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With the idea and objective of bringing together new data on biomolecules from fruits, vegetables,
wild or medicinal plants, and other organisms (either from land or marine origin) which can exert
functional and health-promoting effects through bioactivity beyond the basic nutrient composition, we
edited this special issue on “Functional and Bioactive Properties of Food” (URL: http://www.mdpi.
com/journal/foods/special_issues/Functional_Bioactive_Properties_Food). The evidence presented
in the participating papers is still not enough to demonstrate causality and functionality because the
multifactorial conditions of the diseases (which are not related to a single effect or compound) are still
a big challenge for this generation of scientists involved in the research of bioactives from foods for
nutrition and health.

The principle of “safety first” clearly drives the research on bioactive compounds of natural origin
to be incorporated in food and feed formulas for health and wellbeing. Besides bioaccessibility and the
demonstration of biological activity, it is clear that an early positive result in any new development
would clear up any safety or toxicology issues. One example is the use of ginger rhizome in early
pregnancy [1]. More research is needed regarding its efficacy and safety, even though the available
data suggests that ginger is a safe and effective treatment for nausea and vomiting in women during
early pregnancy [1]. On the other hand, daily food consumption could lead to unexpected exposure
of contaminants, such as heavy metals, and the use of plant-derived food formulas could help in the
reduction of damage in the human body through different mechanisms of detoxification, as in the use
of Selenium-enriched rice grass juice to overcome Cadmium (Cd) contamination in foods [2], even
though the evidence is generated in vitro and further developments are expected in the future.

The use of highly-sensitive techniques to fully characterize the components in foods, formulations,
and ingredients, as well as to determinate their bioaccessibility, bioavailability, metabolism, and
biological activity, is another supporting structure of current and future challenges of the research
and development of foods for health. In the separation of compounds in the complex mixture of
any given food or formula, as well as in the evaluation of the different effects of growth conditions,
agronomical practices, farming, production of any kind, and processing, either at the industrial or
the domestic level, must be taken into consideration. The highly-sensitive separation conditions of
the fatty acids in digested and processed milk [3], the attention given to the effects of processing on
the content of bioactives as the betaine content in gluten-free grains and products [4] has possibilities
of fortification, and the necessary phytochemical characterization of bioactive compounds in quite
unknown and newly-used fruits of Pitanga [5], are only a few examples of the current trends in the
search for bioactive-rich, non-animal-origin foods for health. Nowadays, where everything in terms
of foods are connected or related to functionality, a clear, suitable, and effective set of techniques are
needed to really highlight the real or potential functionality of a given product, and methods are
continuously evolving in terms of accuracy and time consumption, from the preparation of samples
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to the elucidation of structures and mode of action. Once gathered, the information and data in the
discussion should be relevant in terms of the significance of the results, not only at the statistical level
but also regarding the physiological and biological relevance of the findings in terms of associative
cause–effect between bioactive and bioavailable metabolites and the expected function in target organs.
Besides the approaches in improving the scientific work to back-up the results, there is a need and clear
evolution in the methodologies too in terms of respect to the environment and hazards in the working
environment, with more and more conscious labs using greener alternatives to implement sustainable
practices from the farm to the lab and the clinical environments. The design of “smart-foods” also
involves nanotechnology to improve the bioavailability, metabolism, and bioactivity of foods, and
food components specially designed to target tissues affected from malignancies where the safety
and innocuousness of the encapsulated bioactives is the “stone in the road”, as seen in the review of
Martínez-Ballesta et al. [6] and references therein.

The current trend of producing foods which are aimed at more efficient diets, reduction of
intake of products from animal origin, focus on functionality, novel zero-waste processes, and the
appreciation of the complex composition and structure of foods and ingredients to be investigated
in the context of free-living people using dietary recommendations and dosages compatible with
everyday living to treat, managing and modulating the complex conditions of non-communicable
diseases from the perspective of prevention is somehow utopic at the present time. However, the
aim and will of thousands of research teams from many different areas of science and technology
are looking in that direction. Examples of “potential” functional components in foods are included
in the special issue of Yamane et al. [7] regarding the probiotics in Kefir, or the healthy lipids in
rice Koji extract [8], though the results are obtained through in vitro models—thus being very far
from becoming a real functional food or ingredient in the short term. Based on the works related
to experiences in humans about functionality, the use of spices in real life did not seem negative [9],
but also far from functional. The search for the right delivery system or “attractive” matrix for the
consumer, such as cookies enriched with green tea [10], may be acceptable from the organoleptic point
of view—however, the biological relevance of the effects on glucose metabolism is scarcely significant.
A systematic review on the use of alpha-amylase inhibitors from white bean for body weight and body
fat [11] shows only limited reductions, and the limitations of human interventions need better designs
and the development of sensible biomarkers to help in the understanding of the connections between
foods, nutrition, and health.

In summary, the development of new ingredients and foods enriched with bioactive compounds,
having health-promoting characteristics, offers new visions and opportunities for alternative strategies
in food production, supply, and consumption. Following this development and the worldwide trend
toward foods for nutrition and health, there is a need for a multidimensional and multidisciplinary
approach when it comes to connecting foods and their functionality. Among them, of particular
importance is performing more in vivo studies showing how functional ingredients and foods actually
perform in a living organism, thus demonstrating its bioactivity and functionality. Connected with
in vivo studies will be a growing need to perform metabolomic ones that will help to elucidate how
these functional ingredients influence metabolism, as well as to explain the possible modes of action.
In the end, as most authors stated, further research is required in all and every one of the presented
papers in the “Functional and Bioactive Properties of Food”, and this assures an exciting time for
the researchers in this field and for the general public interested in the relationship between food
and health.
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Ministry of Economy and Competitiveness Research Funds through Project AGL2016-75332-C2-1-R (BEBESANO).

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the
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Abstract: Digestion of milkfat releases some long-chain (18-carbon) fatty acids (FAs) that can provide
health benefits to the consumer, yet because they are found in small amounts and can be difficult to
identify, there is limited information on the effects that common fluid milk processing may have on the
digestibility of these FAs. This study provides FA profiles for raw and combinations of homogenized
and/or heat-treated (high and ultra-high temperature pasteurization) milk, before and after in vitro
digestion, in order to determine the effects of processing on the digestibility of these healthy fatty
acids. Use of a highly sensitive separation column resulted in improved FA profiles that showed that,
when milk was subjected to both pasteurization and homogenization, the release of the 18-carbon FAs,
oleic acid, linoleic acid (an omega-6 FA), rumenic acid (a conjugated linoleic acid, CLA), and linolenic
acid (an omega-3 FA) tended to be higher than with either pasteurization or homogenization, or with
no treatment. Milk is noted for containing the omega-3 FAs and CLAs, which are associated with
positive health benefits. Determining how processing factors may impact the components in milk
will aid in understanding the release of healthy FAs when milk and dairy foods are consumed.

Keywords: milk; fatty acids; digestion; pasteurization; homogenization; omega-3 fatty acids;
conjugated linoleic acid

1. Introduction

Milk is an important part of the diet of many people. Digestion of milk fat, 98% in the form of
triacylglycerides (TAG), releases bioactive fatty acids that are absorbed by the small intestine providing
a multitude of health benefits. The 18-carbon polyunsaturated fatty acids (PUFAs), making up
about 2.3% of the FAs in milk, have been linked to improving mental health, reducing inflammation,
inhibiting some cancers, and preventing many chronic illnesses such as cardiovascular disease, diabetes,
and obesity [1–5]. The major ‘healthy’ FAs are the omega-3 FAs and conjugated linoleic acids (CLA).
The primary omega-3 FA in milk is α-linolenic acid (cis-9, cis-12, cis-15 18:3). The CLAs are isomers
of linoleic acid (cis-9, cis-12 18:2) with rumenic acid (cis-9, trans-11 18:2), one of the most bioactive of
the CLAs, comprising 92% of the total CLAs in milk [3].

Overall, milk is considered to be a highly digestible food. Yet there are many processing factors,
such as homogenization and high heat treatments, which are known to alter the stability and structure
of components in milk [6] that may influence digestibility [7]. Homogenization at pressures of
10–25 MPa ruptures the protective milk fat globular membrane (MFGM) from the fat droplet and
reduces it to smaller droplets (1–3 μm) [8]. High heat treatments are used to eliminate pathogens
and reduce spoilage bacteria in order to extend the shelf life of milk. Common methods include high
temperature, short time (HTST) pasteurization at 72 ◦C for 15 s or ultra-high temperature (UHT)
pasteurization at 135 ◦C for 2 s.

Foods 2017, 6, 99; doi:10.3390/foods6110099 www.mdpi.com/journal/foods4
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Although attempts to study the effects of processing on milkfat digestion have been made,
it is difficult to compare results because of the variety of methods employed. One in vivo study
used fasting rats fed raw, pasteurized, or pasteurized/homogenized cream. Results showed that
pasteurized cream under gastric conditions had the lowest levels of long-chain (≥14-carbons) FAs.
Pasteurized/homogenized cream under intestinal conditions had the lowest levels of medium- and
long-chain (≥8-carbons) FAs [9]. Another approach used human gastric juices containing pepsin
and lipases as well as porcine pancreatin and bile salts in the in vitro digestion of milk samples with
different-sized lipid droplets. Results showed that the small native lipid droplets released more FAs
under gastric and intestinal conditions than larger native or smaller homogenized droplets. The size of
the droplet also influenced the FAs released, which suggested that the size of the droplet may alter the
positioning of the FAs at the droplet surface (enzyme access interface) [10].

Previous research in our laboratory used yet another approach based on the simulated fasting
human gastro-intestinal model, which uses porcine pepsin and pancreatin and bovine bile extract [11]
to study the digestibility of raw and processed milk [12]. Although free fatty acids (FFAs) were
not released during gastric digestion, raw and homogenized samples released more FFAs than the
pasteurized samples during intestinal digestion. However, the rate of FA release began to slow 30 min
after lipase addition, and flattened after 90 min because of product inhibition. Comparison of FA
profiles prior to digestion and after 3 h of gastro-intestinal digestion showed that stearic acid (18:0)
and oleic acid (18:1) were released faster than the other FAs. All processing treatments showed similar
trends in digestion for the same FA, but linoleic acid (cis-9, cis-12 18:2), its CLA isomers, and α-linolenic
acid (cis-9, cis-12, cis-15 18:3) were not reported. Similar digestion trends were found in a follow
up study that compared the quantity of FFAs released during in vitro gastro-intestinal digestion of
raw and processed milk from grazing organic and confined conventional cows [13]. In that study,
over half of the FFAs released in the intestinal phase were generated in the first 15 min after lipase
addition. Milk from confined conventional herds, which had higher levels of palmitic (16:0) and stearic
(18:0) acids, released more FFAs compared to the grazing organic herd. These FAs are typically located
on the sn-1 and sn-3 TAG positions that are preferred by pancreatic lipase.

The diversity of the approaches used to study the digestion of milk offers unique opportunities
to understand different aspects of the digestion process. It is imperative that the FA profiles include
the healthy C18 FAs, not only to provide baselines for future research, but to aid in understanding
the release of bioactive FAs in dairy foods. This work, stemming from our organic milk study [13],
(1) provides complete and accurate FA profiles for milk and digested samples using a more sensitive
column and (2) uses the FA profiles to evaluate the effect of homogenization and/or heat pasteurization
on the gastro-intestinal digestion of milkfat.

2. Materials and Methods

2.1. Processing of Milk

Three shipments of raw milk (38 L) were obtained from an actively grazing certified organic herd
located in Berks County, PA between mid-July and early September and processed that afternoon as
described by Van Hekken et al. [13] in our dairy pilot plant facilities. Briefly, milk was standardized
to 3.25% fat and divided into five portions. One portion remained unheated raw (R) milk control.
Another portion was high temperature, short time (HTST) pasteurized (P) at 72 ◦C for 15 s using a
Universal Pilot Plant (UPP, Waukesha Cherry-Burrell, Philadelphia, PA, USA). A third portion was HTST
pasteurized and homogenized (HP) using the two-stage homogenizer (17.2/10.3 MPa) attached to the UPP.
Another portion of the raw milk was warmed to 60 ◦C to liquefy the fat before being homogenized (H) in
the off-line UPP homogenizer. The last portion was ultra-high temperature pasteurized at 135 ◦C for 2 s
using a FT 74 P/T HTST/UHT Processing System (Armfield, Denison, IA, USA) and homogenized (HU)
in the off-line UPP homogenizer. Milk samples were stored at 4 ◦C until digested and aliquots of milk for
FA analysis were frozen at −35 ◦C until analyzed.
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2.2. Digestion of Milk

Digestion of milk was based on the in vitro human fasting model by Gallier et al. [14] as modified
by Tunick et al. [12] and described by Van Hekken et al. [13]. Raw milk samples were digested the next
day and all treatments were digested within 3 days after processing; digestions were conducted once.
Briefly, 50 mL of warmed (37 ◦C) simulated gastric fluid [11] consisting of 0.2% NaCl and 0.32% pepsin
(P7000 from porcine gastric mucosa, Sigma-Aldrich, St. Louis, MO, USA), pH 1.2, was added to 100 mL
of warmed (37 ◦C) milk, and adjusted to pH 1.5 with 6 M HCl (Fisher Scientific, Fair Lawn, NJ, USA).
The mixture was constantly shaken in a water bath at 37 ◦C for 60 min to produce a gastric digest.
A mixture of 1:1 gastric digest: simulated intestinal fluid (SIF) [11] containing 0.68% KPO4 (Fisher)
was adjusted to pH 7.0 with 0.2 N NaOH (Fisher). Bile salts (B8631 porcine bile extract, Sigma-Aldrich,
St. Louis, MO, USA) were added to a concentration of 5 mg/mL SIF, along with porcine pancreatin
(P1750, Sigma-Aldrich) to a concentration of 1.6 mg/mL SIF. The pH was not adjusted during digestion.
Aliquots of the intestinal digests were taken after 120 min and centrifuged at 5000× g for 30 min
at 10 ◦C (Avanti J-301; Beckman Coulter, Inc., Brea, CA, USA) to obtain the lipid portion, which
was immediately frozen at −35 ◦C (REVCO TM DxF; Thermo Scientific, Inc., Waltham, MA, USA)
until analyzed.

2.3. Fatty Acid Profiles

Profiles of the FAs still bound to the TAG in each processed milk and digested samples were
obtained based on a modified version of the procedure described by Tunick et al. [12]. Briefly, the FAs
were converted to methyl esters (FAME) by reacting with sodium methoxide (Sigma-Aldrich) (free FAs
were not detected by this method) and 0.5 μL samples were injected into a Trace 1300 gas chromatograph
equipped with a flame ionization detector set at 270 ◦C (Thermo Scientific, Waltham, MA, USA)
and a CP-Sil 88 column (100 m × 0.25 mm; Agilent Technologies, Wilmington, DE, USA). Helium flow
was 1.0 mL/min and the injector was 20 mL/min split flow with the inlet temperature at 250 ◦C.
The initial oven temperature was 80 ◦C and was increased at 4 ◦C/min to 220 ◦C and held for 5 min;
the oven temperature was then increased at 4 ◦C/min to 240 ◦C and held for the remaining 10 min:
The instrument’s software was used to calculate percentages of FA. The internal standard added
before esterification was glyceryl trinonanoate (Sigma-Aldrich), and reference standards consisted
of 4–24-carbon methyl esters and conjugated methyl linoleate (Nu-Chek-Prep, Elysian, MN, USA).
Data collection started with caprylic acid (8:0).

2.4. Statistical Analysis

FA profile means for each shipment were used to determine the effect of milk processing, digestion,
and the processing-digestion interaction on the FAs present in the samples. Statistical software
was used to conduct analysis of variance (ANOVA) using the PROC MIXED statements and the
Bonferroni LSD test to determine significant differences (p < 0.05) (Statistical Analysis System (SAS)
for Windows, version 9.4; SAS Institute Inc., Cary, NC, USA). The repeatability of the digestion method
was determined using the PROC GLM (SAS) to obtain the coefficient of variance (CV) and standard
deviation (SD) for the undigested (n = 15) and digested milk (n = 11) samples.

3. Results and Discussion

3.1. GC System

Use of the longer (100 m) fused silica column coated with the highly polar cyanoalkyl
polysiloxane stationary phase, CP Sil 88, resulted in finer resolution of peaks and identification of more
monounsaturated FAs (MUFAs) and odd-numbered FAs. In total, 8 saturated FAs (SFA), 6 MUFAs, and 3
of the healthy PUFAs (Table 1) were quantified, which is an improvement over our previous GC system
that used a 60 m fused silica column with a stationary phase of biscyanopropyl/cyanopropylphenyl
siloxane [12]. The major CLA in milk, rumenic acid (cis-9, trans-11 18:2), was quantified, whereas the
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other CLA isomers were not detected. Although 400 different FAs that have been identified in milk,
only 20 FAs make up 90% of the FAs found in milk [15]. The FAs present in trace amounts, such as the
other CLAs, will be difficult to isolate and identify. Further modification of the FA analysis protocol,
both in sample preparation and the GC method program, may resolve overlapping peaks to identify
even more FAs, including other CLAs and omega-3 FAs.

Table 1. Fatty acid concentrations (g/100 g) for differently processed milk before and after a 3 h
gastro-intestinal digestion.

Fatty Acid Common Name R H P HP HU SE

Undigested milk

8:0 Caprylic acid 1.20 a 1.38 a 1.17 a 1.58 a 1.56 a 0.201
10:0 Capric acid 2.95 abc 3.57 ab 3.07 abc 2.63 abc 3.72 a 0.289
12:0 Lauric acid 3.39 a 4.15 a 3.67 a 3.67 a 4.32 a 0.274
14:0 Myristic acid 11.25 c 13.35 c 11.89 c 12.28 c 12.57 c 0.477
14:1 Myristoleic acid 1.22 a 1.52 a 1.13 a 1.30 a 1.07 a 0.352
15:0 1.19 a 1.42 a 1.32 a 1.31 a 1.28 a 0.284
15:1 0.19 c 0.21 bc 0.22 bc 0.22 bc 0.24 bc 0.030
16:0 Palmitic acid 29.10 b 30.57 b 29.69 b 28.52 b 28.46 b 1.038
16:1 Palmitoleic acid 1.30 a 1.53 a 2.31 a 1.79 a 2.69 a 0.312
17:0 Margaric acid 0.72 a 0.69 a 0.79 a 0.74 a 0.74 a 0.128
17:1 0.30 a 0.31 a 0.30 a 0.30 a 0.29 a 0.180
18:0 Stearic acid 13.85 a 11.27 a 11.94 a 12.68 a 10.59 a 1.292

cis-9 18:1 Oleic acid 23.89 a 21.14 a 23.54 a 24.15 a 24.23 a 1.034
trans-11 18:1 Vaccenic acid 3.85 a 3.39 ab 3.50 ab 3.65 ab 3.47 ab 0.172

cis-9, cis-12 18:2 Linoleic acid 3.74 a 3.72 a 3.64 a 3.52 a 3.36 a 0.203
cis-9, trans-11 18:2 Rumenic acid 0.97 a 0.97 a 0.93 ab 0.92 ab 0.81 ab 0.056

cis-9, cis-12, cis-15 18:3 α-Linolenic acid 0.77 a 0.78 a 0.67 ab 0.69 ab 0.63 abc 0.044

Digested milk

8:0 Caprylic acid 1.47 a 0.92 a 0.98 a 0.55 a 0.76 a 0.201
10:0 Capric acid 2.16 abc 3.79 ab 2.16 a 1.94 bc 1.50 c 0.289
12:0 Lauric acid 4.24 a 4.64 a 3.67 abc 4.11 a 3.75 a 0.274
14:0 Myristic acid 18.13 ab 17.50 b 17.48 a 20.67 a 19.62 ab 0.477
14:1 Myristoleic acid 2.20 a 2.58 a 2.31 b 2.00 a 2.15 a 0.352
15:0 1.40 a 1.88 a 2.09 a 1.99 a 2.12 a 0.284
15:1 0.22 bc 0.22 bc 0.49 a 0.37 ab 0.31 abc 0.030
16:0 Palmitic acid 37.60 a 38.50 a 39.82 a 41.59 a 43.77 a 1.038
16:1 Palmitoleic acid 2.58 a 2.05 a 2.33 a 2.21 a 1.74 a 0.312
17:0 Margaric acid 1.11 a 1.22 a 0.88 a 0.94 a 1.00 a 0.128
17:1 0.81 a 0.33 a 0.45 a 0.75 a 0.81 a 0.180
18:0 Stearic acid 7.59 a 6.97 a 8.06 a 7.76 a 8.19 a 1.292

cis-9 18:1 Oleic acid 13.21 b 13.47 b 12.54 b 9.70 b 8.82 b 1.034
trans-11 18:1 Vaccenic acid 3.36 abc 2.22 c 2.86 abc 2.82 bc 2.90 abc 0.172

cis-9, cis-12 18:2 Linoleic acid 2.89 ab 2.76 ab 2.81 ab 1.99 b 1.97 b 0.203
cis-9, trans-11 18:2 Rumenic acid 0.60 bc 0.59 bc 0.57 bc 0.33 c 0.33 c 0.056

cis-9, cis-12, cis-15 18:3 α-Linolenic acid 0.42bcd 0.38 cd 0.41
bcd 0.28 d 0.27 d 0.044

Processing treatments included: raw, R; homogenized, H; pasteurized, P; homogenized and pasteurized, PU;
and homogenized and UHT pasteurized, HU. a–d Means for the same fatty acid not sharing the same letter are
significantly different (p < 0.05). Standard error, SE.

3.2. FA Profiles

Table 1 shows the types and levels of FAs in the milk and digested samples. The FA profiles of the
milk prior to digestion were similar to those of previously published studies of milk from actively grazing
cows in the USA [16–18]. All of the profiles were dominated by palmitic (16:0) and oleic (18:1) acids,
comprising over 50% of the FAs. The myristic (14:0) and stearic (18:0) acids comprised about 20% of the FAs.
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Rumenic acid (cis-9, trans-11 18:2) was present at nearly 1%, and none of the other 20 isomers reported in
the milk [19] were detected. Statistical analysis of the milk and digested milk data resulted in coefficient of
variance of 10.9 ± 0.44 and 13.6 ± 0.52, respectively, for the overall repeatability of the experiment.

The digestion system we used did not add lipase until the intestinal phase [14], and we did not
detected any FFAs in the digest until then. Other studies that used the in vivo rat model [9] or human
gastric juices in an in vitro model [10] reported the release of FFAs during the gastric phase. It has been
suggested that gastric lipolysis enhances the efficiency of pancreatic lipase [4,10].

The profiles changed markedly with simulated intestinal digestion, due to the lipolytic activity of
the added pancreatic lipases supported by the bile salts. The concentrations of many of the 18-carbon FAs
decreased significantly (p < 0.05), which indicated the release of FFAs into the digest (Table 1). The amounts
of myristic (14:0) and palmitic (16:0) acids in the digested samples appeared to increase (Table 1),
although they were being released but at a slower rate than the other FAs. The slower release rate
resulted in their higher concentration in the recovered digested fat sample. In bovine milk, 45–65% of
myristic (14:0) and palmitic (16:0) acids are located in the sn-2 (center) position of the triacylglyceride
molecule [20], partially protecting it from lipolysis. In contrast, the 18-carbon FAs (18:0, 18:1, 18:2 and 18:3)
are situated in the sn-1 and sn-3 (outer) positions [20], allowing them to be readily released.

The reductions in 18-carbon FAs may be more easily visualized by noting their ratios to myristic acid
before and after digestion (Table 2). The ratios for 18:1, 18:2 and 18:3 substantially decreased (p < 0.05) with
digestion. Homogenized heat treated (HP and HU) samples tended to have lower ratios for oleic (18:1),
linoleic (cis-9, cis-12 18:2), rumenic (cis-9, cis-11 18:2), and α-linolenic (cis-9, cis-12, cis-15 18:3) acids.
These levels were reduced by more than half when the HP and HU samples were digested, and their ratios
to myristic acid (14:0) were significantly lower than the corresponding ratios of the raw, homogenized
and pasteurized samples. Homogenization or HTST pasteurization alone did not produce these effects,
suggesting that the combination of two treatments may increase digestibility of these four FAs and will
require further bench and clinical research to elucidate.

Table 2. Ratios of 18-carbon fatty acids to myristic acid (14:0) for differently processed milk before and
after a 3 h gastro-intestinal digestion.

Fatty Acid Common Name R H P HP HU SE

Undigested milk

18:0 Stearic acid 1.23 a 0.85 ab 1.02 ab 1.03 ab 0.85 ab 0.116
trans-11 18:1 Vaccenic acid 0.34 a 0.26 abc 0.30 a 0.30 a 0.28 ab 0.015

cis-9 18:1 Oleic acid 2.12 a 1.59 a 1.98 a 1.98 a 1.93 a 0.104
cis-9, cis-12 18:2 Linoleic acid 0.33 a 0.28 ab 0.31 a 0.29 a 0.27 abc 0.018

cis-9, trans-11 18:2 Rumenic acid 0.086 a 0.073 a 0.078 a 0.075 a 0.065ab 0.005
cis-9, cis-12, cis-15 18:3 α-Linolenic acid 0.069 a 0.058 a 0.056 a 0.056 a 0.050 a 0.003

Digested milk

18:0 Stearic acid 0.42 b 0.40 b 0.47 ab 0.38 b 0.42 b 0.116
trans-11 18:1 Vaccenic acid 0.19 bcd 0.13 d 0.16 cd 0.14 d 0.15 d 0.015

cis-9 18:1 Oleic acid 0.73 b 0.77 b 0.72 b 0.47 b 0.44 b 0.104
cis-9, cis-12 18:2 Linoleic acid 0.16 bcd 0.16 cd 0.16 bcd 0.10 d 0.10 d 0.018

cis-9, trans-11 18:2 Rumenic acid 0.034bc 0.035bc 0.034bc 0.016 c 0.017 c 0.005
cis-9, cis-12, cis-15 18:3 α-Linolenic acid 0.024 b 0.021 b 0.024 b 0.013 b 0.014 b 0.003

Processing treatments included: raw, R; homogenized, H; pasteurized, P; homogenized and pasteurized, PU;
and homogenized and UHT pasteurized, HU. a–d Means for the same fatty acid not sharing the same letter are
significantly different (p < 0.05). Standard error, SE.

Overall, our results are similar to findings from other digestion studies [9,12]. The in vivo rat study
also reported that pasteurized/homogenized cream released the most FAs containing ten or more
carbons, but only reported the 18-carbon FAs stearic (18:0), oleic (18:1), and linoleic (cis-9, cis-12 18:2)
acids [9]. An earlier in vitro study from our lab reported greater release of stearic (18:0) and oleic (18:1)
acids from homogenized and heat processed milk [12], but did not report results for the PUFAs.

Unlike our study, in vitro studies using human enzymes showed higher levels of digestion
from smaller fat droplets, but found homogenization and UHT heat treatment did not enhance milk
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digestion [10]. They reported that the size of the lipid droplet and its surface (covered with the MFGM
or casein/whey proteins) were key to lipid digestion. They also suggested that pancreatic lipases
had a lower affinity to the casein coating that forms around the smaller homogenized fat droplets,
thereby limiting the release of FAs.

4. Conclusions

Findings from this study showed that the use of the longer, highly polar GC column improved the
resolution, identification, and quantification of the FAs present in milk and the in vitro digested milk
samples. Release of the FAs was easily tracked by comparing the FA profiles before and after digestion.
The 18-carbon FAs were rapidly released during intestinal digestion, although care must be taken when
interpreting all FA release results to take into account the distribution of the FAs in the diminishing
quantity of fat at the end of digestion. While our results suggest that pasteurizing and homogenizing
milk may lead to better digestibility of healthy FAs, more research is needed using animal and human
models to further investigate this phenomenon.

The diversity of the systems that have been used to digest milk offers unique opportunities
to understand certain aspects of the digestion process, which, when combined, will improve our
understanding of the effects that processing may have on the human health benefits from consuming
milk-based foods.
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Abstract: Matcha green tea powder (MGTP) is made with finely ground green tea leaves that are rich
in phytochemicals, most particularly catechins. Shortbread biscuits were enriched with MGTP and
evaluated for consumer acceptability and potential functional health properties. Baking decreased
the content of total catechins by 19% compared to dough, although epimerization increased the
amount of (+)-gallocatechin gallate at the expense of other catechins such as (−)-epigallocatechin
gallate. Consumer acceptability tests using a 9-point hedonic scale showed that consumers preferred
enriched biscuits with low content of MGTP (2 g of MGTP 100 g−1 of flour), and an increase of
sugar content did not significantly improve the acceptability of MGTP-enriched biscuits. Overall,
enrichment of biscuits with MGTP did not significantly affect the postprandial glucose or triglyceride
response (area under curve) compared to non-enriched biscuits consumed with water or MGTP drink.
Enriching biscuits with Matcha green tea is acceptable to consumers, but may not bring significant
postprandial effects.

Keywords: Matcha green tea powder; catechin stability; consumer acceptability; acute metabolic
response; functional food

1. Introduction

Catechins are the main polyphenols found in green tea. As shown in Figure 1, catechins have
a common carbon backbone with variations in the substitutes at the C-3 and C-5′ positions [1].
The four major catechins found in green tea are (−)-epigallocatechin (EGC), (−)-epicatechin (EC),
(−)-epigallocatechin gallate (EGCG), and (−)-epicatechin gallate (ECG). Their trans epimer forms,
namely (+)-catechin, (+)-gallocatechin gallate (GCG), (+)-gallocatechin (GC), and (+)-catechin gallate
(CG), are found in minor amounts. The epimerization from cis to trans is reversible and can occur
when cis catechins are exposed to high temperatures [2]. EGCG is the most abundant catechin in green
tea leaves and contributes to 50% of total catechins in tea leaves. Hence, it is been used as a quality
indicator in green tea products [3]. It is also found at low levels in a range of foods including apples,
red berries, nuts, and legumes.
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Figure 1. Structure of the main catechins found in green tea.

Consumer research has suggested that even though green tea is unfamiliar to most non-Asian
consumers, their desire to drink green tea is enhanced due to its perceived health benefits [4,5].
Moreover, there are also the demands for convenience products (i.e., biscuits) with value-added
components [6,7]. Incorporating green tea powder into bakery products may mask the bitterness
or astringency of green tea perceived by consumers. A few studies have incorporated green tea
into bakery products and have shown effects on the physicochemical, colour, textural, and shelf life
properties [8–10]. Studies found good sensory acceptability of cakes enriched with up to 20% green tea
substituting wheat flour [9]. To date, there have been no reports on the potential physiological effects
of green tea-enriched food products.

The catechins found in green tea have been shown to have potential roles in preventing cancer
development, diabetes, and cardiovascular diseases [11,12]. Zhong et al. [13] found a 25% decrease
in carbohydrate absorption after a consumption of green tea extract containing 300 mg of EGCG
and 100 mg of ECG with a carbohydrate meal, suggesting that green tea may reduce the amount of
glucose absorbed into the bloodstream, which in turn may lower the risk of developing diabetes [12,13].
Moreover, a review by Koo and Noh [14] suggested that green tea reduces the absorption of dietary
fat by interfering with the processes of lipid digestion in the intestine. Studies using animal models
have shown that green tea compounds can slow down lipid absorption by inhibiting the activity of
pancreatic lipase [15,16]. Unno et al. [16] showed that 224 mg of green tea catechins consumed as
tea infusion after meal consumption can lower the concentration of lipids in the blood by 15% and
therefore may lower the risk of developing cardiovascular diseases. Studies so far have used green tea
in the form of pure extracts or tea infusions to study the potential health effects, but none have used it
as part of a functional food.

The aims of this study were to (1) investigate the effect of baking on the stability of catechins;
(2) evaluate the sensorial acceptability of shortbread biscuits enriched with Matcha green tea powder
(MGTP) and assess the effect of sugar addition on acceptability; and (3) investigate the effect of MGTP
on the postprandial glucose and triglyceride response in human volunteers. We discuss the potential
of MGTP-enriched biscuits as functional foods.

2. Materials and Methods

2.1. Materials

Matcha factory® Matcha green tea powder (13.2% of total phenolic content, 10% total catechin) was
purchased from Chah Ltd. (Solihull, UK). Tesco® plain flour, Tate & Lyle® caster sugar, and Anchor®

unsalted butter were purchased from Tesco supermarket (Leeds, UK).
HPLC (High Performance Liquid Chromatography)-grade acetonitrile and ethanol were purchased

from Fisher Scientific Co. Ltd. (Leicestershire, UK). HPLC-grade methanol, (−)-epicatechin (EC),
and caffeine were purchased from Sigma Aldrich Co. Ltd. (St. Louis, MI, USA). (−)-Epicatechin
gallate (ECG), (−)-epigallocatechin (EGC), and (−)-epigallocatechin gallate (EGCG) were obtained from
Cambridge Bioscience Ltd. (Cambridge, UK). (+)-Gallocatechin gallate (GCG) was purchased from Insight
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Biotechnology Co. Ltd. (Middlesex, UK). All water refers to deionized Millipore water, Millipore Ltd.
(Hertfordshire, UK).

2.2. Preparation of Shortbread Incorporated with MGTP

The dough was prepared by beating butter (83.3 g) and sugar (at three different levels, 25, 30,
or 35 g 100 g−1 of flour) together with a mixer (KM336 Chef Classic, Kenwood Ltd., Havant, UK)
for 5 min at speed 4 (180 rpm), and then flour (100 g) and MGTP were added (at the level of 2,
4, or 6 g 100 g−1 of flour), followed by mixing for 5 min at minimum speed (50 rpm). The dough
was wrapped in clingfilm and rested for 1 h at 4 ◦C. The dough was rolled to 0.4 mm thickness,
and then the biscuits were cut into a circle shape (4.8 cm diameter) and rested for 10 min before being
placed in a conventional oven (BC190.2TCSS, Baumatic Ltd., Merthyr Tydfil, UK) at 180 ◦C for 15 min.
After baking, the biscuits were left to cool down at room temperature.

