treated with green tea extract for 12 weeks.
The significant pathways were obtained via Ingenuity Pathway Analysis (IPA).
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3.3. GT Extract Ameliorated Hepatic Steatosis via the Metabolic and Transcriptional Responses in the Livers
of DIO Mice

The morphology of hepatic tissue revealed a decrease in the accumulation of hepatic lipid droplets
in the GT group. MT staining of the liver also demonstrated no fibrotic changes in the ND and GT
groups, whereas fibrosis was observed around the vessels in the HFD group (Figure 7A). Hepatic fatty
acids, triglyceride, and cholesterol contents of the GT group were significantly lower when compared to
the HFD group (Figure 7B). Although there was no significant difference in the activity of β-oxidation
between GT and HFD groups, the activities of HMG-CoA reductase (HMGCR) and malic enzyme
were markedly reduced in the GT group relative to the HFD group (Figure 7C). Furthermore, the levels
of plasma aspartate aminotransferase (AST) and alanine aminotransferase (ALT), markers of hepatic
toxicity, were significantly decreased by GT supplementation (Figure 7D).

The RNA-seq data revealed several adaptive molecular functions and pathways that partly explain
why GT-treated mice were protected from the pathological conditions present in DIO mice. In the
liver, 1561 DEGs were identified between the GT-treated and HFD-fed mice (1119 up-regulated and
442 down-regulated). The most significant identified pathway was the hepatic fibrosis/hepatic stellate
cell activation of 289 canonical pathways obtained from IPA. The majority of hepatic fibrosis/hepatic
stellate cell activation-associated genes were down-regulated in the liver upon GT-treatment (Figure 7E).
Furthermore, GT attenuated transcriptional regulation such as the transport and synthesis of lipids in
DIO mice (Figure 7F,G). It also reversed the transcriptional response associated with insulin resistance
in the HFD (Figure 7H).

Figure 7. Cont.
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Figure 7. (A) Hematoxylin and eosin staining (H & E, upper panel) and Masson’s trichrome
(MT, lower panel) staining of the liver (magnification 200×); (B) hepatic lipid profiles; (C) hepatic
activities of lipid-regulating enzymes; (D) plasma aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels; and (E–H) Heat map of the genes involved in hepatic fibrosis/hepatic
stellate cell activation, transport of lipid, synthesis of lipid and insulin resistance in the liver of
diet-induced obese C57BL/6J mice treated with green tea extract for 12 weeks. The data are shown
as mean ± standard error of the mean. a–c Mean values not sharing a common superscript were
significantly different among the groups (p < 0.05). ND, normal diet, AIN-93G; HFD, high-fat diet,
60% kcal from fat; GT, green tea extract, 0.25% w/w. The significant pathways and functions were
obtained via Ingenuity Pathway Analysis (IPA).

4. Discussion

In this study, we have shown the multiple effects of GT extract that are involved in ameliorating
metabolic disturbances in DIO mice. GT treatment attenuated HFD-induced obesity, dyslipidemia,
hepatic steatosis, insulin resistance, and the inflammatory response. In the current study, we evaluated
the effect of GT and the potential mechanisms underlying its metabolic regulation using RNA-seq
transcriptomic profiles in a DIO model. The transcriptomic profiles based on RNA-seq revealed several
adaptive mechanisms that may explain why GT-treated mice were protected from the pathological
changes that occurred in HFD-fed mice.

We were able to find significant canonical pathways and molecular functions via IPA based
on the DEGs between GT-treated and HFD-fed mice. In this study, GT supplementation resulted
in the up-regulation of AMPK signaling-related genes in the eWAT of DIO mice. In particular,
the expressions of Adipoq and Adrb3, considered to be AMPK activation factors, were significantly
augmented and the expression of Glut4 (also known as Slc2a4), a major glucose transporter, was also
up-regulated because of GT supplementation. AMPK is a key regulator of cellular energy metabolism
and the whole-body energy balance [34]. Previous studies reveal that EGCG, major catechin of green
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tea extract, and green tea extract activate AMPK in various cell lines and tissues. Several reports
suggest that EGCG inhibits adipogenesis through activation of AMPK in 3T3-L1 cells [35,36] and
EGCG anti-diabetic effects essentially depended on the AMPK activation in rat L6 muscle cells [37].
Moreover, EGCG prevents fatty liver by AMPK activation via liver kinase B1 inhibiting mediators
responsible for the synthesis of fatty acid and de novo lipogenesis in mice fed a HFD [38]. In addition,
similar effects of GT supplementation in the prevention of the deleterious effects of HFD have been
supported by Rocha et al., whose results suggested that GT extract could improve WAT metabolic
dysfunction induced via activation of AMPK [21]. Thus, GT supplementation contributed to the
energy homeostasis of adipose tissue via the regulation of the AMPK signaling pathway in DIO
mice. Furthermore, GT supplementation promoted the expression of genes involved in lipolysis, fatty
acid oxidation, and thermogenesis in adipose tissue. Despite upregulating transcriptional pathways
involved in triacylglycerol biosynthesis in adipose tissue, GT markedly reduced the WAT weights. It is
plausible that GT restricts triglyceride availability by increasing lipolysis, oxidation, and thermogenesis
prior to lipid droplet formation in adipose tissue. These transcriptional responses in the WAT suggest
that although GT activates lipogenesis, it also simultaneously increases lipolysis, fatty acid oxidation,
and thermogenesis, which may contribute to the reduction in adiposity.

Another possible explanation for the observed body fat reduction could be the increased
transcriptional response of BCAA degradation upon treatment with GT when compared to the HFD
group. Based on the IPA, the transcriptional profiles of the eWAT of GT-treated DIO mice were strongly
linked with amino acid degradation, particularly BCAAs. The BCAAs, leucine, isoleucine, and valine,
are three of the nine essential amino acids that have been recently recognized as regulators of metabolic
homeostasis [8]. Several studies have reported that abnormal BCAA levels are associated with various
metabolic diseases in both humans and rodents [6,9,39]. BCAA homeostasis is mainly controlled
by BCKD, the rate-limiting enzyme in BCAA catabolism [40], the expression of which is reduced in
an obese state [6]. While the role of adipose tissue in glucose and lipid metabolism is relatively well
known, its role in protein and amino acid metabolism is less well recognized. Several studies have
provided evidence of adipose tissue contributing to amino acid metabolism, particularly BCAAs [6,7].
In this study, GT supplementation augmented the mRNA expression of the BCKD complex components,
Bckdha, Bckdhb, and Dbt, in the eWAT of DIO mice. A previous study reported that WAT BCKD protein
was significantly reduced in various obesity models (fa/fa rats, db/db mice, and DIO mice), and that
BCKD component transcripts were significantly lower in adipocytes from obese versus lean subjects [6].
Lian and colleagues [41] reported that impaired adiponectin signaling contributed to the disturbed
catabolism of BCAA in diabetic mice. In the current study, both mRNA expression of Adipoq in the
eWAT, and plasma adiponectin levels, were markedly up-regulated by GT supplementation in DIO
mice. Therefore, it is thought that the GT extract contributes to whole-body homeostasis partly via
increased transcriptional response to the degradation of BCAAs in the eWAT of DIO mice.

GT supplementation increased energy expenditure during the dark phase, without a difference
in the energy intake of DIO mice. Accordingly, GT-treated mice were more metabolically active than
HFD-fed mice, which was again reflected in their lower body weight and body fat mass. Consistent with
the reduced adiposity, GT supplementation improved endocrine secretion, including a reduction in
chemokines, cytokines, and hormone levels in mice fed an HFD. Plasma leptin and resistin levels were
higher in HFD-fed mice than in ND-fed mice; however, this change was attenuated in GT-treated
mice. In contrast, plasma adiponectin, a regulator of energy homeostasis, was significantly elevated
by GT supplementation, with a concomitant increase in the mRNA expression of Adipoq in the eWAT.
The accumulation of excess body fats was related to the augmentation of inflammatory markers
including TNF-α, MCP-1, PAI-1, and IFN-γ. The down-regulation of these markers in GT-treated mice
suggests that GT may suppress inflammation and improve immune responses.

HFD commonly induces metabolic alterations, which include dyslipidemia and hepatic steatosis.
However, GT supplementation attenuated the plasma and hepatic lipid contents, with decreased
hepatic lipogenic enzyme activities (malic enzyme and HMCGR). This suggests that GT may limit

236



Nutrients 2016, 8, 640

hepatic lipid availability by inhibiting lipogenesis, thereby, reducing hepatic lipotoxicity markers
such as AST and ALT. A histological examination of liver tissue from GT-treated DIO mice revealed
a reduction in lipid droplets when compared with the HFD group, indicating an amelioration of
hepatic steatosis. In addition, notable hepatic fibrosis was observed around the vessels in the livers of
HFD-fed mice, whereas the livers of mice in the GT group revealed no fibrotic changes. The alteration
of these phenotype markers in GT-treated mice was underpinned by the transcriptomic profiles of the
liver. Our present data obtained by IPA demonstrate that hepatic fibrosis/hepatic stellate cell activation
is the most significant canonical pathway among the 289 canonical pathways. The hepatic stellate cell
is the key cellular element involved in the development of hepatic fibrosis [42]. GT supplementation
attenuated the expression of hepatic fibrosis/hepatic stellate cell activation-related genes, which was
accompanied with the down-regulation of genes for lipid transport and synthesis. Accordingly,
these transcriptional responses may contribute to the attenuation of hepatic steatosis as well as fibrosis.

There are limitations to this study. First, we only reported phenotype characteristics and
transcriptomic profiles without direct evidence of each potential transcriptional pathway. In addition,
it is difficult to distinguish the cause of increased energy expenditure that is product of increased
movement, increased resting energy expenditure, or a combination, due to absence of physical
activity data. Despite the aforementioned limitations, the present findings provide important
insights into the mechanism by which the GT extract exerts its anti-obesity effects and ameliorates
metabolic complications such as adiposity, dyslipidemia, hepatic steatosis, and insulin resistance.
This modulation occurs partly through an increase in energy expenditure, and via metabolic and
transcriptional regulation in the WAT and livers of DIO mice.

5. Conclusions

In conclusion, the overall metabolic and transcriptional responses to the GT extract in DIO proved
to be desirable. GT contributes to systemic metabolic homeostasis via the transcriptional regulation of
BCAA degradation, as well as lipid and glucose metabolism in adipose tissue.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/10/640/s1,
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Abstract: Maternal nutrition plays a crucial role in influencing fertility, fetal development,
birth outcomes, and breast milk composition. During the critical window of time from conception
through the initiation of complementary feeding, the nutrition of the mother is the nutrition of
the offspring—and a mother’s dietary choices can affect both the early health status and lifelong
disease risk of the offspring. Most health expert recommendations and government-sponsored
dietary guidelines agree that a healthy diet for children and adults (including those who are pregnant
and/or lactating) should include an abundance of nutrient-rich foods such as fruits and vegetables.
These foods should contain a variety of essential nutrients as well as other compounds that are
associated with lower disease risk such as fiber and bioactives. However, the number and amounts
of nutrients varies considerably among fruits and vegetables, and not all fruit and vegetable options
are considered “nutrient-rich”. Avocados are unique among fruits and vegetables in that, by weight,
they contain much higher amounts of the key nutrients folate and potassium, which are normally
under-consumed in maternal diets. Avocados also contain higher amounts of several non-essential
compounds, such as fiber, monounsaturated fats, and lipid-soluble antioxidants, which have all been
linked to improvements in maternal health, birth outcomes and/or breast milk quality. The objective
of this report is to review the evidence that avocados may be a unique nutrition source for pregnant
and lactating women and, thus, should be considered for inclusion in future dietary recommendations
for expecting and new mothers.

Keywords: avocado; monounsaturated fat; oleic acid; fiber; carotenoids; fetal health; maternal diet;
pregnancy; lactation

1. Introduction

The federal dietary recommendations in the U.S. only apply to Americans over the age of
two years [1], yet one of the most critical times for proper nutrition is in the first two years of
life when growth and development rates are at their peak. The development of federal dietary
guidelines for maternal, infant, and toddler food patterns are due to be issued in 2020. Ideally, these
guidelines should be based on foods and dietary patterns—not simply on nutrients—since the average
American can understand and quantify food items much more accurately than individual nutrients.
Furthermore, the federal recommendations for pregnant and lactating mothers, and for infants and
toddlers, may be more practical and applicable if they included specific food items that are rich
in multiple shortfall nutrients and low in empty calories. Doing so would help caregivers better
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understand what foods in each food group are actually recommended, instead of needing to interpret
more complicated nutrient-based recommendations.