The weight of biscuits was measured before and after baking to calculate weight loss during
baking. Samples of each biscuit were prepared for sensory evaluation. For HPLC analysis, the dough
and shortbread biscuit samples (made with 25 g sugar at the three levels of 2, 4, or 6 g MGTP 100 g−1 of
flour) were ground, kept overnight in a freezer (−20 ◦C), and then freeze-dried (Christ Alpha 1-4 LD,
SciQuip Ltd., Shropshire, UK) and packed into vacuum-sealed bags until HPLC analysis.

2.3. Defatting of Samples and Extraction of Catechins

Freeze-dried sample was weighed (1 g), mixed with 30 mL of hexane, and placed in a heat
circulating water bath (Grant Instruments, Cambridge, UK) at 70 ◦C for 20 min. After cooling down,
samples were centrifuged at 3000 rpm for 10 min. The hexane fraction was decanted. The samples
were left in the fume cupboard with the light off for 2–3 h to evaporate the hexane from the samples.
Defatted samples were extracted by adding 25 mL of 70% methanol with 0.3% formic acid and
incubated in a water bath at 70 ◦C for 5 min to equilibrate to the temperature and another 45 min to
extract. After cooling down, the tubes were centrifuged at 3000 rpm for 10 min and the supernatant
was collected. The extraction was repeated, the supernatant was pooled together, and its volume was
made to 50 mL. The samples were filtered through a 0.2 μm PTFE (Polytetrafluoroethylene) syringe
filter and put in amber vials for further HPLC analysis.

2.4. HPLC Analysis of Catechins in Dough and Biscuit Samples

A method for HPLC analysis was adapted from Wang and Zhou [17]. The separation was
performed on a Phenomenex C18 reverse-phase column (5 μm, 250 × 4.6 mm) (Phenomenex,
Cheshire, UK) with a conventional HPLC coupled with a UV-Vis detector (SPD-20A, Shimadzu
Corporation, Kyoto, Japan). A binary gradient of water with 0.1% formic acid (eluent A) and acetonitrile
with 0.1% formic acid (eluent B) was used to run on the system at a flow rate of 0.5 mL·min−1.
The gradient started at 10% B, remained at 10% for 5 min, and increased to 15% over 9 min, then climbed
to 60% over 23 min, then to 95% over 3 min, and remained at 95% for 2 min to wash the column before
returning to 10% over 2 min and re-equilibrating over 6 min. The total length of the method was
45 min. The column temperature was set at 25 ◦C. Catechins and caffeine were detected at 275 nm.
Identification of each catechin was performed by comparing the retention time and spectrum with the
standard. Standard curves for quantification were prepared with standard compounds dissolved in
extracting solvent (70% methanol with 0.3% formic acid) at concentrations between 2.5–100 μg·mL−1.
The standards were caffeine, EC, EGCG, ECG, EGC and GCG.

2.5. Sensory and Acceptability Studies

Ethical approval for the sensory evaluation study was granted by the Mathematics, Physical
Sciences, and Engineering Ethical Committee at the University of Leeds (MEEC 13-026). Sensory
evaluation of biscuits was conducted by human panelists, who scored the biscuits using a 9-point
hedonic scale. The attributes tested were overall acceptability, appearance, aroma, colour, texture,
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bitterness, and sweetness. All sensory evaluation sessions were carried out in separate booths equipped
with a Compusense 5.6 sensory software (Compusense Inc., Guelph, ON, Canada), in which responses
were recorded directly by the participants.

The tests evaluated 9 shortbread formulations with 3 levels of MGTP and 3 levels of sugar. Samples
were assigned with 3-digit codes, and the software randomised their serving orders. Plain water was
provided to rinse the mouth between samples. The evaluations were repeated in two sessions with
same participants. Fifty-four participants completed the first session, and 46 participants completed
the second session.

2.6. Human Intervention Study for Study of Metabolic Response

Ethical approval for this part of the study was granted by the Mathematics, Physical Sciences, and
Engineering Ethical Committee at the University of Leeds (MEEC 14-040). The study was designed
according to the FAO (Food and Agriculture Organization) protocol [18]. Healthy adults (n = 4 were
Asian, n = 3 were South American, n = 2 were European, n = 1 was African) were recruited to the
study after they met the eligibility criteria according to a health screening questionnaire (18–60 years;
not allergic to any food; not pregnant or lactating; not diagnosed with chronic diseases such as diabetes,
cancer, cardiovascular or digestive diseases; not taking any medication that affect the glucose and
triglyceride response). The sample size was decided based on harmonized GI methodology [19] who
established that 10 individuals is probably enough in most cases to obtain a significant difference
between. The design of the study was a cross-over randomised control study without blinding with a
one week washout period between sessions. Each participant was asked to attend following overnight
fasting overnight for a least 10 h but was not asked to modify their usual diet.

2.6.1. Reference and Test Meals

Three meals (one reference and two test meals) were tested by all panelists in this study in a random
order. The reference meal consisted of 100 g of plain shortbread biscuits consumed with 300 mL of warm
water. The two test meals consisted of either 100 g of MGTP-enriched biscuits consumed with 300 mL
of warm water or 100 g of plain shortbread biscuits consumed with 200 mL of MGTP consumed as a
tea drink followed by 100 mL of warm water (total liquid volume of 300 mL). The test meals contained
54–55g of available carbohydrate, of which 16.0 g was sugar and 36 g was fat. The MGTP-enriched biscuit
contained 6 g of MGTP (catechin dose of 233 mg). Plain biscuits were prepared according to exactly
the same procedure but without addition of MGTP. Once the biscuits were baked and cooled down,
100 g of biscuits were weighed and packed in vacuum-seal plastic bags and used within 1 month for the
human study. Matcha green tea drink was made before serving by mixing MGTP (3 g, catechin dose
of 257 mg) with 200 mL of warm water. All meals contained around 54–55 g of available carbohydrate.
The composition information for the biscuits tested can be found as Supplementary Material (Table S1).

2.6.2. Glucose and Triglyceride Measurement

Capillary blood glucose and triglyceride concentrations were measured from a finger-prick blood
sample. A finger was sanitized with an antiseptic wipe before perforation of the skin with a Safe T
pro Accu chek disposable lancet. The blood droplet was loaded onto a glucose test strip (Accu-Chek
compact 17-drum test strips, Roche diagnostic Ltd., West Sussex, UK) and inserted into a glucometer
(Accu-Chek® Aviva blood glucose meter, Roche diagnostic Ltd., West Sussex, UK), which returned
the blood glucose concentration in mmol·L−1. Another blood droplet was collected by a sterile
disposable pipette (15 μL Safetec Pipettes, BHR Pharmaceutical Ltd., Nuneaton, UK). The extracted
blood was transferred to a triglyceride test strip (CardioChek® PTS Panel triglyceride test strips,
BHR Pharmaceutical Ltd., Nuneaton, UK), which was inserted into a Cardiochek Professional analyser
(CardioChek® PA Blood Analyser, BHR Pharmaceutical Ltd., Nuneaton, UK), to measure the blood
triglyceride concentration in mmol·L−1.
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Overnight fasted blood glucose and blood triglycerides were measured at baseline; then, the subject
was provided the meal to be consumed within a period of 10 min. Eight blood glucose measurements
were taken at 15, 30, 45, 60, 90, 120, 150 and 180 min after the start of the food consumption. Three blood
triglyceride measurements were taken at 60, 120 and 180 min after the start of the food consumption.

2.6.3. iAUC Calculation

The incremental area under the curve (iAUC) of the glucose and triglyceride response was
calculated according to FAO [18], using the trapezoidal rule in which all the areas of glucose response
collected during the three hours period are added together, by ignoring the area beneath the baseline.

2.7. Data Analysis

Results were analysed statistically to determine mean values, standard deviations (STDs),
and standard error of means (SEMs) of quantified masses of compounds obtained from HPLC in
duplicate runs. The total catechins content was presented by the sum of the amounts of individual
catechins (EGCG, ECG, EGC, GCG and EC). Mann-Whitney U Test was performed to determine the
difference between before and after baking of catechin content.

For acceptability sensory results, one factor analysis of variance (ANOVA) with a significant level
of p < 0.05 and Tukey’s-b post-hoc test was performed to determine the difference in scores between
the different biscuit formulations. Two factor ANOVA with a significant level of p < 0.05 and Tukey’s-b
post-hoc test was conducted to determine the difference of the acceptability between MGTP and sugar
incorporated and their interaction effects. The response surface methodology was conducted using R
program (R version 3.2.5, with R Commander package) to plot response surface and contour plot that
explained the relationship between the independent variable: MGTP (X1) and sugar (X2); response
variables; and testing acceptability attributes (Y): overall appearance, aroma, colour, texture, bitterness,
and sweetness of the biscuit samples.

For the human metabolic study, one-way ANOVA and Tukey’s-b post hoc test was conducted to
investigate the difference between test meals that affects the glucose response and triglyceride response.

Statistical analyses were carried out using the SPSS 22.0 statistical software package (SPSS Inc.,
Chicago, IL, USA).

3. Results and Discussion

3.1. Stability of Catechins and Caffeine During the Baking Process

Biscuits with three different levels of MGTP were prepared (see Figure S1). Catechins and
caffeine content in dough and biscuits were measured by HPLC-DAD (diode-array detector) (Figure 2,
for chromatograms see Figure S2). The results indicate a significant loss of most catechins, except GCG,
during the baking process, with a maximum loss of 19% in total catechins (Table 1). EGC presented
the highest losses of 31% in biscuits enriched with the highest level of MGTP (6 g 100 g−1 of flour).
However, there was an increase in GCG of up to 40% in the same biscuits, indicating that epimerization
of EGC to GCG may have occurred during the baking process. Caffeine content also decreased during
the baking process by up to 24%. The levels of total catechins in the highly enriched biscuits (6 g MGTP
100 g−1 of flour) were approximately 20–23 mg per one biscuit, which is around 9% of the amount
present in a typical green tea infusion (257 mg 200 mL−1 cup).
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Figure 2. Amount of catechins in dough and shortbread enriched with 3 levels of MGTP (2, 4, 6 g 100 g−1

of flour): (a) EGC; (b) EC; (c) EGCG; (d) GCG; (e) ECG; (f) total catechins and (g) caffeine. Results
are expressed as mg per biscuit. * indicates a significant difference (p < 0.05) before and after baking.
The error bars represent the SEM (standard error of the mean) (n = 12 biscuits).

Table 1. Percentage retention of catechins and caffeine in MGTP (Matcha green tea powder)-enriched
shortbread biscuits after baking as a proportion of initial content in the dough.

Compound 2 g MGTP (%) 4 g MGTP (%) 6 g MGTP (%)

(−)-epigallocatechin (EGC) 70.9 ± 9.5 81.5 ± 2.5 68.9 ± 1.6
(−)-epicatechin (EC) 72.6 ± 4.5 85.7 ± 3.5 80.2 ± 1.7

(−)-epigallocatechin gallate (EGCG) 84.9 ± 4.0 89.7 ± 2.1 81.8 ± 1.4
(+)-gallocatechin gallate (GCG) 133.0 ± 7.3 128.6 ± 11.0 140.3 ± 8.6
(−)-epicatechin gallate (ECG) 92.2 ± 3.9 94.3 ± 2.4 89.1 ± 1.2

Total catechins 82.4 ± 5.7 88.9 ± 2.5 81.1 ± 1.4
Caffeine 81.9 ± 5.0 76.3 ± 3.4 76.4 ± 1.1

16



Foods 2018, 7, 17

The results are in agreement with the study by Wang and Zhou that showed an average retention
of 83% for EGCG and 91% for ECG in green tea-enriched bread [17]. Epimerization of EGCG to
GCG has been observed in bread [20]. Sharma and Zhou showed much higher losses of catechins
during baking (up to 98%) [21]. The degradation followed first order kinetic parameters and could
largely be prevented by acidification of the dough. Core temperatures of 120–130 ◦C achieved during
baking would provide sufficient energy for epimerization of EGCG or EGC to GCG [21]. EGC is less
stable than other catechins because of its radical scavenging hydroxyl group at the 5′ position of the B
ring [22,23]. Therefore, this is could explain the increase in GCG in the MGTP-enriched biscuits.

3.2. Sensory and Overall Acceptability of Biscuits

The response surface for overall acceptability (Figure 3a) shows that biscuits with low MGTP
and low sugar content received the highest acceptability. The increase in sugar in biscuit formulation
did not significantly affect the acceptability of the enriched biscuits. A similar response was observed
for appearance (Figure 3b), with darker green and brown colour receiving lower acceptability scores.
As shown in Figure 3c, the highest response of aroma acceptability was achieved around a sugar
level of 30 g 100 g−1 of flour. The surface response method suggested the stationary point at 1.84 g
of MGTP and 27.73 g of sugar 100 g−1 of flour to obtain the highest response. Heat treatment can
cause undesirable aromas of green tea [24]. The trained panelist detected more undesirable (described
as wet wood smell) aroma of heat processed green tea at 121 ◦C for 1 min compared to unprocessed
green tea [24]. Therefore, the aroma of shortbread biscuits containing MGTP may be affected by baking
temperature at 180 ◦C, as it will likely cause an undesirable aroma. However, Ahmad et al. [8] found
that increasing green tea powder in cookies (1–4%) increased the aroma acceptability.

As shown in Figure 3d, the highest response of colour acceptability was for the biscuits with a
sugar level of 30 g 100 g−1 of flour and low MGTP. The colour is thought to come from chlorophyll
pigments, which can degrade at high temperatures. Kim et al. [25] suggested that green tea solution
became less green and deeper yellow after heating at 120 ◦C for 4 min. Therefore, masking the colour
of biscuits by adding fresh green colouring may increase the acceptability of biscuits.

Figure 4a shows that high sugar and low content of MGTP increased the texture acceptability with
an optimum score for biscuits with 30 g sugar 100 g−1 of flour and low MGTP. Sugar increases
the crunchiness of biscuits, while MGTP increases the hardness of biscuits (data is shown in
supplementary doc, Figure S3). According to Figure 4b, the bitterness acceptability was significantly
affected by the level of MGTP incorporated into the biscuit (p < 0.001). The bitterness acceptability
received a high response with biscuits that had a low level of MGTP, and sugar did not improve the
acceptability. Bitterness can significantly suppress the sense of sweetness and vice versa [26]. It was
found that bitterness can be perceived at a much lower concentration than sweetness at a ratio of
1:31 magnitude [27]. Finally, as shown in Figure 4c, sweetness acceptability was significantly affected by
the level of MGTP in the biscuit (p < 0.05), with higher acceptability for sugar content of 30 g 100 g−1 of
flour for all MGTP levels tested. This indicates that sweetness does improve the acceptability of biscuits,
particularly those with high MGTP. According to the sensory trial, appearance, color, and bitterness
were the most important determinants of overall acceptability.
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Figure 3. Response surfaces and contour plots of the effect of MGTP and sugar content incorporated
(a) overall; (b) appearance; (c) aroma and (d) color acceptability of biscuits.
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Figure 4. Response surfaces and contour plots of the effect of MGTP and sugar content incorporated
(a) texture; (b) bitterness and (c) sweetness acceptability of biscuits.

3.3. Metabolic Response to Matcha Green Tea Biscuits

In this pilot study, 10 subjects were recruited with ages ranging from 27 to 44 years and a mean
BMI of 26.67 ± 4.48 kg·m−2, with a gender split of 6 females and 4 males. The portions of biscuits
served to participants are shown in supplementary material (Figure S4).

3.3.1. Glucose Response

Capillary blood glucose concentration was measured at baseline and every 15 min after
consumption of the control or test meals. As shown in Figure 5, the glucose response of all of the food
samples peaked at 30 min after meal intake, with a slow decrease until 180 min. Consumption of the
control meal consisting of plain biscuits gave the highest average iAUC (106.1 ± 63.0 mmol·min L−1),
followed by the test meal with MGTP-enriched biscuits (89.2 ± 44.7 mmol·min L−1) and the test meal
with plain biscuits and a MGTP drink (81.9 ± 36.0 mmol·min L−1). No significant differences in the
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iAUCs were observed between meals (one factor ANOVA). Although MGTP does have a tendency
to lower iAUC, the variation between individuals is high. The response in the first 30 min appears
to be the same amongst the foods, indicating that Matcha green tea does not affect rapidly available
glucose (RAG), most probably from sucrose and rapidly digestible starch (RDS). The biggest differences
appeared in later time points (>100 min), pointing to a potential inhibition of starch digestion by MGTP,
whether in biscuit or tea form. There were significant differences in incremental blood glucose levels
at time points 120 and 150 min post ingestion between the plain biscuits and the Matcha treatments.

 

Figure 5. Mean incremental blood glucose response curves after ingestion of control and test meals
over 180 min. (- -) represents the blood glucose curve of the control meal that consisted of plain biscuit
consumed with warm water, (-�-) represents the blood glucose curve of the test meal with Matcha
green tea biscuits consumed with warm water, and (..�..) represents the blood glucose curve of the test
meal with plain biscuits consumed with a Matcha green tea drink. Data expressed as the amount of
blood glucose in mmol·L−1 and the error bars represent the SEM (n = 10).

Previous findings on the effect of green tea on glucose response have been inconclusive. Many
in vivo and in vitro studies have suggested that green tea and EGCG acutely reduce postprandial
blood glucose levels by inhibiting the activity of pancreatic α-amylase [28,29]. In an in vitro study,
Forester et al. [28] found that EGCG non-competitively inhibited pancreatic amylase activity by 34%.
Moreover, Tsuneki et al. [30] showed that glucose tolerance was significantly (p < 0.05) improved
with tea administration compared with hot water during a glucose challenge in healthy humans.
The authors speculated that the observed acute effects of green tea on blood glucose levels were mainly
due to the promotion of insulin action in peripheral tissues, such as skeletal muscles and adipocytes
via modification of serum protein [30]. Lochocka et al. [31] found that a single dose of green tea extract
taken with a test meal significantly decreased starch digestion and absorption compared with the
placebo treatment (p = 0.003). The study used a CO2 starch breath test, which measures the isotope
ratio of 12CO2/13CO2 in breath samples. The starch digestion and absorption was measured based on
cumulative percentage 13C dose recovery [31]. They found that green tea extract (257.6 mg of catechins)
decreased starch digestion and absorption in humans when consumed with a test meal. The green
tea extract was used in powder form (4 g of powder containing 257.6 mg of catechins) enclosed in a
starch wafer, whereas the placebo was an empty starch wafer. In our study, we observed a significant
difference between responses to plain biscuits and the two green tea treatments after 120 and 150 min,
suggesting that catechins may have a mild effect on starch digestion. Josic et al. [32] found that green
tea infusion (150.6 mg of catechins) showed no effects on glucose or insulin levels. An animal study
suggested that EGCG acutely reduces postprandial blood glucose levels in mice when co-administered
with corn starch, and this may be due in part to inhibition of α-amylase [28]. Moreover, a study on
the effect of green tea supplementation on insulin sensitivity in rats suggested that regular green tea
infusion drink could increase insulin sensitivity [33,34]. They also suggested that the amelioration
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of insulin resistance by green tea is associated with increased expression of glucose transporter IV
(GLUT IV) found in adipose tissue. On the other hand, Park et al. [35] proposed that gallated catechins
could elevate blood glucose levels by blocking glucose uptake into tissues.

A factor that could have affected glucose response in the present study is the high fat content in
shortbread biscuits. The fat content in food can lower the glucose response by slowing down gastric
emptying [36]. Hence, the potential differences in starch digestion between control and test meals
could have been masked by the high fat content in biscuits. In order to minimize the varied result
from sugar and fat content in biscuits, the biscuits with less sugar and low fat content should be
used to investigate the effect of MGTP on glucose response. We observed no effect of ethnicity on the
glyceamic response to the biscuits. Previous studies have also not identified ethnicity as a significant
factor to consider when testing glyceamic response [19].

3.3.2. Triglyceride Response

The incremental postprandial responses of plasma triglycerides after consumption of the control
and test meals are shown in Figure 6a. When the participants consumed the control meal, plasma
triglycerides rose from the baseline to reach the highest level at 120 min and almost returned back to
baseline 180 min after consumption of the control meal. The concentration of triglycerides after the
consumption of the test meal with Matcha green tea biscuits remained close to the baseline value until
60 min, then rose to a peak at 120 min and returned to baseline at 180 min. The reduction in iAUC
after consumption of Matcha green tea biscuits (35.6 ± 44.6 mmol·min L−1) was observed, compared
with the consumption of plain biscuits (44.6 ± 32.1 mmol·min L−1) and plain biscuits consumed with
Matcha green tea drink (39.4 ± 35.7 mmol·min L−1). However, statistical analysis found that there was
no significant difference in iAUC between all three food samples (p = 0.87) due to the high variation
between individuals.

 

Figure 6. (a) The mean incremental blood triglyceride response curves after ingestion of control and
test meals over 180 min (n = 10 participants); (b) the mean incremental blood triglyceride response
curves after ingestion of control and test meals over 180 min among Asian subjects (n = 4 participants).
(- -) represents the blood triglyceride curve of the control meal consisting of plain biscuits, (-�-) represents
the blood triglyceride curve of the test meal with Matcha green tea biscuits, and (..�..) represents the
blood triglyceride curve of the test meal with plain biscuits consumed with a Matcha green tea drink.
Data expressed as the amount of triglycerides in mmol L−1 and the error bars represent the SEM.
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Figure 6b shows the incremental postprandial levels of plasma triglycerides after ingestion
of the control and test meals for 4 Asian subjects compared to the other ethnicities. The curves
show an average 0.26 mmol·L−1 decrease in plasma triglycerides following consumption of the test
meal with the MGTP enriched biscuits, whereas the control meal with the plain biscuits induced
an average 0.44 mmol·L−1 increase in plasma triglycerides. The iAUC of the test meal with Matcha
green tea biscuits (8.0 ± 12.5 mmol·min L−1) was significantly lower (p = 0.02) than the other meals
(51.7 ± 22.3 mmol·min L−1 and 32.7 ± 17.6 mmol·min L−1) for the control meal and test meal
(plain biscuits with MGTP tea drink), respectively.

A previous study by Unno et al. [16] found that green tea drink consumed with a piece of bread
covered with 20 g of butter lowered the postprandial triglyceride level compared to a meal with a
control drink. In that study, there were 2 treatments of green tea; a moderate dose containing 224 mg
of tea catechins and a high dose containing 674 mg of tea catechins. Both moderate and high dose
treatments lowered the postprandial triglyceride levels and reduced the iAUC by 15.1% and 28.7%,
respectively. Only the high dose showed a significant difference in iAUC compared to the control dose.
Our findings are in agreement, as the dose of catechins (224 mg of tea catechins) reduced the iAUC by
15.1% but did not give a significant difference. The test meal used in the Unno et al. [16] study was
lower in fat (18.8 g of fat) compared to our biscuits (35 g of fat).

The mechanism underlying the triglyceride lowering effect of green tea is mainly focused on
the inhibition of the digestion of fat from the intestine [37]. Juhel et al. [38] found that green tea
exhibits potential to inhibit gastric and pancreatic lipases. EGCG can enlarge fat droplets through
interference with emulsification and micellar solubility of lipids [39–41]. Hence, the enlarged emulsion
droplets can prevent the efficient emulsification of bile salt and reduce surface area for fat digestion
by lipase [14,16,42,43]. Moreover, Suzuki et al. [37] proposed that catechins with gallate groups are
located on the surface of the lipid emulsion and destabilize the lipid emulsion. The difference in
responses according to ethnicity merits further investigation. Apolipoproteins are essential regulators
of triglyeride circulation. Gene polymorphisms for the a1/c3/a4/a5 gene cluster were found to
differ between Chinese and Caucasian populations [44]. Another study found that the postprandial
triglyceride concentrations in South Asian men were significantly higher than European men [45].
This was indeed our observation in response to the plain biscuits with a significant effect of the
green tea enrichment. These results need to be confirmed in a larger study stratified according to
ethnic groups. Information about habitual diet, including catechin content, needs to be considered.
Furthermore, more time points in the triglyceride time course need to be included, as triglyceride
levels may take around 8 h to return to homeostatic levels.

4. Conclusions

This study showed that catechins in MGTP are relatively heat resistant, with only approximately
20% loss of total catechins during baking at 180 ◦C. Epimerization between EGC and GCG is thought
to have occurred during biscuit baking, as the result found a decrease in EGC and an increase in
GCG in the baked shortbread biscuits. The effect of MGTP on shortbread biscuit acceptability was
assessed using a 9-point hedonic scale and the data was analysed with response surface methodology.
With an increase in the level of green tea powder, the acceptability of biscuits decreased significantly,
and sugar did not significantly improve acceptability of the enriched biscuits. The main factors affecting
acceptability were colour and bitterness. The consumption of MGTP as biscuit or tea infusion did
not have significant effects on acute metabolic response, but some interesting trends were observed
amongst a low number of Asian participants. This indicates potential for MGTP-enriched products as
functional foods. An additional study with larger sample size that takes into account the ethnicity of
participants is needed to confirm the observed trends.

Supplementary Materials: The following are available online at www.mdpi.com/2304-8158/7/2/17/s1,
Figure S1: Plain biscuit (a) and green tea biscuits with 3 levels of MGTP incorporated: (b) 2 g, (c) 4 g and
(d) 6 g of MGTP 100 g−1 of flour, Figure S2: Chromatograph profiles of tea catechins, (A) in dough; (B) in plain
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and green tea biscuits: 1. EGC; 2. Caffeine; 3. EC; 4. EGCG; 5. GCG and 6. ECG, Figure S3: Hardness plot of
biscuits with 3 levels of MGTP and sugar incorporated. The error bars represent the STDs (n = 6), Figure S4:
Estimated nutritional data of food samples.
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Abstract: Spices are known to provide orosensory stimulation that can potentially influence
palatability, appetite, and energy balance. Previous studies with individual spices have shown
divergent effects on appetite and energy intake measures. In a real-life context, however, several
spices are consumed in combinations, as in various forms of curries. Therefore, we investigated
changes in postprandial appetite and plasma ghrelin in response to the intake of two doses of curry
prepared with mixed spices. The study was undertaken in healthy Chinese men, between 21 and
40 years of age and body mass index ≤27.5 kg/m2. Appetite was measured using visual analogue
scales (VAS) and plasma ghrelin was measured using multiplex assay. Compared with the control
meal (Dose 0 Control (D0C), 0 g mixed spices), we found significantly greater suppression in ‘hunger’
(both p < 0.05, after Bonferroni adjustments) as well in ‘desire to eat’ (both p < 0.01) during the
Dose 1 Curry (D1C, 6 g mixed spices) and Dose 2 Curry (D2C, 12 g mixed spices) intake. There were
no differences, however, in plasma ghrelin or in other appetite measures such as in ‘fullness’ or in
‘prospective eating’ scores. Overall, the results of our study indicate greater inter-meal satiety due to
mixed spices consumption, independent of any changes in plasma ghrelin response.

Keywords: spices; curry; ghrelin; appetite response

1. Introduction

Spices and related flavor compounds consumed worldwide are known to provide orosensory
stimulation which can potentially influence palatability and appetite. This in turn can modulate
ingestive behavior within meals and between meals and thereby have the potential to alter
energy balance [1]. It is an established fact that taste and smell can influence satiety and
hunger responses [2,3], although the associations can be divergent, depending on the individual
food types [4], as well as on the optimal dosing of sensory intensity [5]. The literature on the intake
of individual spices per se indicate that the associations between sensory, appetite, and energy intake
to be rather equivocal, with some studies showing an increased palatability/liking of foods when
spices are added to them [6], whereas other studies finding no such differences [7]. Similarly, regarding
appetite response, the findings have been rather variable, with some studies showing no differences
in appetite ratings when pepper, ginger, horseradish, etc. were individually added to a mixed
dish [8],whereas a recent animal study found appetite enhancing effects of essential oils from both
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cinnamon and ginger [9]. Similarly, increased use of spices have also been reported in individuals with
compromised chemosensory function in order to compensate for the loss of appetite [10], supporting
the appetite modulating ability of spices.

In the recently completed ‘Polyspice study’ we found significant improvements in postprandial
glucose homeostasis as well as increases in glucagon like peptide- (GLP-1) response [11,12]. Given the
equivocal nature of findings in the current literature regarding spice intake and appetite response,
we further explored whether the subjective appetite response will differ between two doses of curry,
made with polyphenol rich mixed spices, in comparison with non-curry control within the same
Polyspice study cohort. Furthermore, while it is reasonably well established that postprandial ghrelin
response can differ depending on the macronutrient composition of the meals [13,14], less is known
regarding the effects of dietary bioactive phytochemicals on ghrelin response. Evidence is beginning
to emerge that polyphenol content of foods may influence postprandial ghrelin response [15–17],
with different polyphenols suggested to have divergent effects [18]. Therefore, we additionally
investigated the postprandial ghrelin response to two different doses of curry made with polyphenol
rich mixed spices and vegetables. To the best of our knowledge, this is the first dose-response study
of its kind exploring the effects of dietary relevant doses of curry intake, made with mixed spices,
on postprandial appetite and ghrelin response.

2. Materials and Methods

The details of the study design have been described previously [11]. In brief, the study was undertaken
in healthy Chinese men between 21 and 40 years of age and body mass index ≤27.5 kg/m2. The study
was approved by the Domain Specific Research Board (DSRB) ethics committee, Singapore (Reference:
C/2015/00729) and was registered on clinicaltrials.gov (Identifier No. NCT02599272). This was a 3-way
randomized crossover trial, with each volunteer completing three separate study sessions: Dose 0 Control
(D0C), or Dose 1 Curry (D1C), or Dose 2 Curry (D2C) treatments. Twenty volunteers completed
D0C and D2C sessions, whereas 17 volunteers completed the D1C (optional) session. During the
individual study sessions, each volunteer consumed the test meals for breakfast, after an overnight
fast following a standardized dinner the evening before. D0C meal contained no (0 g) spices, D1C
meal consisted 6 g of mixed spices, and D2C meal consisted of 12 g mixed spices. The mixed
spices preparations for D1C and D2C were identical and were prepared by thoroughly mixing dried
powders of different spices consisting of turmeric, coriander seeds, cumin seeds (all Everest Spices,
Mumbai, India), dried Indian gooseberry (‘amla’, emblica officinalis, Ramdev Spices, Ahmedabad, India),
cayenne pepper (Robertson’s, Durban, South Africa), cinnamon (McCormick’s, Baltimore, MD, USA),
and clove (Robertson’s, Durban, South Africa) and were mixed in the ratio of 8:4:4:4:2:1:1, respectively.
Test meals were consumed with a portion of white rice, providing a total of approximately 100 g available
carbohydrates each and were balanced for total energy, protein, fat, dietary fiber, and total vegetables
content. The mean total energy contents for each test meal was approximately 605 kilocalories consisting
around 67%, 7%, and 27% energy from carbohydrate, protein, and fat, respectively. Volunteers were asked
to consume their meals within 15 min of serving.

Visual analogue scales (VAS) were used to rate subjective appetite sensations as validated
previously [19,20]. The VAS consisted of 100 mm long horizontal lines with two ends describing
“extremely . . . ” (coded as 100 mm) and “not at all . . . ” (coded as 0 mm) with each scale measuring
‘hunger’, ‘fullness’, ‘desire to eat’, and ‘prospective eating’. Volunteers were asked to capture their
appetite sensations during various times, at regular intervals, by putting vertical mark along the
four horizontal lines. These measurements were undertaken immediately prior to the consumption of
test meals (baseline, 0 h) followed by 7 postprandial time points at various regular intervals (0.25 h, 0.5 h,
1.0 h, 1.5 h, 2.0 h, 2.5 h, 3 h). Blood samples were also obtained for plasma ghrelin measurements
via an intravenous cannula collected during the same times as the appetite response measurements
(except for 0.25 h time point). Blood samples were collected in 2 mL K2 Ethylenediaminetetraacetic acid
(EDTA) vacutainer tube (BD, Franklin Lakes, NJ, USA) pre-treated with cOmplete™, Mini, EDTA-free
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protease inhibitor cocktail tablet (Roche, Basel, Switzerland), stored cool on ice, and were centrifuged
within 45 min of collection at 1500× g for 10 min at 4 ◦C. Plasma samples were then immediately
stored at −80 ◦C until analyses. Luminex® bead-based multiplex assays, based on Luminex® xMAP®

technology, were used to measure total ghrelin concentration in plasma according to manufacturer’s
protocol (ProcartaPlex, Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis was performed using SPSS, version 24 (IBM Inc., Armonk, North Castle, NY, USA).
Data were analyzed using the mixed effects model with the doses as the fixed effect using a compound
symmetry covariance structure to test for the overall effect of the doses. Change from baseline response
for plasma ghrelin and appetite measures were calculated as the change from baseline areas under the
curve (ΔAUC). Post-hoc pairwise comparisons, using Bonferroni corrections, were used to compare
differences in change from baseline AUCs between various doses. Furthermore, to test the overall effect
of the doses on total AUC data for plasma ghrelin, the corresponding baseline values (fasting values)
of the subjects at each of the doses were added as a covariate, with the doses as the fixed effects using
a compound symmetry covariance structure. However, for the overall tests of the change from baseline
AUCs, no covariates were used. Square root transformations of the data were undertaken to achieve
normal distribution, where necessary.

3. Results

There were no reported adverse reactions to the test meals, and the volunteers consumed their
served meal portions in full within the suggested time allocated, indicating a satisfactory tolerance.
Postprandial ghrelin response to the three test meals is shown in Figure 1. There were no significant
differences in either the change from baseline AUC (ΔAUC) or in the total areas under the curve (total AUC)
between the D0C, D1C, and D2C meals. The mean change from baseline (0 h) of subjective appetite
ratings including ‘hunger’, ‘fullness’, ‘desire to eat’, and ‘prospective eating’ are shown in Figure 2.
Compared with the control (D0C) test meal, D1C and D2C led to significantly greater suppressions in
‘hunger’ (by approximately 54% and 51% during D1C and D2C, respectively, as compared with D0C control
meal, both p < 0.05, after Bonferroni corrections) as well as in the ‘desire to eat’ (by approximately 62% and
60% in D1C and D2C, respectively, as compared with D0C control meal, both p < 0.01, after Bonferroni
corrections), as calculated using the areas under the curve of the change from baseline measurements.
The summary data are shown in Table 1. Moreover, even though the mean change from baseline AUC
(ΔAUC) of postprandial ‘fullness’ was also greater by about 20% during D1C and D2C meals as compared
with the D0C meal, indicating increased ‘fullness’, none of the differences reached statistical significance.
Similarly, there were no statistical differences in the ‘prospective eating’ rating between test meals.

Table 1. Postprandial changes from baseline (ΔAUC) over 3 h periods in plasma ghrelin concentration
and appetite response measures during three test meals (D0C, D1C, and D2C).

Measurement
D0C (Mean ± SD)

(n = 20)
D1C (Mean ± SD)

(n = 17)
D2C (Mean ± SD)

(n = 20)
Pairwise Comparison *

Total Ghrelin (ΔAUC) −78,098.98 ± 41,101.98 −76,549.46 ± 41,482.70 −78,883.94 ± 40,022.88 ND

‘Hunger’ (ΔAUC) −4659.45 ± 3272.36 −7179.61 ± 3782.34 −7020.96 ± 3871.20
D0C vs. D1C (p = 0.017)
D0C vs. D2C (p = 0.028)

‘Fullness’ (ΔAUC) 6393.71 ± 3681.80 7764.54 ± 3908.07 7850.15 ± 3581.19 ND

‘Desire to Eat’(ΔAUC) −4495.00 ± 3194.31 −7268.09 ± 4053.52 −7194.88 ± 3849.50
D0C vs. D1C (p = 0.002)
D0C vs. D2C (p = 0.005)

‘Prospective eating’ (ΔAUC) −4913.78 ± 3401.05 −6095.76 ± 3612.99 −5883.42 ± 3506.46 ND

* Pairwise comparisons after Bonferroni correction. Δ AUC—changes from baseline area under the curve,
ND—no significant difference, D0C—Dose 0 Control, D1C—Dose 1 Curry, D2C—Dose 2 Curry (D2C—),
SD—standard deviation.
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Figure 1. Mean (±Standard Error of Mean) postprandial plasma ghrelin concentration in response to
the intake of three test meals: Dose 0 Control (D0C), � Dose 1 Curry (D1C), � Dose 2 Curry (D2C).
The differences between the treatments at each time point were measured after controlling for the
baseline values. Treatments that were significantly different from each other (p-value < 0.05) are represented
by different letters. At time 120 min, there was a significant main effect of the treatment, although there
was only marginal significance observed between Dose 0 and Dose 2 (p-value = 0.056), as shown in the
figure above.

Figure 2. Cont.
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Figure 2. Mean (±SEM) in subjective appetite ratings over a 3 h period following consumption
of three test meals. (a) ‘Hunger’; (b) ‘Fullness’; (c) ‘Desire to eat’; (d) ‘Prospective eating’.

Dose 0 Control (D0C), � Dose 1 Curry (D1C), � Dose 2 Curry (D2C). In all the appetite ratings,
the main effect of time and treatment were significantly different (p-value < 0.05). Treatments that were
significantly different from each other (p-value < 0.05) are represented by different letters at each given
time point.

4. Discussion

It is generally believed that glucose homeostasis is associated with appetite and/or incretin
hormone response and vice-versa [21–23]. While several studies have investigated these effects
simultaneously by modulating macronutrient compositions of meals, a limited number of studies have
explored the effects of mixed spices in humans using a controlled dose-response trial [1]. Given that we
have previously shown beneficial effects of curry made with mixed spices on glucose homeostasis [11],
in this additional investigation, we wanted to explore the influence of dose-dependent increases in
the intake of curry made with mixed spices on appetite and ghrelin responses. The strengths of our
study design were the use of dietary relevant doses of mixed spices that are typically consumed in
Indian curries and that the study was deliberately undertaken in a Chinese population, who would
not usually consume large amounts of Indian curries, thereby avoiding any potential residual effects
due to habituation. Moreover, we also balanced the total energy, macronutrients, and total vegetable
contents across the three test meals.
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Despite all the test meals being well tolerated, we found significant increases in ‘hunger’
suppression and in the suppression of ‘desire to eat’ with the mixed spice containing curry doses as
compared with the control meal. This indicates that the consumption of spices may increase inter-meal
satiety, which ties-in with our previously reported finding within the same study of an increase
in plasma GLP-1 concentration with increasing curry doses [12], which can partly lead to appetite
suppression. Other studies have also shown that consumption of individual spices can lead to
increases in plasma GLP-1 [24] as well as in peptide YY (PYY) [25] concentrations. Furthermore,
the lack of any difference in postprandial ghrelin response between the various test meals in our study
is similar to the observation made with two doses of cinnamon added to 300 g of rice pudding [24].
The consistencies in these findings may suggest that the appetite suppression effects of spices may be
via the increases in the in vivo concentrations of anorexigenic gut hormones such as GLP-1 and PYY,
rather than via an increased suppression of the orexigenic hormone ghrelin. In further support of our
findings, a recent study also found appetite suppressing effects of individual spices (e.g., turmeric,
cinnamon, ginger) [25]. All these spices (and more) were used together in the mixed spice containing
test meals in our study. In contrast to our findings, however, another study investigating the effects
of individual spices such as mustard, horseradish, black pepper, and ginger found negligible effects on
appetite response [8]. Therefore, different spices are likely to give rise to divergent effects. As such,
spices such as chili have been shown to demonstrate appetite stimulating effects [26]. The ‘appetizer
effects’ of spices have also been previously shown by adding them in low salt-foods [27] as well as to
reduced fat foods [6]. The contrasting effects of different spices on appetite could be resulting from the
diverse ways by which individual spices can affect the sensory and molecular pathways, as have been
reviewed in detail elsewhere [1].

Within our study population we found a modest inter-individual variability in the subjective
appetite ratings as a result of mixed spice consumption at the various doses, as observed through the
large standard deviations in appetite rating measures (Table 1). This could partly be due to differences
in prior familiarities and likings, since it has been shown in a recent study that familiarity of spices can
determine pleasantness response which in turn can affect appetite [28]. Indeed, prior preference for an
individual to sweet or savory foods has been shown to determine the quantity of either sweet or savory
foods that is eaten in an experimental setting [29]. There are also indications that behavioral variables
including risk taking and different personality traits could also influence the motivation to consume
spicy foods [30], and although this previous study was undertaken within the Western dietary context,
we used Chinese males who may also have different affiliations towards eating Indian curries. In our
study, however, we did not gather any information on prior familiarity, liking, or on personally traits
which could directly or indirectly explain part of the inter-individual variabilities in appetite responses.

We did not find any obvious dose-response associations with appetite measures in our study,
since both the curry doses seemed to have exerted similar effects as compared with the non-curry
control meal. This was despite previous studies suggesting an inverted U-shaped (Wundt) curve
between sensory intensity and appetite response as discussed in more detail by McCrickerd et al. [5].
More specifically, both palatability [31] as well as appetite in response to dose-dependent increases in
flavor/taste intensities observed this inverted U-shaped phenomenon by several investigators [32,33],
although we did not find such effects. These differences in findings could be explained by the fact
that the “preferred” taste intensity for spices could have varied between individuals, which may
have contributed to the moderate inter-individual variability in appetite response seen in our study.
This in turn could lead to lack of any obvious dose-response effects. Moreover, we measured
neither the volunteers’ innate taste preference nor the palatability of the test meals, which were
some of the limitations of this study. Additionally, the volunteers were required to consume
the entire amount of test meals served, irrespective of their within meal satiation. Furthermore,
the study could have been more objective if we provided them an ad libitum meal for lunch and
measured the volunteers’ actual food intake rather than solely measuring subjective appetite response
between meals. Since the primary objective of our study was to investigate metabolic response to
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standardized, fixed amounts of foods, the study of ad libitum food intake measurement was not
an option. Finally, in addition to taste, the aroma from the release of volatile compounds from spices
could have also contributed to greater appetite suppression. It is well recognized that aroma from
foods and non-food materials reaching the olfactory epithelium via the orthonasal and the retronasal
routes can lead to appetite suppression [34,35].

5. Conclusions

The results from our study indicate that mixed spices consumption can lead to greater increases
in inter-meal satiety through suppression in both ‘hunger’ as well as in ‘desire to eat’ in the period
immediately subsequent to the meal. Both differences in taste intensities as well as aroma from the
addition of mixed spices may have contributed to a greater satiety value of the mixed spice containing
meals. These changes in postprandial appetite responses seem to be independent of changes in plasma
ghrelin concentration, although could potentially have been related to the increase in postprandial
plasma GLP-1 concentration, as found within the same cohort previously. The postprandial effects
of individual spices or mixed spices on other appetite hormones remain to be established. It should
be noted that this was a single-meal, acute feeding study and any long-term effects remain to be
further investigated.
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Abstract: The Japanese fermented beverage, homemade kefir, contains six lactic acid bacteria:
Lactococcus. lactis subsp. Lactis, Lactococcus. lactis subsp. Cremoris, Lactococcus. Lactis subsp.
Lactis biovar diacetylactis, Lactobacillus plantarum, Leuconostoc meseuteroides subsp. Cremoris and
Lactobacillus casei. In this study, we found that a mixture of the six lactic acid bacteria from kefir
increased the cytotoxicity of human natural killer KHYG-1 cells to human chronic myelogenous
leukemia K562 cells and colorectal tumor HCT116 cells. Furthermore, levels of mRNA expression
and secretion of IFN-γ (interferon gamma) increased in KHYG-1 cells that had been treated with the
six lactic acid bacteria mixture from kefir. The results suggest that the six lactic acid bacteria mixture
from kefir has strong effects on natural immunity and tumor cell cytotoxicity.

Keywords: kefir; lactic acid bacteria; natural killer cell; cytotoxicity

1. Introduction

The fermented beverage kefir has many health benefits, including its antibacterial,
anticarcinogenic, wound healing, antiallergenic, immunomodulation, and gastrointestinal immunity
effects [1]. The fermented beverage, homemade kefir, has been available for more than 20 years
in Japan. Homemade kefir contains six lactic acid bacteria: Lactococcus. lactis subsp. Lactis [2–12],
Lactococcus. lactis subsp. Cremoris [8,9,13], Lactococcus. Lactis subsp. Lactis biovar diacetylactis [4],
Lacto bacillus planterun [4,14–16], Leuconostoc meseuteroides subsp. Cremoris [7,9], and Lacto bacillus
casei [2,5,12,16]. Kefir is able to offer health benefits through modulation of the gastrointestinal
immune system, and previous studies showed that kefir increases the levels of some proinflammatory
cytokines including TNF-α (tumor necrosis factor alpha), IFN-γ (interferon gamma) and IL-12
(interleukin 12) [1]. Lactic acid bacteria have beneficial effects with respect to diarrhea [17,18], food
allergies [19], and inflammatory bowel disease [20–22]. Lactic acid bacteria also play an important
role in the prevention of colorectal cancer [23,24], and Lacto bacillus casei Shirota increases the activity
of natural killer (NK) cells [25,26]. However, the effect of homemade kefir on NK cell activity is not
clear. In this study, we found that a six lactic acid bacteria mixture from homemade kefir increases NK
cell activity, including cytotoxic activity against human colorectal tumor HCT116 cells. These results
suggest that the mixture of six lactic acid bacteria from homemade kefir has important effects on innate
immunity and tumor cell cytotoxicity.

Foods 2018, 7, 48; doi:10.3390/foods7040048 www.mdpi.com/journal/foods35
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2. Materials and Methods

2.1. Materials

Homemade kefir was provided by Nakagaki Consulting Engineer and Co., Ltd. (Osaka, Japan).
Roswell Park Memorial Institute (RPMI) 1640 medium, Dulbecco’s modified Eagle’s medium (DMEM),
and human interleukin-2 were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
All other reagents were of analytical grade.

2.2. Cell Culture

KHYG-1 and K562 cells were provided by JCRB Cell Bank (Osaka, Japan), and HCT116 cells
were purchased from American Tissue Culture Collection (ATCC) (Manassas, VA, USA). KHYG-1
cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (Sigma, St. Louis, MO, USA)
and 1 μg/mL IL-2. K562 and HCT116 cells were cultured in RPMI 1640 medium and in Dulbecco’s
modified Eagle’s medium (DMEM), respectively, with 10% fetal bovine serum.

2.3. Preparation of Lactic Acid Bacteria Mixture

One gram of homemade kefir powder was added to 1 L of de Man, Rogosa and Sharpe (MRS)
broth and cultured for 24 h at 22.5 ◦C. The cultured solution was centrifuged at 3000 rpm for 30 min
at 4 ◦C using a TOMY centrifugation apparatus (TOMY SEIKO, Tokyo, Japan), and the six lactic acid
bacteria mixture was obtained from the precipitates. A lactic acid bacteria mixture from killed bacteria
was prepared by autoclaving at 120 ◦C for 15 min. Identification of the lactic acid bacteria cultured in
the MRS broth was performed by polymerase chain reaction (PCR) using DNA from the six lactic acid
bacteria as templates. After PCR, amplified DNA was separated on 2.0% agarose gels and stained with
ethidium bromide. The PCR conditions and primers used are shown in Table 1.

2.4. Measurement of NK Cell Activity and Tumor Cytotoxicity

KHYG-1 cells were treated with the six lactic acid bacteria mixture for 24 h at 37 ◦C in a 5% CO2

incubator. The cells that had been treated with the six lactic acid bacteria mixture were reacted with
K562 cells or with HCT116 cells for 4 h at 37 ◦C in a 5% CO2 incubator. NK cell activity and tumor
cytotoxicity were measured using an LDH Cytotoxicity Detection Kit (Takara, Shiga, Japan).

2.5. RT-PCR (Reverse Transcription Polymerase Chain Reaction)

Nucleotide sequences of primers used for RT-PCR were as follows: hIFNγ-F:
5′-GAATGTCCAACGCAAAGCAA-3′, hIFNγ-R: 5′-GCTGCTGGCGACAGTTCAG-3′, hACTB-F:
5′-CTTCCTGGGCATGGAGTC-3′, and hACTB-R: 5′-GGATGTCCACGTCACACTTC-3′. The full
RNAs were prepared from cells and subjected to semi-quantitative RT-PCR analyses. PCR conditions
were 1 min at 94 ◦C, 30 s at 94 ◦C, 30 s at 60 ◦C, and 35 cycles of 1 min at 72 ◦C for IFNγ and ACTB.
After the reactions, PCR products were separated on 2.0% agarose gels and stained with SAFELOOK™
Pregreen (Wako, Osaka, Japan). Intensities of the bands were quantified using Image J software
(https://imagej.nih.gov/ij/). β-actin mRNA was also amplified as a control.

2.6. IFN-γ Measurement

IFN-γ was measured using a Human IFN-γ ELISA (enzyme-linked immunosorbent assay)
Development Kit (PeproTech, Rocky Hill, NJ, USA) according to the manufacturer’s instructions.

2.7. Statistical Analysis

Data are expressed as means ± S.E (standard error). Statistical analyses were performed with an
analysis of variance (one-way ANOVA) followed by an unpaired Student’s t-test.
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3. Results and Discussion

3.1. Induction of NK Activity by the Six Lactic Acid Bacteria from Homemade-Kefir

As shown in Figure 1, the six lactic acid bacteria from homemade kefir were detected in MRS broth
cultures and identified using PCR with the bacteria’s DNA as templates. The cytotoxicity of KHYG-1
cells that had been treated with the six lactic acid bacteria mixture, against K562 cells, increased in a cell
number-dependent manner (Figure 2). As shown in Figure 3A, KHYG-1 cells were activated by the six
lactic acid bacteria mixture and increased their cytotoxicity against K562 cells in a dose-dependent
manner. Lactic acid bacteria have many effects on biological activities such as apoptosis induction,
antioxidant activities, and immune response improvement [33]. Nagao et al. reported that Lactobacillus
casei Shirota enhanced NK cell activity [25]. Lacto bacillus plantarum C4 isolated from kefir has also
been shown to prevent infection with Yersinia enterocolitice O9 in the intestine in mice. Additionally,
a concentrated supernatant from the cultured medium of Lacto bacillus plantarum C4 has antibacterial
and anti-tumor activities [34]. Since the six lactic acid bacteria mixture from homemade kefir includes
Lacto bacillus plantarum and Lacto bacillus casei, it is thought that these lactic acid bacteria contribute to
the induction of NK cell activity.

Figure 1. Identification of the six lactic acid bacteria cultured in de Man, Rogosa and Sharpe (MRS)
broth using polymerase chain reaction (PCR) as described in the Materials and Methods. The amplified
DNA after PCR were separated on agarose gels.

Figure 2. Cell-mediated cytotoxicity of natural killer (NK) cells by a six lactic acid bacteria mixture.
KHYG-1 cells were treated with a six lactic acid bacteria mixture for 24 h at 37 ◦C in a 5% CO2 incubator.
The treated cells were reacted with K562 cells for 4 h at 37 ◦C in a 5% CO2 incubator. Cell-mediated
cytotoxicity increased for KHYG-1 cells that had been treated with the six lactic acid bacteria mixture.
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Figure 3. Induction of cell-mediated cytotoxicity by a six lactic acid bacteria mixture. KHYG-1 cells
were treated with a six lactic acid bacteria mixture for 24 h at 37 ◦C in a 5% CO2 incubator. The treated
cells were reacted with K562 cells (A) or with HCT116 cells (B) for 4 h at 37 ◦C in a 5% CO2 incubator.
In both cases, cell-mediated cytotoxicity was increased by KHYG-1 cells that had been treated with the
six lactic acid bacteria mixture in a dose-dependent manner.

3.2. Induction of Cytotoxicity by the Six Lactic Acid Bacteria Against Human Colorectal Tumor Cells

Cytotoxic activity of KHYG-1 cells against HCT116 cells was increased by the six lactic acid
bacteria mixture in a dose-dependent manner (Figure 3B). NK cells have the intrinsic ability to detect
and kill cancer cells [35]. The lytic functions of NK cells mediated by granzyme B and perforin have
dominated investigations of the role of NK cells in anti-cancer defense [36]. The effector function
of NK cells is tightly regulated by activating and inhibiting receptors. Tumor cells can evade the
anti-tumor activity of NK cells by modifying the expression of NK cell receptors. In colorectal
carcinoma, for instance, the expression of activating receptors—such as CD16 (FCGR3A, Fc fragment
of IgG receptor IIIa), NKp46 (NCR1, natural cytotoxicity triggering receptor 1), NKp30 (NCR3, natural
cytotoxicity triggering receptor 3), and NKG2D (KLRK1, killer cell lectin like receptor K1)—is decreased.
Additionally, the expression of inhibiting receptors, such as KIR3DL1 (killer cell immunoglobulin-like
receptor 3DL1) and NKG2A (killer cell lectin like receptor C1), is increased [37]. The six lactic acid
bacteria mixture or its secretory compounds may regulate the expression of these receptor genes and
inhibit tumor formation by escaping from NK cell-mediated cytotoxicity. Lactic acid bacteria have
indeed been demonstrated to have a host of properties for preventing the development of a colorectal
tumor, specifically by inhibiting its initiation or progression. In the pathway of the anticancer immune
response, lactic acid bacteria also stimulate NK cell activity [33]. Furthermore, a seminal 11-year
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prospective cohort study conducted in Japan showed an inverse correlation between increase of cancer
incidence and the level of NK cell cytotoxicity [38]. These results indicate that the six lactic acid bacteria
mixture from homemade kefir reacts with human colorectal tumor HCT116 cells through activation of
the immunity of NK cells.

3.3. Induction of Cytotoxicity of KHYG-1 Cells by the Killed Lactic Acid Bacteria Mixture

To examine the distinct effects of live and dead lactic acid bacteria on NK cell activation, KHYG-1
cells were treated with the live and the killed six lactic acid bacteria mixtures and cytotoxicity assays
were carried out. As shown in Figure 4A, activation of KHYG-1 cells was increased by treatment
with both the live and killed mixtures. Cytotoxicity of KHYG-1 cells against HCT116 cells was also
increased by both mixtures (Figure 4B). Previous studies, on the other hand, have shown that 40% to
62% of several strains of L. plantarum survive under the low pH conditions in a simulated intestine [39],
and that 81% to 93% of several strains of L. casei can also survive at pH 2.0 for 2 h [40]. The present and
previous results, therefore, suggest that both lactic acid bacteria that have been killed by gastric acid
and live lactic acid bacteria have effects on NK cell activation in the intestine after the administration
of homemade kefir.

Figure 4. Induction of cell-mediated cytotoxicity of KHYG-1 cells by the live and the killed lactic acid
bacteria mixtures. KHYG-1 cells were treated with both mixtures (3 × 104 cfu) for 24 h at 37 ◦C in a 5%
CO2 incubator. The treated cells were reacted with K562 cells (A) or with HCT116 cells (B) for 4 h at
37 ◦C in a 5% CO2 incubator. In both cases, cell-mediated cytotoxicity was increased in KHYG-1 cells
that had been treated with both the live and the killed lactic acid bacteria mixtures.
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3.4. Increased Expression and Secretion Levels of IFN-γ in KHYG-1 Cells

IFN-γ mRNA and IFN-γ secretion were both increased in KHYG-1 cells that had been treated by
the six lactic acid bacteria mixture (Figure 5A,B). NK cells regulate various immune cells through the
secretion of IFN-γ and they perform tumor surveillance [41]. Increased IFN-γ expression and secretion
induced by the mixture of six lactic acid bacteria from homemade kefir may provide a synergistic effect
on anti-tumor activity.

Figure 5. Increased expression and secretion levels of IFN-γ. (A) The expression level of IFN-γ
mRNA was increased in KHYG-1 cells that had been treated with the six lactic acid bacteria mixture
(3 × 104 cfu) for 4 h at 37 ◦C in a 5% CO2 incubator (n = 3, ** p < 0.01). (B) The secretion level of IFN-γ
mRNA was increased in the same, treated, KHYG-1 cells (n = 6, ** p < 0.01).

4. Conclusions

This study showed that the cytotoxicity of NK cells and the expression and secretion of IFN-γ
in NK cells were increased after treatment of the cells with a six lactic acid bacteria mixture.
Further in vitro and in vivo studies using animal models of colorectal cancer are needed to investigate
the mechanisms underlying the effects of the six lactic acid bacteria mixture.
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Abstract: Betaine is a non-essential nutrient which performs several important physiological functions
in organisms. Abundant data exist to suggest that betaine has a potential for prevention of chronic
diseases and that its dietary intake may contribute to overall health enhancement. Several studies
have pointed out that the betaine status of the general population is inadequate and have suggested
nutritional strategies to improve dietary intake of betaine. Cereal-based food has been implicated as
the major source of betaine in the Western diet. This review summarizes the results on the betaine
content in various cereals and related products. Attention has been given to the betaine content in
gluten-free grains and products. It also discusses the stability of betaine during processing (cooking,
baking, extrusion) and possibilities to increase betaine content by fortification.
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1. Introduction

Betaine (N,N,N-trimethylglycine, glycine betaine) is an organic nitrogenous compound, found for
the first time in sugar beet juice (Beta vulgaris).

Betaine is a zwitterion of quaternary ammonium which is still named trimethylglycine and
glycine betaine (Figure 1). It is a methyl derivative of the amino acid glycine ((CH3)3N+CH2COO−

and molecular weight 117.2). It is characterized as methylamine due to its three free methyl groups [1].

Figure 1. Betaine chemical structure.

Various analogues of glycine betaine exist in plants: proline betaine (stachydrine), trigonelline,
arsenobetaine, betonicine, butirobetaine, ergothionine, propionobetaine, and sulfur analogues.
The sulfur analogues are several in type: β-alaninebetaine, dimethylsulfonioacetate, and
dimethylsulfoniopropionate (DMSP). The food survey study by de Zwart et al. [2] showed that
only some betaine analogues were present in food at appreciable levels (>10 μg/g)—glycine betaine,
proline betaine, trigonelline, and DMSP. Slow et al. [3] indicated glycine betaine as dominant in grain
products, proline betaine in citruses, and trigonelline in coffee. Most recently, some rare forms of
betaine were identified in the grains of most common cereals: pipercolic acid betaine in rye flour
and valine betaine and glutamine betaine in flours of barley, rye, oat, durum, and winter wheat [4].
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The content of betaine analogues was found to be vastly variable in grains; higher betaine levels seem
to be induced by plant growth under stress conditions (drought, salt stress, cold, freezing, hypoxia,
etc.) [2,3]. Since the potential health effects of betaine analogues, particularly trigonelline and proline,
have not yet been fully resolved, currently only glycine betaine has dietary relevance.

Betaine represents a bioactive compound that has significant physiological functions in the human
organism as an osmolite and donor of methyl groups for many biochemical processes. As such, it is
indispensable to preserve the health of kidneys, liver, and heart [5]. This compound has an important
role in preventing and treating many chronic diseases, among which lowering of plasma homocysteine
levels has gained the most attention [5–7]. High serum homocysteine levels have been associated with
increased risk for cardiovascular diseases (stroke, heart attack, atherosclerosis), cancer, peripheral
neuropathy, etc. Moreover, betaine has been shown to improve athletic performance by enhancing
muscle endurance [7,8].

Although betaine is not an essential nutrient, it cannot be synthesized in adequate quantities
by the human body. Humans may obtain betaine from foods rich in betaine or choline or by oral
supplements contained with pure preparations. The main sources of betaine in human nutrition are
wheat bran, wheat germ, and spinach [9,10]. Several studies denoted cereal foods as major contributors
of betaine [3,11–13]. The betaine intake from foods was estimated in a few food surveys (overviewed
by Ross et al. [11]) which differ in methodologies used to collect food consumption data, and used
different food databases to calculate the betaine intake. Wide gender, national, and international
variations were observed [11]. The overall mean betaine intake estimated from these surveys was
131 mg/day [11]. Daily supply of betaine should reach 1500 mg [14] for the manifestation of health
effects, so, obviously, the dietary betaine intakes of general populations can be considered to be
on the low side. Elderly population (aged over 50 years) or other vulnerable groups (diabetic and
homocystinuria patients) may be at a higher risk of inadequate intake. Therefore, many nutritionists
advocate for betaine supplementation. Research by Olthof et al. [6] inferred that betaine delivery via
food and oral administration of betaine supplement has a similar health effect, where a diet rich in
betaine (betaine intake of about 2000 mg/day) had a higher effect on lowering homocysteine than
a betaine poor diet (500 mg/day of betaine). It was reported that a betaine-rich meal providing
≈800 mg/day betaine exerted similar acute health effects (increased circulating betaine concentrations
and lessened post-methionine load rise in homocysteine) as did the ≈1 g/day supplement [15].
This supports the idea of dietary adjustments to improve the betaine status of general population.
These adjustments may span from an effort to include betaine-rich ingredients in the daily individual
diet or to imply strategies of food fortification with betaine.

In the US, betaine is recognized as the Generally Recognized as Safe (GRAS) ingredient while in
Europe it has been approved by the European Commission for use in food. In 2012, the European Union
Regulatory Authority (Commission Regulation (EU) No. 432/2012) [14] permitted the declaration of
a health claim on foods containing at least 500 mg betaine per serving, indicating that health effects
may be expected if 1500 mg of betaine is administered daily. The medical statement reads: “Betaine
contributes to the normal metabolism of homocysteine”. However, this claim should be accompanied
with a restriction due to risks associated with excessive intake of betaine: “In order to bear the claim
information shall be given to the consumer that a daily intake in excess of 4 g may significantly increase
blood cholesterol levels” [14].This work aims to summarize the current findings on the levels of betaine
found in cereals and pseudocereals as well as in related products.

2. Experimental Methods used in the Analysis of Betaine

In order to determine the content of betaine in food, different methods have been developed.
The most common is the liquid chromatography method, but there is no universal method that can
be applied to all food matrices. Saarinen et al. [16] analyzed the content of betaine in the chicken
liver using a cation exchange column Ca2+ and a refractometric detector, although quantification
was limited due to poor sensitivity of the detector. Considering physical-chemical properties of
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betaine, it cannot be analyzed by conventional reversed phase liquid chromatography. Also, betaine
has less absorption in the UV–visible spectrum and cannot be detected by a UV detector without
derivatization and therefore it is necessary to use reagents for derivatization. De Zwart et al. [2]
derivatized a wide range of foods and analyzed betaine with liquid chromatography and UV detector
using various columns. Slow et al. [3] have extracted betaine from various foods by using water and
dichloromethane, and by derivatization of betaine with 2-naphthacyl trifluoromethanesulphonate.
Hefni et al. [17] developed a simple HPLC-UV method in several different food matrices such as
spinach, whole grain wheat flour, wheat, and sugar beet, with the help of derivatization on the
cation exchange column. More recently, the same group has used the same method to analyze
14 cereal samples, representing different genera and cultivars [18]. Bruce et al. [19] and Ross et al. [11]
performed the betaine analysis using LC-MS/MS (liquid chromatography with mass spectrometry)
and HILIC (hydrophilic interactions liquid chromatography) column. Bruce et al. [19] developed the
LC-MS/MS method for the analysis of 47 blood samples, 32 grains of cereals and cereal fractions,
and 51 cereal products. Additionally, Ross et al. [11] analyzed betaine with LC-MS/MS in a wide
range of commercially available cereals and cereal fractions. Also, recently Servillo et al. [4] have used
LC-ESI-MS/MS for determination of different betaines present in commercial flours of cereals and
pseudocereals. Instead of a conventional UV detector for the quantitative determination of betaine
in order to avoid derivatization, the evaporative light scattering detector (ELSD) detector is used
more recently and as a universal detector that provides a stable base line even in a gradient mode
that can detect the majority non-volatile analytes. Shin et al. [20] have proposed a HILIC column in
combination with an ELSD detector for betaine analysis. HILIC is an alternative to reverse phase
chromatography, namely a type of normal phase chromatography, in which the stationary phase is
polar but larger amounts of organic solvents can be used as a mobile phase as opposed to ordinary
normal phase chromatography. Kojić et al. have used the HPLC-ELSD system using the HILIC column
with isocratic mode of operation [21].

3. Cereal Grains as a Source of Betaine

Data on the distribution of betaine in various cereals and pseudocereals are scarce and there is
definitely a lack of detailed study. Most data come from various studies that were focused on estimation
of betaine dietary intake. Nevertheless, available studies report on wide variations in betaine content
in cereals. Different types of cereals may have different amounts of betaine [22]. The following ranges
were found by de Zwart et al. [2]: 270–1110 μg/g (dry solids) in wheat flour, and 200–1000 μg/g in
oats. More detailed overview of betaine levels in various cereals and pseudocereals from different
studies is displayed in Table 1. The displayed data showed that betaine content spanned in wide
ranges within the studied grains. According to Corol et al. [22], betaine content in cereals varies
depending on multiple factors including genotype and environmental differences such as geographical
and/or year-to-year variations and their interactions with genotype. This study revealed a three-fold
difference in glycine betaine content within bread wheat genotypes and a 3.8-fold difference across six
environments. The highest glycine betaine levels were found in Hungarian wheat grains whereas the
lowest in those grown in the UK [22]. Slow et al. [3] and de Zwart et al. [2] indicated that the level
of betaine depends on the level of stress under which the crop grows. This is due to osmoprotectant
and cryoprotectant function of betaine. For example, growth under drought can cause higher levels of
betaine compared to well-watered crops.
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Table 1. Betaine content in different samples of cereals and pseudocereals.

Cereals and Pseudocereals
Betaine

References
(μg/g Dry Weight)

Wheat (Triticum aestivum)

raw grain 1150–1320 [18]
490–574 [23]

bran 5047–5383 [23]
2717 [21]

2300–7200 [3]
aleurone 4538–6242 [11]

germ 3414 [11]
wholegrain flour 792 [11]

730 * [24]
604 [19]
540 [23]

refined flour 718 * [25]
700 * [24]

415–593 [21,23]
398 [11]

180 * [4]
141.2 [19]

flour (not specified by origin) 270–1110 [2]

Wheat Emmer (T. dicoccum)

raw grain 830–940 [18]
refined flour 195 * [4]

Wheat Einkorn (T. monococcum)

refined flour 367.3 * [4]

Durum wheat (T. durum)

semolina 1227 [23]
483 [21]
683 [11]

refined flour 253–303 [23]
310 [21]

wholegrain flour 713 [11]
245 * [4]

Spelt wheat (T. aestivum ssp. spelta)

raw grain 973–2723 [23]
565–714 [21]

wholegrain flour 1296–1442 [23]
1370–1430 [18]

refined flour 978 [11]
522–593 [23]

410 [21]

Kamut wheat, Khorasan (T. turgidum ssp. turanicum)

raw grains 1100 [24]

Triticale (xTriticosecale)

raw grain 986–1030 [23]

Rye

raw grain 2213 [23]
1530–1760 [18]

444 [21]
bran 1651 [19]

refined flour 310 * [4]
wholegrain flour 1500 * [24]

1182 [23]
986 [21]

Barley

raw grain 460 [18]
raw grain from naked var. 980 [18]

wholegrain flour 776–1023 [23]
779 [21]

refined flour 250 * [4]
flour from naked var 424 [21]

574 [23]
pearled grain 274 [21]
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Table 1. Cont.