The basic cornerstones of a healthy diet for children and adults should include nutrient-rich foods
such as fruits and vegetables, which contain a variety of essential nutrients and other health-promoting
non-essential compounds such as fiber [2]. These foods should ideally be rich in shortfall nutrients
identified in the 2015–2020 Dietary Guidelines for Americans (DGA)—calcium, vitamin D, potassium,
and fiber [1]—as well as in key essential nutrients such as folate and iron, which have garnered global
scientific support from the World Health Organization and the Food and Agriculture Organization
(WHO/FAO) for their beneficial effects on mother-offspring health outcomes [1,3]. For example, breast
milk is the ideal food for newborns and infants since it is rich in both essential and shortfall nutrients
that are necessary for proper health and development, along with several bioactive compounds which
can potentially modulate facets of immunity, digestion and nutrient uptake. Similarly, unsaturated
oil-containing fruits such as avocados provide multiple shortfall nutrients without significantly
contributing to any of the 2015 DGA nutrients of concern for overconsumption (i.e., sodium and
saturated fat), or to empty calories from added sugars (Table 1). Furthermore, the 2015 Dietary
Guidelines for Americans Committee (DGAC) report indicates that several other vitamins found in
avocados (i.e., vitamin E, folate, and vitamin C) are currently under consumed relative to the estimated
average requirement (EAR) for Americans above two years old [2]. Although these nutrients of
concern have not yet been directly studied by the DGAC for infant/toddler populations, they are
required in higher amounts by pregnant and lactating women compared to the general population [4].
In addition to containing multiple shortfall nutrients, avocados are a source of several promising
non-essential compounds, such as monounsaturated fats (MUFA), lipid-soluble antioxidants, and
various phytosterols that show promise for maternal, infant, and toddler health (Table 1).

Proper nutrition is never more critical for insuring the quality of human health and reducing the
risk for disease than for mothers in the perinatal and neonatal periods, and for infants and toddlers
in their first years of life [5]. However, these are difficult populations in whom to conduct clinical
experiments due to ethical constraints. There is a need for review of dietary components that may
influence health and development during these life stages. These concerns are being addressed by the
Birth to 24 months and Pregnant Women Dietary Guidance Development Project expert work groups
convened by the U.S. Department of Agriculture (USDA) and Department of Health and Human
Services (HHS) [6].

Our paper, the first of a two-part series, covers a large body of epidemiological evidence,
and a much smaller body of clinical research that has investigated the effects of dietary patterns,
dietary components, and individual nutrients on maternal nutrition during the critical periods of
conception, gestation, and lactation. The objective of this report is to review the evidence that dietary
patterns which include avocados may provide both nutritive and bioactive components that are ideal
for pregnant and lactating women, and thus additional research into the role of avocados should be
performed in these populations. Throughout, where applicable, the paper addresses nutrition topic
questions posed by the Birth to 24 months and Pregnant Women Dietary Guidance Development
Project expert work groups. Two of the four areas of focus for the development project’s working
groups—Work Group 1—Infancy: Period of Sole Nutrient Source Feeding (0–6 months), and Work
Group 4—Caregivers (Mothers and Others)—Factors Influencing Nutrient Needs, Infant Feeding
Choice, Dietary Quality and Food Habits—are to investigate factors influencing maternal nutrient
needs and infant nutrition extending from pregnancy until the first foods are introduced. While these
sub-groups have each been tasked with answering dozens of questions on their respective topics,
this report focuses on the following questions that are most closely related to food (especially fruits
and vegetables) and nutrient intake, and their effects on birth outcomes and health outcomes:

‚ What is the influence of maternal dietary intake on micronutrients—including fat-soluble and
water-soluble vitamins—and macronutrients—including total fat, n-3 polyunsaturated fatty acids
(PUFA), n-6 PUFA, and trans fats—on human milk composition?
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‚ What are the effects of dietary patterns—such as vegan, vegetarian, macrobiotic diets—on breast
milk composition?

‚ What is the relationship between maternal dietary water-soluble vitamin intake and human milk
water-soluble vitamin composition?

‚ What is the relationship between maternal dietary-fat intake and human milk-fat composition?
‚ What is the relationship between maternal dietary fat-soluble vitamin intake and human milk

fat-soluble vitamin composition?

Table 1. California avocado composition (USDA 2015).

1 Serving,
30 g (1 Ounce)

½ Fruit,
68 g (2.27 Ounces)

Per 100 g
(3.33 Ounces)

1 Fruit, 136 g
(4.53 Ounces)

Water (g) 22 49 72 98

Energy (kcal) 50 114 167 227

Protein (g) 0.6 1.3 2.0 2.7

Total Lipids (g) 4.6 10.5 15.4 21
Saturated Fat (g) 0.6 1.5 2.1 2.9
Monounsaturated Fat (g) 2.9 6.7 9.8 13.3
Polyunsaturated Fat (g) 0.5 1.2 1.8 2.5
Cholesterol (mg) 0 0 0 0
Stigmasterol (mg) 1.0 1.5 2.0 3
Campesterol (mg) 2.0 3.5 5.0 7
Beta-Sitosterol (mg) 23 51.5 76 103

Total Carbohydrate (g) 2.6 5.9 8.6 11.8
Insoluble Fiber (g) 1.4 3.2 4.8 6.4
Soluble Fiber (g) 0.6 1.4 2.0 2.8
Sugars (g) 0.1 0.2 0.3 0.4

Water-Soluble Vitamins
Vitamin C (mg) 2.6 6.0 8.8 12
Thiamin (mg) 0 0.1 0.1 0.1
Riboflavin (mg) 0 0.1 0.1 0.2
Niacin (mg) 0.6 1.3 1.9 2.6
Pantothenic acid (mg) 0.4 1.0 1.5 2.0
Vitamin B-6 (mg) 0.1 0.2 0.3 0.4
Folate (μg) 27 60.5 89 121
Choline (mg) 4.3 9.7 14 19.3
Vitamin B-12 (μg) 0 0 0 0

Fat-Soluble Vitamins and
Carotenoids

Vitamin A (μg RAE) 2.0 5.0 7.0 10
Carotene, beta (μg) 19 43 63 86
Carotene, alpha (μg) 7 16.5 24 33
Cryptoxanthin, beta (μg) 8 18.5 27 37
Lutein + zeaxanthin (μg) 81 185 271 369
Vitamin E (α-tocopherol)

(mg) 0.6 1.3 2.0 2.7

Vitamin D (μg) 0 0 0 0
Vitamin K1

(phylloquinone) (μg) 6.3 14.3 21 28.6

Minerals
Calcium (mg) 4.0 9.0 13 18
Magnesium (mg) 9.0 19.5 29 39
Phosphorus (mg) 16 36.5 54 73
Potassium (mg) 152 345 507 690
Sodium (mg) 2 5.5 8 11
Iron (mg) 0.2 0.4 0.6 0.8
Zinc (mg) 0.2 0.5 0.7 0.9
Copper (mg) 0.1 0.1 0.2 0.2
Manganese (mg) 0.1 0.1 0.1 0.2
Selenium (ug) 0.1 0.3 0.4 0.5

Data sourced from: USDA Agricultural Research Service, National Nutrient Database for Standard Reference
Release 27. Basic Report: 09038, Avocados, raw, California [7].
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2. General Recommendations for Maternal Diet during the Preconceptional Period, Pregnancy,
and Lactation

Maternal nutrient intake can affect every major aspect of reproduction from the early
peri-conceptional period to the later post-natal stages. In essence, maternal nutrient status influences
the entire range of maternal functions: the ability to conceive and maintain a healthy pregnancy [8],
produce an effective placenta, assist the offspring’s brain and body development, and manufacture
adequate and nutritious breast milk [9]. Additionally, the maternal host environment during pregnancy
influences gene expression and the health of the offspring for years after birth [10]. It remains
unclear just how long before conception the importance of maternal nutrition—and even paternal
nutrition [11]—is for the short-term and long-term health of the offspring. What is known is that proper
maternal nutrition—especially for key nutrients and bioactives found in fruits and vegetables—is
paramount for reducing the risk for congenital birth defects in the critical periods directly before and
after conception occurs [12]. Optimal nutrition is a critical factor among all women of childbearing
age, even before conception; however, many young mothers are not getting the foods and nutrients
they need for themselves or their offspring [13].

The nutrients most commonly associated with prenatal and neonatal health are: iodine, iron, zinc,
vitamin A and carotenoids, vitamin D, choline, folate, riboflavin, vitamin B-6 and vitamin B-12, protein,
and several specific fatty acids [14–16]. Yet, pregnant women in the U.S. are known to have intakes of
folate, potassium, fiber, and vitamins A, D, E, and C well below the EAR [2]. Thus, major deficits can
occur especially for nutrients like iron and vitamin B6 which are required in nearly twice the normal
recommended dietary allowance of the mother to promote a proper host environment and/or used
to nourish the offspring by being passed along through the placenta or breast milk. The addition of
healthy and nutrient-dense foods are ideal options for assisting expecting and lactating mothers in
reaching their nutritional goals.

3. Adjusting and Improving the Federal Dietary Advice for Pregnancy and Lactation

Failure of women to meet the recommended guidelines during the perinatal period is well
documented [17–20]. Whether this is due to unawareness, inability to adhere to, or simply an
ambivalence towards the federal dietary recommendations is not clear. What is apparent is that
the effects of suboptimal dietary choices in U.S. women are associated with increasing rates of maternal
obesity [21] and gestational diabetes [22], both of which increase risks for birth defects [23] and
affect lactation [24]. In this regard, the DGA may be too abstract for many expecting American
mothers. For example, the federally run website ChooseMyPlate.gov specifically recommends fruits
and vegetables that provide potassium and provitamin A for pregnant and breastfeeding mothers [25].
This is ambiguous advice, however, since many Americans do not know which fruits and vegetables
best contain these nutrients and why they are important. This lack of understanding tends to lead
to suboptimal dietary patterns and an unnecessary deference to supplements instead of food as a
primary means of meeting their—and their offspring’s—nutritional needs during pregnancy and
lactation [26,27]. In order to address nutrition in a way that is more consumer-friendly and impactful,
further efforts should be undertaken by the DGA to simplify the dietary recommendations for pregnant
and lactating women. For example, providing examples of specific food items—not just nutrients
or broad food groups—that are rich in multiple recommended nutrients—such as “eat more salmon,
yogurt, walnuts or avocados”—will undoubtedly be better understood by those trying to figure out
what to eat.

Currently, the federal dietary advice in the U.S. for pregnant mothers is largely based on what
not to eat, such as recommendations to avoid alcohol and empty calories from added sugars and
saturated fats [28]. This is valuable advice, but could be improved upon if it gave real-world examples
on how to exchange a nutrient-poor food for a nutrient-rich one without losing flavor or textural
properties. Recent research from the French Nutrition and Health Survey shows that food substitutions
of this nature are a promising and effective dietary strategy for improving nutrient adequacy in the
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diet of adults [29]. For example, a simple substitution recommendation could be to choose fresh
avocado over mayonnaise on a sandwich to reduce saturated fats while adding numerous other
essential nutrients, potentially bioactive compounds (e.g., lipophilic antioxidants and phytosterols),
and fiber. Another example would be to use an avocado- and yogurt-based dressing in place of many
nutrient-poor commercial options in order to avoid added sugars and saturated fats while adding
protein, fiber, and fat-soluble vitamins.

4. Maternal Diet: Effects on Fertility, Fetal Growth, and Birth Outcomes

Pregnant women have a higher requirement for many essential and non-essential nutrients
during gestation. The most heavily researched nutrients for fetal health can be narrowed down to a
few different groups: (1) micronutrients that regulate DNA synthesis, cell division, and growth
(i.e., folate, B-12, vitamin A, vitamin D, iron, and zinc); (2) nutrients that assist with brain
development (i.e., iodine and specific fatty acids); and (3) antioxidant nutrients which protect
against free radical damage and DNA mutation (i.e., vitamin A and carotenoids, vitamin C,
and vitamin E). Another important class of nutrients for fetal health not currently recognized is
regulatory nutrients—such as fiber and potassium—which may improve maternal health status
(i.e., reduce the risk of diseases such as hypertension, dyslipidemia, and gestational diabetes) [30–32],
thereby potentially producing a more favorable host environment and reducing pregnancy and birth
complications associated with maternal disease [31,33].

Infertility affects over 10% of U.S. women of reproductive age [34], or approximately one in
six couples during their reproductive years [35]. While the current state of scientific knowledge on
preconception diets is improving, there is still limited information available to date [11]. Studies
that have investigated the effects of diet on fertility have shown that weight loss in overweight and
obese women can improve insulin sensitivity, which is a key factor in improving fertility [8,36,37].
Studies have also shown that certain foods or diet plans can improve fertility [38]—in particular, diet
plans involving increased fruit and vegetable intake, as well as increased intake of certain high-fat
foods (e.g., dairy foods, foods like avocados that contain unsaturated plant oils, and fish oils) and
reduced intake of other high-saturated fat foods (i.e., red and processed meat, and foods that contain
trans fats) [8].