Cereals and Pseudocereals
Betaine

References
(μg/g Dry Weight)

Oats

raw grain 280 [18]
388 [21]

raw grain from naked var. 440 [18]
wholegrain flour 310 * [24]

flour 404–688 [23]
53 * [4]

bran 200 * [24]
190 [11]

Maize

raw grain 107–304 [23]
175 [21]

wholegrain meal 120 * [24]
degermed meal 4 * [24]

semolina 3–22 [11]
refined corn grits 37 [11]

flour, enriched 20 * [24]
refined flour 2.1 * [4]

bran 184 [21]
104 [23]
46 * [24]

flakes 103–120 [23]
7–9 [11]
n.d. [21]

starch n.d. [21]
popped 19 [11]

n.d. [21]

Rice

grain 1–5 [11]
n.d. [21]

refined flour 8.4 * [4]
expanded n.d. [21]

starch n.d. [21]

Amaranth (Amaranthus cruentus)

raw grain 7420 [23]
680 * [24]
646 [11]

expanded grain 669 [23]
607 [21]

flour 895–1225 [23]
871 [21]

Proso millet

sample type not specified 95–112 [11]
dehulled grain 281 [23]
refined flour 1320 * [4]

Buckwheat

wholegrain flour 108 [23]
7–20 [11]

refined flour n.d. [21]
groats, roasted 10 * [4]

26 * [24]

Sorghum

refined flour 425 * [4]

Quinoa

grains
6300 * [24]

3042–4428 [11]
610.8 * [4]

n.d. not detected; * result expressed on wet weight.

Among glutinous cereals, the highest content of betaine was found in the bran fraction of wheat
grain (2300–7200 μg/g) and in the germ (3414 μg/g) (Table 1). In spelt wheat, higher upper betaine
levels were detected in comparison to common wheat. Wholegrain spelt flour was much higher in
betaine than the wholegrain flour of common wheat (Table 1). Wholegrain flours were mainly higher in
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betaine when compared to refined flours. Ross et al. [11] estimated that wholegrain flours and products
were two to four times higher in betaine in comparison to the refined counterparts. Similar betaine
content was found in flour from durum wheat and conventional wheat. In contrast, Ross et al. [11]
reported higher levels of betaine in durum semolina in comparison to common, non-refined wheat.

The most abundant source of betaine was amaranth, a pseudocereal. Raw amaranth grains
contained 7420 μg/g betaine which was the highest value determined in a single sample [23].
According to Ross et al. [11] and USDA database [24], quinoa can also be listed as an outstanding
source of betaine, having been reported to contain 3930 μg/g and 6300 μg/g betaine, respectively.

4. Betaine Content in Cereal-Based Products

The betaine content in cereal products depends on the processing method. Two to four times
lower betaine content were found in refined grain products compared to equivalent whole grain
products [11]. Betaine content is notably dependent on the loss of bran fraction during processing.
The higher the abrasion of aleurone layer, the lower the betaine content in the product. Outstanding
betaine levels were determined in wheat bran, up to 7200 μg/g (Table 1). Likes et al. [25] analyzed
the betaine contents in different milling streams and reported the lowest betaine level in the cleanest
milling fractions. In the study of de Zwart et al. [2], a wide range of different foods was analyzed
for betaine content and flour was denoted as an item high in betaine (730 μg/g), however it was not
specified the type of flour, except that it was available from retail markets. Betaine ranges in bread,
pasta, breakfast cereals and snacks are given in Table 2. As it can be seen, the variation within each
product category is high due to versatility of ingredients in product formulations. In each product
category, the highest betaine content was reported for wholegrain products or products containing bran
or germ. Among breads, rye, spelt, and wholemeal breads were abundant in betaine. Moderate to high
betaine contents were reported for pasta products, but it must be noted that mainly uncooked samples
were analyzed (Table 2). Breakfast cereals are a mixture of cereal and non-cereal ingredients and the
betaine content will depend on the contribution of each ingredient. In the study of Filipčev et al. [23],
two samples of commercially available breakfast cereals were analyzed, one of which contained no
detectable levels of betaine whereas the other had 471 μg/g (on dry solids). A similar concluded was
made by Ross et al. [11] for muesli and muesli bars which were found to contain only low-to-moderate
betaine levels. These products were mainly based on oats and contained other low-betaine ingredients
such as dried fruits. In contrast to Ross et al. [11], the USDA data [24] report on much wider span of
betaine in breakfast cereals, from 7 μg/greaching to as much as 3600 μg/g (on wet weight) betaine.

Table 2. Betaine content in various grain-based products.

Product
Betaine Content

References
(μg/g Dry Weight)

Bread

rye bread 855–1377 [11]
wholegrain spelt 913 [11]

wholemeal 670–790 [3]
wholegrain 499–781 [11]

560–620 [3]
multigrain 247–678 [11]

white (refined) 360–520 [3]
174–287 [11]

various (white, sourdough) 310–590 * [24]
380 * [24]
579 [19]

wheat tortilla 311 [11]
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Table 2. Cont.

Product
Betaine Content

References
(μg/g Dry Weight)

Pasta

wholegrain wheat pasta 710–1286 [11]
375 [19]

pasta, not specified 480–1350 [2]
refined wheat pasta 628–706 [11]

refined wheat (T. aestivum) pasta, uncooked 253 [21]
durum wheat pasta, uncooked 188 [21]

one–egg spelt pasta 243–516 [11]
barley pasta 211 [11]

noodles with egg, enriched, uncooked 1300 * [24]
noodles with egg, enriched, cooked 190 * [24]

refined couscous 691 [11]
bulghur 1311 [11]

cooked bulghur 830 * [24]

Breakfast cereals

ready-to-eat wheat germ, toasted, plain 4100 * [24]
ready-to-eat wheat bran, toasted 3200 * [24]

wholegrain rye flakes 1640 [11]
wholegrain wheat-based cereals 732–915 [11]

wholegrain oat and wheat-based muesli 310 [11]
wholegrain oat-based muesli 117–226 [11]

breakfast cereals, not specified 180–300 [21]
muesli bar 171 [11]

wholegrain porridge oats 128–167 [11]
extruded whole grain oat cereals 73–91 [11]

cereal bar 74–75 [11]
various ready-to-eat cereals 7–3600 * [24]

Snacks, cookies, crackers, crispbread, cakes, pastry

wholegrain rye crispbread 1428–1527 [11]
frozen, read-to-eat pancakes 690–720 * [24]
wholegrain wheat crackers 293–649 [11]

crackers, classic, saltines, cheese 340–580 * [24]
wholegrain wheat rusks 556–564 [11]

wholegrain wheat muffin 437–501 [11]
various commercial cakes 190–480 * [24]
wholegrain wheat biscuit 425 [21]

Graham cookies 390 * [24]
doughnuts 270–380 * [24]

English muffins 220–360 * [24]
extruded spelt 308 [21]

refined wheat crackers 258–332 [11]
digestive biscuit 271–309 [11]

apple pie, commercial 160 * [24]
biscuit 4–144 [11]

Danish pastry, fruit enriched 140 * [24]
plain Danish pastry 81 * [24]

* Result expressed on wet weight.

5. Betaine Content in Gluten-Free Cereal Products

Gluten-free products have been generally recognized to be low in betaine content [11,19]. In the
majority of commercially available gluten-free products, a very low level of betaine (<50 μg/g) was
observed [11]. Table 3 lists the betaine levels reported for commercial gluten-free products from several
studies. In the bread and biscuits category, betaine levels ranged from non-detectable to 107 μg/g.
Similar findings were reported by Kojić et al. [21], who also found that gluten-free samples (starch,
corn extrudates, pasta, cornflakes, and rice) contained no detectable levels of betaine. Gluten-free
cereals contained much lower amounts of betaine in comparison to glutenous cereals: corn had
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107–304 μg/g betaine [23]; teff and millet between 50–150 μg/g [11], proso millet 280 μg/g [23].
Buckwheat is a frequent ingredient in gluten-free products. According to Ross et al. [11], buckwheat
was among those ingredients low in betaine (<20 μg/g) although as high as 390 μg/g betaine was
found in buckwheat uncooked pasta (Table 3).

As mentioned earlier, gluten-free ingredients with appreciable amounts of betaine are amaranth
and quinoa. Amaranth grain was reported to contain 646–680 μg/g betaine and a remarkable figure of
7420 μg/g betaine in a single sample of raw grains (Table 1). Processed amaranth contained 817–1225
μg/g of betaine (flour) and 669 μg/g (expandate) (Table 1).

In order to increase betaine levels in gluten-free products and consequently improve dietary intake
of betaine among people adhereing to gluten-free and vegan diets, the incorporation of amaranth,
quinoa, proso millet, and buckwheat as base ingredients into gluten-free products as well as their
enrichment with sugar beet molasses was proposed [11]. Sugar beet molasses can remarkably increase
betaine content in some baked products, even when used at fortification levels that do not compromise
the sensory properties [26]. It was reported a 43× increase in betaine content of molasses-enriched
plain biscuits in comparison to the control biscuit (without molasses) [23]. In gluten-free cookies
enriched with molasses at 30% (flour basis), the betaine level was raised ≈64 times [26].

When considering fortification of products with betaine, the challenge is to achieve sufficient
delivery of betaine for the claim for lowering blood homocysteine (500 mg/portion). A trial to
incorporate betaine in the range from 0.5% to 3% (flour basis) into the formulation of gluten-free
biscuits revealed that they were capable of providing from 280 to 1370 mg of betaine per 100 g [27].
The highest fortification level (3%) significantly increased the biscuit spread and contributed to
perceiving a weak aftertaste described as burning-like sensations of the tongue and palate which
might be due to weak acid reaction of betaine [27]. Rising betaine doses improved color vividness
in the biscuits [27]. Similar results were observed in the case of fortifying plain wheat cookies with
betaine [28].

Table 3. Betaine content in gluten-free products.

Product
Betaine Content

(μg/g Dry Weight)
References

Bread and biscuits

gluten-free crispbread 9–107 [11]
savory biscuits n.d.–104 [23]

wholegrain gluten-free bread 12–68 [11]
oatmeal biscuits 3 [11]

gluten-free flour enriched with fibers 1 [11]
sweet biscuits n.d. [21]

flour mixture for gluten-free bread n.d. [21]
gluten-free cookies with almonds, crackers,

salty sticks n.d. [21]

expanded maize n.d. [21]

Pasta

buckwheat pasta, uncooked 390 [23]
382 [11]
175 [21]

maize-based pasta 2–20 [11]
maize and rice-based pasta, uncooked n.d. [21]

rice-based pasta, uncooked n.d. [21]

Breakfast cereals and related products

soy bran 182 [21]
unseasoned popcorn 19 [11]

cornflakes 14 [11]
buckwheat flakes 10 [11]

rice-based breakfast cereals 4–5 [11]
expanded rice n.d. [21]

n.d. not detected.
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6. Stability of Betaine in Grain-Based Products

Betaine is known to be a thermostable compound which survives the severe treatment during
sugar beet processing (extracting with water, treatment with CaOH2 and CO2, concentration,
crystallization) and almost quantitatively accumulates in molasses [29]. Pure anhydrous betaine
decomposes at > 245 ◦C. Since food processing practices do not employ such high temperatures,
betaine losses caused by food thermal treatments were initially not expected [30]. However, some data
suggest that certain cooking and baking losses of betaine may exist in spite of its thermostability in the
pure form. Being a water soluble compound with a small molecule, it is not unlikely that some betaine
losses will occur, depending on the type of food processing and cooking.

Only few studies exist that deal with the stability of betaine in food during processing.
De Zwart et al. [2] compared the average betaine content in various food, before and after cooking.
They concluded that the level of betaine varied widely, depending on the food and cooking method.
The lowest losses (10–14%) were observed with microwave cooking of vegetables (frozen peas,
silverbeet) and the highest losses with boiling (43–73%) [2]. In the case of cereal-based food,
high betaine losses (76–84%) were detected during pasta boiling which could be attributed to
dissolution of betaine in cooking water and its removal upon water draining [2]. Betaine reduction
of ≈85% between uncooked and cooked noodles was reported in the USDA database [24] (Table 2).
Similar results were confirmed by Ross et al. [11] in cooked pasta and noodles. During baking of
scones, de Zwart et al. [2] determined a 17% betaine loss. Similar betaine losses were found after
baking gluten-free biscuits fortified with betaine at a 0.5–3.0% level [27]. Somewhat higher baking
losses in betaine were reported by Filipčev et al. [28] ranging from 17% to 28.6% in wheat biscuits
fortified with betaine at 0.5–3.0% level. Very high betaine losses (>90%) were observed after baking
betaine-enriched bread [31]. It was assumed that this loss could be partly due to betaine consumption
by baker’s yeast throughout dough fermentation since yeast can use betaine as a source of nitrogen.

During the preparation of extruded snack products enriched with betaine, the influence of
extrusion cooking parameters like screw speed, feed flow rate, and feed moisture on the betaine
content was analyzed [32]. The most significant influences on betaine content were feed rate and feed
moisture content. Under the most extreme conditions applied during the extrusion process betaine
losses were from 50–60% [32].

In some cases, an increase in betaine could be observed after thermal treatment as reported for
fried and baked falafel [2] and for oatmeal cooked in a microwave oven [11]. The increases were 9,
14, and 31%, respectively. Ross et al. [11] suggested that a plausible explanation of this phenomenon
could be the liberation of betaine from food matrix or betaine synthesis throughout heating. So far,
it has not been reported that betaine is capable of forming any bonds with matrix components.

7. Conclusions

Comparison of betaine levels in cereals from different studies showed that cereals are good
sources of betaine. Wheat bran and germs were the most abundant wheat fractions. There were large
differences in the betaine contents of different cereals. The wholegrain flours from spelt, rye, and barley
showed higher betaine levels in comparison to that of common wheat. Non-glutinous cereals are
generally moderately to very low in betaine. The best gluten-free sources of betaine are amaranth
and quinoa.

Cereal grain processing may lead to lowering of betaine content, especially if removal of aleurone
layers is included. Thermal treatment of cereal products also provokes certain loss of betaine, in spite of
its thermal stability on food processing temperatures. Losses are very high if processing involves water
removal after cooking or boiling, since betaine is soluble in water. Very high losses were observed
during baking of betaine-enriched bread, implying that fermentation by baker’s yeast may be one of
the causes but future research is needed to understand the possible mechanisms.
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Fortification of grain-based food with sugar beet molasses even at low or moderate levels
considerably raises their betaine content and may be considered as a possible way to increase the
functionality of the products.
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29. Šušić, S.; Sinobad, V. Ispitivanja u cilju unapređenja industrije šećeraJugoslavije. Hem. Ind. 1989, 43
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Abstract: Ginger, Zingiber officinale Roscoe, is increasingly consumed as a food or in food supplements.
It is also recognized as a popular nonpharmacological treatment for nausea and vomiting of
pregnancy (NVP). However, its consumption is not recommended by all countries for pregnant
women. Study results are heterogeneous and conclusions are not persuasive enough to permit
heath care professionals to recommend ginger safely. Some drugs are also contraindicated, leaving
pregnant women with NVP with few solutions. We conducted a review to assess effectiveness
and safety of ginger consumption during early pregnancy. Systematic literature searches were
conducted on Medline (via Pubmed) until the end of December 2017. For the evaluation of efficacy,
only double-blind, randomized, controlled trials were included. For the evaluation of the safety,
controlled, uncontrolled, and pre-clinical studies were included in the review. Concerning toxicity,
none can be extrapolated to humans from in vitro results. In vivo studies do not identify any major
toxicities. Concerning efficacy and safety, a total of 15 studies and 3 prospective clinical studies have
been studied. For 1 g of fresh ginger root per day for four days, results show a significant decrease in
nausea and vomiting and no risk for the mother or her future baby. The available evidence suggests
that ginger is a safe and effective treatment for NVP. However, beyond the ginger quantity needed to
be effective, ginger quality is important from the perspective of safety.

Keywords: pregnancy; Zingiber officinale R; ginger; NVP; toxicity; safety; adverse effects;
food supplement; CAM

1. Introduction

According to the World Health Organization, the growth and expansion of traditional and
complementary medicine (T&CM) products is worldwide phenomenon. These days, this sector
plays a significant role in the economic development of number of countries [1]. The growing
mistrust of the side effects of pharmaceuticals products coupled with the desire for more traditional
medicines perceived as natural and safe by consumers, may partially explain the increase in the use of
herbal remedies.

In Europe, many herbal remedies are sold as food supplements and meet Directive 2002/46/EC [2].
Regarding botanicals, particularly, the European Food Safety Authority (EFSA) published, in 2012,
a compendium of botanicals and associated substances of concern. The objective is to have a guideline
for the evaluation of specific ingredients in food supplements, identifying the compound(s) to
monitor [3]. In parallel, positive and/or negative lists of botanicals are published by authorities
in different European countries [4–7] to control and guarantee the quality and traceability of used
botanical ingredients in food supplements. These regulatory approaches aim to protect consumer
health by ensuring that Complementary and Alternative Medicine (CAM) are safe and of high quality.

More than 100 million Europeans use regularly CAM, and the prevalence varied from 5.9 to
48.3% [8]. However, women in the middle-age, tertiary educated are typical consumers. In France [9],
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women consume more food supplements than men. This is also true in Belgium [10], Australia, and the
USA [11]. Despite higher consumption by women in Europe, there are variations by country [12].
The differences in consumption by country and gender are summarized in Table 1.

Table 1. Comparison of food supplement consumption between men and women by country [12].

Country Men (%) Women (%)

France 17–21.6 26.3–28.5
Belgium 11–14 22.5–30
Australia 34.9 50.3

USA 45 58
Greece 2 6.7
Spain 5.9 12.1
Italy 6.8 12.6

Germany 20.7 27
The Netherlands 16 32.1

UK 36.3 47.5
Denmark 51 65.8
Sweden 30.5 42.4

Not only women, but also pregnant women, consume food supplements. In the United States,
36.7% of pregnant women from the ages of 19 to 49 reported using CAM in the last year compared
to 40.7% of non-pregnant women [13]. In the UK and Australia, 57.8% and 52% of pregnant women,
respectively, had used an herbal remedy during pregnancy [14,15].

Some studies showed that the women had a positive opinion on the safety of herbal remedies
during pregnancy [16,17]. Moreover, a minimum of one-third of the healthcare professionals are willing
to recommend the use of CAM to pregnant women [18,19], and the majority (69.2%) agreed that there
was some value in CAM use during pregnancy [20]. Nevertheless, the safety of CAM was also a key
concern. Despite this, documentation on the safety and efficacy of many herbs used during pregnancy
is limited. Whereas most Member States update and regularly implement regulations relative to herbal
substances/products according to the most recent scientific evaluations, few toxicological data coming
from studies on pregnant women are available.

A multinational, cross-sectional study [18] identified 126 specific herbal medicines used by
2379 women. They were classified on three categories: safe, caution, and contraindicated, and their
consumption was observed. Women used herbal medicine mainly classified as safe for pregnancy use.
However, a difference between regions was observed (Figure 1). This study shows that there is still
work to be done in informing pregnant women. Information confirmed by Pallivalappila et al. [19],
61% (n = 127) of dietary supplement users during pregnancy and 44% (n = 54) of non-users responded
that CAM should be available through the NHS (the publicly-funded healthcare system in Scotland).

One of the most popular botanical remedies during pregnancy is ginger (Zingiber officinale
Roscoe) [14,18,21]. Ginger is an Asian native plant. Its aromatic rhizome is used as a spice, but also
in traditional medicine since ancestral times. Ginger belongs to the official pharmacopoeias of
different countries, including Austria, China, Egypt, India, United Kingdom, Japan, Switzerland,
and the Netherlands.

For around 10 years, ginger imports in Europe have increased significantly [22], and many foods
and food supplements have appeared on the market. Most of these food supplements are dedicated to
pregnant women (Table 2).
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Figure 1. Herbal medicine used (A) and number of women who used them (B) by safety classification
(green = safe; orange = caution; red = contraindicated; white = unknown). From Kennedy et al. [18].

Table 2. Sample of food supplements with ginger sold around the world; composition and claims.

Country Composition Daily Dose Claims

Belgium

Cellulose; standardized ginger extract 50 mg with
10% gingerols (equal to 500 mg of powder);
calcium phosphate; silicon dioxide, magnesium
stearate; hypromellose, titanium dioxide;
talc; glycerol

2/day for
pregnant women

Helps you regain optimal digestive balance in the
following situations:
- in case of overeating
- in case of unusual diets
- when agitated or on trips
- too much stress
Can be used in pregnant women who wish to
return to digestive well-being during pregnancy

Ginger bio extract (6 × concentrated) 200 mg 1/day Digestive comfort

500 mg of ginger rhizome powder and 5 mg of
ginger rhizome extract per caps 1/day Sexual fatigue; nausea in pregnant women;

travel sickness

Ginger rhizome extract: 67 mg, eq. to 1 g of ginger
rhizome, magnesium carbonate, vitamin B6 1/day

Ginger contributes to the normal functioning of the
stomach in case of early pregnancy (Claim under
consideration (EFSA))
Magnesium contributes to a reduction of tiredness
and fatigue
Vitamin B6 contributes to the regulation of
hormonal activity
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Table 2. Cont.

Country Composition Daily Dose Claims

France

Organic ginger rhizome powder: 250 mg 4/day Nausea in pregnant women

Ginger rhizome powder (Zingiber officinale R):
365 mg/hard caps 4/day Lower bowel contractions and digestive acids;

prevent motion-induced nausea and vomiting

Organic ginger rhizome extract (Zingiber officinale
R): 200 mg 2/day Ginger contributes to the normal functioning of the

stomach in case of early pregnancy

Organic ginger rhizome extract (Zingiber officinale
R): 200 mg 5/day Travel sickness

Zingiber officinalis R (roots): 230 mg. 6/day

Helps to support the digestion/contributes to the
normal function of intestinal tract
Travel sickness
Joint mobility
Libido in men

Sorbitol, rhizome ginger extract (Zingiber officinale
R), natural orange flavor, sodium starch glycolate,
microcrystalline cellulose, natural lemon flavor,
magnesium stearate, silica, sucralose.

2/day -

Ginger, lemon, B6, magnesium, iron, B9 5 biscuits/day -

B6, folates, cocoa, strawberry pulp, ginger 1/day -

Ginger (Zingiber officinale Roscoe), cinnamon
(Cinnamomum verum J. Presl), fennel (Foeniculum
vulgare Mill.), lemon (Citrus limon (L.) Burm f.),
Tumeric (Curcuma longa L.), hibiscus (Hibiscus
sabdariffa L.), liquorice (Glycyrrhiza glabra L),
natural lemon flavor and natural vanilla flavor

1–3 sachets /day -

Cellulose, silicon dioxide, magnesium stearate,
standardized ginger extract (Zingiber officinale R)
50 mg; HPMC, titanium dioxide, talc, copper
complexes of chlorophyllins

Pregnant women: 2/day
Children from 6 to
11 years old: 1 to 4/day
Adults and Children
>12 years old: 2 to 8/day

Nausea in pregnant women; travel sickness
Ginger contributes to the normal functioning of the
stomach (Claim under consideration (EFSA))

Cellulose, standardized ginger extract (10% of
gingerols) 50 mg eq. to 500 mg of ginger powder;
calcium phosphate; silicon dioxide; magnesium
stearate; HMPC; titanium dioxide, talc, glycerol.

2/day for pregnant
women

Helps to support the digestion/contributes to the
normal function of intestinal tract/contributes to
the normal functioning of the stomach in case of
early pregnancy or travel sickness
For adults and children aged 12 years and above

Microcrystalline cellulose, standardized ginger
extract 50 mg, eq. to 500 mg of rhizome powder,
silicon dioxide, fatty acid magnesium salts,
hypromellose, titanium dioxide, talc, glycerol

2 hard caps
3 times per day

Helps to support the digestion
Contributes to decrease discomforts in case of
travel nausea, pregnant women nausea, or
chemotherapy

Bach flowers, essential oils, and plant extracts 5 sprays if nauseous Quick-acting oral spray against discomfort,
apprehension and transport.

Ginger root extract (160 mg of extract, 16 mg of
gingerols); lemon balm extract (100 mg) 4/day Stomach; antiemetic; pregnant women

Italy

Standardized root extract: 300 mg (5% gingerols)
Whole root pulverized: 1500 mg 2/day

Regulate the gastro-intestinal motility and gas
elimination of in case of nausea
Promotes joint function and counteracts the
localized states of tension
Counter menstrual cycle disorders

Hydro-alcoholic standardized ginger extract (5%
of gingerols) 2/day Reducing nausea, gas, bloating and

intestinal spasms

Poland Ginger rhizome extract 75 mg (eq. to 300 mg of
powder); Vitamin B6: 0.5 mg 3/day Adults and children poorly tolerating travel by

vehicles and craft: cars, buses, trains, ships, planes

UK

Ginger extract 55 mg eq. to 1.1 g of root powder 1/day Helps calm a queasy stomach; an excellent
stomach soother; excellent travel companion

Ginger extract 120 mg eq. to 14 g of root powder
(24 mg of gingerols) (120:1 extract) 1/day Do not take if pregnant or breastfeeding

Ginger extract 138 mg eq. to 550 mg 2/day -

Ginger root 500 mg 2/day -

Ginger root extract (Zingiber officinale R) 500 mg,
vitamin B6 25 mg, vitamin D 200 IU, calcium
(carbonate and lactate) 240 mg, red raspberry leaf
25 mg, mint leaf 25 mg
Citrus aurantifolia 10 mg
Contains no artificial colors or flavors.

2/day -

US

Ginger root powder 2/day -

Ginger root powder 2/day

May soothe an upset stomach and support
digestion
Promotes a healthy inflammation response
May help reduce nausea, vomiting and dizziness

Ginger root powder 2/day Helps calm a queasy tummy an excellent stomach
soother Excellent travel companion
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Whereas ginger rhizome consumption is described for Nausea and Vomiting of Pregnancy (NVP)
in different monographs [23–25], it is not recommended in others as a precautionary measure [26].
In the same way, ginger rhizome consumption by pregnant women is tolerated or authorized in several
countries (France, Belgium) or forbidden in others (Finland, Russia). Without scientific evidence
established in the concerned population, clear recommendations, and harmonized regulations, it is
difficult for healthcare professionals to provide safe advice.

This review focuses on the efficacy for NVP of ginger and the safety of its use in pregnant women.
The main goal is to have an objective treatment of safety, so non-clinical and clinical data were analyzed
to present and discuss factual information to healthcare professionals.

2. Generality

2.1. Zingiber Officinale Roscoe

Ginger, Zingiber officinale Roscoe is originated from Asia. It is a plant of the genus Zingiber and
of the family Zingiberaceae, whose rhizome is used worldwide in cooking and traditional medicine.
It is considered as premium spices, like cardamom and turmeric. Ginger was first cultivated in the
Asian subcontinent, probably in South East Asia [27]. It migrated to Europe by Greek and Roman
times and was used as digestive aids wrapped in bread. Ginger was then incorporated into bread and
confections. In the 1600s, the Spanish established ginger plantations in Jamaica and in the 19th century
some physicians used it to induce sweating, to improve the appetite or decrease the nausea [28].

Ginger is cultivated in the tropical regions from both hemispheres and India is the largest producer
(32.75% of the world’s production), followed by China (21.41%) and Nigeria (12.54%) [23,29].

2.2. Nutritional Composition and Chemical Composition

The main ginger constituents are starch (up to 50%), lipids (6 to 8%), proteins, and inorganic
compounds [25,30]. When referring to the USDA National Nutrient Database for Standard
Reference and DTU Fødevaredatabanken, raw ginger root is a source of potassium (415 mg/100 g).
When referring to the ANSES Table Ciqual 2017 [31], data are very different: ginger powder is a source
of phosphorus (168 mg/100 g) and is rich in magnesium (214 mg/100 g), potassium (1320 mg/100 g),
manganese (33.3 mg/100 g), zinc (3.64 mg/100 g), iron (19.8 mg/100 g), and niacin (9.62 mg/100 g)
(Table 3). These differences between nutrient databases showed high quantitative variations that could
be explained by the plant variability itself but also by used analytical methods which can differ from
database to another.

Table 3. Nutritional composition of ginger root (USDA, ANSES, DTU).

USDA (National
Nutrient Database for
Standard Reference)

ANSES (Table Ciqual
2016 Composition

Nutritionnelle
des Aliments)

DTU
(Fødevaredatabanken

Version 7.01)

Ginger type Ginger Root, Raw Ginger, Powder Ginger Root, Raw

Phosphorus (mg/100 g) 34 168 34
Magnesium (mg/100 g) 43 214 43
Potassium (mg/100 g) 415 1 320 415
Manganese (mg/100 g) - 33.3 0.229

Zinc (mg/100 g) 0.34 3.64 0.34
Iron (mg/100 g) 0.60 19.8 0.60

Calcium (mg/100 g) 16 114 16
Niacin (mg/100 g) 0.750 9.62 0.950
Folate (μg/100 g) 11 13 11
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The non-volatile pungent principles responsible of spicy aroma are the gingerols, shogaols,
paradols, and zingerone. They represent 4 to 7.5% [27,29] (Figure 2). The principal compound of these
is 6-gingerol. In dried ginger, the concentrations of gingerols are reduced whereas the concentrations
of shogaols are more abundant, coming from gingerol dehydration [27,32–35].

Volatile oils represent 1–4%. More than 100 compounds are identified. Most of them are terpenoids,
mainly sesquiterpenoids (α-zingiberene, zingiberol, β-sesquiphellandrene . . . ) and smaller amounts
of monoterpenoids (camphene, cineole, geraniol . . . ) [34,35].

All the Z. officinale samples coming from different origins are genetically indistinguishable.
However, their metabolic profiling showed quantitative variation [27] function of the type, the variety
but also the agronomic conditions, harvest, drying methods, and storage conditions [35,36].

Figure 2. Chemical structures of active constituents: zingiberene, shogaols, and gingerols.

2.3. Ginger Consumption

In EU countries, the apparent consumption (henceforth referred to simply as ’consumption’)
of ginger amounted to 58,000 tons in 2014 [22]. A large part of the consumption (around 70–80%
of demand) comes from the food processing industry. Dried ginger is especially used in significant
amounts in bakery (e.g., gingerbread, cookies) and Asian food products, as well as various drinks
(e.g., ginger ale and ginger beer) [22].

Western EU countries accounted for 77% of EU consumption in 2014. The UK (32% of consumed
volume), Germany (20%), and the Netherlands (13%) were the largest EU consumers. Concerning the
UK, its large ethnic community is an important driver of the national consumption. The volume of
consumed ginger in the EU increased by an average of 11% per year between 2010 and 2014, despite
the economic crisis. This increase was greatest (over 20% per year) in the Eastern and Northern EU
countries [22].
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2.4. Women’s Perception of Ginger

In a multinational survey (Europe, North America, and Australia) including 9113 pregnant
women and new mothers, Petersen et al. [37] determined their perception of risks related to medicines,
foods or herbal substances, alcohol, tobacco, and thalidomide.

The least harmful products were cranberries and ginger, whereas antidepressants, alcohol,
smoking, and thalidomide were rated as the most harmful. Mean risk perception scores for ginger is
1.5 on a 10-point scale (n = 8318, Table 4)

Table 4. Mean risk perception scores for 13 individual items by geographical region (dark green = 0–2;
pale green = 2–4; yellow = 4–6; orange = 6–8; red = 8–10). From Petersen et al. [37].

3. Non-Clinical Data

3.1. Cytotoxicity

The cytotoxic potential of ginger has been studied for many decades. Various cell lines or in-tissue
culture cells were used. Results appeared very different from one study to another (Table 5).

Table 5. In vitro cytotoxicity of ginger extracts and main related compounds.

Ginger, Ginger Extracts,
or Related Compounds

Cell Line IC50 Reference

Ethanol extract of ginger CL-6–Calcein assay 10.95 μg/mL Plengsuriyakarn et al., 2012 [38]
Ethanol extract of ginger CL-6–Hoechst 33342 assay 53.13 μg/mL Plengsuriyakarn et al., 2012 [38]
Ethanol extract of ginger HepG2–Calcein assay 71.89 μg/mL Plengsuriyakarn et al., 2012 [38]
Ethanol extract of ginger HepG2–Hoechst 33342 assay 92.88 μg/mL Plengsuriyakarn et al., 2012 [38]
Ethanol extract of ginger HepG2 358.71 μg/mL Harliansyah et al., 2007 [39]
Ethanol extract of ginger HRE–Calcein assay 198.15 μg/mL Plengsuriyakarn et al., 2012 [38]
Ethanol extract of ginger HRE–Hoechst 33342 assay 245.91 μg/mL Plengsuriyakarn et al., 2012 [38]
Ethanol extract of ginger Hamster ovary 245 μg/mL Unnikrishnan et al., 1988 [40]
Ethanol extract of ginger Vero cells 120 μg/mL Unnikrishnan et al., 1988 [40]
Ethanol extract of ginger Dalton’s Lymphoma Ascites 200 μg/mL Unnikrishnan et al., 1988 [40]
Aqueous extract of ginger Dalton’s Lymphoma Ascites 420 μg/mL Unnikrishnan et al., 1988 [40]
Aqueous extract of ginger NRK-52E Cells (MTT test) No cytotoxicity Abudayyak et al., 2015 [41]
Chloroform extract of ginger NRK-52E Cells (MTT test) 9.08 mg/mL Abudayyak et al., 2015 [41]
Methanol ginger extract MCF7 (Breast) 75 μg/mL Zaeoung et al., 2005 [42]
Methanol ginger extract LS174T (Colon) 80 μg/mL Zaeoung et al., 2005 [42]
Volatile oil of ginger MCF7 (Breast) 14.2 μg/mL Zaeoung et al., 2005 [42]
Volatile oil of ginger LS174T (Colon) 15.9 μg/mL Zaeoung et al., 2005 [42]

Related compounds

Diarylheptanoids and
gingerol-related compounds HL-60 <50 μmol/L Wei et al., 2005 [43]

6-gingerol HepG2 431.7 μg/mL Harliansyah et al., 2007 [39]
6-gingerol MCF7 (Breast) 31.6 μg/mL Zaeoung et al., 2005 [42]
6-gingerol LS174T (Colon) 30.6 μg/mL Zaeoung et al., 2005 [42]
6-gingerol HepG2 89.58 μg/mL Yang et al., 2010 [44]
6-shogaol MCF7 (Breast) 6 μg/mL Zaeoung et al., 2005 [42]
6-shogaol LS174T (Colon) 4.2 μg/mL Zaeoung et al., 2005 [42]
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Wei et al. [43] indicated that diarylheptanoids and gingerol-related compounds were cytotoxic
against human promyelocytic leukemia (HL-60) cells (IC50 < 50 μM), while Zaeoung et al. [42] reported
that the IC50 of ginger was higher than 39.2 μg/mL against breast (MCF7) and colon (LS174T) cell lines.