4.1. Mediterranean-Style Diet and Fertility

The 2015 DGAC report recognized several dietary patterns (e.g., USDA-style, vegetarian-style,
and Mediterranean-style) that can support beneficial health outcomes for the general population,
including pregnant and breastfeeding mothers [2]. A particularly well-researched eating plan associated
with general health and maternal health is a Mediterranean-style diet. A Mediterranean-style diet
varies by region, but is traditionally based on regular intake of antioxidant- and fiber-rich fruits and
vegetables, lean choices of protein, omega-3s in the form of fatty fish, whole grains, and MUFA from
plant oils. A maternal Mediterranean-style diet has been associated with significantly improved health
outcomes such as lower total and low-density cholesterol levels for the mother and up to a 90% lower
risk for preterm delivery [39].

While avocados are not part of the “traditional” Mediterranean-style diet, according to the
Mediterranean diet pyramid created by Oldways (a non-profit food and nutrition education
organization), along with the Harvard School of Public Health and the WHO, avocados are
Mediterranean-style foods because they are classified as an antioxidant- and fiber-rich fruit and have a
fatty acid profile that is naturally rich in MUFA [40]. Two-thirds of the fatty acid content of avocados
are MUFA. Several recent studies have shown that a greater adherence to a Mediterranean-style diet
may enhance fertility rates by reducing the risk of obesity, hypertension [41], insulin resistance [42],
and diabetes [43] in pregnant women. A Mediterranean-style diet has been associated with nearly
a 70% lower risk of ovulatory disorders in infertile women [8] when compared to diets that are high in
trans fats.
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4.2. Low-Glycemic Diets: Effects on Fertility, Maternal Health, and Fetal Health Outcomes

The association between a low-glycemic maternal diet and birth outcomes begins in the
pre-pregnancy period, with a lower intake of high-glycemic foods having been shown to increase
the chances of fertility [44,45]. An analysis of the Nurses’ Health Study population showed that
higher intakes of MUFA, vegetable protein, fiber, and low-glycemic carbohydrates were associated
with improved fertility outcomes in the Nurses’ Health Study II population [35]. All of the dietary
components listed above are also dietary components (or tenets) of a Mediterranean-style diet [46] and
oil-containing fruits such as avocados (Figure 1). It should be noted that this research was gathered
from women with no history of infertility [35] so it is still unknown how these findings apply to
women with known fertility issues.

Figure 1. Carbohydrate Characteristics: Avocado vs. America’s Most Commonly Consumed Fruits.
Glycemic Index Scale: Glucose = 100. Carbohydrates, sugars, and fiber are all listed per 100 g serving.
There are no glycemic index values given for avocados because they contain so few carbohydrates that
it would be difficult for people to consume a large enough portion (50 g of available carbohydrates)
to properly perform glycemic index testing. Data sources: Nutrients—USDA Nutrient Database for
Standard Reference 27 [47,48]; Glycemic Load and Glycemic Index—International table of glycemic
index and glycemic load values [49].

Randomized trials show that a low-glycemic index diet can be used in the management of
gestational diabetes by reducing an expectant mother’s need for insulin [50] and by improving
maternal glycemia [51]—all while reducing the negative effects of maternal insulin resistance and
hyperglycemia on the developing fetus. When compared to a high-glycemic diet, the effects of a
low-glycemic diet are further seen (or more importantly not seen) throughout the offspring’s early life
in the form of a reduced rate for birth defects (i.e., encephalocele, diaphragmatic hernia, small intestinal
atresia/stenosis, and atrial septal defects) [23]. A low-glycemic maternal diet has also been associated
with offspring birth weight, birth length, adiposity, and arterial wall thickness [52,53], and later life
reductions in biomarkers for metabolic syndrome (i.e., insulin levels, leptin levels, and homeostatic
model assessment of insulin resistance [HOMA-IR]) [54]. Overall, dietary patterns that are based on
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nutrient-rich, low-glycemic foods, such as legumes, non-starchy vegetables, and oil-containing fruits,
offer great building blocks for a nutritious dietary pattern for both a mother and her offspring.

4.3. Maternal Intake of Fruits and Vegetables

Fruits and vegetables are nutrient-dense foods and key components of all USDA recommended
dietary patterns. Fruits and vegetables have been linked to reductions in numerous types of disease and
deficiency states [55,56], largely because they contain essential nutrients and bioactive compounds [57],
but also because consumption of fruits and vegetables generally displaces the consumption of other
less nutrient-rich foods. Many of the essential nutrients in fruits and vegetables are the same nutrients
that are recommended for mothers during the periconceptional and perinatal periods. [58]. Fruits and
vegetables are also whole-food sources of fiber, magnesium, and vitamin C, as well as thousands of
relatively unstudied bioactive compounds, including various antioxidants and phytosterols [59,60],
which may also have modulatory effects on pregnancy outcomes. At present, the available evidence
regarding maternal consumption of fruits and vegetables, especially those rich in multiple short-fall
nutrients, supports their importance as part of a healthy and protective diet throughout pregnancy and
early life [58,61,62]. In both highly developed and developing countries, however, fruit and vegetable
intake levels for pregnant women are typically much lower than recommended and may contribute to
increased risk of poor fetal development [58].

After conception occurs, fetal growth rate is one of the most useful indicators of an offspring’s
ability to survive and thrive later in life. Approximately 8% of infants in the U.S. are born with
a low-birth-weight [63]. A suboptimal fetal growth rate—as well as an excessive fetal growth
rate—has been associated with developmental issues in early life, childhood, and adolescence.
Additional evidence even suggests that poor fetal nutrition increases the risk for poor health
outcomes such as obesity, impaired bone health, immune dysfunction, impaired mental health,
and cardiometabolic disease (e.g., cardiovascular disease and type 2 diabetes) many years later in
life [63–65].

The growth and development of a fetus is dependent on several factors, some of which may
occur before conception. Some data suggest fetal growth and development can be influenced by the
nutritional status of the mother prior to and at the time of conception [66], but these findings have
yet to be confirmed. What is currently known from epidemiological studies is that nutrient-poor
maternal nutrition is associated with fetal disease [67] and below average fetal growth [63]. In regards
to fetal health, the data suggest that an imbalance between dietary intake of macronutrients and
micronutrients contributes to the pathogenesis of complex birth defects, and that specific dietary
modifications, such as increased consumption of fruits and vegetables, may be able to help reduce the
risk and severity of various defects.

In 2004, a case-control study of 206 mothers with a child that had a non-syndromic orofacial
cleft and 203 control mother-child dyads, showed that a higher pre-conceptional intake of nutrients
predominantly present in fruits and vegetables (i.e., fiber, vegetable protein, beta-carotene, ascorbic acid,
alpha-tocopherol, magnesium, and iron) was associated with a lowered risk for orofacial clefts in
the offspring [68]. However, this study was limited in that all of the participants were Caucasian,
and confounders such as body mass index (BMI) and physical activity were not adjusted for.
Additionally, in 2004, a similar case-control study involving Caucasian women investigated the
associations between maternal diet and risk for spina bifida in the offspring (106 cases and 181
controls). The researchers found that low pre-conceptional intakes of plant-based nutrients were
associated with a two- to five-fold increase in spina bifida risk [69]. Taken together, these findings
strengthen the advice that in order to lower the risk for orofacial and neural-tube defects in their
children, women of child-bearing age should consume a balanced diet, with nutrient-rich fruits and
vegetables before and after conception.

Fruit and vegetable intake is also associated with a reduced risk for preeclampsia
(i.e., maternal hypertension and proteinuria) [33,70] and insulin resistance [71]. When compared
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to the relatively low-calorie and low-protein options provided by most fruits and vegetables, it seems
reasonable that birth weight is most strongly correlated with high-protein and high-calorie foods since
those foods are associated with muscle and adipose tissue expansion in adults. Surprisingly, a 2006
prospective cohort study of 44,612 Danish women found that when pregnant mothers followed a
high-calorie, high-protein Western-style diet (i.e., higher amounts of red and processed meat, low fruit
and vegetable intake, etc.), they tended to have an increased risk for low birth weight for gestational
age compared to those who consumed fewer calories and greater quantities of plant foods [64]. A much
smaller study of 2466 rural Indian mothers and their babies also showed similar results, where higher
intakes of protein and calories by the mother were not associated with offspring birth weight, but green
leafy vegetables and fruits were [72]. Therefore, it is unclear as to whether certain components of
a high animal-protein and high-fat diet impair fetal growth, or if certain components in fruits and
vegetables—such as key micronutrients—are uniquely responsible for proper fetal growth. It is most
likely not simply one or the other, but rather that animal-based foods, fruits, and vegetables can all
modulate fetal growth to varying degrees. The association found between fruit and vegetable intake
and birth weight suggest the existence of potential micronutrient or phytochemical combinations
present in plant-based foods that play an important role in optimal fetal development [62]. The types of
nutrients from fruits and vegetables and their roles in fetal development deserve further investigation.

5. Maternal Intake of Key Avocado Compounds: Effects on Fertility, Fetal Health,
and Birth Outcomes

5.1. MUFA—Oleic Acid

Among the classes of nutrients most frequently associated with fertility are lipids—especially
fatty acids and fatty acid ratios—which appear to be key modulators of human fecundity [73].
The majority of research on fatty acid intake in pregnant mothers has focused on essential fatty
acid intake—especially long-chain polyunsaturated fatty acids (LCPUFA) such as DHA. MUFA,
however, also deserve attention for fetal health and birth outcomes.

The association between intake of MUFA in pregnant women and their offspring was
demonstrated by Agostoni et al. who collected blood on 16 healthy women and their newborns
to determine their whole blood-fatty acid profile. They found that MUFA made up approximately 29%
of the blood fatty acids of pregnant mothers, 18% of the umbilical cord blood, and 23% of the blood of
a newborn infant [74]. The MUFA oleic acid (18:1n-9) comprised approximately 75%–85% of the total
MUFA in these blood compartments. Additional research by Agostoni et al. on 144 infants showed that
MUFA levels were significantly lower in newborn infants who were small for gestational age when
compared to those who were born appropriate for gestational age (23% vs. 25%, respectively) [75].
There were no differences in total PUFA or saturated fatty acids (SFA) in blood lipid profiles between
groups. It is unclear from the report as to why this difference occurred, or as to whether increased
MUFA consumption by the mother was responsible for the difference in size. Nonetheless, it is clear
that MUFA (especially oleic acid) make up a large portion of an infant’s blood fatty acid profile, and that
the role of MUFA in gestational development should continue to be investigated. Furthermore, a recent
case-control study of 11 cases of gastroschisis (a congenital birth defect where the baby’s intestines
and other internal organs can push out through a hole in the abdominal wall) and 34 controls,
provided evidence that a peri-conceptional maternal diet rich in oleic acid may be able to significantly
lower the odds of gastroschisis in the offspring [76]. In addition, mothers who had higher intake of
vegetables had an even lower chance of having an infant with gastroschisis.

In their analysis of the Nurses’ Health Study II, Chavarro and Willet analyzed the effects of
lipid intake (cholesterol, fatty acids, and fatty acid ratios) on fertility in more than 18,500 women in
the U.S. The researchers found that consuming just 2% of energy from unprocessed MUFA instead
of hydrogenated trans fats was associated with less than half of the risk of ovulatory infertility [8].
A potential explanation for these findings is that certain unsaturated fatty acids, such as unprocessed
MUFA from fruits or vegetables, can bind to the peroxisome proliferator-activated receptor γ (PPAR-γ),
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and thereby reduce inflammation and improve ovulatory function [77]. The researchers concluded
that higher intake of unprocessed MUFA (commonly found in non-hydrogenated vegetable oils
and oil-containing fruits) and lower intakes of trans fats may lead to lower incidences of ovulatory
infertility [8]. A further study by Chavarro et al. investigated the effects of fat intake on preclinical
and clinical outcomes in women undergoing in vitro fertilization (IVF) [78]. The researchers found
that greater intakes of MUFA were related to nearly three and half times higher odds of live birth
after embryo transfer, compared to lower intakes of MUFA. A recent critical review of the available
literature on diet and fertility by Sinska et al. came to similar conclusions as Chavarro and Willet.
After reviewing the current evidence, the Sinska group suggested that a larger intake of MUFA can
help to improve a woman’s fertility, while the intake of trans fats should be avoided [44]. Avocados are
a well-tolerated food that can serve as an important source of lipids such as MUFA. An ounce of
avocado provides 4.6 g total fat, 3 g of that is MUFA—primarily in the form of oleic acid [79].

5.2. Fiber

Fiber intake by Americans is low enough to be of public health concern [1]. According to the
2015 DGAC report, only 8% of women who were pregnant had adequate intake of fiber [2]. In 2012,
Blumfield et al. performed a review of dietary intakes of pregnant women in developed countries
and found that fiber intakes were consistently below the recommended levels [80]. Although fiber is
generally not considered an essential nutrient—sometimes it is even referred to as an “anti-nutrient”
since it can inhibit the absorption of certain nutrients [81]—it is still an important dietary component
for maternal and fetal health [9,61]. Low fiber intake is associated with an increased risk for several
maternal diseases (i.e., chronic constipation, type 2 diabetes, and hypertension/preeclampsia) that can
all dramatically affect the fetal environment [9,82]. Studies on fiber intake in pregnant women and the
risk for preeclampsia and gestational diabetes consistently encourage greater maternal fiber intake for
a reduced risk for both diseases [31,33,83].