In 2008, Kim et al. [45] investigated the cytotoxicity of five compounds of ginger (4-, 6-, 8-,
10-gingerols, and 6-shogaol) on four human tumor cell lines. 6-shogaol showed the most potent
cytotoxicity against the four tumor cell lines (IC50 from 1.05 to 1.76 μg/mL) while the others showed
moderate activity [45]. Peng et al., for their part, isolated 13 compounds from fresh ginger and studied
their cytotoxicity against nine human tumor cell lines. Three of them were identified to be cytotoxic in
cell lines tested: 6-shogaol, 10-gingerol, and an enone-diarylheptanoid analog of curcumin [46].

When comparing the IC50 of different chemical constituents to their maximum plasma
concentration (see Section 4.1: Pharmacokinetic Data) after an intake of 1.5 or 2 g of ginger, the IC50
value corresponds to concentrations that are not achievable in the human body. IC50 values represent
from 7 to ca. 692 times the maximum concentration reached in the plasma (Table 6).

Table 6. IC50 values and plasma concentration comparison.

Ginger
Related-Compounds

IC50 (μg/mL)
Plasma Concentration after 1.5

or 2 g of Ginger (μg/mL)
Ratio

IC50/Concentration
References

6-gingerol 15.72 to 431.7 1.69 9.3 to 255.4

Zaeoung et al., 2005 [42];
Harliansyah et al., 2007 [39];
Kim et al., 2008 [45];
Zick et al., 2008 [47]

6-shogaol 1.05 to 6 0.0136 to 0.15 7 to 441.2
Zaeoung et al., 2005 [42];
Kim et al., 2008 [45]; Zick et al.,
2008 [47]; Yu et al., 2011 [48]

8-gingerol 8.85 to 12.57 0.23 38.5 to 54.7 Kim et al., 2008 [45]; Zick et al.,
2008 [47]

10-gingerol 4.2 to 6.57 0.0095 to 0.53 7.9 to 691.6 Kim et al., 2008 [45]; Zick et al.,
2008 [47]; Yu et al., 2011 [48]

Moreover, according to pharmacokinetics data [48] no free 6-, 8-, and 10-gingerols and 6-shogaol
were detected in the plasma of all the volunteers 24 h after ginger consumption. Only glucuronide and
sulfate metabolites were observed at very low concentration [48]. It is difficult to conclude that ginger
is toxic in humans on the basis of these results. The studies presented here cannot be generalized to
ginger activity in the body. The potential cytotoxic effects of ginger have to be studied, taking account
of the whole plant and its absorption metabolites.

3.2. Genotoxicity/Mutagenicity

Ginger showed some mutagenicity in TA 100, TA 1535 [49,50], and T 98 strains [41]. However,
ginger’s mutagenicity was much lower than established mutagens, such as sodium azide or
MNNG [49]. This mutagenicity could be linked to gingerols and shogaols [44,50]. However,
in the presence of zingerone, mutagenic activity of gingerols and shogaols was suppressed in a
dose-dependent manner (Table 7).

Thus, the observed mutagenic activity of ginger extracts in vitro is the result of the combined
action of pro and antimutagenic compounds present in the ginger [50]. However, as for cytotoxic
assays, studies presented here cannot be extrapolated to in vivo mutagenicity because of the tested
compounds and their concentrations, which are not representative to absorption metabolites and their
blood concentration.

Others in vitro and in vivo studies showed antimutagenic properties of ginger or ginger
extracts [38,49,51]. When rats fed diets containing 0.5, 1, and 5% of powdered ginger for one month
and are exposed to benzopyrene, the mutagenicity in vitro test realized with urine samples showed a
reduced number of TA 98 and TA 100 revertants exposed to treated urine at all ginger concentrations
compared to control urine [51]. On the basis of ingested dry matter, the ingested daily dose is
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approximately 0.1, 0.2, and 1 g of ginger by rats, which corresponds to 2.5, 5, and 25 g of ingested
powdered ginger in humans, respectively.

Plengsuriyakarn et al., using a crude ethanol extract of ginger, concluded there was an absence of
any toxicity at maximum dose of 5 g/kg body weight (BW) using a hamster model [38].

In the in vitro microbial test system, ginger root has mutagenic and antimutagenic properties.
In vivo, it appears to be antimutagenic when it is consumed at the human dose.

3.3. Acute/Subacute Toxicity (Repeated Dose Toxicity)

Many acute (oral administration of a single dose of a substance in rodents within 24 h) or subacute
(oral administration of a test substance in rodents for 28 days) toxicity studies were realized with
different rhizome ginger extracts or related compounds. Five studies with ginger powder or ginger
extracts (freeze-dried or ethanol extracts) [38,52–55], and one with related compound [56] showed no
treatment-related signs of toxicity or mortality in any animals at tested doses. One of them was realized
on pregnant rats and showed neither embryotoxic nor teratogenic effects of the tested ginger [55].
The No Observable Adverse Effect Level (NOAEL) was 5000 mg/kg per day whatever the used extract
(freeze dried or Ethanol extract) [38,53] whereas the NOAEL of ginger oil is up to 500 mg/kg per
day [57]. In four studies [54,58–60], the oral LD50 is far above the highest dose used for human food,
dietary supplements or drugs (Table 8).
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3.4. Reproductive Toxicity

One in vivo study was made with a patented ginger extract [55]. Three groups of 22 pregnant
female rats from days 6 to 15 of gestation received by gastric intubation of the extract in concentrations
of 100, 333, and 1000 mg/kg and were killed on day 21 of gestation. A fourth group received sesame
oil as control. Body weight, food, and water intakes were recorded during the study. Standard
parameters of reproduction and performance were analyzed. Signs of teratogenic and fetuse toxic
effects were determined. No adverse effects or deaths were observed and ginger supplementation was
well tolerated. Neither embryotoxic nor teratogenic effects were showed by analysis of fetuses and
the authors concluded that the ginger extract administered to pregnant rats during the organogenesis
period caused neither maternal nor developmental toxicity at doses of up to 1 g/kg body weight per
day [55].

By contrast, some ginger adverse events have been reported on pregnant rats [61]. Pregnant
Sprague–Dawley rats received ginger tea (15, 20, or 50 g/L) on day 6 of gestation onwards until day
15 of gestation. They were sacrificed at day 20. No maternal toxicity was observed, but embryonic
loss was increased in the treatment group compared to control. No gross morphologic malformations
were seen but fetuses exposed to ginger tea were significantly heavier than control and had more
advanced skeletal development. This effect was greater in female fetuses and not correlated with
increased placental size. Thus, results of this study suggest that in utero exposure to ginger tea leads
to an increased early embryo loss with increased growth in surviving fetuses [61].

In 2009, Sukandar et al. studied the effect of ethanol extracts of ginger and noni fruit in pregnant
rats. The blend was administered per os at three different doses on days 6–15 of gestation (50 and 50,
500 and 500, 1000 and 1000 mg/kg BW). Sacrifices were realized on day 19 of gestation to observe live
fetus, resorption, and growfail fetus. No malformation was found. The combination, did not cause
any fetus resorption, growth failure, malformation in organs nor in the skeleton, whatever the dose.
The highest dose (500 and 500 and 1000 and 1000 mg/kg BW) caused liver color change of 7.3% and
8.3% of rat fetuses, respectively [62].

In a double-blind randomized cross-over clinical trial, ginger per os, 250 mg, four times daily did
not generate teratogenic aberrations in newborns and Apgar scores of these babies were 9 to 10 after
five minutes [63].

Reproductive and developmental toxicity has been investigated in three studies in rats [55,61,62]
and one double-blind randomized cross-over clinical trial [63]. All these studies showed no teratogenic
aberrations. Extensive data do not suggest any major concerns with respect to reproductive and
developmental safety of ginger root.

4. General Population Safety Data

Many reviews have been published on ginger effects and few minor adverse events have been
reported with the use of ginger in humans [34,64–67].

A systematic review by Betz et al. [65] including 15 randomized studies with safety data showed
that, among the 777 patients included, 3.3% reported slight side effects that did not require treatments
like mild gastrointestinal symptoms and sleepiness.

In a clinical trial involving 12 healthy volunteers who consumed 400 mg of ginger three times
per day for two weeks, one subject reported mild diarrhea during the first two days of treatment.
Authors explained that ginger could cause heartburn and as a gastric irritant with doses higher than
6 g. Moreover, its inhalation could produce an IGE-mediated allergy [64].

An assessment report on Zingiber officinale Roscoe made by the Committee on Herbal Medicinal
Products (HMPC) in 2012 summarized the published clinical studies with safety data indexed by
PubMed through June 2010 [30].

Adverse effects resulting from the intake of ginger root observed in clinical studies occur with
low frequency, low intensity, and are mainly gastrointestinal. No severe events have been reported.
An interaction between ginger and warfarin has been showed in some case reports however the latter
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are unconvincing. Moreover, one randomized study in healthy volunteers failed to demonstrate
any warfarin interaction. No sufficient evidence are available to suggest induction or inhibition of
CYP-enzymes by ginger or its constituents [30]. Consequently, the committee concluded that the
benefit/risk balance is in favor of the oral use of ginger extract and complies with the criteria for
well-established use in the prevention of nausea and vomiting in motion sickness [30]. However,
ginger’s effect on platelet aggregation cannot be confidently dismissed and future clinical trials are
needed to further investigate this area, particularly in risk population [68].

More recently, Wang et al. [69] assessed daily ginger consumption in adults, explored its
correlation with chronic diseases and analyzed further how different levels of ginger intake may
affect the prevalence of chronic diseases. A total of 4628 participants (1823 men and 2805 women),
aged from 18 to 77 years old, completed face-to-face dietary and health questionnaires. Daily ginger
consumption was associated with a decreased risk for hypertension ((OR), 0.92; 95% confidence
interval (CI), 0.86–0.98) and chronic heart disease (CHD) (OR, 0.87; 95% CI, 0.78–0.96) in adults
≥18 years old. Differences were also observed in adults ≥40 years old: hypertension (OR, 0.92; 95% CI,
0.87–0.99), CHD (OR, 0.87; 95% CI, 0.78–0.97). However, after 60 years old, no association was seen
for hypertension, but there was still a difference regarding CHD (OR, 0.84; 95% CI, 0.73–0.96). Again,
the probability of illness (hypertension or CHD) decreased when the dosage of daily ginger intake
increased. No adverse events were reported [69].

4.1. Pharmacokinetic Data

In 2008, Zick et al. [47] realized a single dose pharmacokinetic escalation study of the ginger
constituents 6-gingerol, 8-gingerol, 10-gingerol, and 6-shogaol. 27 healthy volunteers were recruited,
three participants per dose except for the highest doses for which 6 and 9 participants were included.
Administrated doses of ginger extract were 100 mg, 250 mg, 500 mg, 1.0 g, 1.5 g, and 2.0 g. The dry
extract of ginger root used in the study was standardized to 6% of gingerols. A dose of 250 mg
correspond to 15 mg of total gingerols, with 5.38 mg 6-gingerol, 1.28 mg 8-gingerol, 4.19 mg 10-gingerol,
and 0.92 mg 6-shogaol. Blood was sampled at different times after ginger intake and analysis showed
that no free 6-gingerol, 8-gingerol, 10-gingerol, or 6-shogaol was detected and no conjugate metabolite
were detected below the 1 g ginger extract dose, except for 6-gingerol. However, as of this dose,
all metabolites were quickly absorbed and detected as glucuronide and sulfate conjugates. Conjugate
metabolite appeared 30 min after 2 g dose intake, with their Tmax between 45 and 120 min and their
elimination half-lives between 75 to 120 min. The maximum concentrations were 1.69 μg/mL for
6-gingerol, 0.23 μg/mL for 8-gingerol, 0.53 μg/mL for 10-gingerol, and 0.15 μg/mL for 6-shogaol
at either the 1.5 g or 2.0 g dose. No pharmacokinetic model was able to be constructed due to the
low levels of ginger constituent absorption, and the pharmacokinetic parameters were based on a
non-compartment analysis with an elimination half-life only presented for the 2.0 g dose [47].

Another study made by Yu [48] in 2011 with 12 volunteers receiving 2 g of ginger extract per os
for 24 days showed that no 6-, 8-, and 10-gingerols, and 6-shogaol under free form were detected in
the plasma of all the participants 24 h after the last dosing. Concentrations of 6-gingerol glucuronide
(from 5.43 to 13.6 ng/mL), 6-gingerol sulfate (from 6.19 to 7.29 ng/mL), and 10-gingerol glucuronide
(from 6.96 to 9.33 ng/mL) were low whereas levels of other conjugate metabolites were not detectable
in all the volunteers. Maximum concentrations determined for 10-gingerol and 6-shogaol were
9.5 ± 2.2 ng/mL (0.027 ± 0.006 μM) and 13.6 ± 6.9 ng/mL (0.049 ± 0.025 μM), whereas the IC50s of
10-gingerol and 6-shogaol were 12 and 8 μM, or 4.2 and 2.2 mg/mL, respectively. The half-lives of all
metabolites are between 1 and 3h [48].

Table 6 reviews the pharmacokinetic data and IC50 values of some ginger metabolites absorbed
and detected in plasma, such as 6-, 8-, 10- gingerols, and 6-shogaol. As mentioned before, IC50 values
represents between 7 to 692 times the maximum concentrations detected in plasma.
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5. Pregnant Women Data

5.1. Safety Data

We analyzed 14 randomized clinical studies from 1991 [63] to 2017 [70] and three prospective
studies [71–73]. In randomized clinical studies, a total of 1 331 pregnant women have been studied,
including 617 who consumed ginger (Tables 9 and 10). Paritakul et al. studied 63 postpartum women
(33 for the placebo group and 30 for ginger group). Studies included pregnant women at less than
20 weeks of gestation and only for one greater than or equal to 37 weeks of gestation [74].

Different types of ginger were used, like fresh ginger, ginger powder, ginger extract, or ginger
essence. The ginger dose ranges studied were from 500 mg/d to 2.5 g/d. The recommended daily
doses were: 3 × 650 mg, 4 × 250 mg, 2 × 500 mg, 4 × 125 mg, 3 × 350 mg, 3 × 250 mg, and five
biscuits. The majority of the studies were conducted over four days, but three studies chose seven
days [75–77], one study was conducted for two weeks [78], and one study was conducted for three
weeks [79]. Clinical studies were realized in Asia (Thailand), Europe (Denmark), Oceania (Australia),
and the Middle East (Iran). The majority of studies (12/14) lasted between four and seven days, which
is consistent with the symptomatology of pregnant women with regard to nausea and vomiting.
Ten studies, all randomized versus placebo or positive control (vitamin B6 or dimenhydrinate),
have highlighted various side effects.
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The various adverse effects founded in RCTs are listed in Table 11. There are no common side
effects from one study to another with the exception of heartburn and spontaneous abortion, which
are quoted six and five times, respectively.

Table 11. List of adverse effects identified in the different clinical studies.

Adverse Effects Identified (No Significance) References

Headache, abdominal discomfort, diarrhea, heartburn, spontaneous abortion Vutyavanich et al., 2001 [80]
Sedation, arrhythmia, heartburn Chitumma et al., 2007 [81]
Intolerance, allergic reaction, medical assistance, spontaneous abortion Willets et al., 2003 [85]
Dry retching, vomiting, burning sensation, belching, spontaneous abortion Smith et al., 2004 [79]
Dizziness, heartburn Basirat et al., 2009 [86]
Drowsiness, heartburn Pongrojpaw et al., 2007 [75]
Spontaneous abortion Ensiyehh et al., 2009 [83]
Spontaneous abortion Fisher Rasmussen et al., 1991 [63]
Heartburn Saberie et al., 2013 [76]
Heartburn Saberie et al., 2014 [77]

This diversity of side effects can be explained by changes in several parameters depending on
the studies. The most important point is that ginger quality is never specified and there are many
variations on the type of ginger, recommended daily doses, and the duration of treatment.

According to Boltman-Binkowski [87], ginger does not increase spontaneous abortion compared
to the control group (relative risk with 95% CI = 0.80 (0.21, 2.99)) and does not increase the rate of
stillbirth (relative risk with 95% CI = 0.64 (0.03, 13.59)) and congenital abnormalities (relative risk with
95% CI = 2.11 (0.07, 65.87)) compared to the general population.

In Saberi’s studies made in 2013 and 2014 [76,77], a total of 249 women participated to RCTs,
87 of whom are treated with ginger, and only two cases of heartburn were detected. Babies whose
mothers were exposed to ginger during Saberi’s study did not appear to be at an increased risk of fetal
abnormalities or low birth weight. All these side effects were reported by subjects as minor and did
not preclude them from taking their prescribed medication [76,77].

Three prospective studies [71–73] focus on the exposure of pregnant women to ginger and the
possible side effects that would result from it. In 69 361 women, 812 pregnant women were studied
because they took ginger during first trimester. Choi et al. [73] noted seven cases of spontaneous
abortions in the ginger group and 17 cases in the control group (OR: 0.8; 95% CI: 0.3–1.9; p = 0.59).
At first reading, rates of stillbirths and babies that required attention at the neonatal intensive care unit
(NICU) were marginally superior in the ginger group vs. the control group. However, no difference
was observed when the NICU admission rate was compared with what was reported from the hospital
and Women’s Healthcare Center in 2012.

Heitmann et al. [72] found that ginger use during pregnancy at any time did not increase the
risk of malformations (4.7% in the no exposure to ginger group vs. 4,1% in those exposed to ginger
during the first trimester group, adjusted OR (95 % CI) 0.8 (0.5–1.4)). Moreover, ginger use during
pregnancy is not significantly associated to the risk of stillbirth/perinatal death, low birth weight,
preterm birth, or low Apgar score. Equivalent results were found by Portnoi et al. [71], with no
differences between the groups in terms of live births, spontaneous abortions, stillbirths, therapeutic
abortions, birth weight, or gestational age. One exception: there were more infants who weighed less
than 2500 g in the control group. Unfortunately, Heitmann et al. [72] specified neither the duration,
nor the dose, nor the type of ginger used. Several types of ginger were consumed by women in
Portnoi’s study [71] and Choi et al. [73] did not give any details except that it is a dried ginger.

Three studies [70,78,82], used ginger in syrup and powder form, respectively, on 14, 28, and 32
pregnant women during two weeks or four days. None of them had safety outcomes, but they
concluded that ginger is a safe option in early pregnancy.

Term birth parameter is mentioned in three others studies [79,80,83]. In two of them, there was
no significant difference between ginger groups vs. other groups (placebo or B6) [80,83]. Conversely,
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Smith, et al., showed that term birth in the ginger group was significantly better than placebo (93% vs.
98% for placebo and of ginger groups, respectively, p = 0.03) [79].

A randomized, double-blind controlled trial was conducted by Paritakul et al. [74] in 2016 on
women for seven days postpartum. Sixty-three women (30 ginger group, 33 placebo group) received
500 mg of dried ginger powder in capsules twice a day and no notable side effects are mentioned.

The 14 randomized and three prospective clinical studies have observed more than 70,000
pregnant women, including more than 1500 who have consumed ginger during their pregnancy.
Studies ran through over more than 25 years. Doses, durations, types of ginger, and countries vary
from one study to another, thus addressing the different possibilities of current consumption. The use
of ginger during pregnancy do not present a risk for the mother or her future baby. All studies
conclude the safety of ginger. We can, however, note a side effect inherent to the composition of
ginger—heartburn—which must be monitored in sensitive persons.

According to McLay [88], ginger could potentially cause interactions with concurrent prescription
medicines: one major interaction with nifedipine, and three moderate interactions with metformin,
insulin, and aspirin. In France, these drugs—except insulin—are not recommended for use or are
contraindicated in pregnant women.

5.2. Efficacy

The mechanisms of action underlying ginger’s efficiency in reducing NVP has been
investigated [89], dual antiemetic action have been highlighted: (i) gingerols and shogaols act as
antagonists of cholinergic M3 and serotonin 5-HT3 receptors of the central nervous system; (ii) ginger’s
constituents improve the gastric tonus, motility, and emptying due to peripheral anticholinenergic and
antiserotonergic actions. However, these data need further investigations to elucidate and confirm
those preliminary findings.

Concerning the efficacy of ginger on pregnant women, Mohammadbeigi‘s study is added to
the previous studies mentioned in Section 5.1 [84]. The total number of pregnant women studied in
randomized clinical studies was 1433, with 651 pregnant women who consumed ginger. The doses
used and the duration of treatment vary according to the studies.

To determine the effectiveness of ginger on NVP, its effect was compared to control [77] or
placebo [77,78,80,84–86] groups, but also vitamin B6 [70,79,81,83], drugs like dimenhydrinate [75],
metoclopramide [84], or acupuncture [76].

A minimum of 1 g of fresh ginger root per day during at least four days significantly decreased
nausea and vomiting and improved significantly symptoms vs. placebo or vitamin B6 [79–81,83].

Willets, et al., [85] investigated in a randomized double-blind placebo-controlled study, the effect
of a ginger extract (EV.EXT35) on morning sickness symptoms in 120 pregnant women. 125 mg of
ginger extract was equivalent to 1.5 g of dried ginger. After four days, the nausea experience score
was significantly less than zero (except for day 3). Concerning vomiting symptoms, there was no
significant difference between ginger extract and placebo groups

Keating et al. [78] demonstrated that 1 g/d (4 × 250 mg) of ginger syrup for a two-week period
revealed that 67% of women in the ginger group stopped vomiting at day 6 vs. 20% in the placebo
group. Additionally, 77% of women in the ginger group had a four-point improvement on the nausea
scale at day 9 vs. 20% in the placebo group.

Mohammadbeigi et al. [84] used 600 mg/d (3 × 200 mg) of ginger essence for five days vs.
30 mg/d (3 × 10 mg) of metoclopramide and 600 mg/d (3 × 200 mg) of placebo. Significant decreases
in the severity of nausea and vomiting, as well as the Rhodes Index for ginger and metoclopramide
groups vs. the placebo group, was shown. There was also no difference between both groups.

Basirat et al. [86] realized a randomized double-blind clinical trial on 62 pregnant women.
Thirty-two women took five biscuits daily for four days. Each biscuit contained 0.5 g of ginger.
The average change in nausea scores in the ginger group was significantly better (p = 0.01) than that
in the placebo group. The average change in the number of vomiting episodes was not significantly
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different between the ginger group and the placebo group. However, after four days of treatment, the
proportion of women who had no vomiting in the ginger group (11/32 patients) was greater than that
in the placebo group (6/30).

Regardless of the dose, duration, or type of ginger, there is a significant impact on nausea and
there are no safety concerns. In 4/15 studies either ginger had no effect on vomiting or there was no
significant difference with placebo or vitamin B6.

According to Ding et al. [90], all various forms of ginger studied were a safe and effective
treatment for NVP when compared to placebo and vitamin B6. Two meta-analyses made in 2014 [67,91]
concluded also that ginger could be considered as an effective and harmless alternative option for
women suffering from the symptoms of NVP and that 1 g/day for a duration of at least four days is
better than placebo in improving NVP.

6. Conclusions

NVP affect 7 in 10 pregnant women and have a deep impact on the quality of life. Recently,
increasing concerns have been pointed out regarding the safety of traditional antiemetic drugs
(metoclopramide, domperidone, etc.). Thus, considering natural options, such as ginger, with a
favorable risk/benefit ratio and a good level of evidence, is now part of several practice guidelines [92].

Many food supplements with ginger powder or ginger extracts are used to decrease symptoms of
nausea and vomiting associated with pregnancy. This effect is supported by a European claim (ID 2172)
that it “Helps to support the digestion/contributes to the normal function of intestinal tract/contributes to
physical well-being/contributes to the normal functioning of the stomach in case of early pregnancy” provided
the product contains the equivalent of 0.5 to 2 g of root per day.

Beyond the quantity of ginger needed to be effective, the quality of the ginger is important for the
safety aspect. For example, in France, it is mandatory to monitor the concentration of methyleugenol
because of its potential toxicity [5]. It is important to focus special attention on pungent components
of ginger powder, including the main components, 6-gingerol, 8-gingerol, and 10-gingerol [89]. It is
also important to highlight the wide variability in 6-gingerol, 6-shogaol, 8-gingerol, and 10-gingerol
composition from one food supplement to another. The 6-gingerol concentration ranged from 0.0
to 9.43 mg/g, 6-shogaol ranged from 0.16 to 2.18 mg/g, 8-gingerol ranged from 0.0 to 1.1 mg/g,
and 10-gingerol ranged from 0.0 to 1.40 mg/g [93]. Variations could be due to sourcing, method and
period of harvest, storage, and processing methods [93]. The main critical control points to assure
safety and quality of ginger used are chemical constituents (actives like gingerols, or potentially
toxics like methyleugenol), contaminants (microbiology, pesticides, heavy metals, residual solvents),
and adulteration risks. In view of the sensitivity of this raw material, control and qualification
procedures appear mandatory: supply chain transparency, traceability, management of material safety,
and quality standards are keys to assure consumer safety. Processes have to be in place to approve the
suppliers’ production sites and the relationship between buyer and supplier is critical to support any
adulteration prevention effort.

With regard to toxicity associated with ginger chemical constituents, such as gingerols, cytotoxic
or mutagenic in vitro studies already performed are not representative and difficult to extrapolate to
humans. Potential toxic effect of ginger have to be studied taking account of the whole plant and its
absorption metabolites in humans (glucuronides and sulfates of gingerols, for example), not plant
metabolites. Recently, one in vitro study showed that free forms are more cytotoxic compared to the
glucuronide conjugates [94].

All the in vivo results do not suggest any major concerns with respect to reproductive and
developmental safety of ginger root. At least, no associations were found between the use of ginger
and malformations in humans. This finding is reassuring and supports previous findings. Moreover,
according to the data, the use of ginger during pregnancy does not increase the risk for any of the
following pregnancy outcomes: stillbirth/perinatal death, low birth weight, preterm birth, and low
Apgar score [72].
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It is interesting to note that one member of the Committee on Herbal Medicinal Products (HMPC)
did not agree with HMPC’s opinion on Zingiber officinale Roscoe rhizome [30,95]. He reported that
ginger is used in food without any restrictions. Additionally, there are results of tests on reproductive
toxicity and results of clinical trials including pregnant women published which support safe use
during pregnancy. Therefore, the restriction for use during pregnancy is not justified. Moreover the
results of the clinical trials for pregnancy-induced vomiting are such a quality that well-established
use could be established for ginger rhizomes [92].

Finally, a recent consensus [96] was published on a list of benefits and potential harms of ginger
use for the management of NVP. The authors suggest that this guideline should be addressed during
the clinical consultation for NVP and should help to take a decision to use ginger or not. They reported
that even if no conclusive evidence of adverse events of ginger on fetus was shown nowadays,
the potential anti-coagulant effect of ginger is still equivocal and have to take account by clinicians
before ginger recommendation.

Can we safely give ginger rhizome to decrease nausea and vomiting in women during
early pregnancy?

First, medical supervision is mandatory. Ginger recommendation has to be done on a case-by-case
basis after evaluation of patient medical history. Then, the quality of the finish product containing
ginger and the quality of ginger itself, the quality of its transformation process (powder, extract,
oils, etc.), and its relative standardization have to be mastered to assure consumer safety. If all the
prerogatives are met, doctors could recommend ginger for NVP in early pregnancy.

At the least, further clinical studies are still needed to highlight the effect of ginger on platelet
aggregation, particularly in pregnant women population.
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Abstract: The aim of this meta-analysis was to examine the evidence for the effectiveness of
a proprietary alpha-amylase inhibitor from white bean (Phaseolus vulgaris L.) supplementation
interventions in humans on modification of body weight and fat mass. A systematic literature search
was performed using three databases: PubMed, the Cochrane collaboration, and Google Scholar.
In addition, the manufacturer was contacted for internal unpublished data, and finally, the reference
section of relevant original research and review papers were mined for additional studies. Eleven
studies were selected for the meta-analysis of weight loss (a total of 573 subjects), and three studies
for the meta-analysis of body fat reduction (a total of 110 subjects), as they fulfilled the inclusion
criteria. Phaseolus vulgaris supplementation showed an average effect on weight loss difference of
−1.08 kg (95% CI (confidence interval), −0.42 kg to −1.16 kg, p < 0.00001), and the average effect on
body fat reduction was 3.26 kg (95% CI, −2.35 kg to −4.163 kg, p = 0.02). This meta-analysis found
statistically significant effects of Phaseolus vulgaris supplementation on body weight and body fat.

Keywords: weight loss; fat loss; obesity; alpha-amylase inhibitor; meta-analysis; Phaseolus vulgaris L.

1. Introduction

There are many dietary interventions available to counteract the epidemic of overweight and
obesity which play a major role in the development of insulin resistance and type 2 diabetes mellitus [1].
One strategy is based on lowering the excessive intake of carbohydrates, especially, the refined ones [2].
This could be achieved by lowering the portions or replacing the carbohydrates with more fats or by
adding soluble fiber to the diet which is thought to slow down the absorption of carbohydrates [3].
Lowering the glycemic index through the usage of fiber in the diet is not favored by most people due to
potential taste preferences and adverse reactions resulting in gastrointestinal problems such as gas and
diarrhea. Therefore, another strategy becomes more and more promising to impact the carbohydrate
absorption by using bioactive ingredients which block or slow the carbohydrate absorption in the
gastrointestinal tract via inhibiting the necessary enzymes, amylase and glucosidase [4]. Amylase
breaks down complex carbohydrates, such as starch, into oligosaccharides and glucosidase enzymes
further convert these to monosaccharides.

There are the different forms of amylase inhibitors, namely, Alpha-amylase inhibitor isoform 1
(Alpha-AI1), Alpha-AI2, and Alpha-AIL which can be found in in the embryonic axes and cotyledons
in the seed of common beans (Phaseolus spp.) [5]. These so-called glycoproteins bind to alpha-amylase
non-covalently, mainly through hydrophobic interaction, by completely blocking access to the active
site of the alpha-amylase [6,7]. The Alpha-AI1 isoform is the one with anti-amylase bioactivity in
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humans, and therefore, inhibits the starch digestion [8]. This blocking affect is also dependent on
pH, temperature, incubation time and the presence of particular ions which have been optimized
for the specific and proprietary product named Phase2® brand Phaseolus vulgaris White Bean
product (Pharmachem Laboratories, Kearny, NJ, USA) [9,10]. This particular dietary supplement has
demonstrated its potential and ability to cause weight loss in numerous clinical trials in humans [11].

Phase2® brand Phaseolus vulgaris White Bean extract is made by a standardized water extract
of non-GMO (Genetically Modified Organism) whole dried beans (Phaseolus vulgaris) which is made
through a proprietary process. The white-to-beige powder consists of Phaseolus vulgaris (~90%) and
Gum Arabic (~10%). It has at least 3000 alpha-amylase inhibiting units (AAIU) per gram when tested
at a pH 6.8 using potato starch as the substrate and pancreatin as the enzyme source. The Phase2®

brand products are used in dietary supplements in various forms, including powders, tablets, capsules
and chewables for the application of weight control and weight loss. In addition, it is also incorporated
in food products like chewing gum, mashed potatoes, yeast-raised dough (bread, pizza, etc.) without
losing bioactivity or changing the appearance, texture or taste of the food [12–14].

The aim of this meta-analysis was to examine the evidence for the effectiveness of a proprietary
alpha-amylase inhibitor from white bean (Phaseolus vulgaris) supplementation interventions on
modification of body weight and fat mass.

2. Methods

This review was performed according to the PRISMA (preferred reporting items for systematic
reviews and meta-analyses) statement for quality of reporting a meta-analysis [15].

2.1. Literature Search

Literature searches in PubMed, the Cochrane collaboration, and Google Scholar were undertaken
using the following keywords: Phaseolus vulgaris, Alpha-amylase inhibitor/inhibition, Phase2®,
White bean extract, kidney bean, starch blocker, weight loss, body weight, body fat, BMI (body mass
index), anthropometric measures, obesity, overweight and safety.

In addition, the manufacturer was contacted for internal unpublished data, and finally,
the reference section of relevant original research and review papers were mined for additional studies.
No age, sex, geographic, time or publication status restrictions were imposed on the initial search.

2.2. Study Selection Criteria

Studies were eligible for inclusion if they met the following PICOS’ (Participants, Intervention,
Control, Outcome measurements, and Study design) criteria: (a) Participants: overweight or obese
individuals; (b) Intervention: Phase2® brand Phaseolus vulgaris white bean extract, at least 1200 mg per
day, for at least 4 weeks; (c) Control: studies comparing the experimental group (Phaseolus vulgaris
supplementation) with a control/placebo group (no Phaseolus vulgaris supplementation ), or against
baseline; (d) Outcome measurements: studies needed to include measurements of body mass or fat
mass; (e) Study design: Studies needed to be either randomized, double-blind, placebo-controlled
parallel or crossover trial, or open-label studies.

2.3. Assessment of Risk of Bias

For the quality assessment of randomized controlled trials (RCTs), we used the Delphi list, which
includes eight questions with three response options “yes”, “no”, or “do not know” depending on
compliance with key methodological components, and produces a quality score of maximum 9 points
that provides an overall estimate of RCT quality [16].
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2.4. Data Extraction and Quality Assessment

Two reviewers independently extracted the following data from the selected articles: publication
year, number of participants (Phaseolus vulgaris and control group), baseline characteristics of the
participants, methodological characteristics of the study, pre- and post-values and standard deviation
for body mass and fat mass, and statistical information.

2.5. Statistical Analysis

A meta-analysis to estimate the overall treatment effect of Phaseolus vulgaris supplementation
relative to control groups was performed. Standardized Mean Difference (d) was used in the
determination of effect size. In getting the Standardized Mean Difference (d), Cramer’s v (which shows
the magnitude size) and 95% CI (confidence interval) for each d was computed. The following guideline
was used in reading magnitude effect size for Cramer’s v: v < 0.1 small effect, 0.1 < v < 0.3 medium
effect, v > 0.3 large effect. Weighted effect size on all studies was done using the Hunter–Schmidt
approach. Weights are objectively assigned based from sample sizes of the studies. Hence, studies
with bigger sample size (n = 60 [17]) had higher weight, compared to studies with smaller sample
size (n = 10 [18]). p-values of individual studies are transformed (logarithmic) and aggregated
using Chi-square.

3. Results

3.1. Article Selection

One hundred and sixty-five articles were identified. From this list, 54 human studies were
identified, and 5 of these were determined to be duplicates, leaving 49 unique studies. Of these
49 studies, only 13 involved the Phase2® Phaseolus vulgaris ingredient and one of the following
outcomes: weight loss, body fat loss, or anthropometric measures (reductions in waist, hip or thigh
measurements). A meta-analysis which included studies which did and did not use the Phase2®

Phaseolus vulgaris ingredient was excluded. In addition, one of the studies was excluded as it
did not provide means, standard deviations, nor p-values [19]. The meta-analysis for weight loss
includes 11 studies (see prisma flow diagram, Figure 1), with a total of 573 subjects (see Table 1).
The meta-analysis for fat loss includes 3 studies [18,20,21] with a total of 110 subjects (see Table 2).
Three studies were excluded, as they did not measure fat mass [22–24]. One study was excluded as it
only reported fat loss in percent and not in kilogram [25].

Table 1. Effects of Phaseolus vulgaris on body weight. The overall p-value was determined using
Chi-square (Chi-square value (W) = 80.02).

Study
Treatment Group Control Group

p Weight Effect (d)

Weighted Mean Difference
(Fixed) 95% CI

n Mean SD n Mean SD Lower Upper

Udani et al. 2007 [11] 13 −6.0 12 −4.7 0.424 4% −0.33 −0.46 1.12
Asano [26] 9 −2.9 3% −0.19 −1.06 0.67

Koike et al. 2005 [18] 10 −1.8 0.002 3% −1.61 −0.61 −2.62
Grube et al. 2014 [17] 60 −2.9 2.6 60 −0.9 2.0 0.001 19% −0.85 −0.48 −1.12
Osorio et al. 2009 [23] 49 −2.3 49 2.21 0.001 15% −1.00 −0.41 −1.60

Rothacker (week 12) 2003 [27] 30 −6.9 60 0.8 0.029 9% −0.58 −0.62 −1.09
Wu et al. 2010 [24] 50 −1.9 −0.2 51 −0.4 −0.1 0.049 15% −0.40 -0.00 −0.79

Celleno et al. 2007 [20] 20 −2.9 −1.2 30 −0.4 0.4 9% −2.99 −2.25 −3.73
Thom et al. 2000 [21] 20 −3.5 20 2.0 0.001 6% −1.13 −0.46 −0.12
Udani et al. 2004 [28] 20 −3.8 19 −1.65 0.35 6% −0.30 −0.33 −0.93

Yamada et al. [25] 33 −0.8 0.2 33 0.01 10% −0.97 −0.24 −1.68

Total 314 259 0.001 100% −1.08 −0.43 −1.16

SD: standard deviation, CI: confidence interval.
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Table 2. Effects of Phaseolus vulgaris on body fat. The overall p-value was determined using Chi-square
(Chi-square value (W) = 36.84).

Study
Treatment Group Control Group

p Weight Effect (d)

Weighted Mean Difference
(Fixed) 95% CI

n Mean SD n Mean SD Lower Upper

Koike et al. 2005 [18] 10 −1.2 −0.4 0.001 17% −1.58 −2.58 −0.57
Celleno et al. 2007 [20] 30 −2.4 −0.67 30 −0.16 −0.33 0.001 50% −4.24 −5.15 −3.33
Thom et al. 2000 [21] 20 −2.3 −1.5 20 0.7 −0.6 0.01 33% −2.63 −3.47 −1.78

Total 60 50 0.02 100% −3.26 −4.16 −2.35

 
Figure 1. Prisma flow diagram for Phaseolus vulgaris and body mass, fat mass.

3.2. Phaseolus vulgaris Doses and Duration of Supplementation

The most common dose of Phaseolus vulgaris was 3000 mg per day, divided into three doses of
1000 mg (6/11). One study used 3000 mg per day, divided into two doses of 1500 mg [18], and one
study used 2000 mg per day, divided into two doses of 1000 mg [11]. Two studies used 400 mg [21],
and 445 mg [20] Phaseolus vulgaris, respectively, as part of a multi-ingredient blend. One study did not
specify the amount of Phaseolus vulgaris used [25]. Phaseolus vulgaris was supplemented for 1 month
(3/11) [11,20,23], 2 months (5/11) [18,24–26,28], or 3 months (3/11) (see Table 3) [17,21,27].
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3.3. Control Groups

Participants of the control group had similar characteristics to the intervention groups, but they did
not receive Phaseolus vulgaris supplementation. In most studies, placebo capsules were administered.

3.4. Effects on Body Weight

Table 1 summarizes the effects of Phaseolus vulgaris on body mass. Phaseolus vulgaris
supplementation showed an average effect on weight loss difference of −1.08 kg (95% CI, −0.42 kg to
−1.16 kg, p < 0.00001).

3.5. Effects on Fat Loss

Table 2 summarizes the effects of Phaseolus vulgaris on fat mass. The average effect of Phaseolus
vulgaris supplementation on body fat reduction was 3.26 kg (95% CI, −2.35 kg to −4.163 kg, p = 0.02).

3.6. Risk of Bias and Publication Bias

Table 4 shows Delphi scores of each reviewed study. The Delphi scores varied between 1 and 9,
the mean being 5.9 and the standard deviation ±3.2. Four studies obtained a score below the mean:
Asano [26], Koike et al. 2005 [18], Osorio et al. 2009 [23], and Yamada et al. [25], with Asano [26],
Koike et al. [18] and Osorio et al. [23] being open-label studies.
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4. Discussion

The aim of this meta-analysis was to determine the effectiveness of Phase2® (Phaseolus vulgaris) to
support weight loss and to reduce body fat. The overall meta-analysis revealed a significant difference
in change in body weight, and body fat between Phase2® (Phaseolus vulgaris) and placebo.

Barret et al. conducted a review of clinical studies with Phase 2 brand Phaseolus vulgaris White
Bean product on weight loss and glycemic control [29]. The analysis identified ten clinical studies
which have demonstrated weight loss over time following administration of Phase 2 when taken
concurrently with meals containing carbohydrates. Three of these clinical studies revealed significant
loss of body weight with Phase 2 compared to a placebo control in people who are overweight or obese.
In addition, three clinical trials showed a reduction in serum triglycerides over time. Nine of these
clinical studies reported by Barret et al. have been used in this systematic review and meta-analysis.
The study by Vinson et al. was not taken into consideration due to its focus on glycemic index and
blood glucose investigations without looking into weight loss parameters [30].

While our meta-analysis revealed a significant difference in weight loss over placebo, a previous
meta-analysis of Phaseolus vulgaris [31] showed a non-significant difference in weight loss between
Phaseolus vulgaris and placebo groups. This can be explained by the fact that the Onakpoya et al.
meta-analysis included not only studies performed with Phase 2, but all studies on Phaseolus vulgaris.
Both meta-analyses showed significant effects on fat loss. The importance of this work was to isolate
the effects of the Phase 2 brand Phaseolus vulgaris White Bean from the body of literature. By using
unpublished data and all arms of all studies available to us, we were able to demonstrate statistically
significant effects on weight and body fat. Part of this importance is in the supplement industry, there is
an assumed “generic equivalence” which we know to be false. The prior meta-analysis assumed such
a generic equivalence and therefore came up with negative results. In this case, by limiting to only
Phase 2, it does appear that there is significant weight and body fat loss with an excellent safety profile.

Low carbohydrate diets have been linked to weight loss, even when not consciously restricting
calories, improved triglyceride levels, a reduction in blood glucose levels and improved insulin
sensitivity, a decrease in blood pressure. Very low carbohydrate diets (ketogenic diets), with fewer than
50 g of carbohydrate per day, have been linked to weight loss and specific health benefits including
neurological disorders. Adaptations to a ketogenic diet is often difficult and nutritional aids have been
shown to be useful for entering into nutritional ketosis [32]. A recently concluded study indicated that
both low-fat and low-carb diets can work for weight loss, and that there is no “best diet” when it comes
to low-carb vs. low-fat diets. In total, 263 males and 346 premenopausal females were assigned to either
a low-fat diet or a low-carb diet for 12 months. At 12 months, the low-fat group had lost 5.3 kg and the
low-carb group 6.0 kg and this difference is neither statistically significant nor clinically relevant. The
healthy diet that will work for you is the one you can stick to, and that varies by individual [33].

5. Conclusions

This meta-analysis found significant effect of Phase2® Phaseolus vulgaris supplementation on body
weight and body fat.
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Abstract: The use of nutrient-rich foods to enhance the wellness, health and lifestyle habits of
consumers is globally encouraged. Native fruits are of great interest as they are grown and consumed
locally and take part of the ethnobotanic knowledge of the population. Pitanga is an example of a
native fruit from Uruguay, consumed as a jelly or an alcoholic beverage. Pitanga has a red-violet
pigmentation, which is a common trait for foods that are a good source of antioxidants. Hence,
fruits from different Uruguayan regions were analyzed via miniaturized sample preparation method,
HPLC-DAD-ESI/MSn and RP-HPLC-DAD techniques to identify and quantify phenolic compounds,
respectively. The antioxidant capacity was evaluated via DPPH and ORAC (Oxygen Radical
Absorbance Capacity) assays. A multivariate linear regression was applied to correlate the observed
antioxidant capacity with the phenolic content. Furthermore, Principal Components Analysis was
performed to highlight characteristics between the various samples studied. The main results
indicated differences between northern and southern Uruguayan samples. Delphinidin-3-hexoside
was present in southern samples (mean of 293.16 μmol/100 g dry weight (DW)) and absent in the
sample collected in the north (sample 3). All the samples contain high levels of cyanidin-3-hexoside,
but a noticeable difference was found between the northern sample (150.45 μmol/100 g DW) and the
southern sample (1121.98 μmol/100 g DW). The antioxidant capacity (mean ORAC of 56370 μmol
Trolox®/100 g DW) were high in all the samples compared to the Food and Drug Administration
(FDA) database of similar berry-fruits. The results of this study highlight the nutraceutical value of a
native fruit that has not been exploited until now.

Keywords: Eugenia uniflora L.; nutraceuticals; antioxidant activity; polyphenols

1. Introduction

Eugenia uniflora L. belongs to Myrtaceae family and grows naturally in subtropical Latin-American
zones [1]. Its cultivation has extended to other regions outside the American continent with similar
climatic conditions. It grows mainly in Brazil, which is why it is known as “Brazilian Cherry”, but it
is also grown in Argentina, Paraguay and Uruguay [2]. Its fruits have a high carbohydrates content
(around 38%) where maltose, lactose and fructose are the main identified compounds [3,4]. It has a
high content of vitamin C, vitamin A, riboflavin (B12) and niacin (B3) [4]. Immature fruits show a
high content of polyphenols that decreases with maturation [5]. On the other hand, carotenoid content
increases with maturation evidenced by an increase in a reddish-orange coloration [6].
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Pitanga leaves are often used in Brazilian traditional medicine due to its diuretic, antirheumatic,
antifebrile, anti-inflammatory and hypocholesterolemic properties [7–10]. However, there is little
information regarding the medicinal use of the fruit. The fruit has an acidic and sweet flavor and can
be consumed fresh, in compotes, jams or juices [6]. Purple fleshed Pitanga fruit in its latest maturation
stage has an edible portion (pulp and skin) of 61.76%, a vitamin C content of 38.35 mg/100 g and total
anthocyanin content of 29.60 mg/100 g [11]. Additionally, a high content of total phenols (799.80 mg
of gallic acid/100 g) and total carotenoids (5.86 μg of β-carotene/g) [4]. Recently, Pitanga juice
showed an anti-inflammatory effect on oral gum epithelial cells; these results could be associated to
the presence of cyanidin-3-glucoside and oxidoselina-1,3,7(11)-trien-8-one [12,13]. Hence, Pitanga’s
beneficial properties could be exploited in the nutraceutical industry.

According to DeFelice a nutraceutical can be defined as “a food or part of it, that has some health
benefit, including the prevention and/or treatment of a disease” [14]. Therefore, research has driven
evaluation/re-evaluation of foods and their beneficial properties. Antioxidant rich foods have received
a lot of interest; promoting their consumption to decrease oxidative stress caused by stress, lack of
sleep, poor diet, metabolic problems, etc.

Currently, a large number of different approaches to determine antioxidant activity have
been established [15–17]. All tests differ in substrates, probes, reaction conditions, instrumentation,
and quantification methods. Hence, it is difficult to compare the results obtained by one method or another.
Based on the reactions involved, the tests can be further classified into two groups: HAT (Hydrogen Atom
Transfer) and SET (Single Electron Transfer) [18]. In the HAT group, antioxidants must donate a hydrogen
atom to stabilize the generated free radicals (a synthetic free radical generator and an oxidizable molecular
probe are used to evaluate the kinetics of the reaction). SET-type assays involve a redox reaction where
the antioxidant must donate an electron to the generated free radical. In both methods the “competition”
with the oxidant radical is measured instead of the antioxidant capacity [18].

The ORAC (Oxygen Radical Absorbance Capacity) assay measures the overall antioxidant activity
or capacity of a sample’s ability to “quench or neutralize” peroxyl radicals. The peroxyl radicals
are reactive species comparable to those ROS (Reactive Oxygen Species) biologically generated
in the organism. In the ORAC assay, the peroxyl radicals, generated from the azo-compound
AAPH (2,2′-azobis-(2-methylpropionamidine)dihydrochloride) react with fluorescein as a substrate.
The fluorescence of the latter compound decreases over time, forming an area under the curve
(fluorescence vs. time). In the presence of antioxidant compounds, the area under the curve increases
linearly and proportionally to the concentration of antioxidants.

The ORAC assay quantifies via the HAT mechanism and measures the antioxidant activity of
polyphenol and non-polyphenolic compounds present in each sample. It is important to note that
the antioxidant activity does not have a direct correlation to the polyphenol nature of a sample [19].
The ORAC test reflects the overall capacity or antioxidant activity of a sample, due to the individual
components and their additive, synergistic interactions. The ORAC value is usually expressed as
micromoles of Trolox® equivalents/100 g of sample. Trolox® is an analogue of vitamin E and is often
used as a comparative standard due to its solubility in water [18,20].

The DPPH method name stems from the reactant used (2,2-diphenyl-1-picrylhidracyl) to evaluate
the ability of a sample’s antioxidants to “quench or neutralize” a free radical. The DPPH assay utilizes
molecules that differ completely from any free radical or reactive species generated by our organism
as a source of free radicals. Although the reactant is easy to use, it places this method as a distant
analytical approximation of the high reactivity that typically characterizes the ROS generated in
biological systems [21]. This method is classified in the SET group. However, can be classified as
a HAT-type assay according to the antioxidant present in the sample [13]. In this test the sample is
incubated for 35 min and the decay of the absorbance is measured at 515 nm.

Based on previous reports of bioactivity [22] of South-Brazilian Pitanga fruit, the objective of
the present work was to extract, identify and quantify the phenolic compounds in mature fruits of
Eugenia uniflora L. The antioxidant capacity was evaluated via ORAC and DPPH; and the phenolic profiles
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of E. uniflora from different Uruguayan locations were compared. Pitanga is considered a South American
native fruit and its consumption is not among the most common in the region. However, its ethnobotanical
characteristics, traditional uses and its antioxidant properties highlights its potential to improve the quality
of life of those who consume it [23]. Hence, this study seeks to explore and further promote the value of
the Uruguayan native Pitanga fruit that has not been exploited until now.

2. Materials and Methods

2.1. Chemicals

2,2-Diphenyl-1-picrylhidracyl (DPPH), fluorescein, 2,2′-azobis-(2-methylpropionamidine)
dihydrochloride (AAPH), monobasic sodium phosphate and dibasic sodium phosphate were obtained
from Sigma-Aldrich (Steinheim, Germany). 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxilic acid
(Trolox®) was purchased from Fluka Chemika (Neu-Ulm, Germany). Cyanidin-3-O-glucoside and
rutin were obtained from Polyphenols Laboratories AS (Sandnes, Norway). Ultrapure water was
produced using a Millipore Milli-Q® Ultrapure Water Solutions Type 1. All solvents used were HPLC
grade from Sigma-Aldrich (Steinheim, Germany).

2.2. Samples

The fruits (purple fleshed Pitanga breeding lines) were collected in different Uruguayan locations
(described below), they were identified and kept at the Jose Arechavaleta Herbarium in the Faculty of
Chemistry, UdelaR, Uruguay (Voucher number MVFQ 4427). Samples 1, 5, 6 & 7 were collected in
the north of Montevideo Department (−34.804951, −56.230206) in December 2014, November 2015,
December 2015 and April 2016, respectively. Sample 2 was collected in the south of Montevideo
Department (−34.884536, −56.073039), sample 3 in Paysandú Department (−32.322604, −58.088243)
and sample 4 in Ciudad de la Costa, Canelones Department (−34.799105, −55.908381); samples 2, 3 & 4
were collected in December 2014. All samples were freeze-dried, and the water content calculated by
weight before and after lyophilization.

2.3. Extraction

Each lyophilized grinded sample (100 mg) was mixed with 1 mL of methanol/water/formic acid
(70:29:1, v/v/v ) in a 2 mL conical polypropylene tube (Eppendorf, Madrid, Spain). Then, the samples
were vortexed and subjected to indirect sonication in an ultrasound cleaning bath for 60 min
(BRANSONIC® Ultrasonic cleaner mod. 5510E-MTH, Ultrasonic frequency: 135 W or 42 KHz ± 6%).
The samples were kept overnight at 4 ◦C and sonicated again for 60 min. The supernatant was
separated from the solid residue after centrifugation (9500× g, 15 min), filtered using a 0.45 μm PVDF
filter (Millex HV13, Millipore, Bedford, MA, USA) and stored at 4 ◦C until they were analyzed.

2.4. Identification of Phenolic Compounds Via HPLC-DAD-ESI/MSn and Quantification Via RP-HPLC-DAD

The identification analyses were carried out using an Agilent HPLC 1100 series model equipped
with a photodiode array detector and a mass detector in series (Agilent Technologies, Waldbronn,
Germany). It consisted of a binary pump (model G1312A), a degasser (model G1322A), an autosampler
(model G1313A), and a photodiode array detector (model G1315B). The HPLC system was controlled
by ChemStation for LC 3D Systems software Rev. B.01.03-SR2 (204) (Agilent Technologies Spain
S.L., Madrid, Spain). The mass detector was an ion trap spectrometer (model G2445A) equipped
with an electrospray ionization interface and was controlled by LC/MS software (Esquire Control
Ver. 6.1. Build No. 534.1., Bruker Daltoniks GmbH, Bremen, Germany). The ionization conditions
were 350 ◦C capillary temperature and 4 kV voltage, the nebulizer pressure was 65.0 psi and the
nitrogen flow rate was 11 L/min. Full-Scan mass covered the range of m/z from 100 to 1200.
Collision-induced fragmentation experiments were performed in the ion trap using helium as the
collision gas, with voltage ramping cycles from 0.3 to 2 V. The mass spectrometry data were acquired in
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the positive ionization mode for anthocyanins and in the negative ionization mode for other flavonoids.
The MSn was carried out in the automatic mode on the more abundant fragment ion in MS(n-1). A Luna
C18 column (250 × 4.6 mm, 5 μm particle diameter; Phenomenex, Macclesfield, UK) was used. Mobile
phase A: water/formic acid (99:1, v/v), mobile phase B: acetonitrile, initial conditions: 8% solvent B,
reaching 15% solvent B at 25 min, 22% at 55 min, and 40% at 60 min, which was maintained isocratic
until 70 min. The flow rate was 0.8 mL/min during the whole run, all gradients were linear, and the
injection volume was 7 μL. Chromatograms were recorded at 280, 320, 360 and 520 nm.

For quantification experiments the same conditions were applied, except for the injection volume
was set to 20 μL and the flow rate was 0.9 mL/min. Anthocyanins were quantified as cyanidin
3-O-glucoside at 520 nm and flavonols as rutin at 360 nm.

2.5. DPPH Antioxidant Activity Measurements

Experiments were carried out using 96-well micro plates (Nunc, Roskilde, Denmark) and an Infinite®

M200 micro plate reader (Tecan, Grödig, Austria). The antioxidant activity was evaluated measuring the
change of the absorbance at 515 nm after 35 min of reaction with the radical DPPH. (2 μL of the sample +
250 μL of DPPH. solution). The results were expressed as μmol of Trolox®/100 g dry weight.

2.6. ORAC Antioxidant Activity Measurements

The antioxidant assay was performed using black-walled 96-well plates (Nunc, Roskilde,
Denmark) and an Infinite® M200 micro plate reader (Tecan, Grödig, Austria). Each well with a
final volume of 200 μL. 10 mM phosphate buffer (pH 7.4) was used to prepare 1 μM fluorescein and
250 mM AAPH solutions. Each well received 150 μL of fluorescein solution and 25 μL of phosphate
buffer, Trolox® solutions or sample solution to measure the blank, the curve or the samples respectively.
The plate was placed into the microplate reader and after 30 min of incubation at 37 ◦C, 25 μL AAPH
solution were added to each well and fluorescence was recorded every 5 min for 120 min using an
excitation wavelength of 485 nm and an emission wavelength of 520 nm. ORAC values were calculated
using the difference in Areas Under the Fluorescein Decay Curve (AUC) between the blank and a
sample. The results were expressed as μmol of Trolox®/100 g dry weight.

2.7. Statistical Analysis

Data shown are mean values (n = 3), subjected to Analysis of Variance (ANOVA) and multiple
range test (Tukey’s test), using RStudio software (Version 1.1.383, RStudio, Boston, MA, USA) and
InfoStat (Version 2017, Universidad Nacional de Córdoba, Córdoba, Argentina) [24].

3. Results and Discussion

3.1. Water Content

The results of the water content of the samples are shown in Table 1.

Table 1. Water content calculated by weighing the samples before and after lyophilization.

Sample Location/Sampling Date % Water (% w/w) 1

1 North of Montevideo/December 2014 68.1 c,d ± 0.9
2 South of Montevideo/December 2014 63.6 b,c ± 1.7
3 Paysandú/December 2014 66.1 b,c,d ± 0.9
4 Canelones/December 2014 46.4 a ± 6.4
5 North of Montevideo/November 2015 66.5 b,c,d ± 4.1
6 North of Montevideo/December 2015 58.3 b ± 0.6
7 North of Montevideo/April 2016 73.0 d ± 2.7

1 Means (n = 3) followed by different letters are significantly different at p < 0.05 according to Tukey’s test.
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The stress generated by the lack of precipitations, is associated to the increased concentration
of sugar and phenolic compounds in grapes [25]. For grapes this enhances fermentation and wine
quality. However, in a study where water availability and photosynthetic efficiency of Pitanga plants
was evaluated the main influencing factor that determined the quality of the fruits was not water
availability, but light exposure [26].

During 2014, Uruguay suffered from excess precipitations, especially in the south of the country
(60% above the regular precipitation rate) [27]. However, sample 4 showed a smaller water %,
which could be due to its location near the beach, where water availability was less due to the sandy
ground. During 2015, Uruguay suffered from slight droughts and higher temperatures at the end of
the year, which could be the cause of the decreased water content in sample 6. The first two months of
2016 experienced a lot of rain and consequently, the water content of sample 7 was much higher in
comparison to the other studied samples.

3.2. Identification and Quantification of Phenolic Compounds

As expected, all samples resulted in similar phenolic profiles. Hence, the different climate
situations had no influence, see Table 2. Two anthocyanins were identified, delphinidin-3-hexoside
and cyanidin-3-hexoside, the latter was the main anthyocyanin present in all samples. The results are
in agreement with previously obtained values by Einbond in 2004 [28]. Thirteen flavonols were
identified and myricetin-rhamnoside was the most abundant in all samples. Samples collected
from northern Montevideo showed variable levels of total flavonol content (TFC) that ranged from
120 to 860 μmol/100 g dry weight, but the Paysandú sample showed a much higher level of TFC
(1050 μmol/100 g dry weight), see Table 3.

The total anthocyanin content (TAC), total quercetin derivatives content (TQC), total myricetin
derivatives content (TMC), total flavonol content (TFC), total catechol derivatives content (TCC),
total pyrogallol derivatives content (TPC) and total polyphenol content (TPPC) were calculated for
each sample and the results are shown in Table 3.

3.3. Antioxidant Activity

The results of the antioxidant assays (ORAC and DPPH) are shown in Table 4, the results for both
assays are expressed as (μmol Trolox®/100 g dry weight).

In general, samples collected in the north of Montevideo showed greater level of ORAC
scavenging activity, but similar levels of DPPH activity compared to the other samples. The direct
correlation between ORAC-TAC, ORAC-TFC, DPPH-TAC, and DPPH-TFC was not statistically
significant (R2 < 0.3 in all cases). However, the ORAC and DPPH activity of all Pitanga samples
were higher compared to other Latin-American berries [29].

All the samples collected in southern Uruguay contained delphinidin together with cyanidin.
This is a clear difference with the findings of Celli [5] that described cyanidin as the only occurring
anthocyanin in Brazilian Pitanga samples. Northern Uruguay is naturally connected with southern
Brazil but the continuity towards southern Uruguay is broken by the Negro river, these results could
point out a region related chemo-diversity. Furthermore, three other myricetin derivatives were not
identified in the Brazilian samples.

Studying the linear correlation (Figure 1) between the identified compounds grouped as it is
shown in Table 3, we can see that when the concentration of anthocyanins increased, the flavonol
content decreased, that is a negative correlation (shown in red spots, bigger spots represents a stronger
correlation). A strong positive correlation between quercetin and myricetin derivatives, and a negative
correlation of both flavonol groups to the anthocyanins concentration is shown. When the biosynthesis
of anthocyanins is favored, there is less biosynthesis of flavonols as expected from their common
biosynthetic pathway, similarly described for bilberries [30].
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A PCA was performed using the phenolic content to identify the compounds that weighted
the most when classifying the samples. Figure 2a shows that all the samples are grouped together
according mainly to PC1 (69.62% of the variance), except for the sample collected in Paysandú
(sample 3). Sample 7 is located closer to the anthocyanins than the rest of the samples, mainly because
of PC2 (15.68% of the variance).

When we analyze the samples collected in 2014, sample 4 (Canelones) and 2 (south of Montevideo)
correlate with a high anthocyanin content, which is coherent with the TAC of the samples. On the
other hand, Sample 1 (north of Montevideo) correlated with the myricetin glycosides (C6, C8 and C9),
while sample 3 had a stronger correlation to the quercetin derivatives. This PCA diagram explains
88.11% of the total variance (PC1 = 68.58% and PC2 = 19.53%).

Samples 1, 4, 5, 6 and 7 were labeled as high ORAC samples (H), while samples 2 and 3 were
labeled as low ORAC samples (L). The compounds that classified the H samples were the anthocyanins
while the flavonols classified the L samples, see Figure 3.

In order to predict the ORAC and DPPH values of a new sample based on the concentration of the
identified compounds, we performed a stepwise multivariate linear regression analysis, the equations
described below were obtained:

ORAC = 69825.66 − 552.22[C11] + 378.91[C5]
(R2 = 0.7345, p-value = 1.876 × 10−5, RSE = 9050 on 15 Degrees of Freedom)

(1)

DPPH = 14108.99 − 97.55[C11] + 168.64[C9] − 246.19[C15] + 421.48[C14] − 260.30[C5] −
367.10[C8] − 80.43[C10] + 287.09[C4] − 527.05[C3] − 80.35[C6]

(R2 = 0.9995, p-value = 8.487 × 10−12, RSE = 238.3 on 7 Degrees of Freedom)
(2)

An increased number of reports have shown the non-additivity of the antioxidant properties
of polyphenols, in the ORAC and DPPH assays. Particularly, they can act negatively on the overall
value of the measurement, depending on the certain mixture of polyphenols and the point they enter
in the reaction chain cycle, either as oxidants or reductants. The anthocyanins, due to their positive
formal charge, are kinetically more reactive than the neutral polyphenols when reacting with DPPH.
The reaction chain thus triggered could foster negative contributions of the quercetin derivatives,
but positive ones from the myricetin ones, based on the positive or negative contributions shown
in Equation (2). These mixture effects were “partly explained by regeneration mechanisms between
antioxidants, depending on the chemical structure of molecules and on the possible formation of
stable intermolecular complexes” [31]. Further work is required to understand the global behavior of
complex mixtures of different classes of polyphenols in these widely used bench-top bioassays.
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Figure 3. PCA where all identified compounds are classified according to low (L) and high (H)
ORAC results.

4. Conclusions

The samples from different Uruguayan locations were very similar on their composition but
presented different levels of antioxidant activity. The sample collected in 2014 in the north of
Montevideo showed the highest ORAC and DPPH values. Several samples were collected until
April 2016 and the evaluated. There is no clear relationship between the TAC and TFC values and the
bioactivity studied; due to the presence of secondary metabolites with antioxidant activity in Pitanga
fruit, for example carotenoids [6]. However, we could identify the phenolic compounds responsible
for the separation between samples using PCA diagrams. Furthermore, the different location samples
were characterized by specific types of phenolic compounds.

The sample collected in April 2016 (sample 7) showed a TPC three times higher than the sample
collected in December 2015 (sample 6) probably because of the ripening during summer season where
light exposure enhances the quality of the fruits.

In contrast to the results obtained by Celli et al. [5], the main compounds identified amongst
all flavonols were myricetin derivatives and not quercetin derivatives, these results can be used as a
characteristic of Uruguayan Pitanga fruits, with high antioxidant capacity.
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Abstract: Nanotechnology is a field of research that has been stressed as a very valuable approach
for the prevention and treatment of different human health disorders. This has been stressed as a
delivery system for the therapeutic fight against an array of pathophysiological situations. Actually,
industry has applied this technology in the search for new oral delivery alternatives obtained
upon the modification of the solubility properties of bioactive compounds. Significant works have
been made in the last years for testing the input that nanomaterials and nanoparticles provide for
an array of pathophysiological situations. In this frame, this review addresses general questions
concerning the extent to which nanoparticles offer alternatives that improve therapeutic value, while
avoid toxicity, by releasing bioactive compounds specifically to target tissues affected by specific
chemical and pathophysiological settings. In this regard, to date, the contribution of nanoparticles to
protect encapsulated bioactive compounds from degradation as a result of gastrointestinal digestion
and cellular metabolism, to enable their release in a controlled manner, enhancing biodistribution of
bioactive compounds, and to allow them to target those tissues affected by biological disturbances
has been demonstrated.

Keywords: phytochemicals; nanoparticles; controlled release; improved functionality; health;
smart-formulations

1. Introduction

In the late 1980s, Dr. Stephen De Felice first coined the term “nutraceuticals” that was defined
as “as foods, food ingredients, or dietary supplements with demonstrated specific health or medical
benefits, including the prevention and treatment of disease beyond basic nutritional functions” [1].
Nutraceuticals, in general, have been strongly suggested as candidates for the development of
chemo-preventive agents, regarding several pathophysiological situations based in the experimental
results retrieved from a range of studies [2]. Hence, upon the extensive research developed so far, some
of their mechanisms of action that involve competencies to modulate multiple molecular pathways,
without eliciting toxic side effects, have been demonstrated [1].

In recent years, and in close connection with the application of the promising chemo-preventive
agents, technological advancements have allowed describing nano-biotechnology as a powerful tool
to create and enhance the utility of nano-size materials [3], especially concerning the administration
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of bioactive phytochemicals in the frame of medical treatments [4]. In this respect, diverse types of
nanoparticles have been tested for various uses. For instance, nano-silver has been widely used aimed
to take advantage of its toxicity against a broad spectrum of microbes responsible, for instance, for
superficial skin and nail infections in humans [5], in addition to oral and vulvovaginal corruptions [6].
Based on the recently gathered knowledge, one of the most relevant advantages of implementing this
technology is to control the delivery of bioactive compounds, providing new and valuable responses
to the current challenges for new “smart-foods”, able to promote human health and wellbeing. In this
regard, this work reviews critically the recent advances on nanotechnology-related administration of
bioactive compounds and its socio-economic implications.

Societal Impact of Nanobased Technological Innovations for Food and Health

In recent years, nanotechnology has been noticed as one of the most important fields with
clear socio-economic impact in several fields of activity. In this aspect, it has been estimated that
the private sector has invested around 150 billion US dollars in the development of nanotechnology
and application models during 2015. Regarding this, the number of products that incorporate
nanoparticles in their formulations has enhanced, accounting for more than 1800 products containing
nanomaterials, produced by 622 companies [7]. This new application alternative has been possible
due to the 3.7 billion US dollars investment by USA, upon the National Nanotechnology Initiative,
followed by the European Union and Japan, which have invested up to 1.2 billion and 750 million
dollars, respectively, per year. If this evolution continues, in 2020, the worldwide economy could be
supported by nanotechnologies, with an input of 3 trillion US dollars [8].