Although there are different types and forms of dietary fiber, most of the observational research
on fiber intake during pregnancy does not distinguish which type of fiber was consumed, and usually
just aggregates all fibers into a general intake value. Many whole plant foods contain either
predominantly soluble or insoluble fiber, but avocados contain a mix of both. Even a modest portion of
avocado—30 g—contains 2 g of fiber, with a ratio of 70% insoluble to 30% soluble fiber [84]. Higher fiber
intake in pregnant mothers has been shown to attenuate pregnancy-associated dyslipidemia,
which along with hypertension, is an important clinical characteristic of preeclampsia [31]. Soluble and
insoluble fiber intakes have both been shown to be associated with a lower relative risk for preeclampsia
(soluble: RR = 0.30; 95% CI = 0.11–0.86 vs. insoluble: RR = 0.35; 95% CI = 0.14–0.87) [31]. Any compound
that can reduce the risk for maternal disease during pregnancy should, in theory, also be beneficial for
the developing fetus, which is heavily influenced by the mother’s nutrient status and disease status.

5.3. Folate

Approximately 3% of U.S. babies are born with a birth defect [63]. The best known nutrient
for reducing the risk for birth defects (i.e., neural tube defects and some heart defects) is folate/folic
acid. Folate is a cofactor for many essential cellular reactions, including DNA and nucleic acid
synthesis. During pregnancy, the folate requirement for a mother increases due to new cell and
tissue formation (i.e., increase in red blood cell mass, enlargement of the uterus, development of the
placenta, and growth of the fetus), and it is recommended that pregnant women consume 600 μg
of dietary folate equivalents daily from all food sources [85]. Insufficient maternal folate intake has
been linked to increased rates of low birth weight, preterm birth, cardiac defects and neural tube
defects [14,15,86,87]; however, the risk for all of these outcomes can be significantly reduced with
adequate intake. In addition, supplements and fortified foods, the highest food sources of folate tend
to be beans, leafy green, and cruciferous vegetables. Avocados are also a source of this nutrient. A 30 g
serving of avocado contains approximately 27 μg of folate [79], which is higher than a serving of most
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fruits, tree nuts, and seeds [79,88]. Based on a recent National Health and Nutrition Examination
Survey (NHANES) survey, the average daily avocado consumption by persons who eat avocados is
over twice that amount (70 g), at approximately one-half of a medium sized avocado [89]. At this level
of average intake, avocado is a good source of folate providing approximately 62 μg (i.e., 10%) of the
recommended daily intake of folate per day for pregnant women.

5.4. Vitamin A and Carotenoids

Vitamin A and carotenoids are needed for proper health throughout a person’s entire life
span, but their effects are most critical during life stages when cells are rapidly proliferating and
differentiating, such as during fetal development and infancy [90]. Some carotenoids have vitamin A
activity (e.g., beta-carotene, alpha-carotene and beta-cryptoxanthin) while others do not (e.g., lutein,
lycopene, and zeaxanthin). All of these compounds have antioxidant properties, and they exhibit
a range of functions involving eye health, immune function, and neurological development [90].
A deficiency in vitamin A, especially at critical times in development, can cause a host of severe
health issues such as blindness and immunodeficiency complications [91], whereas intakes of various
carotenoids, whether they have vitamin A activity or not, are associated with immune health [92,93],
eye health, and brain development [94].

Henriksen et al. have suggested that levels of carotenoids are depleted through placental transfer
to the fetus during pregnancy, thereby the dietary need increases for carotenoid intake by pregnant
mothers in order to avoid deficiencies in both the mother and the offspring [95]. Lutein and zeaxanthin
are critical for proper eye development in utero, making them key carotenoids for fetal development
especially in the third trimester [95]. These particular carotenoids are either not present in, or not
well absorbed from, most fruits and vegetables; however, they are both present in avocados and
well-absorbed due to the fatty acid content of avocado. For example, carotenoid absorption has been
shown to be improved by 5–15 times when avocado is present in a salad, when compared to an avocado
free salad [96]. The fetal demand for these nutrients suggest that maternal intake of carotenoids should
be monitored closely, with emphasis on beta-carotene, lutein, and zeaxanthin [95]; and adequate
dietary fat to encourage their absorption. The fatty acid and fat-soluble carotenoid (especially lutein
and zeaxanthin) composition of avocados make them an ideal food for assisting pregnant mothers
in attaining the nutrients necessary for proper early brain, eye, and immune development of their
offspring. One ounce of avocado contains approximately 3.2 RE (20 μg) of beta-carotene, and 80 μg of
lutein + zeaxanthin [79], which is absorbed in considerably higher quantities than a serving of most
fruits and vegetables [97].

5.5. Potassium

Potassium is considered a shortfall nutrient by the 2015 DGA report [1], thus intakes are low
enough to be a public health concern. On one hand, according to the What We Eat in America (WWEIA)
data from 2007 to 2010, the usual intake distributions for pregnant and non-pregnant women in the
U.S. ages 19–50 years show that only 3% of women had intakes above the adequate intakes (AI) for
potassium [2]. On the other hand, most Americans tend to get too much sodium from their diets.
An imbalance between high levels of dietary sodium and low levels of dietary potassium is associated
with hypertension; and hypertension can increase the risk for stroke, cardiovascular disease, and insulin
resistance [98,99]. Pregnant woman without a history of hypertension are only at a 3%–5% higher
risk for developing preeclampsia, while 17%–25% of women with chronic hypertension will develop
preeclampsia [100]. Both hypertension and preeclampsia can be harmful to fetal health, resulting in
higher congenital malformations, particularly cardiac defects [101]. Higher potassium intake than
sodium intake has been shown to blunt the effects of sodium on blood pressure in populations with
hypertension [102], further supporting the importance of obtaining adequate dietary potassium for
maternal health.
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The influence of dietary potassium on blood pressure was demonstrated by, Kazemian et al.
who performed a study on women with gestational hypertension that showed the odds of getting
gestational hypertension decreased significantly with roughly 250–300 mg higher intakes of potassium
per day [103]. This is less than the amount of potassium found in one-half of a medium-sized avocado,
but more than in one-half of a medium sized banana or a large apple. Frederick et al. independently
arrived at similar conclusions when investigating the effects of diet on preeclampsia [33]. Their results
showed diets high in potassium (>4.1 g/day) are associated with an odds ratio of 0.49 for preeclampsia
compared to lower potassium diets (<2.4 g/day). Pregnant mothers and their offspring can likely
benefit from increasing their potassium intake while maintaining or lowering their sodium intake.
A multicenter longitudinal study on teenage girls has also shown that even when sodium intakes are
above recommended levels, higher potassium intakes were associated with lower systolic and diastolic
blood pressure [104]. Avocados have more potassium by weight than most other common fruits
and vegetables [105]; they contain roughly 152 mg potassium per ounce, and only 2 mg sodium [79],
which can help pregnant women meet recommendations.

6. Maternal Intake of Fruits, Vegetables, and Key Avocado Compounds: Effects on Milk
Production and Composition

Breast milk is recommended as the only necessary source of nutrition for the first months of
life [106]; and human milk is often used as the basis from which to derive nutrient requirements for
infants during the first year of life. While the influence of fruit and vegetable intake on breast milk
production and composition is unknown, maternal consumption of fruits and vegetables is associated
with specific flavor preferences in breastfed infants from the variety of food flavors received through
the milk [107,108]. These early flavor experiences may help explain why infants who are breastfed tend
to be more willing to try new foods, which may contribute to greater fruit and vegetable consumption
later in life [109–111].

Maternal intake of some but not all nutrients can be reflected in the nutrient composition of
breast milk [112,113]. For example, maternal folate intake does not significantly alter breast milk
folate despite being a proven critical nutrient for fetal development [113]. In contrast, maternal intake
of vitamin A, vitamin B6, and vitamin B12), as well as iodine and fatty acids directly influence the
composition of breast milk [112–114]. Few fruits or vegetables are rich in both vitamins and fatty acids,
with the exception of oil-containing fruits such as avocados, which contain MUFA.

6.1. MUFA—Oleic Acid

Human breast milk provides more than 50% of its energy from fat. The fatty acids in breast
milk can be taken up directly from circulation (i.e., from food or from mobilized fat stores) into the
mammary glands and used in milk production, or they can be synthesized in the liver or mammary
glands as needed [115]. Breast milk supplies SFA, PUFA, and MUFA [116], and the specific fatty acid
profile is heavily implicated in infant health and development [112]. The primary fatty acids in breast
milk are palmitic acid (16:0), linoleic acid (18:2n-6), and oleic acid (18:1n-9). These three fatty acids
account for roughly three-fourths of the fatty acids in human milk [117]; with the MUFA oleic acid
being the most abundant fatty acid of the three. Oleic acid is also the same fatty acid that is most
abundant in oil-containing fruits such as avocados and olives, but the sodium content of ready-to-eat
olives, ranging up to 1000 mg per serving, make them less than ideal as a daily food for pregnant and
lactating mothers.

The quantity of total fat in the milk is fairly stable even with changes to the maternal diet [118];
however, the ratio of specific fatty acids in breast milk show extreme sensitivity to maternal nutrition.
Several researchers have shown that the mother’s dietary habits can impact specific short-, medium,
-and long-chain fatty acids in their milk, but the SFA content of the milk is generally unaffected by
maternal dietary patterns [116,119]. Early researchers discovered that maternal dietary fatty acids
are rapidly transferred into breast milk and within a few days the quality of human milk fat can
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be significantly influenced by dietary fat [120]. Therefore, the consumption of higher quantities of
unsaturated fatty acids such as oleic acid by a nursing mother can be used to increase the oleic acid
ratio in her milk, while a higher maternal intake of SFA does not get passed along in the breast milk
in the same manner—possibly as a protection mechanism to maintain the fluidity of the breast milk,
and/or to protect the infant from high levels of SFA in its early developmental stages.

Maternal lipid intake is the single most influential factor contributing to breast milk fatty acid
composition [112], while carbohydrate intake has lesser influence [106]. A study in Brazilian mothers
who consumed fruits four to six times per week, and whose primary fat source was soybean oil,
showed that approximately 40%–42% of the fat calories in their milk came from SFA and another
20%–30% from PUFA [116]. On one hand, these values did not change much with variations in what
the mother consumed. On the other hand, approximately 30%–35% of the fat calories in their milk
came from MUFA, and this value was shown to change significantly depending on eating habits.
Studies on European and Israeli mothers have shown that MUFA levels in their breast milk account for
roughly 30%–45% of the total fatty acids, with oleic acid accounting for over 90% of the MUFA [117,121].
Furthermore, studies on Western women show that they have several-fold more trans oleic acid isomers
in their milk than their non-Western counterparts because they ingest a higher percentage of partially
hydrogenated oils in their diets [122]. The trans oleic acid isomers can be transferred to the fetus via
cord blood and to the infant through milk. These trans isomers may have deleterious effects on milk
liquidity and the health of the mother and offspring [122]. Experts consistently recommend replacing
most forms of trans fatty acids with the cis forms [122,123]. Food manufacturers have been removing
trans fats from their formulations for several years and the FDA is considering banning trans fats
entirely. Until such time, and due to a history of higher amounts of trans oleic acid in the breast milk of
American mothers, and lower overall MUFA ingestion in the American diet compared to a European
or Mediterranean-style diet, it may be beneficial for the health of pregnant and lactating American
mothers and their infants to continue to actively seek out and consume sources of cis MUFA—such as
those found in oil-containing fruits like avocados and olives.

According to the Continuing Survey of Food Intakes by Individuals (CSFII), the most common
sources of MUFA, not including breast milk, in children ages zero to two years old are cow’s milk,
peanut butter, white potato/French fries, hot dogs, eggs, chicken nuggets, corn puffs, and macaroni
with cheese [124]. All of these sources, except peanut butter, have higher levels of SFA and/or starchy
carbohydrates, than they do MUFA. In comparison, oil-containing fruits such as avocados have
much higher levels of MUFA than any other fatty acids, and they also contain more fiber than starch,
making them an optimal source of MUFA with likely no nutritional components associated with high
cholesterol levels and insulin resistance (Figure 2). Rather, they have multiple nutritional components
that research shows are inversely associated with the risk factors involved in the development of
cardiovascular disease and metabolic syndrome [124–126].

In sum, MUFA in the form of oleic acid are critical to breast milk quality beyond nutritive role
because it reduces the melting point of triglycerides, thus providing the proper liquidity required
for the breast milk formation [122]. MUFA, along with PUFA, are also necessary for the proper
development of the human nervous system [118], and substantial structural and functional brain
development in the first year of life [112]. Maternal and infant MUFA intakes are clearly an area of
lactation research that deserves more attention. The future research should focus on how maternal
nutrition and early infant nutrition can affect health outcomes in later life stages, especially in regards
to the targets of obesity, hypertension, and diabetes—all of which can negatively impact pregnant
mothers and the health of their offspring.
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Figure 2. Avocado nutrient composition. Data sourced from: USDA Agricultural Research Service,
National Nutrient Database for Standard Reference Release 27. Basic Report: 09038, Avocados, raw,
California [7].

6.2. Carotenoids

Breast milk carotenoids decrease in concentration over the period of lactation. However, lutein is
a carotenoid of particular interest because lutein in breast milk rises with maternal intake [119],
represents roughly 25% of the carotenoid in breast milk in the first few days of breastfeeding and
actually increases to nearly 50% by the end of the first month [127]. In addition to proper infant eye
development, improved cognitive function, and various neuroprotective effects [128–130], plasma
lutein has also been inversely correlated with oxidative DNA damage [79,131]. Lutein is the most
abundant carotenoid in avocados [132]; and it is absorbed in greater quantities from avocados relative
to other fruits and vegetables with low or no lipid content [96]. There is growing evidence suggesting
that maternal antioxidant intake is an important factor in reducing the risk for abnormal pregnancies
and birth defects [133]. Therefore, the intake of foods such as avocados—which have the highest
recorded lipophilic antioxidant capacity among fruits and vegetables [134]—may also assist fetal and
infant health in ways which have yet to be discovered.

7. Conclusions

Maternal nutrition plays a crucial role in influencing fetal growth and birth outcomes.
Maternal nutrition also influences breast milk composition of some nutrients (i.e., fatty acids and
some vitamins). Avocados are a unique nutrient-rich plant-based food that contain many of the
critical nutrients for fetal and infant health and development. They fit within the guidelines for
a Mediterranean-style diet (i.e., they contain MUFA, fiber, antioxidants, and are low-glycemic),
which is known to be beneficial for disease reduction in most populations including pregnant and
lactating populations. Based on this review, avocados offer a range of beneficial nutrients that
can make a substantial contribution to a nutrient-rich diet when offered as a staple food for the
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periconceptional period, as well as during pregnancy and lactation. While they are not currently listed
on the ChooseMyPlate.gov website as a recommended fruit or vegetable, they do precisely fit the
description of a federally recommended food for a pregnant or lactating population. Avocados contain
several recommended nutrients for reproductive health such as folate, potassium, carotenoids, and
other key compounds for general health such as fiber, MUFA, and antioxidants. They do not contain
empty calories from added sugars, saturated fats, or alcohol, and they are also sodium-free. Future
research is required to directly study the effects of inclusion of avocados in the diet on maternal health
during each of the key periods from pre-conception to the end of breastfeeding, with an emphasis on
both the short-term and long-term health of the mother and offspring.
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Abstract: Infant dietary patterns tend to be insufficient sources of fruits, vegetables, and fiber, as well
as excessive in salt, added sugars, and overall energy. Despite the serious long-term health risks
associated with suboptimal fruit and vegetable intake, a large percentage of infants and toddlers in
the U.S. do not consume any fruits or vegetables on a daily basis. Since not all fruits and vegetables
are nutritionally similar, guidance on the optimal selection of fruits and vegetables should emphasize
those with the greatest potential for nutrition and health benefits. A challenge is that the most
popularly consumed fruits for this age group (i.e., apples, pears, bananas, grapes, strawberries)
do not closely fit the current general recommendations since they tend to be overly sweet and/or
high in sugar. Unsaturated oil-containing fruits such as avocados are nutritionally unique among
fruits in that they are lower in sugar and higher in fiber and monounsaturated fatty acids than most
other fruits, and they also have the proper consistency and texture for first foods with a neutral
flavor spectrum. Taken together, avocados show promise for helping to meet the dietary needs of
infants and toddlers, and should be considered for inclusion in future dietary recommendations for
complementary and transitional feeding.

Keywords: avocado; monounsaturated fat; fiber; infant; toddler complementary feeding;
transitional feeding

1. Introduction

Proper nutrition is one of the most influential factors for insuring normal growth and
development during a child’s first years of life, yet there are currently very few research-based
dietary recommendations for parents and caregivers regarding this critical time period [1].
Currently, U.S. dietary guidelines do not differentiate between age groups of children under two
years old even though the nutritional requirements of infants and toddlers differ from each other, and
from the nutritional requirements of older children, adolescents, and adults. Without age-appropriate
dietary guidelines from birth to 24 months of age, the diets of infants and toddlers often reflect the
dietary preferences and nutrient composition of their parents’ and caregivers’ diets, which tend to lack
adequate sources of fiber-rich and nutrient-dense fruits and vegetables and contain excessive sodium
and sugar [1].

Nutrition delivery to infants is influenced by physiological development, growth demands,
and to some extent by family dietary practices. During the first six months after birth, breast milk is
recommended as the exclusive source of nutrition necessary for early infant health and development [2],
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especially because during the early stages of development, a baby’s swallowing and digestive systems
are not yet fully developed for the intake and processing of non-liquid food sources [3]. As an infant
grows and develops, it experiences physiological shifts in nutrient and energy requirements that can
no longer be supported by breast milk alone [2]. Additionally, as an infant transitions from a strictly
maternal-sourced food supply to a varied diet and familial table foods, the emphasis on energy and
nutrient requirements is placed on a whole new set of dietary options—many of which are not ideal
for young children.

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

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

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

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

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

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

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

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

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

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

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

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

Per NLEA Serving
Apples
(242 g)

Avocados
(30 g)

Bananas
(126 g)

Grapes
(126 g)

Peaches
(147 g)

Pears
(166 g)

Strawberries
(147 g)

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

>25 μg folate/serving
‘ ‘ ‘

>0.50 mg α-tocopherol/serving
‘ ‘

>80 μg Lutein +
zeaxanthin/serving

‘ ‘ ‘

>40 IU vitamin A/serving
‘ ‘ ‘ ‘ ‘ ‘

>6 μg vitamin K/serving
‘ ‘ ‘

>2.5 g MUFA/serving
‘

ě2 g fiber/serving
‘ ‘ ‘ ‘ ‘ ‘

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

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

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

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

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

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

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

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

4. Ideal Complementary and Transitional Foods: Recommendations versus Reality

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

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

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

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

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

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

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

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

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

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

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

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

6.2. Fiber: Balancing Intake for Optimal Health

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

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

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

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

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

7.1. Nutrients for Building the Blood

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

7.2. Potassium

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

7.3. Enhanced Fat-Soluble Nutrient Absorption

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

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

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

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

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

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

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

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

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

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

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

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

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

11. Conclusions

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

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

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

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

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

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

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

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

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

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

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

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

2. Material and Methods

2.1. AVAs Preparation and Cell Treatment

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

2.2. Cell Culture

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

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

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

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

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

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

2.4. TRAPase Staining and Osteoclast Counting

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

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

2.5. Quantification of Osteoblastic Cell Viability

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

2.6. Statistical Analysis

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

3. Results

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4. Discussion

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

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

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

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

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

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

5. Conclusions

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

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

1. Introduction

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

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

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

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

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

2. Fructooligosacharides: Bioactivity and Potential Health Benefits

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

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

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

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

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

3. FOS Effects on Colorectal Cancer

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

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

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

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

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

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

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

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

Table 1. Effects of yacon consumption on colorectal cancer.

Yacon Source
Research, Subject Randomized,

Dose and Duration
Health Properties References

Dried extract of
yacon root

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

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

Dried extract of
yacon root

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

Reduce tumor multiplicity,
preneoplastic lesions and

cell proliferation
De Moura et al. [27]

Aqueous extract of
yacon root

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

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

Dried extract of
yacon root

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

Improves the immune
parameters Delgado et al. [46]

4. FOS Effects on Diabetes

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

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

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

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

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

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

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

Table 2. Effects of yacon consumption on diabetes.

Yacon Source
Research, Subject Randomized,

Dose and Duration
Health Properties References

Yacon flour

Rats (Wistar)
Increase insulin-positive

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

Dried extract of
yacon root

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

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

Dried extract of
yacon root

Elderly man and woman
Decrease in serum

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

Yacon syrup

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

state
Genta et al. [57]

Dose: Yacon syrup (0.29 g and 0.14 g
FOS/kg/day), for 120 days
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5. FOS Effects on Obesity

Overweight and obesity comprises one of the main public health challenges worldwide because
of the associated increased risk of developing type 2 diabetes, heart disease, hypertension, cancer and
a number of other diseases [66]. Over the past few decades, the increasing number of overweight
and obese people has been claimed as a pandemic. According to the World Health Organization
(WHO), the prevalence of overweight was estimated to be 39% among adults aged 18 years and over,
while obesity represented 13% of the overall world’s adult population in 2014 [67]. Overweight and
obesity are defined as a condition of abnormal or excessive accumulation of adipose tissue in the body.
This condition may impair health and lead, for instance, to the development of chronic inflammation
and metabolic syndrome [68]. The main causes of overweight and obesity are related to energy
imbalance (i.e., energy intake exceeds energy expenditure) modulated by metabolic factors, diet and
physical activity. Hence, there has been a global trend to an increasing intake of energy-dense foods
that are rich in saturated fat and refined starches, as well as increasing rates of physical inactivity and
a sedentary lifestyle [69].

Metabolic syndrome is a cluster of cardiometabolic risk factors that arises from insulin resistance
accompanying abnormal visceral adiposity, glucose intolerance, dyslipidemia and hypertension [70].
As a consequence, metabolic syndrome leads to a state of chronic inflammation produced by a
complex interaction between genetic and environmental factors. At the moment, there is no consensus
on what is the most appropriate nutritional intervention for treating metabolic syndrome related
to obesity [71]. However, certain dietary bioactive compounds found in over 800 plants can help
to prevent or ameliorate multiple facets of metabolic syndrome. In this regard, yacon has been
hypothesized to exert anti-obesity and hypolipidemic effects by improving biochemical parameters
and satiety [72]. Though there is a popular claim that yacon syrup can aid in weight loss, scientific
evidence is nevertheless scarce. These properties, however, are thought to be directly related to the
high content of FOS found in yacon root.

In a sub-chronic four-month oral toxicity study, dried yacon root (340 mg and 6800 mg
FOS/kg bw) was given as a diet supplement to healthy, non-obese Wistar rats. During the feeding trial,
yacon administration was well tolerated and did not produce any toxic effect. Furthermore, yacon
consumption at both doses significantly reduced post-prandial serum triacylglycerol (TAG) levels [73].
Similar findings were reported when yacon flour (340 or 6800 mg FOS/kg bw) was administered to
streptozotocin-induced diabetic rats. The oral consumption of yacon flour decreased fasting plasma
TAG, very low-density lipoprotein (VLDL) and the postprandial peak of plasma TAG [54]. In another
study using synbiotic formulations, a positive effect on TAG and high-density lipoprotein (HDL)
cholesterol levels was reported in diabetic rats that received an aqueous extract of yacon roots and
soybean, in association or not with Enterococcus faecium CRL 183 and Lactobacillus helveticus ssp
jugurti [74].

Although the hypolipidemic effects of yacon roots have been demonstrated in pre-clinical studies,
evidence from well-designed human trials is still scarce. As cited before, in a study with premenopausal,
obese and slightly dyslipidemic women, yacon syrup intake (0.14 g FOS/kg bw) over 120 days showed
improvements in fasting low density lipoproteins (LDL) and visceral fat [57]. Otherwise, no such effect
was reported in a study conducted in elderly who consumed a daily intake of freeze-dried powdered
yacon [56]. Moreover, yacon administered to healthy individuals (6.4 g FOS/day) over two weeks
markedly accelerated colonic transit in a placebo-controlled, double-blind study design [75].

The beneficial effects of FOS on lipid metabolism are well recognized, although the underlying
mechanisms are still unclear. FOS exert hypolipidemic effects through SCFA production by the
intestinal microbiota, resulting in the modulation of biochemical and cellular pathways related to lipid
metabolism, satiety and intestinal transit [76]. Indeed, SCFA have been shown to positively regulate
the lipid homeostasis by inhibiting lipolysis, increasing triglyceride mobilization and adipogenic
differentiation [60,77]. In vitro studies also reported that SCFA were able to reduce cholesterol
synthesis by decreasing hepatic activity of the 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS)
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and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) enzymes [68]. AMPK activation by SFCAs
has also been suggested to inhibit HMGCS and HMGCR activation in an independent manner [60].