Nowadays, and regarding the Science and Technology of Foods, the application by the industry
of the knowledge generated regarding nanotechnology is mainly focused on agriculture, foodstuffs
transformation, packaging, and storage, and the production of dietary supplements [9]. Indeed, during
food processing, the advances achieved so far have focused on nutrient delivery, considering distinct
issues that deserve to be depth studied, such as the preservation of the physico-chemical features of
foods (taste and color), and their safety, stability, bioavailability, and bioactivity. Regarding this, the use
of new nanosystems might result in great interest to achieve additional application for the currently
most widely characterized bio-functional compounds. Indeed, nanoencapsulation is a very valuable
approach that could allow controlling bioactives’ release and their pathophysiological relevance, as well
as their preservation after oral ingestion, with relevant applications for human health. As an example
of such applications, structural lipids have been explored as carriers of healthy component applied
for the inhibition of cholesterol transport from the digestive system to the bloodstream [10]. Thus,
resorting to the research results, colloids, emulsions, biopolymers, liposomes, solid–lipid nanoparticles,
and nanofibers have demonstrated an indubitable utility as vehicles of functional compounds [11].

Nonetheless, despite the increasing use of nanomaterials and the high number of derived
commercial applications, nowadays, there are some concerns regarding the potential risk for human
health derived from their use, as well as on the extent in which the inclusion of nanomaterials in foods
formulation could compromise foods safety. Indeed, in this concern, one of the main matters of debate
nowadays is focused on unravelling the extent to which nanoparticles and the bioactive compounds
carried by them are competent to access to tissues naturally protected by biological barriers such as
the blood–brain barrier [12,13], as well as the toxicological effects that this transportation could cause
that have not been properly addressed so far.

Depending on the nature of nanoparticles, as well as the surrounding environment, the materials
currently used can be aggregated, modifying their chemical properties, size, and shape [14]. These
changes could result in an altered nanomaterial form and, in this sense, some reports have been
focused on the evaluation of nanomaterials toxicity when they form part of a particular matrix [15].
To date, the gap in information existing in these concerns entails a lack of consensus about toxicity
and direct/indirect consequences on health. As a result, the legislation governing the use of
nanoparticles does not elucidate clearly this situation, being almost limited to the requirement of
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labeling food products containing nanomaterials. In 2009, the European Food Safety Authority
published “The Potential Risks Arising from Nanoscience and Nanotechnologies on Food and Feed
Safety” as an official document, while the European Union legislation differs depending if intended
use of a specific nanocarrier is as a primary ingredient or constitutes a food additive [16]. However,
the soft demand of the industry for incorporating this technology to production chains has prompted
to a lack of a regulatory frame for the use of nanotechnologies in foods. In any event, to extend
the utilization of this promising technology with industrial purposes, the advance of the desirable
features of nanoparticles in diverse food matrixes constitutes an important challenge that deserves
to be explored towards an enhanced use of such materials, according to their specific properties, at
the time that contribute to preserve safety and bioactivity.

2. Biocompatible and Biodegradable Nanoparticles: Looking for the Best Option

2.1. Solid Nanoparticles as Attractive Drug Vehicles: Composition and Properties

A variety of nutrients and non-nutrients has been identified, regarding their biological activity
once ingested by diet, being responsible for a diversity of biological activities, closely related with
the promotion of human health. However, bioactive compounds from nutrients such as lipid
derivatives (plant and mammals oxylipins), bioactive peptides, minerals and vitamins, as well
as non-nutrients (phytochemicals), can be degraded as a result of the gastrointestinal digestion.
Moreover, diverse barriers must be crossed by these compounds, which route towards the bloodstream,
and the final distribution to cells and tissues, including their absorption at gastric or intestinal levels.
During last decades, the search for effective carriers for bioactive compounds and drugs has been
based on the identification of new alternatives for oral administration with health-promoting purposes,
avoiding their early inactivation [17,18], because these factors limit the bioavailability of actives
or drugs [19]. According to the results retrieved in recent years, nanoencapsulation developed
using particles with diameters ranging from 1 to 100 nm enables augmented concentrations of
bioactive compounds in cells and tissues, enhancing also shelf-life (reducing the metabolization
and excretion of bioactive compounds) through a slowdown delivery [20]. Given these advantages,
and aimed to optimize the benefits for health derived from nutraceutical formulations, regarding
antioxidant, antiradical, and antitumor abilities, among others, the industry has boosted the research
on this technology.

Upon evaluating the profits of implementing nanotechnology in agro-food industries, it has been
noticed that nanoparticles have some advantages that deserve to be further explored. For instance,
specific high surface zone of nanomaterials has been related to an enhanced number of functional
groups, available for chemical reactions, relative to free functional compounds [14]. In addition,
the class of relationships between nanocarriers and bioactive nutrients and non-nutrients, and the high
area/volume ratios, contribute in some cases to suitable formulations, in which the adhesive properties
of the nanocapsules led to prolonged transits of functional compounds through the gastrointestinal
tract. This situation lets them reach unaltered specific areas, where their liberation provides enhanced
benefits. Consequently, an augmentation of its absorption and bioavailability is achieved [21–23].
Moreover, additional constraints associated to the inclusion of bioactive compounds in the food
matrix, such as the effect of light, temperature or oxygen, which compromise their stability and, thus,
the bioactivity of the compounds of interest, can be attenuated using nanoparticles [24,25].

Among the nanometric size delivery systems, there are different types of encapsulation, which
are classified depending not only on their nature, but also on the production method, properties of
the system, the system free energy, the interaction force in the system, etc. [14]. To date, the most
suitable nanoparticles with marked potential, regarding distribution of bioactive compounds, are
lipid-based delivery systems, which may comprise solid–lipid nanoparticles, liposomes, and micelles,
as well as protein- and polysaccharides-based biopolymeric nanoparticles. Specific structural
properties of these nanosystems, as well as their low cost and non-toxic nature, make them suitable
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carriers in food delivery compared to others, such as synthetic polymeric nanoparticles [26]. In addition
to nanoparticles, another nanotechnology application for the administration of bioactive compounds
are nanoemulsion droplets, formed by dispersion or high-energy and low-energy emulsification
methods. Although the main application of nanoemulsions is the preparation where droplets work as
nanoreactors, nowadays new specific applications are being envisaged concerning controlled drug
delivery and targeting [27].

2.1.1. Lipid Nanoparticles

In the frame of nanotechnology, lipid-based systems are mainly represented by solid–lipid
nanoparticles and nanostructured lipid carriers that have been commercially introduced as
nanocarriers of functional compounds, in the last years, mainly due to their natural composition
and biocompatibility. They can be made of different lipids, including fatty acids, steroids, and waxes to
monoglycerides, diglycerides, and triglycerides [28]. A typical percentage ratio fat/aqueous medium of
0.1:30.0 (w/w) has been considered for developing solid–lipid nanoparticles [29] that feature spherical
morphology and can be visualized, for instance, by transmission electron microscopy [30]. Particle
size and stability can be affected by their lipid composition and the surfactant properties.

Within lipid nanoparticles, there are advantages associated to the use of liposomes that constitute
nanosize artificial vesicles suitable to be obtained from phospholipids and cholesterol. In this concern,
recently, the role of these vesicles as immunological adjuvants and drug carriers has been revealed [30,
31]. Thus, it seems evident that several advantages can be obtained from using liposomes as carriers of
bioactive compounds, including their capacity to encapsulate diverse bioactive compounds featured
by a range of polarities, which are included into the aqueous core of the phospholipid vesicle or
at the bilayer interface, and their structural versatility [32]. Besides, an interesting characteristic
of liposomes is that they are obtained from natural lipids, being thus biodegradable, biologically
inactive, and without antigenic, pyrogenic, or intrinsic toxicity [33,34]. the compounds within these
nanoparticles are preserved from the deleterious activity of external factors, especially concerning
enzymes and inhibitors present in the gastrointestinal tract [35]. Based on these benefits, liposomes
are increasingly used by the pharmaceutical industry to control the release of several compounds
of interest, because of their biological activity (drugs, vaccines, and enzymes) in the prevention
of a range of pathological situations [32,36–38]. Nonetheless, liposomes are not absolutely free of
drawbacks, as nanocarriers, due to their instability in plasma [39]. In this regard, nowadays, it is
required to develop an evasion system to enhance the circulation time of these nanoparticles that
would results in an augmented concentration in vascularized tissues [40], especially in cases involving
active neoangiogenesis.

Apart from liposomes, micelles are very slim spherical additional lipid molecules of 10
to 100 nm formed in aqueous solutions [41]. These nanoparticles have been revealed as a
valuable alternative to improve bioavailability and retention of bioactive phytochemicals, since they
provide appropriate protection to these compounds against inactivation reactions by surrounding
factors, and constitute an alternative featured by even higher loading capacity and improved
stability [41,42]. the release of bioactive compounds from micelles is conditioned by an array of
factors, including micelle stability, rate of bioactive compounds diffusion, the partition coefficient,
the rate of copolymer biodegradation, the drug concentration within the micelles, the molecular
weight, and the physicochemical features of the bioactive phytochemical and its location within
the micelles [43,44]. Interestingly, release from micelles can also be enhanced in the targeted area
by certain stimuli, such as pH, temperature, ultrasound, and light [45]. Thus, besides providing
innovative solution to the solubility and long circulation of bioactive nutrients and non-nutrients,
micelles contribute to a more efficient internalization and the proper localization within the separate
cell compartments, where the biological activity of the compounds carried is required. This is
extremely important because it helps take the highest advantage of the specific mechanism of
action from the entrapped bioactive compounds [46], also contributing to higher concentrations
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at the organic site affected by pathological situations, thus decreasing side effects relatively to systemic
administration [47].

Additionally, niosomes are microscopic lamellar structures formed upon non-ionic surfactant
of alkyl or dialkyl polyglycerol ether class and cholesterol [48]. These lipid-based nanoparticles are
structurally similar to liposomes, constituting an effective alternative to these carriers. Indeed, given
their features as non-ionic particles, they seem to be less toxic, while providing an improved therapeutic
index for bioactive compounds [49]. Moreover, the niosome vesicles are osmotically active and stable,
and, thus, may act as a storage system, providing the controlled delivery of bioactive compounds.
Thus, they augment oral bioavailability of compounds with limited absorption, allowing to envisage
different therapeutic applications [50–53] and use as diagnostic imaging agents [49].

Solid–lipid nanoparticles share some features with nanoemulsions, such as low cost, good
release profile, stability, scalable for industrial production, and food safety [54]. As described for
nanoemulsions, when considering solid–lipid nanoparticles, the bioactive compounds are situated in
the core of particle; however, higher stability and ability to withhold phytochemicals in the nanosystem
complex has been described in relation to emulsions or liposomes [55].

Despite the promising features of solid–lipid nanoparticles, some potential disadvantages have
been associated to these nanocarriers [55,56]. Regarding this, the loading capacity is one of the major
constraints described so far. This seems to be a consequence of the crystallization or transformation
of lipids. Hence, the use of nanostructured lipid carriers could be an alternative to overcome this
constraint. Indeed, in nanostructured lipid carriers, although the lipid particles are also solid, the use
of specific lipids, such as isopropyl myristate or hydroxyl octacosanyl, avoids crystallization at low
temperatures [54].

2.1.2. Polysaccharide Nanoparticles

In respect to biocompound delivery systems based on biocompatible materials, it is remarkable
that those developed resorting to polysaccharides have been stressed as a valuable alternative
to achieve controlled and prolonged release of bioactive phytochemicals [57]. In this aspect,
the application of this type of compounds is reinforced by their amphiphilic nature that allows
self-assembly in aqueous environments and helps to form specific structures [58,59]. Besides,
polysaccharides feature a high affinity to mucosal cell layers in the respiratory and gastrointestinal
tracts [60] that turns nanoparticles developed using these compounds into very valuable alternatives
to enhance the bioavailability of the bioactive compounds of interest.

Based on the intrinsic charge of polysaccharide materials, they are classified into polyelectrolytes
that include cationic, anionic and neutral subtypes, and non-polyelectrolytes [61]. Besides the intrinsic
advantages noticed for this type of biocompatible material, it has recently been demonstrated that
coat materials, applied on nanoparticles developed using polysaccharides, can interact with specific
receptors in cells and tissues. the description of this interaction has allowed envisaging active
and site-specific controlled targeting for compounds carried in polysaccharide nanoparticles [60].

Concerning cationic polyelectrolytes, chitosan, which is composed of repeated units of
D-glucosamine, has been described as a non-toxic, biodegradable, and bioadhesive material that
provides the advantages of control of release of encapsulated agents, complexation with negative
charged macromolecules, avoidance of toxic solvents during preparation, and prolonged residence
time at the site of absorption due to its mucoadhesive nature [62]. Indeed, the latter is one of the major
advantages for the administration of compounds of interests against nasal, oral, ocular, and dermal
disorders [63]. Several factors condition the preparation, conformation, and loading of chitosan
nanoparticles, affecting their ability to delivery compounds [62]. In addition, chitosan nanoparticles
are suitable to be modified by adding specific ligands that contribute to a more rapid and efficient
interaction with cells membranes, and thus, to an enhanced delivery of bioactive compounds [64].

In respect to anionic polysaccharide nanoparticles alginate, heparin, pectin, and hyaluronic acid
are important to mention [62]. An overview of the interest of these nanoparticles indicates that alginate
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features biocompatibility, biodegradability, non-antigenicity, and mucoadhesive features [65–67],
which make it an interesting candidate for controlled delivery of bioactive compounds [62]. Regarding
the mechanism of release, the electrostatic interaction between carboxyl groups and divalent ions
mediates the formation of cross-linked gels, with a close relationship with the release of bioactive
compounds [62], thus the data reported in the literature indicate these nanoparticles are a valuable
alternative delivery system suitable for incorporating positively charged compounds. Interestingly, a
combination of alginate and chitosan has been pointed out as an alternative system for the controlled
delivery of bioactive compounds that could contribute to extend the circulation time, relatively to
alginate and/or chitosan alone [62].

Apart from alginate, hyaluronic acid nanoparticles feature high aqueous solubility and stability,
and are non-toxic and non-immunogenic, which have given rise to a reduced number of systems with
potential on passive tumor targeting [68], since they exhibit affinity to hyaluronan receptors with a
high expression pattern in tumor cells and, therefore, with high potential to carry bioactive compounds,
specifically identified concerning anti-tumor activity, that could release in the precise site, contributing
to increase their bioactivity.

Finally, in respect to neutral compounds, represented by dextran, pullulan, and pectin [62],
the presence of hydroxyl groups modulates the incorporation of bioactive molecules in the base
skeleton. Within this class of nanoparticles, dextran, for instance, has been used to design delivery
systems able to escape the reticuloendothelial system, thus enhancing the circulation time of
the bioactive compound of interest [62].

2.1.3. Protein Nanoparticles

To date, diverse arguments have been proposed supporting the use of protein nanoparticles:
(1) simple manufacturing by just heating protein solutions; (2) absence of requirement of emulsification
performance; and (3) compatibility with the high pressure emulsification process. Moreover, protein
nanoparticles feature high freeze–thaw stability, since the particles at the interface provide good
stearic stabilization [69]. To date, different types of nanoparticles have been described, which are
synthesized resorting to diverse classes of molecules. Actually, protein nanoparticles can be obtained
with a plethora of lab approaches, each of them with its advantages and constraints. However, when
compared with additional compounds suggested as nanoparticles for carrying bioactive compounds,
protein-based nanoparticles have various advantages, namely the abundance of proteins in nature,
their suitability to be transformed, and the absence of deleterious effects concerning the biological
systems in which they are applied.

the first classification of protein-based nanoparticles refers to their origin (animal or plant proteins).
the diverse types are associated to benefits and constraints, mainly regarding toxicity and/or infections
associated to their application (animal proteins), while plant proteins provide the advantage of
their hydrophobic characteristics because, which is associated with a lack of toxicity and a lower
economic cost [70]. Besides, the surface features of protein-based nanoparticles are susceptible to
be modified due to the occurrence of functional groups, which is of crucial relevance for obtained
desired biodistribution, biocompatibility, molecules carrying capacity, and stability [70]. In addition,
the surface amino groups, characteristics of proteins, allow the addition of hydrophilic polymers, such
as polyethylene glycol that augment the circulation time [71]. the loading efficiency of protein-based
nanoparticles is closely related to the isoelectric point. When assessing the compounds loading to
the protein nanoparticles, it is noticed that the total amount of bioactive compounds is determined by
monitoring (ultraviolet (UV)-spectrophotometry, fluorescence spectrophotometry or high performance
liquid chromatography (HPLC)) the non-entrapped compounds present in the supernatants. This
constitutes critical information for setting up the correct administration of the bioactive compounds.
Additional features that should be considered regarding protein-based nanoparticles are the delivery
of the compounds carried and the biodegradation of the nanoparticles, being both interdependent
reactions [69].
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2.1.4. Nanoemulsions

As mentioned before, the application of nanoemulsion droplets, to the controlled delivery of
bioactive compounds, is a recent approach in the field of Food Science and Technology, thus still
has much further to go [27]. To date, nanoemulsions have been mainly applied to the design of
new functional foods, since this technology allows regulating the release of bioactive nutrients
and non-nutrients featured by poor water solubility [72,73]. For the preparation of nanoemulsions,
aqueous solutions of lipid droplets (size approximately 100 nm) are prepared using different
methodologies. the most common technology applied is high pressure homogenization [74,75] that
avoids particle aggregation and compounds separation by gravitation in comparison with normal
emulsions [76]. In fact, in nanoemulsions, the functional compounds are protected from reacting with
the food matrix, which helps to preserve organoleptic properties, while enhancing the bioavailability
of the bioactive compounds of interest, because of favoring passive transport through biological
membranes [77,78]. Afterwards, during digestion, it has been reported that nanoencapsulation
increases solubility of bioactive nutrients and non-nutrients, as well as their presence suiting
aborbtion at the gastric and intestinal levels. Moreover, the application of these compounds using
nanoemulsions provides enhanced protection, reducing their metabolism and lowering the activity of
efflux transporters [79,80].

Currently, there is an extensive literature on the encapsulation of functional compounds, such as
curcumin and resveratrol [73,81–83], using nanoemulsions to protect these compounds from digestion.
Indeed, despite the evidence retrieved through the last decades from the array of in vivo and in vitro
characterizations, developed on the benefits for human health of bioactive phytochemicals, their current
use is still limited due to poor bioavailability [84]. Regarding this constraint, an adequate formulation
of nanoemulsifier has been demonstrated as a valuable alternative to improve the protection of these
compounds from chemical and enzymatic aggressions in the intestinal lumen, and thus provide an
enhanced absorption and bioavailability. In this sense, combinations of lipophilic and hydrophilic
emulsifiers, specifically nanoemulsions composed by lecithin, are competent to entrap resveratrol
in the nanoparticle core by hydrophobic forces, enhancing not only the shelf-life of the bioactive
molecules, but also their bioavailability by increasing the intestinal absorption and cellular uptake [85].

In addition to the specificity of the nanoemulsions for the diverse bioactive compounds, their
stability is also a critical issue that has been deeply evaluated in recent years. Hence, the stability
during storage is conditioned by an array of factors, namely pH, temperature, and ion strength, but also
on some intrinsic properties of the formulation as the emulsifier concentration or the use of additives
that should be adjusted carefully to guarantee the appropriate functionality of nanoemulsions [75,86].

Another factor that has to be considered to achieve the best outcomes from nanoemulsions, as
carriers of bioactive compounds, is the nanoparticles size. the right nanosize of emulsions could be
reached using co-adjuvants, since droplets prepared from low viscosity oils have been shown to be
able to reach the nanoscale. An example of this is the addition of butanol to sodium caseinate that
presents a nanoscale after the addition of the alcohol [87]. Polyethylene glycol and ethylene glycol
have also been used to achieve the desired nanomagnitude.

From the technological point of view, in the beverage industry, an additional quality of
nanoemulsions, i.e. the high optical clarity, provides advantages during manufacturing that have
advised on the challenge of prioritizing this technology in the design of new added-value products [88].
However, it is required to state that each protein has the capacity to encapsulate specific compounds
according to their hydrophobicity or hydrophilic features.

2.2. Nanotechnology for Medical and Nutrition Research

As mentioned above, dietary supplements are useful for the prevention or reduction of different
pathophysiological situations and diseases, supported by their antioxidant, anti-inflammatory,
and antitumoral properties, among others [89]. Encouraged by the extensive bibliography on these
biological activities, many supplements have included phytochemicals in their composition. Given
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diverse troubles reported regarding bioavailability (that is closely linked to their biological activity
in vivo), to take advantage of their biological potential, research efforts have been addressed to
explore the diverse encapsulation modes that would enhance bioavailability. Although this approach
has allowed developing new nanoencapsulated products addressed to be administrated via ocular,
transdermal, and intravenous [90,91], their application in the design of functional foods, because of
the specific chemical and enzymatic conditions in the gastro-intestinal compartments, with a direct
impact on their release from the food matrix after oral ingestion, integrity, and functionality, needs to
be further explored [92].

As an example of these applications, nanoemulsions have been successfully used for curcumin
(diferuloylmethane) and dibenzoylmethane (a structural analog of curcumin) encapsulation [93].
These compounds have demonstrated valuable therapeutic potential, while exerting reduced toxicity,
in phase I human clinical trials [94]. Upon the studies developed to improve their bioavailability
and bioactivity, it has been found that using a mix of triacylglycerol (as oil) and Tween-20 (as emulsifier)
could be enhanced the cellular uptake of curcumin and, consequently, an amended anti-inflammatory
activity [93,95]. Hence, although other encapsulation alternatives have been considered for curcumin,
such as hydrophobic starch [96], albumin [97], β-lactoglobulin [98] or chitosan [99], the poor
water-solubility of these compounds limited their application, remaining nanoemulsions as the most
suitable and efficient encapsulation alternative.

Other polyphenols of interest have been nanoencapsulated in emulsions for experimentation,
such as tannin, stilbenes, and flavonoids [100]. This reinforces the idea of nanoemulsions as a valuable
choice for these types of bioactive compounds. However, the emulsion composition has been reported
as a decisive factor for the final bioactivity. Thus, epigallocatechin gallate, a hydrophilic flavonol,
featured by similar and low bioactivity as antioxidant, in mice tissues, when formulated in two
esterified emulsions or in an aqueous phase, while the selection of a third emulsion composition results
in an increased antioxidant activity in mice plasma [101].

Essential oils are other important plant derived bioactive compounds with interesting benefits,
regarding the prevention of chronic pathologies or infectious diseases. Indeed, based on this evidence,
these compounds have been applied as analgesic, sedative, anti-inflammatory, spasmolytic, and local
anesthetic treatments [102]. Thus, although a great variability in micro encapsulation methods has been
described for these compounds, such as polysaccharides, spray-dried powders or Ca-alginate [103,104],
these encapsulation alternatives provide protection to essential oils but seem to be no competent to
enhance their antimicrobial activity. However, the nanoscale promoted a slower delivery and higher
cell permeability, especially in the skin layers, increasing the activity of essential oils [105].

According to the information referred above, lipid-based nanocarriers are noticed as valuable
alternatives to entrap essential oils in the core of the nanostructure and thus, reach different type of
cells. In this regard, these nanoparticles have been applied in microbial infections due to their higher
cell penetrability [106]; however, in some cases, antimicrobial capacity was reduced when compares
with microencapsulation forms [24].

Efficient nanoencapsulation of other compounds, such as ferulic acid and tocopherol in solid–lipid
nanoparticles, has been also reported recently [107]. Thus, in nanoemulsions, bioactive lipids were
protected against autoxidation [108,109] and carotenoids [110], increasing their bioaccesibility.

Another functional compounds used in the formulation of health foods are probiotics,
microorganisms, that improve intestinal microflora. Regarding probiotics, targeting specific regions
in gastrointestinal tract after nanoencapsulation has been achieved [111]. Nanoemulsions were
used to protect lactic acid bacteria [112] and, thus, to fine-tune the microbiota in the diverse
intestinal conditions.

the micelle delivery system, for instance, is widely accepted as valuable carriers of antitumor
drugs, and has been evaluated in the frame of clinical trials [43]. In this regard, hydrophobic drugs, for
instance, can only be administered intravenously after their conditioning with solubilizing adjuvants,
which has been associated with the appearance of toxic symptoms [113]. However, the addition of these
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drugs into nanocarrier-like micelles allows the replacement of the toxic adjuvants and contributes to
minimize toxic effects [114]. Furthermore, as an additional advantage, the unimolecular micelles exhibit
a maintained distribution jointly with a controlled pH-sensitive drug release. Likewise, it has been
demonstrated that rapamycin could be loaded efficiently in mixed micelles up to a concentration of
1.8 mg/mL by using a hot-shock protocol. Upon these characterization, the release kinetic of obtained
for rapamycin indicates that this micellar system could be triggered by varied pH environments
under physiological conditions [115]. Matsumura et al. demonstrated that a paclitaxel micellar
formulation consisting of polyethylene glycol and modified polyaspartate as hydrophobic block
features cytotoxicity in a range of human tumor cell lines compared with the administration of
the bioactive compound alone [116].

3. Phytochemicals Loaded Nanoparticles: Diving into Nanosized Drug Delivery Systems

3.1. Bioavailability Advantages of Nanoencapsulated Phytochemicals

Phytochemicals feature a diversity of chemical structures, represented by phenolic acids, indoles,
alkaloids, isothiocyanates, phytosterols, saponins, and phytoprostanes/furanes [117,118]. These
compounds have received growing attention boosted by their benefits for human health [119,120],
upon a plethora of mechanisms including free radicals scavenging, inhibition of the assembly of
microtubule and microfilament, metal chelation, and/or protease inhibition, among others [121].
Hence, the assessment of these compounds, from their in vivo metabolization point of view,
has revealed that, after oral intake, phytochemicals are recognized and processed as xenobiotics
and degraded as a consequence of the different digestion chemical, enzymatic, and microbial phases
in mouth, stomach, and small and large intestine; then absorbed, distributed, and metabolized in
cells and tissues; and finally excreted via renal, biliary or pulmonary [122]. Meanwhile, the maximum
bioaccessibility and bioavailability of phytochemicals give rise to their actual capacity to exert biological
effects in vivo (bioefficacy). the bioactivity of the bioactive nutrients and non-nutrients is demonstrated
by short-term changes in the expression of biomarkers of liver function, plasma lipid profiles, blood
pressure, plasma glucose, and plasma antioxidant activity [123]. In this sense, bioefficacy is influenced
by the chemical nature of these compounds and their metabolic derivatives.

the innumerous articles published to date on the bioavailability of phytochemicals thereafter
their oral intake have demonstrated that these compounds or their metabolites may fall in
the nano/picomolar range in cells and tissues, which may result in insufficient dose to achieve
the biological efficacy, demonstrated upon in vitro characterizations [124].

the dispersion and absorption, of these compounds, is closely dependent on their polarity. Once
absorbed, small intestinal enterocytes are responsible for the cellular uptake, efflux pumping, and phase
I and II metabolism, while the results of these processes are responsible for the amount of bioaccessible
phytochemicals [122]. Moreover, transformations occurring in the frame of phase I and II reactions in
hepatocytes give rise to active formats from inactive precursors that are the actual responsible of their
biological value [125]. In addition, unabsorbed phytochemicals reach the large intestine, where are
further metabolized by the local microbiota. This additional modification also affects their bioefficacy,
providing new bioactive compounds that contribute to the final biological interest of a given plant
matrix [122].

To prevent the deleterious effect of metabolization on the occurrence of truly bioactive compounds
in cells and tissues, at operative concentrations, it has been pointed out that edible nanoencapsulation
vehicles could be a valuable alternative. Regarding this, nanoencapsulation technology has been
implemented, based on the information retrieved from an array of in vitro and in vivo characterizations,
set up aimed at assessing the capability of different tissues and cell types to uptake the bioactive
compounds at operative concentrations, according to an array of pathophysiological situations.

Diverse safe ingredients including lipids, polysaccharides, proteins, and biodegradable polymers
are currently applied towards the development of edible nanoparticles featured by well-characterized
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size, surface properties, matrix materials, and compartment structure. These nanoparticles are
developed foreseen to obtain improved strategies to enhance the release of the compounds of interest in
target cells and tissues, as well as an increased bioefficiency [126,127]. the diverse types of nanoparticles
suitable to be used as carriers of bioactive phytochemicals, in the frame of oral administrations,
display a variety of structural features, such as is exemplified by nanoliposome, micelle,
nanoemulsion, solid–lipid nanoparticles, polymeric nanoparticles (nanospheres and nanocapsules),
protein–polysaccharide complex coacervation, cyclodextrin inclusion, and polymeric nanogel. Indeed,
these alternative nanoparticles provide a range of features, including the process of loading
phytochemical compounds, encapsulation efficiency, stability during gastrointestinal digestion,
the releasing mechanisms and, therefore, their capacity to enhance the bioefficacy of the carried
phytochemicals [122].

This situation has been recently illustrated by the evaluation of neuroblastoma cells (SH-SY5Y cell
line), on their ability to uptake nanoparticles that provide promising results. In fact, the results retrieved
from this work revealed that nanoparticles contribute to reach efficient concentrations of the bioactive
compounds in the nervous system, especially when applying anionic charged nanoparticles, that exert
a higher capacity to successfully go-through the blood–brain barrier, in comparison with cationic
nanoparticles [128]. In addition, when using this type of nanoparticles, given the repulsion among
the high negatively charged nanoparticles, it is possible to achieve extra stability for the bioactive
compounds in cells and tissues, in vivo [129].

A careful revision of the literature gives a close relationship between the capacity of nanoparticles
to enhance phytochemicals’ bioefficacy with particle size (the most relevant feature), surface properties,
matrix materials, and compartment structure [130]. Actually, these features affect bioefficacy,
influencing dispersion and gastrointestinal stability, as well as the release rate and the delivery
site, the efficacy of the transportation through the endothelial cell layer, the systemic spread,
and their capacity to control the impact of the microbiota metabolism [122]. Besides, when targeting
the improvement of cellular uptake, it is essential to notice that particle size, jointly with the use of
polymeric nanoparticles, solid–lipid nanoparticles, or nanoemulsions, contribute to the stability by
affecting to the repulsion facts and/or interfacial-tension-decreasing compounds [131,132], which
contributes to augment cellular uptake.

Based on these advantages, loading phytochemicals within such edible nanoparticles enhances
the dispersion of initially water-insoluble phytochemicals in aqueous media [133], while the physical
barrier provided by nanoparticles protects bioactive compounds against oxidation under acidic
and alkaline degradative conditions, in stomach and small intestine, respectively [134,135].

In the literature the bioactivity of phytochemicals in their native state has been frequently reported,
while, in vivo, as mentioned before, the delivery of bioactive nutrients and non-nutrients are critically
affected by their solubility, which affects stability and penetration under gastrointestinal conditions.
To overwhelm this conflict is a basic objective of nanotechnology in the field of Science and Technology
of Foods, specifically regarding the development of functional foods and nutraceuticals. Hence,
encapsulation of phytochemicals constitutes valuable alternatives to release bioactive compounds
in specific tissues, affected by pathophysiological situations. In this sense, carrying bioactive
compounds on nanoparticle limits their degradation under the chemical and enzymatic conditions
of the gastrointestinal tract, as well as their general metabolism. In this regard, the physico-chemical
features of the materials used to develop nanoparticles, as well as the digestibility of nanoparticles
in the gastric or intestinal sections, are key issues that should be addressed, firstly, when designing a
nanoparticles-based strategy to the oral administration of phytochemicals [122].

Some examples illustrate this situation: while starch-based nanoparticles are digested at
oral level by the activity of α-amylase, additional polysaccharide nanoparticles are degraded in
the small intestine and protein−polysaccharide nanoparticles can be due to variations of pH and salt
concentrations, such as those occurring in the gastrointestinal lumen during the separate stages of
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digestion [135]. Lipid nanovesicles release phytochemicals in the small intestine simultaneously to
the digestion of triglycerides [122].

In addition to the nature of the nanoparticle, the loading method has been revealed to be critical
for the final release of phytochemicals and, thus, for their bioavailability and bioactivity. Regarding
this, the drug-loading method strongly influences the loading efficiency, and it has been described that
nanoencapsulated compounds release to a lower extent relative to nanosphere-based delivery, even if
both formulations have similar efficiency [90].

Recently, a new type of compounds has emerged, plant oxylipins, such as phytoprostanes
and phytofurans, which are formed by non-enzymatic oxidation of α-linolenic acid. Bioavailability
and biological activity of such compounds have been suggested based on their structural analogy with
human eicosanoids [118,136]. These lipid phytochemicals are compounds of special features as they
migrate into fatty acids-based micelles, which contribute to their solubility and subsequent cellular
transportation [122].

Apart from the control of phytochemicals release, nanoparticles also influence the transport
of bioactive compounds through enterocytes (by transcellular endocytosis for particles between 20
and 1000 nm), by modulating residence time, transportation efficiency, and pathways, as well as
the metabolic reactions undergone by such compounds within endothelial cells. Hence, for instance,
chitosan derivatives have been related to mucoadhesive features and their capacity to open tight
junctions, improving paracellular transport [137–139]. Moreover, the nanoparticle’s charge also
influences the formation of hydrogen bonds with the mucosal surface, contributing to a momentary
retention [140]. Another feature of nanoparticles that influences their role as carriers of bioactive
compounds is the incorporation of cell-penetrating ligands that could contribute to enhance
transmembrane transport efficiency [122].

Once absorbed from the intestinal lumen, nanoparticles loaded with bioactive phytochemicals
move through endothelial layer to migrate to tissues into bloodstream. At this stage, nanoparticles have
already been included in endosomes and undergone oxidation, reduction, and hydrolysis reactions,
among others, as well as conjugations by diverse metabolization routes upon phase II metabolism.
However, unlike metabolism of free phytochemicals, when carried on nanoparticles, the bioactive
compounds are protected from such reactions, by modulating the exposition to metabolizing enzymes
in enterocytes [141].