It has also been shown that dietary FOS are able to increase the secretion of peptides by
the gastrointestinal diffuse neuroendocrine system via SCFA production, acting as modulators
of appetite and increasing satiety [78]. The physiological control of satiety is partly regulated by
intestinal peptide secretion including cholecystokinin (CCK), PYY and GLP-1. It is noteworthy that
this regulation is complex and involves a range of mechanisms and multiple control systems [79].
Nevertheless, SCFA can directly increase PYY and GLP-1 secretion by Ffar1 and Ffar2 activation in
the colon [80]. Conversely, long-term studies have suggested that a long exposure time is needed
for the intestinal microbiota to adapt and produce the amounts of SCFA to elicit the physiological
effect of satiety. Increased gut motility may also be affected by intestinal peptide secretion [81].
However, SCFA such as butyrate are able to exert direct effects on myenteric neurons and increase
the intestinal motility, supporting the hypothesis by which a high fiber intake accelerates the colonic
transit [82].

Although there have been several studies reporting the beneficial effects of yacon intake on
obesity, much needs to be understood about the mechanisms and processes that underlie such effects.
Table 3 shows that the effects of yacon consumption on obesity include: (a) modulated biochemical
and cellular pathways related to lipid homeostasis; (b) increased satiety; and (c) increased gut motility.

Table 3. Effects of yacon consumption on obesity.

Yacon Source
Research, Subject Randomized,

Dose and Duration
Health properties References

Yacon flour Rats (Wistar) Dose: Yacon flour
(340 mg FOS/kg/day) for 90 days Hypolipidemic effect Habib et al. [54]

Yacon syrup

Obese and slightly dyslipidemic
pre-menopausal women Dose:

Yacon syrup (0.29/g and 0.14/g
FOS/kg/day) for 120 days.

Increased defecation frequency
and satiety sensation Genta et al. [57]

Dried extract of
yacon root

Rats (wistar) Dose: Dried yacon root
(340 mg and 6800 mg FOS/bw) for

4 months

Reduced post-prandial serum
TAG levels Genta et al. [73]

Aqueous
extract of yacon

root

Rats (wistar) Dose: 1 mL/kg body
weight/day, 4.30 g/100 g of frutans,

for 7 weeks
Positive effect on TAG and HDL Roselino et al. [74]

Yacon syrup Healthy individuals Dose: 6.4 g
FOS/day Accelerates the colonic transit Geyer et al. [75]

6. Yacon Consumption Adverse Effects

Although yacon consumption is safe at recommended dosages, overdosing may be uncomfortable,
but not life-threatening. Symptoms of yacon overdose include abdominal pain, bloating, flatulence and
diarrhea [57]. In addition, yacon consumption markedly accelerates colonic transit, increasing stool
frequency [75]. The only report of adverse effects found in the literature describes the case of a
55-year-old woman who developed anaphylaxis after yacon ingestion [83].

A side effect that should be taken into account when evaluating the proportion of
oligofructans/fructose within yacon roots is the partial hydrolysis of yacon oligofructans to fructose
that starts shortly after harvest and may accelerate during food processing [84]. This can seriously
affect yacon’s health-promoting benefits because high-fructose administration correlates with the
induction of insulin resistance by modifying the early steps of insulin signal transduction [85].
Therefore, cold storage and temperature-controlled environments are highly recommended to keep
the functional properties of the yacon roots [84].
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7. Conclusions

Experimental and clinical studies have reported that yacon consumption is important to regulate
several pathways related to colon cancer, diabetes, and obesity. The FOS content found in yacon
roots can modulate the human intestinal microbiota, increase glucose absorption in peripheral
tissues, stimulate insulin secretion in the pancreas and modulate cellular pathways related to lipid
homeostasis. Therefore, based on these findings, most studies reviewed concluded that due to their
functional properties, yacon roots may be effectively used as a dietary supplement to prevent and treat
chronic diseases.
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Abstract: The objective of this study was to create/test a social marketing campaign to increase
fruit/vegetable (FV) intake within Oregon Supplemental Nutrition Assistance Program (SNAP)
eligible families. Focus groups (n = 2) and pre/post campaign phone surveys (n = 2082) were
conducted in intervention counties (IC) and one control county. Participants were female (86%–100%)
with 1–2 children at home. Mean FV intake/without juice was 3.1 servings/day; >50% preferred the
Internet for delivery of healthy eating information. Participants reported time/financial burdens, low
household FV variety and desirability of frozen/canned FV, and acceptance of positive messages.
A Food Hero (FH) campaign was created/delivered daily August–October 2009 to mothers through
multiple channels (e.g., grocery stores, online, educators). Results showed that the IC had better FH
name recall (12%) and interpretation of intended messages (60%) vs. control (3%, 23%, respectively).
Compared to controls, the IC were less likely to report healthy food preparation as time consuming or
a FV rich diet expensive, and it was easier to get their family to eat fruit. Results did not vary based
on county/household characteristics. The FH campaign increased FH awareness and positive FV
beliefs. A longer campaign with FV assessments will increase understanding of the target audience,
and allow for campaign refinement.

Keywords: low-income women; focus group; survey; nutrition; social media; Supplemental Nutrition
Assistance Program (SNAP); audience-centered positive messaging; health behavior messages;
canned; frozen

1. Introduction

Between 2000 and 2013 Oregon experienced increases in Supplemental Nutrition Assistance
Program (SNAP) participation (246%) and food insecurity (3%–4%) [1,2]. Only 2009 data from Oregon
Behavioral Risk Factor Surveillance System (BRFSS) provide obesity rates based on income. For Oregon
households with income <$15,000 the obesity rate was 28.6%, and for those with incomes between
$15,000–$24,999 the rate was 31.8% [3]. These obesity rates are higher than those reported across
all income categories ≥$25,000 (20.6%–25.7%). Currently, the prevalence of obesity among all adult
Oregonians is 27.9% [4]. Low fruit and vegetable (FV) consumption may be one factor linked to
increases in obesity. National research shows that higher quality diets that include FVs are more
prevalent in populations with higher socioeconomic status, while rates of obesity and chronic disease
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are lower [5,6]. In addition, the 2015 Dietary Guidelines for Americans Advisory Committee Scientific
Report states that FVs are the only diet characteristic consistently identified with positive health
outcomes in every conclusion of the report [7]. Unfortunately, individual and community level barriers
limit access to FV by low-income families. Barriers at the individual level include cost, inadequate
time for preparation, poor nutrition knowledge, and limited cooking skills, while community barriers
include cost, transportation, quality, variety, changing food environment, and societal norms on
food [8]. Thus, low FV intake may be an important determinant of obesity and chronic disease risk.

Consistent with the nationwide trend, Oregonians continue to show low intakes of FVs [9].
Although the Center for Disease Control and Prevention reported that Oregon adults eat more
FVs compared to other states, intake levels are still below the recommendations of 4–5 cups and
5–6.5 cups of FVs/day for adult (19–50 years) women and men, respectively [9,10]. Using the most
recent BRFSS data (2013) only 21% of Oregon adults reported consuming FVs ≥5 times per day [11].
Finally, 2013 BRFSS data show that healthy weight adults in Oregon consume more FVs compared to
adults who are obese, 24% versus 17%, respectively [11,12].

Social marketing (SM) can increase healthful eating behaviors, including FV intake [13–15].
By definition, SM is “a process that applies marketing principles and techniques to create, communicate,
and deliver value in order to influence target audience behaviors that benefit society (public health,
safety, the environment and communities) and the target audience” [16]. Based on research supported
by the United Kingdom’s National Social Marketing Center, SM effectiveness increases if eight SM
benchmark criteria are followed: behavior, customer orientation, theory, insight, exchange, competition,
segmentation and methods mix [13,14,17]. These benchmark criteria focus on the target audience in all
project phases, including dividing the target audience into subgroups with common characteristics,
called segments, to improve targeting.

Behavioral interventions aimed at promoting FV consumption are often grounded in the social
cognitive theory (SCT) [18]. Although not all SM campaigns are theory based, those that are
frequently use the SCT [19]. The SCT recognizes that people influence their environments just as
their environments influence them, thus, this theory focuses on reciprocal determinism or associations
between behavior, personal factors, and environment. Important components of the SCT include
self-efficacy or the personal belief in one’s ability to do something, observational learning, and a
person’s expectancies about the consequences of an action(s) [20].

To address Oregon’s rising obesity rates and low FV intake, Oregon State University (OSU)
Extension Service received funds to improve FV intake within low-income Oregon families using
SM as part of Oregon SNAP-Education (SNAP-Ed), the nutrition promotion and obesity-prevention
component of SNAP. Materials and messages from out-of-state SNAP-Ed funded SM campaigns
were tested (described in Section 3.1), but none were a “good fit” for the Oregon target audience.
Thus, in 2009 OSU began developing a new pilot SM campaign that now reaches Oregonians millions
of times each year through indirect/direct education, SM, and policy, systems and environmental
(PSE) change efforts. The PSE efforts focus on local policy changes, using local food systems and
improving school food environments. The campaign goal was to increase FV consumption within
the Oregon SNAP-eligible population, which is at risk for poverty, food insecurity, low intake of FVs,
chronic disease, and obesity.

To our knowledge there are no published studies outlining the formative development steps,
implementation, and testing of a SM campaign aimed at increasing low-income families FV intake
by targeting mothers with children in the home. Thus, this article describes the steps used to
develop, implement, and test the Food Hero SM campaign with SNAP participants, and presents the
findings from this process. One of the first steps was to determine our target audience within SNAP
that was ultimately identified as mothers with their children living in their home. The campaign
development strategy was to identify how best to empower and support SNAP-eligible Oregonian’s to
overcome perceived and actual barriers to FV consumption and reinforce existing positive behaviors.
Our campaign development objectives were to (1) define a target audience and develop a robust
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understanding of them; (2) identify barriers and what “moves and motivates” them regarding FV
intake; and (3) use data gathered to create and test a pilot SM campaign (2-months) that could
eventually result in positive behavior change. We hypothesized that a multi-channel, targeted and
segmented short pilot SM campaign would increase awareness of the campaign and positive beliefs
about FV intakes. We did not expect changes in FV behaviors in 2 months, since the goal was to further
refine the campaign through formative/process evaluation and then assess changes in FV intake.

2. Materials and Methods

2.1. Study Overview

Two contractors were hired to add expertise to the campaign development team, a business
research firm and a SM firm. The research firm (Close to the Customer Project, OSU’s School
of Business) assisted with writing research phone surveys (PS) and focus group (FG) questions,
managed all phases of participant recruitment, lead the FGs, produced verbatim transcripts of FG
discussions and analyzed FG data for common themes, conducted PSs, analyzed the data, and
created data summary reports. The SM firm (EnviroMedia, Portland, OR, USA) assisted with brand
creation, campaign message development, project management, and gave input into PS and FG
questions. The campaign development included the eight elements of the SM benchmark criteria [17].
OSU’s nutrition researchers gave input on all steps of the project (Figure 1).

Figure 1. Food Hero development steps, goals and timeline.

All research was conducted with SNAP participants in select Oregon counties. The timeline and
steps of the research and campaign development are outlined in Figure 1. Pre-campaign research
included conducting FGs (Step 1: FG-1; n = 25 participants), which were used to help design a
pre-campaign PS, including FV belief and barrier questions (Step 2: PS-1; n = 1244 participants).
The PS’s also included the validated BRFSS FV questions to assess FV intake [21]. In addition, the FGs
provided information related to health priorities, beliefs and experiences. Using the results from FG-1
and PS-1, Step 3 developed the campaign, including creating draft campaign names, logos, messages
and delivery channels (Figure 2 and Table 1). Key components of the SCT aligned with the FG-1 and
PS-1 results; thus, the SCT was used to inform campaign development/implementation (Steps 3–6).
As second set of FGs (Step 4: FG-2, n = 11) were used to test messages and components of the developed
campaign. In Step 5, final campaign materials and delivery channels were determined/created and
then implemented in Step 6. The campaign was delivered through multiple channels, including a web
site, direct mail, billboards, web banner ads, grocery store demonstrations, grocery cart ads, and county
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SNAP-Ed educators delivering the campaign using Food Hero Community Kits [22]. The community
kits were designed to provide locally adaptable campaign tools and materials for OSU’s Extension
county educators and their partners. The goal of the community kit was to assure that comprehensive
educator/partner Food Hero promotion occurred concurrently with other campaign communication
channels. Public relations efforts throughout the campaign included television and radio interviews,
a family video makeover contest, and social media postings (i.e., YouTube and Facebook). The Food
Hero social media project is described elsewhere [23]. Due to the time left in the project funding
cycle, the campaign could only run for 2-months. Near the end of the campaign, a second PS was
conducted to test for campaign awareness and FV beliefs, and to gain further insights for future
campaign development (Step 7: PS-2; n = 802).

Figure 2. Process for the Design and Testing of Food Hero Logos (Focus Groups 2).

Table 1. Food Hero Messages: Tested and Used in Pilot Campaign.

Message Priority Given by Participants from Highest (1) to Lowest (7) Preference

Messages Tested in Focus
Groups 2 (FG-2)

1. Canned, frozen, or fresh they all start out the same.
2. Kids would pick candy for every meal, good thing you’re in charge.
3. Canned and frozen fruits and vegetables make your money go further.
4. Buying canned and frozen helps you get more for less.
5. An apple a day is not that far away.
6. Fruits and vegetables are within reach.
7. In these tough economic times get more of a good thing.

Messages Used in Campaign
and then Tested in Phone
Survey 2 (PS-2)

1. Give them more of the good stuff (direct mail and billboards)
2. Brighten your plate (website banners, refrigerator magnet grocery store reinforcement).
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2.2. Study Design

From Oregon’s 36 counties, four (rural = 2; metropolitan = 2) were selected for data collection
and to receive the Food Hero campaign (Figure 3). Inclusion criteria for all groups included current
SNAP-Ed series of adult/family classes at multiple sites, availability of multiple media buy options,
adequate population base for data collection, and SNAP staff available for assistance. Due to cost
constraints, only one control county (Benton) was selected for PS-2 data collection because it had
qualities of Oregon’s rural and metropolitan counties (i.e., mid-sized population, ethnic diversity, away
from a major highway). Benton county residents were also less likely to see Food Hero campaign
billboards because it is located off Oregon’s only major highway.

Figure 3. Oregon counties where formative research and pilot campaign were conducted
(circled names).

2.3. Participants and Recruitment

All FG and PS participants were randomly selected from a list of all English speaking SNAP
families living in the targeted counties. The Oregon Department of Human Services (DHS) provided
the names and phone numbers, either landlines or cell. For PS-1 it was determined that 250 responses
were needed per county, which allowed for counties to be analyzed by themselves with a margin of
error ±5% on dichotomous questions (Table 2). Oversampling was done to assure adequate sample
size. Calls were made and consenting participants self-verified that they met the following inclusion
criteria; SNAP enrollment, county residency, being the primary household food preparer, and having
one or more children <18 years living in their home.
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Table 2. Mean responses across all counties to belief statements about fruit and vegetable intake from
Phone Survey I (PS-1, n = 1244) and Phone Survey 2 (PS-2, n = 802) 1.

Belief Statement
PS-1
Mean ± SD

PS-2
Mean ± SD

p Value (PS-1
vs. PS-2)

PS-2 Control
Mean ± SD

p Value (PS-2
vs. Control)

1. I know how to prepare many
different vegetables.

4.25 ± 1.06 4.25 ± 1.08 p = 0.50 4.23 ± 1.16 p = 0.44

2. I want to serve more balanced
meals to my family.

4.33 ± 1.03 4.35 ± 1.09 p = 0.35 4.13 ± 1.14 p = 0.03 2

3. Canned fruit is just as healthy
as fresh fruit.

2.17 ± 1.17 2.21 ± 1.25 p = 0.30 1.93 ± 0.96 p = 0.01 2

4. Frozen vegetables are just as
healthy as fresh.

2.90 ± 1.37 3.00 ± 1.30 p = 0.065 2.91 ± 1.25 p = 0.24

5. It is easy to get my family to
eat vegetables.

3.73 ± 1.30 3.82 ± 1.26 p = 0.055 3.79 ± 1.22 p = 0.38

6. It is easy to get my family to
eat fruit.

4.37 ± 1.00 4.49 ± 0.90 p = 0.005 2 4.43 ± 1.06 p = 0.27

7. Eating a diet that includes a
lot of fruits and vegetables
is expensive.

3.42 ± 1.39 3.17 ± 1.45 p = 0.0005 2 3.06 ± 1.30 p = 0.21

8. It is time consuming to
prepare healthy food.

2.45 ± 1.31 2.29 ± 1.27 p = 0.005 2 2.45 ± 1.28 p = 0.09

1 Responses were recorded on a five point scale where 1 = Strongly Disagree and 5 = Strongly Agree; 2 One
sided t-test used to test changes after the Food Hero campaign; p < 0.05 was considered significant.

Rural versus urban responses from FG-1 and PS-1 were similar, thus, FG-2 was conducted in only
one county (Marion) (Figure 3). Participants in FG-1 and PS-1 were 86%–92% female, thus, only females
were recruited for FG-2. Due to DHS privacy requirements we do not know if participants overlap
between or within the FG and PS samples, but FG participants represented less than 2% of the total
study sample. Rural and urban responses on PS-1 were similar; therefore, the sample size for PS-2 was
decreased. The research was approved by the Oregon State University Institutional Review Board and
participants gave informed consent.

2.4. Instruments and Procedures

2.4.1. Focus Groups

For each FG 10-12 participants were recruited via phone calls, then mailed information packets,
and received a reminder called prior to the meeting. Compensation was given for the 2-h FG meetings
(FG-1: meal +$50; FG-2: meal +$25). Close to the Customer Project provided trained facilitators who lead
participants through a series of pre-determined questions designed to elicit information regarding FV
intake by the family, beliefs regarding FV intake, and barriers to FV intake. Questions for FG-1 focused
on campaign development, while questions for FG-2 focused on testing potential campaign messages
and components. Follow-up and probing questions were used as necessary, and participants engaged
in writing responses and small group discussion.

2.4.2. Phone Surveys

PS-1 data were collected early in the pre-campaign, while PS-2 was conducted the last 2-weeks
of the campaign (Figure 1). Both PSs used identical recruitment procedures. Due to DHS privacy
requirements, all potential participants received a letter from DHS with the following information: (1)
the purpose and time commitment of the survey; (2) that DHS had given their phone number to OSU;
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and (3) they might receive a phone call asking them to participate in the survey. Trained PS interviewers
conducted the surveys, which included moving systematically through a series of questions (PS-1:
70 questions, 24% response rate, interview time ~10 min; PS-2: 32 questions, 11% response rate,
interview time was ~5.5 min). If the call resulted in no answer/answering machine, four more call
attempts were made before discarding the telephone number. Participants received no compensation.
Using mock phone interviews, interviewers practiced and PSs were pre-tested for length, time and
clarity. No changes were made to the survey based on the mock interviews. Rural counties were
disproportionately oversampled to assure sufficient responses.

2.5. Data Analysis

Analysis of FGs was iterative and occurred at several levels by the same four trained researchers
who attended all FGs. The research team debriefed immediately following each FG, identifying key
insights, themes, and unusual findings. Next the FGs were transcribed and transcripts were read
individually by each of the researchers who coded and identified emerging themes. Researchers then
met as a group to agree upon and define themes. Once themes were identified, researchers identified
quotes and organized them according to thematic content. The focus groups were “exploratory” in
nature and the insights gained from the groups informed the construction of the PS questionnaires.

For the PSs, summary statistics were generated for demographic data. ANOVA was used to
determine if differences existed between PS-1 and PS-2 and PS-2 and control PS-2. Results showed
no differences between surveys based on demographic data (county of residence, single/dual parent
household, household size); thus, data from the intervention counties were combined for further
analysis. Independent t-tests were then used to compare changes in variables/belief statements
pre/post campaign using predetermined hypotheses based on campaign expectations.

3. Results

Demographic data for FG and PS participants are given in Table 3.

Table 3. Food Hero Formative Evaluation: Focus Group (FG) and Phone Survey (PS) Demographics.

Focus Groups 1
(FG-1)

Phone Survey 1
(PS-1)

Focus Groups 2
(FG-2)

Phone Survey 2
(PS-2)

Subjects (n) n = 25, 4 FG n = 1244 n = 11, 2 FG n = 802

Female (%) 92 86 100 84 (Control)
86 (Intervention)

Mean age (year) 36.7 34.5 42.9 33.2 (Control)
34.7 (Intervention)

Household size (3–4 people) (%) 65 55 36 55 (Control)
54 (Intervention)

Household size (1–2 children) (%) 76 71 64 77 (Control)
71 (Intervention)

Single parent households (%) 52 39 45 45 (Control)
43 (Intervention)

3.1. Focus Groups and Phone Survey 1

Step two of the SM benchmark criteria states that a strong understanding of the audience should
be developed by combining data from different sources; thus, results from FGs and PS-1 were combined
into themes and discussed below. FG and PS-1 results were grouped into five themes/outcomes:
(1) audience demographics and characteristics; (2) self-reported FV intake and consumption; (3) grocery
shopping and meal preparation habits; (4) preferred communication channels; and (5) responses to
previously developed campaigns and messages.
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Main Themes

Theme 1: Audience demographics and characteristics.

Overall, the participants were female (86%–100%), mean age range 34–43 years, single parents
(39%), working outside the home at least half-time (33%–36%) and had 3–4 people in the household
(36%–65%), including 1–2 children (64%–76%). PS-1 results showed that single adult households faced
additional time and money constraints compared to two adult households. One FG participant said,
“Money, I worry about money, I worry about it all the time, it’s a big concern so I try to keep it from
my kid so she doesn’t see it.” Working and stay-at-home parents also expressed time constraints.

Theme 2: Self-reported fruit and vegetable intake and consumption.

Based on PS-1, the mean servings/day of vegetables was 1.7, while the mean serving/day for fruit
was 3.1 with juice and 1.4 serving/day without juice. Most PS-1 participants (70%) self-reported being
knowledgeable about preparing vegetables and found it easy for their families to eat enough vegetables
(60%) and fruit (80%). FG results were similar and responses from the FGs are included below:

• “Potatoes are not just for dinner, we can have them for breakfast and lunch.”
• “Carrots are great. I have them as a snack.”
• “They are a good snack.”
• “My kids like the baby carrots so instead of buying the big long bugs bunny carrots they’ll eat the

baby carrots.”
• “I always have them [bananas] in my house. They are a year round fruit for the most part.

When they get home from school they have one.”

When shopping for groceries, PS-1 participates reported that “low price” was “very important”
(67%), while “fast to prepare” (14%) and “easy to prepare” (15%) were less important. Over half (51%)
of the PS-1 participants agreed that a diet rich in FVs was expensive. FGs participants often mentioned
price as being important when shopping, “I only buy cereal when it is on sale or with a coupon.” Being
fast to prepare was also mentioned, but less often, “We eat pasta ‘cause it’s fast.”

Participants from PS-1 and FGs reported that fresh produce was the preferred choice for being
most nutritious (i.e., not containing extra sugar/salt or losing nutritional value from canning or
freezing), while frozen foods were a good second choice, and canned were less preferred. In PS-1,
39.8% of participants disagreed with the statement “frozen vegetables are just as healthy as fresh,”
and 63% disagreed with the statement “canned fruit is just as healthy as fresh”. Some FG participants
said canned was ”ok” if nothing else was available, while others said they do not buy canned FV
because they thought canned FVs had lower quality and less nutritious, especially if they are “cheap”
or on sale. The FG participants also perceived fresh as being costly, since fresh FV are perishable
and seasonal.

FG participants could name a wide variety of FVs, yet PS-1 participants reported consistently
purchasing the same FVs (e.g., apples, bananas, corn, beans and broccoli). Barriers to eating a
larger variety of FVs, reported by FG participants, included inexperience in planning and preparing
meals, cost and time commitment, seasonality, and coping strategies to get children to eat them.
Some responses are included below:

• “I make stir fry because my son’s not a big vegetable eater but he will eat it (stir fry). Now he
likes broccoli, caluliflower, stuff like that.”

• “I buy fruits and vegetables in season . . . but I buy broccoli year round.”
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Theme 3: Grocery shopping and meal preparation habits.

Overall, FG participants presented themselves as savvy shoppers, yet found it difficult to provide
nutritious meals for their families even with the additional SNAP benefits. Participants indicated they
knew how to eat healthfully, wanted their families to have nutritious food, and reported they read
product packaging and nutrition labels. One FG participant stated, “I only buy things for her that are
good for her. If she wants sweets we make our own and use less sugar.”

When asked about preparing dinner, PS-1 participants (46%) reported they ‘rarely’ had help.
Overall, 80% agreed with the statement, “I would like to serve more balanced meals to my family”,
while 54% disagreed with the statement “healthy food is time consuming to prepare.” Some FG
participants acknowledged they have little experience with, or knowledge of planning and preparing
healthy meals. For example one participant said, “I think I wish that one of them things I could do
is to make a more balanced meals, I try really hard but I don’t have all the knowledge that I need to
make the balanced meals.”

Theme 4: Preferred communication channels.

Half of PS-1 participants indicated that the Internet was the preferred method for finding
information on healthful food choices, followed by grocery stores (16%), and magazines (12%).
The Internet was the preferred method for participants living in both single adult (51%) and multiple
adult households (56%). Those individuals between the ages of 25–34 years reported the Internet as
the preferred option (58%) versus those 45–54 years (40%) or 55–64 years (30%). PS-1 participants
reported using the following sources for cooking tips and ideas: Internet (~28%) friends and family
(~25%), cookbooks (~12%) and television (~12%).

FG-1 and FG-2 participants were asked different questions related to communication channels.
When FG-1 participants were asked about US Department of Agriculture (USDA), Food and Nutrition
Service materials (e.g., SNAP, The Special Supplemental Nutrition Program for Women, Infants,
and Children (WIC), and school materials) as healthful eating resources they reported these resources
were not motivating and perceived them as having a “government look”. FG-2 participants were
asked about Internet usage and on-line social networking opportunities. They reported wanting
healthful eating websites to provide actionable information, including food advice, healthful recipes,
and preparation shortcuts. Specific suggestions included “fast and easy recipes that kids will eat”,
“recipes with 5 ingredients or less”, “gardening tips (when to plant)”, and “age appropriate sections
so their children could look for items they could cook.” Facebook was the participant’s main social
media site, more “content” and “more of a network” compared to other sites, and Google their main
search site. Finally, the majority of participants stated they like to watch cooking shows (i.e., on the
Food Network) to learn about new recipes and preparation tips; however, many felt these recipes
were too difficult to replicate. For example, one participant said, “sometimes ingredients are too
complicated . . . ”.

Theme 5: Responses to previously developed campaigns and messages.

Materials and messages from out-of-state SNAP-Ed funded SM campaigns were tested in FG-1 to
determine if they were a “good fit” for our campaign and if the materials could be used “as is” or in a
“modified format”. Participants were asked to review two campaigns: Iowa’s “Pick a Better Snack”
and California’s “Champions for Change”. They preferred Iowa’s campaign and indicated that it
featured produce items they would buy/eat and responded positively to its message “Ready-to-Serve.”
For example, one mom expressed, “If you think about a snack versus a candy bar or bag of chips . . .
get some grapes, you don’t have to unwrap them, its easy, it’s not that hard to eat healthy.”
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However, Iowa’s “Pick a Better Snack” message “It’s That Easy” evoked some negative responses
indicating it is not always easy to eat healthfully. One comment was, “It’s condescending! It’s not that
easy! Fruits and veggies are expensive, so it’s not easy to buy them.”

Reponses to the “Champions for Change” campaign were less favorable. Participants felt that
this campaign placed primary responsibility for family food choices on mothers, and that it featured
overbearing mothers, with such messages as “My Kitchen, My Rules”. They also commented that
the kitchen is a family space and not solely mom’s space. Participants expected to see media ads
for these two campaigns at WIC clinics; however, earlier they indicated that nutrition materials at
these clinics did not change their eating behavior. Finally, they reported that both campaigns would
have a greater likelihood of changing their FV purchasing behaviors if delivered in a grocery store.
Although some FG participants mentioned they would like these messages to come home from school
in their children’s backpacks, earlier in the FGs they said these materials were treated as junk mail.

After reviewing FG-1 and PS-1 results, it was determined that a new SM campaign should
be designed. Components of a new campaign were created including two mock-up campaign
names, three logos, and seven messages (Figure 2, Table 1). FG-2 was used to test these components.
Of the name/logo combinations tested, Food Hero name/logo number 1 tested best (Figure 2).
Participants saw themselves as being “Food Heroes” and talked about making their children and
others “Food Heroes.” They gave feedback on colors and logo use. Participants were asked to rate FV
messages (Table 1) on a scale of 1–10 (1 = very bad; 10 = very good). They preferred positive messages
that promoted good role modeling within the family, and did not like negative messages or messages
that emphasized their financial struggles. They readily accepted messages that were perceived as
genuine, and quickly rejected messages they considered disingenuous regardless if they were true or
not. The highest rated message was “canned, frozen, or fresh they all start out the same.” The other
messages are presented in rank order in Table 1.

3.2. Phone Survey 2

The following two key themes/outcomes emerged from PS-2: 1) participant recall and awareness
of the Food Hero campaign and 2) beliefs about FVs.

Main Themes

Theme 1: Participant recall and awareness of the Food Hero campaign.

Within the intervention counties, 12% of participants recalled the Food Hero name vs. 3% of
participants from the control county. When participants were asked the question, “When you hear
the phrase “Food Hero” what is the first word or phrase that you think of?”, 60% in the intervention
counties correctly interpreted the intended meaning of Food Hero vs. only 23% in the control county.
Participants associated Food Hero with eating nutritiously, being a good role model, and eating
FVs. For the intervention counties, 68% recalled hearing or seeing at least one of the campaign
messages (Table 1). The message with the greatest recall (58%) was “Give them more of the good stuff”.
SNAP households in intervention counties received this message via direct mail, and on billboards in
all counties except Josephine County due to a lack of SNAP-Ed approved billboard locations.

Theme 2: Beliefs about fruits and vegetables.

Campaign participants were asked to respond to a series of eight belief statements regarding
FV use (Table 2). With data combined for all intervention counties, three of these belief statements
showed significant change from PS-1 to PS-2 (p < 0.05). First, participants reported it was easier to get
their family to eat fruit. Second, they were less likely to report that it was time consuming to prepare
healthful food. Third, they were less likely to report that it was expensive to eat a diet that included
“a lot of” FVs.

314



Nutrients 2016, 8, 562

When comparing PS-2 for the intervention versus the control county for the same eight belief
statements (Table 2) the results were similar except for two belief statements (p < 0.05). First, the control
county had significantly lower confidence in serving balanced meals for their family. Second, they were
less likely to report that canned fruit was just as healthy as fresh fruit.

4. Discussion

This study describes the development, implementation and testing of a SM campaign that targets
low-income mothers with the goal of increasing child/family FV intake. Three key outcomes resulted
from the campaign development: (1) segmentation of the target audience into online and non-online
groups, and the inclusion of a secondary target audience (e.g., children); (2) showcasing all forms of
FVs (i.e., fresh, frozen, canned, dried and juice); and (3) focusing on positive, actionable messages.

The campaign audience was determined to be SNAP-eligible mothers with children, as they were
most often the food buyer/meal preparer in the household. This decision supports data showing
that in the US, women do the bulk of these household activities [24,25]. More than 50% of PS-1
participants (86% female) reported wanting to obtain healthful eating information from the Internet,
including both single/multi adult households and those age 25–34 years, while the other half did
not mention the Internet. Thus, the campaign audience was divided into two segments to address
their different communication needs (internet users and non-internet users). The primary segment
(53.3%) was mothers who mentioned going online for healthy eating information (i.e., FoodHero.org
web site and a campaign social media platform). A secondary segment was for mothers who did
not mention going online for healthy eating information (46.7%) (i.e., contents of the community kit
such as the printed Food Hero monthly magazine and media buys in grocery stores). It is likely that
the segment of mothers who go online for healthy eating information has grown as current Internet
usage by US adults with a household income <$30,000/year is 77%; 17% higher than in 2009 [26,27].
Social networking site usage of online adults US adults with a household income <$30,000/year is
79% [28].

The secondary campaign audience was determined to be children of the target mothers who live
with their mothers and ≤18 years. In the FGs and PSs mothers talked about engaging and empowering
their children with regard to cooking and eating healthy foods. For example, mothers talked about
wanting to be healthy eating role models for their children and including children in cooking and
increasing children’s acceptance of healthy foods. Similar to our results, Treiman et al. [29] found that
Maryland WIC participants taking part in FG interviews (n = 239) were highly motivated to be good
role models for their children, as were mothers (n = 140) who participated in the USDA Maximizing
the Message FG project [30]. Campaign components developed for the secondary campaign audience
were designed to empower children to be positively involved in healthful food shopping and meal
preparation (i.e., inclusion of “kids can” tips in the Food Hero Monthly magazine, a statewide search
for children’s artwork to feature in the annual recipe focused calendar, a large segment of Food Hero
on the ground cooking/tasting events occurring in schools).

Recipes became the primary product of the campaign since the FG results indicated mothers
wanted quick and healthy recipes their children would enjoy. Research shows that as in-home food
preparation increases (including within food insecure households) FV intake also increases [31,32].
A major campaign strategy was to include multiple forms of FVs in Food Hero recipes, thus, promoting
different types of affordable FVs. This strategy was adopted to lower the consistently reported
time/financial burdens and low household variety of FV types used in the home. Incorporating a
greater variety of vegetables into the diet has been shown to increase vegetable intake and overall diet
quality, including the diets of low-income women [33,34].

FG-2 participants responded well to messages promoting frozen/canned FV. Research shows
that frozen/canned FV are cost effective and healthy, and in most cases only take minutes to heat up
and serve [35–39]. However, our participants, in alignment with the USDA Maximizing the Message
project participants, felt frozen/canned FV were less healthful and desirable than fresh despite the
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majority of them reporting “low-price” as a shopping priority and 46% reporting “healthy food is
time consuming to prepare” [30]. “Low-price” and “time” have been reported by others as food
buying influencers and ‘cost’ a barrier to FV consumption; yet, canned FV intake continues to decline
in the US [40–45]. Canned FV purchases are highest for high-income households, and decline with
children in the home [43]. Our results are important since little research exists to describe why mothers
prefer fresh FV to canned or frozen. Similar to our results, Black et al., [46] found that Maryland WIC
participants (n = 223) preferred fresh FV vs. canned due to taste (e.g., disliked the “canned taste”)
and did not feel comfortable feeding canned to their children. For a low-income audience, actionable
strategies to increase intake of healthy, low cost canned and frozen FV along with fresh FV might
increase FV consumption, including variety of FV.

Based on the pre-campaign research, campaign development focused on actionable, positive and
empowering messages and materials that were genuine, non-governmental looking, and appeared to
be delivered by a trusted friend or family member. Participants clearly indicated they understood the
importance of healthful eating and were willing to include more FVs in their diets yet, like most US
adults, they were not meeting the current FV recommendations (≥ 5 cups FV/day) [11]. Thus, the SM
campaign focused on actionable messages that would help mothers increase FV intake amidst their
time/financial limited resources and desire to be healthy role models, versus a focus on the importance
of FV. Similarly, the USDA Maximizing the Message project also found that moms responded well
to actionable, genuine messages, that would fit into their busy lives [30]. Campaign messages were
structured to be applicable to the target population’s situation, aiming to limit/lower their household
burdens, and not emphasizing their financial struggles (i.e., those rated higher in Table 1). Our use
of positive (gain-framed) vs. negative (loss-framed) messaging is an effective way to promote health
behaviors especially for adherence to preventative behaviors like healthful eating [47–50].

Results showed that participants in the intervention counties recalled awareness of the campaign.
When comparing PS-1 to PS-2 questions examining beliefs about FV (Table 2), results were either
positive or neutral, providing some feedback on the potential impact of the campaign. We do
not know if the Food Hero campaign was responsible for the positive pre/post changes as other
factors may have influenced participants’ FV beliefs (e.g., other campaigns, changes in the economy,
or seasonality). However, the results are useful for future comparisons and have aided in the refinement
of the campaign.

4.1. Study Strengths

Overall, this research has four key strengths. First, to our knowledge this is the first SM
campaign, aimed at FV intake for SNAP-eligible families by targeting mothers, that has outlined
the formative steps used for campaign development, including implementation and testing of a
pilot campaign. Research on formative assessment of FV SM campaigns differed from ours in their
breath (national campaigns with broad audiences), focus (local campaigns and audiences), audience
(focused on low-income parents not mothers), or provided no assessments (focused on mothers but no
assessments reported) [15,51–57]

Second, only SNAP participants were recruited using a random sample provided by Oregon’s
DHS. Third, mixed methods were used to gain in-depth understanding of our target mothers.
Fourth, rural and urban counties were included to determine if the same campaign worked for
these different populations.

4.2. Limitations

Study limitations are primarily related to funder guidelines: (1) The project needed to be
completed within 1-year, which limited key development factors (e.g., in-depth message testing,
cognitive testing of the belief questions, comprehensive website development, pilot campaign length);
and (2) Only direct education and SM were allowed with SNAP-Ed funds, thus, at the time of
development we could not fully engage in PSE change strategies. Consequently, we could only

316



Nutrients 2016, 8, 562

pilot test the Food Hero SM campaign for 2 months, with plans for later assessments that would
measure change in FV behavior. Finally, the outcomes from the Food Hero SM campaign may not be
generalizable to other population groups, since we had a specific target group of low-income mothers
with children in the home and who spoke English.

4.3. Implications for Research and Practice

As a result of this research, the Food Hero SM campaign has evolved and is now a statewide
campaign. Currently over 125,000 unique users visit FoodHero.org each month, with over 2.2 million
page views in 2015. Since the research described in this paper was conducted, ongoing FGs and PSs
with the Food Hero primary and secondary audiences have helped to further refine our campaign
components. Behavior change assessments are being done to determine changes in FV intake, PSE
strategies incorporated, and both English and Spanish language versions of the campaign are available.

Others working to increase FV intake with low-income mothers can use the insights learned
from our target population for their own research/programs. Additionally, we provide an example of
potential steps to take to create a new campaign and/or test existing campaigns. Finally, perceptions
of different forms of FVs gained from this research can be used to frame FV messaging in
health promotion.

5. Conclusions

For SM to demonstrate positive behavior change outcomes, campaigns must follow
evidence-based practices, such as being designed and tested for a specific audience. Following such
processes will allow research to be compared and aggregated. To use an existing SM campaign, it is
imperative that the intended audience is a close match to the audience for which the SM campaign
was designed.
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