Highly lipophilic phytochemicals featured by specific features, regarding the logarithm of
the oil−water partition coefficient and a long-chain triglyceride solubility (e.g., phytoprostanes
and phytofurans), may go through enterocytes and form chylomicrons with enterocyte
lipoproteins [142]. These reach the bloodstream via mesenteric lymph and thoracic ducts, avoiding
hepatic first-pass metabolism. This route of absorption has been imitated using nanoparticles
incorporating a lipid phase (for instance, emulsions, liposomes, and solid–lipid nanoparticles), which
enhance the participation of the lymphatic absorption at the time that augment the rate of transcellular
absorption [143]. Given the interest of integrating lipid phase in nanoparticles as modulators of
the absorption rate, the extent to which the phospholipid composition and concentration of emulsifiers
are competent to fine-tune biodistribution by modifying the lipophylicity and plasma-binding
properties of phytochemicals has been investigated [144].

Additional approaches that have been explored, as valuable modes to control release
and bioavailability of bioactive nutrients and non-nutrients administered, using nanoparticles as
carriers are represented by the use of magnetic nanoparticles, the alteration of the surface chemical
properties, and the inclusion of ligands facilitating the cellular uptake [122]. However, for some types
of compounds, such as stilbenes, flavonols, and anthocyanins, which are metabolized by the intestinal
microbiota towards even more powerful bioactive compounds, could be interesting for avoiding their
digestion and absorption at gastric and small intestine levels. With this objective, the best option lies
in the use of nanoparticles manufactured with materials or multilayer structures, resistant to gastric
and small intestine conditions in terms of pH, osmotic conditions, and enzymatic activities. In addition,
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to achieve this objective, it is required to design release mechanisms that allow the delivery of bioactive
phytochemicals under the osmotic and pH conditions of the large intestine, in which the microbiota
responsible for its transformation is present [122]. On the other hand, once this objective is achieved,
the challenge of reaching highly bioavailable compounds, derived from the microbiota metabolism,
constitutes an additional constraint, due to the low colonic absorption at the conditions of luminal
fluid volume, viscosity, and neutral pH of colon [145,146].

Once absorbed and circulating in blood stream, diverse strategies have been suggested
and explored to control the length of circulation, such as using hydrophilic coating. Polyethylene
glycol has been demonstrated as reliable to enhance circulation time, by acting as a steric barrier
and thus protecting nanoparticles from opsonization [147].

One of the most widely used material for the development of nanoparticles is
poly-(lactic-coglycolic acid) that represents a successfully used biodegradable polymer due to
the production of the metabolite monomers lactic acid and glycolic acid during their physiological
hydrolysis, that are easily processed via the Krebs cycle. Due to this rapid metabolization, low
systemic toxicity has been described associated to the application of this biomaterial for the control of
the bioactives compounds release [148]. However, it is crucial to develop surface modifications using
nontoxic and blood compatible material, that allow their uptake by macrophages and the augment of
the length of blood circulation, which contribute to the sustained delivery of the bioactive compounds
carried in this nanosystem [149,150]. In this connection, poly(ethylene-glycol) is used as hydrophilic
nontoxic segment in combination with hydrophobic biodegradable aliphatic polyesters, because
this provides the capacity to resist against opsonizing and the ulterior phagocytosis, contributing to
enlarged shelf life in the bloodstream and tissues [151–153].

3.2. Nanotechnology for Bioactives Delivery

In recent years, nanotechnology has emerged as a valuable alternative to control drugs delivery
and tissue engineering [31], because of the chance provided by this to design and develop new
strategies that could enhance the efficacy of natural bioactive molecules, currently used in a very limited
extent, as therapeutic compounds for the treatment of different pathophysiological situations [32].
Indeed, nanotechnology is an alternative to traditional formulation, which could contribute to
improve general bioavailability and site-specific release, simultaneously to toxicity reduction [33–35].
According to these aims, several epidemiological studies have been developed, during the last years,
aiming to take higher advantages of the influence of dietary habits on the incidence of an array of
pathophysiological situations, that have focused the assessment of several plant foods. From such
work, multiple compounds that display potential health benefits in vitro have been identified [154,155].
However, when evaluating the activity of those compounds upon in vivo studies, many of them were
not competent to translate the activities previously demonstrated in vitro, appearing as unstable in
the intestinal environments and, thus, exhibiting poor bioavailability. Thus, to achieve the required
bioavailability rates to take advantage of their biological activities, as a first approach, higher doses
were tested, which showed efficacy but resulted in systemic toxicity [95].

the major outcomes from these studies have allowed to notice that several factors are involved in
bioavailability, viz. chemical structure, solubility, stability against gastric and colonic pH, metabolism
by gut microflora, absorption across the intestinal wall, active efflux mechanism, and first-pass
metabolic effects [147]. However, when reviewing the data reported on the bioavailability of
phytochemicals, it is revealed that many of them are only partially absorbed/metabolized by
the intestinal epithelium, a cellular type responsible for systemic occurrence by their uptake using
efflux transporters (mainly P-glycoprotein) [156]. the efflux transporter proteins mediate the active
extrusion of compounds back into the intestinal lumen [157] that, in turn, limit the bioavailability of
the bioactive phytochemicals of interest to nanomolar concentrations in blood, even if the ions have
been detected the intestinal section, where they are absorbed, in high concentrations [158]. Indeed, this
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situation demonstrates that it is difficult to assess the bioavailability of chemical agents based solely
on their physicochemical properties.

This is not just a general concept related to the biological activity of a given phytochemical
compound, the bioavailability of the compound itself, at the target site, is a major issue that has
not be appropriately addressed in the last years [159]. In this regard, understanding the concerns
enclosed to the bioavailability of an individual compound is essential to draw strategies that might
help to overwhelm these limitations. In this sense, the emergence of new technologies that allow
the advance towards efficient and safe administration of newly identified bioactive compounds, has
increased the interest in new “smart” delivery systems that contributes to improve the pharmacological
properties of the administrated compounds [147]. Hence, a promising approach to avoid low
bioavailability and systemic toxicity, associated in some extent to the use of xenoparticles as carriers of
the bioactive compounds of interest, is the application of nanoparticles manufactured using materials of
demonstrated safety, such as polymeric nanoparticles, liposomes, dendrimers, and micelles [160,161].
Actually, the use of these types of carriers is associated to innumerous advantages relatively to
the traditional systemic administration, since this approach constitutes a powerful tool to modulate
the pharmacokinetics and to improve delivery of bioactive agents to target sites [147].

Indeed, nanoparticles may enhance the oral bioavailability of poorly soluble compounds, as
well as the tissue uptake after parenteral administration, supplying enhanced adherence capacity to
the capillary wall during the initial diffusion phases (tethering, rolling, adhesion, and transmigration).
Moreover, the selection of the most appropriate options between the currently developed could also
allow augmenting the delivery across membranes and biological barriers [162]. In this regard, the size
limitation to go through diverse biological barriers is closely related to target location and the chemical
features of the tissue [163].

In recent years, stimuli-responsive polymer-based nanocarriers have focused the attention of
researchers, working on the evaluation of bioactive phytochemicals in vivo. Regarding this, such
nanoparticles are exposed to modification of their physical and chemical properties when exposed
to the specific conditions (pH, temperature, light, magnetic field or glucose levels) in the intestinal
tract or the diverse tissues after distribution [163,164]. This dependency could be of significant interest,
as they provide the chance to set up valuable relationships between the release of bioactive compounds
and specific niches or pathological state [132]. This situation is exemplified by paclitaxel delivery
once loaded on pH-responsive nanoparticles, which has evidenced its utility upon in vitro and in vivo
antitumoral determinations [165,166].

Anthocyanins have been highlighted, for several years, as model phytochemical to assess
the potential of competence of polymeric nanoparticles to encapsulate hydrophilic compounds.
the final objective of these studies is to establish the contribution of these approaches to
the bioavailability and controlled release and release kinetics in vitro. In the case of anthocyanin,
these features have been evaluated on polyethylene glycol moieties. Hence, in these works,
anthocyanins were encapsulated with 60% efficiency in biodegradable nanoparticle formulation based
on polylactide-co-glycolide, which were stabilizer resorting to the use of polyethylene glycol. These
nanoparticles evidenced a biphasic release profile, in vitro. In addition, all the polyethileneglicosylated
nanoparticles present a similar delivery pattern, characterized by an initial abrupt release followed by
a continued supply [167]. Hence, this work described that bioactive compounds may be adsorbed on
the surface of nanoparticles as a burst release that is not maintained in time, while the sustained release
is due to the liberation of compounds encapsulated in the core domains of the nanoparticle [168].

3.3. Nanoparticles towards Targeted Bioactivity

A further step of what has been discussed above is the exploration of the advantages provided by
nanotechnology concerning the release bioactive compounds carried in nanoparticles in specific tissues
or cell types affected by pathophysiological events that needs to be treated. In the last decades, it has
been boosted the application of bioactive phytochemicals as promising compounds capable to prevent
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health disturbance by modulating molecular pathways in cells. These compounds feature strong
radical scavenging, anti-inflammatory, and neuroprotective activities, among others. Nonetheless, most
bioactive nutrients and non-nutrients are unstable and rapidly transformed into other compounds with
different biological attributions, which jointly with their fast degradation and excretion, limits the actual
benefits that could be retrieved from such healthy compounds [169]. For instance, during digestion,
the hydroxyl radicals of phenolics (for instance, anthocyanins) are oxidized into quinones, reducing
the biological power of these molecules [170]. Traditionally, these constraints have been overwhelmed
by therapeutic alternatives outlined for several diseases, which include invasive in situ administration
of bioactive drugs, as a way to guarantee high tissue concentrations of the functional molecules
of interest. Nevertheless, these administration alternatives are characterized by reduced patient
compliance, because of the distress associated with frequent administrations, generally related to an
array of side effects [171,172]. Alternatively, substitutive application forms of bioactive phytochemicals
have been associated to augmented costs, particularly when repeated administrations are required to
complete the treatment for a specific pathophysiological situation [173].

Apart from the side-impacts of the traditional administration of bioactive compounds, a loss
of bioactivity during storage, due to the xenobiotics metabolism in mammals, has recently been
reported, which could prevent them from reaching the target tissues and cells in which their activity is
desired [174–176].

To date, diverse works have been developed aimed to identify alternatives that allow to
overcome these problems; for instance, by using high dose or multiple treatments of bioactive
compounds. However, this has been associated with dangerous side effects related to overdoses
due to nonspecific toxicity of such compounds [174]. As a result, it has been identified an urgency to
develop biocompatible and biodegradable systems for packaging phytochemicals, based on carrier
systems constituted, for example, by oil-in-water emulsions and liposomes [177]. These alternatives
have been demonstrated useful to provide sustained release of therapeutics in target tissues and,
in addition, to reduce biological disturbances in cells and tissues, no compromising the stability
and functionality of macromolecules [178]. Hence, this provides stability that in turn is responsible for
a higher bioavailability and long term circulation [178], due to the protection supplied against outer
stresses in vivo [179]. the research on controlled delivery options in respect to tissue, concentration,
and pathophysiological modifications, has given rise to the description of biodegradable polymers
and formulations specific for diverse types of bioactive compounds, with interesting biological
activities, which have focused the preparation of phytochemicals-encapsulated nanoparticles [180].
Based on these applications, this technology has been noticed as highly useful for controlled delivery
of bioactive compounds in target sites.

Moreover, the structural features of the nanoencapsulations pointed out so far, have a direct
impact on the release profile [90,181]. This is specifically referred to as core−shell nanoparticles,
double-emulsions, gelled networks, multiple coating systems, and “prodrug delivery systems”.
Actually, when these systems are conjugated with azo- or glucuronic acid-including polymers, it
is possible to control the bioactive compounds carried by enzymatic hydrolysis, which can contribute
to retard the speed of phytochemicals release, as well as a noticeable change of their physical dispersion
state [123].

This is of special relevance regarding compounds that develop their biological functions in
tissues with high protection against xenobiotics by biological barriers, such as the blood–brain
barrier. In this frame, anthocyanins contribute to improve brain functionality and to reduce
oxidative stress associated to normal cells metabolism, resorting to their radical scavenging,
anti-inflammatory, and anti-neurodegenerative capacity [168,170], thus preventing memory losses
in estrogen-deficient rats [182]. the polymer-based nanoparticles used for characterization in this
model were featured by a biphasic release profile, providing enhanced neuroprotective power of
anthocyanins against Alzheimer’s dementia. Besides, the efficiency of the anthocyanins administered
associated to nanoparticles has been further demonstrated by monitoring the capacity to attenuate
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the expression of clinical (amyloid precursor protein and beta-site amyloid precursor protein cleaving
enzyme-1), inflammatory (p-nuclear factor kappa-B, Tumor Necrosis Factor-alpha, and nitric oxide
synthase), and apoptotic (B-cell lymphoma-2 (BCL2), BCL2 associated X (Bax), and caspase-3 protein)
markers [170]. Using this model, it was evidenced that anthocyanins loaded nanoparticles reduced
significantly the level of protein markers and were also more efficient in modulating the P38/JNK
pathway, according to reduced expression of various inflammatory markers, cytotoxic compounds,
and proinflammatory cytokines [168]. In respect to oxidative stress, non-conjugated anthocyanins or
molecules associated to nanoparticles significantly upregulate endogenous antioxidant genes, such
as nuclear respiratory factor-2 and HO-1 proteins, which has been related with the prevention of
oxidative stress and consequently, with an attenuation of the clinical symptoms of the Alzheimer’s
dementia [183].

An additional functionality demonstrated for anthocyanins loaded nanoparticles is related with
their capacity to revert the augmented and decreased expression of pro-apoptotic (caspase-3 and Bax)
and anti-apoptotic proteins (BCL2), respectively, thus reducing DNA damage in a higher extent
than native non-conjugated anthocyanin. All these findings together prompted Amin et al. [168] to
suggest a neuroprotection activity of anthocyanins loaded nanoparticles that surpassed significantly
the biological potential, enclosed to free anthocyanin. This enhanced activity, when combined with
polysaccharides, seems to be related to an increased stability and prolonged degradation time [170].

4. In Situ Bioactive Compounds Delivery Control: Drawbacks and Breakthrough Advantages

According to the constraints outlined before, in the last decades, growing attention and resources
have been devoted to the development of carrier systems that allow local delivery of therapeutic
agents, for instance, by using organic materials. Regarding this, control delivery has been identified as
a key stage of bioactive compounds administration, foreseen as a way to set up the timing, tissue/cell,
and pathophysiological conditions, under which therapeutic agents are released. Indeed, achieving this
objective would allow reaching higher local concentration near to the operative levels demonstrated
in vitro, while reducing the overall administered dose (and consequently systemic toxicity associated).
According to this objective, as a result of the research efforts developed in the last years, a diversity of
internal and external factors can control the specific release of bioactive phytochemicals, according to a
range of factors, including pH, the activity of local, temperature, ultrasound, magnetic field, and/or
light incidence [184].

Moreover, recently, the nanoencapsulation of compounds identified as potential therapeutic agents
has raised growing interest, due to the augment of the range of biomaterials with valuable applications
in this field [163,185]. Thus, polymeric nanocarriers can increase the bioavailability, improve solubility,
and prolong the shelf-life of potential compounds which, to date, have been difficult to deliver in a
controlled way. For instance, oil-cored nanocapsules improve originally the administration of bioactive
compounds, allowing targeted delivery and controlled, long-term, release that contribute to decrease
the dosage and frequency of administration giving rise to an increased patient compliance [184].
Due to this, the layer-by-layer self-assembly of pH-sensitive building blocks has been explored as a
promising approach to obtain biomaterials with customized properties [186] and, thus, with interesting
applications as stimuli-responsive nanocarriers for controlled release of phytochemical compounds,
which could also provide transport capacity through diverse biological barriers [187]. Moreover,
the use of appropriate pH-dependent biocompatible polyelectrolyte for nanocapsule shell formation
can provide the tools required to design non-toxic nanocarriers, with shell permeability [184].

Loading bioactive phytochemicals in nanoparticles turns bioactive compounds into more effective
and contributes to achieve site-specific delivery. Once into the cells, some nanoparticles release
the bioactive phytochemicals slowly, contributing to sustained therapeutic effects, which constitutes
an additional advantage [188]. This capacity was demonstrated recently by using rhodamine-loaded
polyethylene glycol-nanoparticles. Upon this characterization, after the application of rhodamine
labeled nanoparticles to SH-SY5Y neuroblastoma cells, red fluorescence is visualized in the cytoplasm,
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suggesting that nanoparticles are internalized via endocytosis [189], saving the phospholipidic barrier
that the cell membrane represent for hydrophilic compounds. An additional demonstration of these
advantages was obtained on prostate cancer DU145 cells with similar positive results [190].

In addition, in relation with the administration of bioactive compounds, pursuing
the development of activity at neural tissues and in the frame of deficits or overexpression
of neurotrophins, responsible for neurodegenerative diseases and psychiatric disorders, to date,
the research has demonstrated a delivery system competent to control of neurotrophin dosage in
the brain. In fact, the major outcomes obtained in this issue have suggested that carrying bioactive
compounds in nanoparticles might favor targeted delivery in specific brain areas, minimizing
biodistribution to the systemic circulation and, consequently, toxic side-effects. Indeed, this approach
provides valuable benefits concerning neuroregeneration [191].

In addition to oral administration, polymeric microspheres, scaffolds, and conduits have been
used as sustained-release systems for neurotrophic proteins [192,193] that even provide enhanced
neuroregeneeration, relatively to the implantation of polymeric scaffolds resorting to invasive
surgery techniques into the central nervous system [191]. Indeed, this situation is exemplified
by a slow release achieved of glial cell line-derived neurotrophic factor, by-using micro-reservoirs
created by biodegradable poly-(lactic-co-glycolic acid) microspheres or by Poly(lactic-co-glycolic acid)
microparticles [194,195].

Although the actual significance and advantages of the abrupt release of bioactive compounds,
when using controlled delivery systems, has not been entirely ignored over the last years, to
date, no plenary successful theories have explained completely the phenomenon. In addition, it
has to be considered that the negative effects, associated to burst release, are pharmacologically
dangerous and economically inefficient [196]. To overwhelm this inconvenience, new nanoformulations
composed of thermo-sensitive gelling copolymer has been successfully formulated and characterized.
the negligible amount of bioactive compounds released, when using these systems, prevent the toxicity
enclosed to peaks and valleys of concentration in target tissues. Therefore, the delivery systems
developed resorting to the application of this copolymer can minimize the side effects associated with
frequent injections for the administration of therapeutics of interest, without reducing the efficiency
of the bioactive compound, serving as a promising platform for avoiding pathophysiological
complications [173]. However, the demonstration of such advantages is based on in vitro evidence,
and remains to be further elucidated upon in vivo evaluations.

Studies on nanoencapsulation and controlled release from nanostructured carriers have
demonstrated the safety of these systems and their contribution to achieve operative concentrations in
target cells and tissues, when applying polymer- and lipid-based nanostructured systems [191]. Due to
this and according to previous reports, on the capacity of such carriers to protect instable therapeutic
proteins, e.g., from enzymatic degradation and other environmental stress factors [191], similar
approaches could be applied to the administration of bioactive phytochemicals and take advantage
of their biological potential, preventing their metabolization in vivo. In this frame, the research on
the beneficial effects of anthocyanins loaded nanoparticles against neurotoxicity in vitro, has been
focused on the evaluation of the cytotoxic profile of nanoparticles in the human neuroblastoma
model (SH-SY5Y cell line). Upon this study, different concentrations of both free-anthocyanins
and anthocyanins loaded in poly(lactide-co-clycolide) nanoparticles allowed discarding significant
cytotoxic effects, while the joint application of anthocyanins loaded nanoparticles increased the viability
of treated cells, by protecting them from neurotoxic events [168]. Thus, poly(lactide-co-clycolide)
nanoparticles might constitute promising phytochemical carriers with negligible cytotoxicity events.
Additionally, the administration of the mentioned nanoparticles provides the advantage of avoiding
the need of removing an eventual implant placed as a local source of the bioactive compounds,
and thus, no surgery would be required [197,198].

121



Foods 2018, 7, 72

5. Toxicity Facts Associated to the Administration of Biodegradable Nanoparticles

In respect to the toxicity associated to the administration of biodegradable nanocarrier systems
for bioactive compounds, as far as we are aware, there is no evidence on deleterious effects, although
the risks to human health that could be associated to the long term use, remain under explored [148].
the mechanisms responsible for the deleterious effects of nanoparticles in the frame of complex
biological systems are associated to increased productions of Reactive Oxygen Species (ROS) and free
radicals, that could give rise to oxidative stress, inflammation, and consequently to several disabling
pathophysiological situations, associated with solvent residues and polymers toxicity [199]. To shed
some light on the actual toxicity of nanoparticles, it is required to evaluate the separate trials
independently, paying attention to interactions between nanocarriers and biological systems. This
way of processing the available information on the toxicity, associated to nanoparticles, is crucial to
establish the reliability of the delivery systems. Actually, to translate successfully nanoformulations
from the experimental level to their practical clinical application, it is essential to establish their safety
profiles, including the evaluation of immunotoxicity. In this concern, special attention should be paid
to the linkage between the physico-chemical and functional properties of nanoparticles (surface charge,
size, modulate uptake and interactions with cells, control over surface modification and biodegradation
of nanovectors), and the extent in which, these features, contribute to achieve the functional potential
envisaged and to minimize potential health risks [200].

Hence, toxicological facts associated to nanocarrier systems involve several physiological,
physicochemical and molecular considerations. However, despite the evident interest of understanding
the toxicity of these delivery systems, to date, it has not been deeply explored, possibly because
the industrial use of this technology is in its infancy. From the information available in the literature
regarding this, it is noticed that toxicological facts associated to nanocarriers is closely linked to their
size and shape, biomaterials, as well as to their capacity to cross biological barriers [201]. Regarding
the molecular mechanisms, behind the toxicological effects, associated to treatments with bioactive
compounds carried on biodegradable nanoparticles, it has been noticed the formation of pro-oxidants
after their administration, disrupting the balance between their production and the detoxification
capacity of cells. This fact also entails augmented inflammation reactions due to the level of
redox-sensitive transcription factors [202,203].

In relation with the use of nanoparticles to carry bioactive compounds addressed to be ingested in
foods, water or drug delivery devices, the interest of biodegradable nanoparticles and the constraints
associated to their toxicity, following oral ingestion, has been associated to the occurrence of deleterious
effects on liver, kidney and spleen. In addition, even if the mechanisms responsible for triggering
the immune response induced by nanoparticles (especially concerning non-protein-based carriers) are
not clear, there is a growing attention on possible allergic reaction [202]. To gain a further insight in
this issue, further studies of the immunogenicity of nanocarriers are required to understand under
which conditions they are identified by the immune system, deserving the generation of a specific
immune responses [202]. Polyethylene glycol (PEG)-grafted liposome infusion has been described
to trigger non-IgE-mediated signs of hypersensitivity [204]. On the other hand, advantages can be
obtained from the immunogenic characteristics of nanoparticles, as these features suggest them as
valuable adjuvants, for instance, for the development of vaccines.

6. Future Perspectives for Targeting and Controlled Delivery

In the coming years, the research trends in the application of edible nanoparticles to
the administration of bioactive phytochemicals will be closely linked to new manufacturing strategies
that combine multiple structural designs, more specific for the diverse types of bioactive compounds.
Achieving this objective is foreseen to strengthen the property of nanoparticles and to combine
the benefits identified on two or more types of biomaterials. This strategy would contribute to maximize
the benefits of loading bioactive compounds on nanoparticles, in terms of effectivity, extended release,
and in situ delivery control. Among the desired features, target delivery has not been completely
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developed yet, remaining an issue with future prospects for implementation. In this sense, materials
and fabrication strategies would allow the creation of edible nanoparticles with improved properties
is constantly ongoing. Once improved, the specificity and versatility of available nanoparticles,
the administration of bioactive compounds orally, by using edible nanoparticles, will constitute a
valuable approach that would allow to take advantage from the actual potential of phytochemicals to
prevent and treat specific pathophysiological status, due to accurate tissue-targeted delivery.

One of the major constraints enclosed to the administration of bioactive compounds, even when
using nanotechnology products, lies in the degradation of these compounds in the gastrointestinal
lumen before being absorbed. Thus, although in vitro the works, available in the literature, reveal
promising potential of the use of nanoparticles for the administration of phytochemicals loaded
nanoparticles, nowadays it is required to complete the determination of the impact of gastrointestinal
digestion, by informative in vitro simulation models, as cost-efficient tools for forecasting the oral
bioavailability [167,205]. With this aim, in addition to implementing a model mimicking the salivary,
gastric, and intestinal fluids concerning salt and enzyme concentrations, it is required to avoid
an excessive simplification of the models, by including appropriate simulators of gastrointestinal
dynamics, structure, and mechanical issues.

the consideration of gut metabolism, on the actual biological activity of compounds
ingested by oral administration, requires a review of the current definition of “bioaccessibility”
and “bioavailability”, emphasizing the value of the absorption in the upper gastrointestinal tract.
Indeed, information on the features of this physiological process, according to the chemical properties of
the bioactive compounds of interest, and the derivatives that can be formed during the gastrointestinal
digestion, is crucial for the rational design of the specific nanoparticle system. With this objective,
the selection of the type of nanoparticles, to improve the absorption at the gastric and small intestine
(duodenum) level, may not serve as a gold standard anymore, because, for some phytochemicals,
high bioefficacy is associated with the additional compounds synthesized, for instance in the large
intestine, as a result of the metabolism of the local microbiota, turning into undesirable their absorption
in the upper gastrointestinal.

Besides, when evaluating the effects of nanoparticles and/or nanovesicles on the bioefficacy of
phytochemicals, special attention should be paid to eventual changes in the nanoparticle structure
as a result of the digestive conditions. Indeed, this modification of the nanoparticles structure
could entail changes in their functionality as carriers of bioactive nutrients and non-nutrients
and, consequently, induce misunderstanding results. Thus, considering that, when mixed with
digestion fluids, the dilution would have a crucial effect on the stability of micelles, liposomes,
and nanoemulsions, is required. This deserves to be considered because the surfactant concentration
should be maintained in a slim range. Moreover, pH and ions environments in the gastrointestinal
fluids, as well as the enzymatic activity in these compartments could also compromise the stability of
nanoparticles and the successful development of their role as carriers of bioactive compounds [122].
According to these constraints, it is necessary to evaluate the behavior of nanoparticles in complex
matrices and biological systems that will provide actual information on their practical significance.

An additional situation, that needs to be addressed, is the extent in which nanoparticles modify
the pharmacokinetics of bioactive phytochemicals, which would contribute to draw new applications,
for instance as boosters of the internalization speed. Clarifying this situation is essential for the proper
design of the sampling timing to determine pharmacokinetics bioavailability and bioactivity of
bioactive compounds subject of study. Overall, encapsulated phytochemicals within appropriate
nanoparticles enhance the bioavailability by protecting them from degradation during storage
and gastrointestinal digestion, improving solubility in aqueous media, augmenting contact time
with the intestinal wall, increasing of the mucus penetration and intestinal permeation, facilitating
cellular uptake, prolonging residence time within the body circulation, controlling release rate
and site, and altering, according to the envisaged results, the microbiota metabolism. In addition,
it should be considered that loading bioactive compounds in nanoparticles, somehow, could be
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an interesting strategy to prevent their metabolic conversion, while to date, little is known about
how the modification of cellular signaling routes differs between free and nanoparticles-linked
phytochemicals. In this regard, seems evident that the interaction between phytochemicals and matrix
material, or molecules in complex biological systems (for instance in mammals), deserves to be further
explored concerning metabolism and bioefficacy [122]. Hence, the information retrieved from studies,
focused on the correlation between the application of bioactive compounds carried by nanoparticles
with the metabolic profile, biodistribution and bioactivity, will be very useful as a guide for future
evaluation of the bioefficacy and predictable in vivo properties.

Concerning the final intestinal stage, the interactions between phytochemicals and drugs with gut
microbiota, as well as the consequences of these interactions on bioefficacy, remain underexplored, even
if it seems evident that they constitute additional challenges. Indeed, the application of the gathered
knowledge on the use of nanoparticles, as carriers of bioactive phytochemicals, would provide
the opportunity to decode and take advantage of the reciprocal interactions between phytochemicals
and gut microbiota.

Despite the rational utility of the nanotechnology to enhance the bioavailability and bioactivity
of bioactive compounds, nanoparticles are synthesized by physical and chemical methods, by using
expensive and hazardous chemicals, especially concerning metallic biomaterials, which could limit
their actual application in vivo. These constraints are also enclosed to the environmental impact
derived of the residues, generated from the nanoparticles synthesis, being required green technologies
using no toxic reagents to prepare metal nanoparticles. In this regard, the synthesis of nanoparticles
using eco-friendly and biocompatible reagents could contribute to minimize the side effect of
these processes.

7. Conclusions

Nutraceuticals’ potential benefits have been demonstrated, but increasing applications in the near
future, for the prevention of diseases onset and severity, are highly demanded. To take maximum
advantages of bioactive compounds (nutrients and non-nutrients), responsible for the functionality
of nutraceuticals, promising applications have been suggested based on combinations of individual,
well characterized, bioactive phytochemicals. This approach would allow synergic situations that
would help to reduce dosages and, thus, eventual toxic side effects, while becoming instrumental in
the prevention of an array of pathophysiological situations.

To improve the bioavailability of phytochemicals identified as valuable bioactive compounds,
in the frame of a specific clinical entity of health disorders, nanoparticles have been investigated as
promising delivery systems that could contribute to control release and to fine-tune pharmacokinetics,
bioavailability, and bioefficacy. Indeed, nanotechnology would contribute to improve stability of
encapsulated bioactive nutrients and non-nutrients against environmental changes (in the diverse
in vivo environments) and to release control. Therefore, it should be assumed that nanoparticles have
great potential as phytochemical carriers, as, at the dosages monitored, they are not cytotoxic. However,
critical aspects and potential for application of nanotechnology in Food Science and Technology field,
should be noticed, especially regarding the implementation of green technology for their development
and their use in the studies of additional issues, such as the crucial role of the intestinal microbiota for
obtaining additional bioactive metabolites, contributing to the health benefits attributed to plant foods
and nutraceuticals.
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Abstract: Cadmium (Cd) contamination in food is a problem endangering human health.
Cd detoxication is an interesting topic particularly using food which provides no side effects.
Ricegrass juice is a squeezed juice from young rice leaves which is introduced as a functional
drink rich in polyphenol components. Se-enrichment into ricegrass is initiated to provide extra
advantages of their functional properties. The protective role of ricegrass juice (RG) and Se-enriched
ricegrass juice (Se-RG) against Cd toxicity during pre-, co- and post-treatment on HEK293 kidney
cells were investigated. Results confirmed that RG and Se-RG had very low toxicity for kidney cells.
Both extracts showed a protective role during pre-treatment and co-treatment against Cd toxicity
by exerting a reduction in malondialdehyde (MDA) content and the percentage of DNA damage in
tail and tail length of the comets over the Cd-treated cells. However, the Se-RG indicated additional
benefits in all properties over RG. High Se content in Se-RG resulted in more protective effects of the
regular ricegrass juice. In summary, this study provides clear evidence that Se-enriched ricegrass juice
has potential to be developed as a functional food to protect the human body from Cd contamination
via the reduction of oxidative stress and DNA damage.

Keywords: anti-cadmium toxicity; comet assay; DNA protective; HEK293 cells; ricegrass juice;
selenium enrichment

1. Introduction

Currently, daily food consumption could lead to the unexpected exposure of contaminated
compounds in the human body. Heavy metals, known as harmful agents, enter the food chain
excessively via industrial operations, mining, sewage sludge and waste disposal from households
into agricultural lands and water resources [1]. Accumulation of heavy metals in the environment
has been reported as increasing substantially over the past decades [2]. Due to the highly soluble
ability of cadmium (Cd) compounds as compared to other metals, Cd is readily taken up by plants
resulting in food and feed accumulation. Cd contamination from the environment is a subject of
serious health complications affecting cellular organelles and components such as cell membrane,
mitochondrial, lysosome as well as genetic DNA [3]. The kidney is a critical target organ where Cd is
predominantly bioaccumulated. The exposed level of Cd can cause chronic difficulties, thus leading
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to damage of kidney filtering mechanisms, kidney dysfunction, liver damage as well as damage to
skeletal, reproductive and respiratory systems [4,5]. The mechanism of Cd toxicity is related to its
interaction with carboxyl and thiol groups of protein which generate the production of reactive oxygen
species (ROS) such as superoxide ions, hydrogen peroxides, and hydroxyl radicals, and therefore
inducing oxidative stress and DNA damage by initiation of lipid peroxidation [6].

Recently, several studies have been reported that antioxidant molecules have protective effects
against renal and hepatic cadmium toxicity via a function of free radical scavenging [7]. Plants are
the foremost source of natural antioxidant molecules such as vitamin C, vitamin E, polyphenols
and some minerals like Se and Zn [8], thus they can be hypothesized as effective anti-cadmium
toxicity materials. The discovery of functional plant food rich in antioxidant compounds is now
being considered. Sprouts or young plants of cereals, grains or legumes are currently of interest since
plants at the beginning of the growing stage are associated with large amounts of quality bioactive
compounds and antioxidant molecules like polyphenols. Ricegrass is a brand-new sprout which
was recently introduced as a substitute for wheatgrass, particularly in tropical areas, as a low-cost
ingredient. It is rich in polyphenol compounds and has been previously investigated for its ability to
scavenge free radicals in vitro effectively [9].

It was proposed that the human body attempts to reduce heavy metals toxicity via some
antioxidant mechanisms such as metal chelation or degradation of free radicals [10]. Selenium (Se) has
been stated as a cofactor of antioxidant enzymes and can be used as antidote agent for mercury (Hg),
cadmium (Cd) and silver (Ag) [11]. The enrichment of Se into plants has been studied worldwide to
increase the level of Se content and may possibly propose an extra role for the biological properties
in plant foods, although concern must be given to appropriate forms and concentrations of Se [12].
Therefore, the objective of this study was to identify the specific phenolic types of polyphenol in
ricegrass juice extract (RG) and Se-rich ricegrass juice extract (Se-RG) and to investigate the effect of
them on in vitro anti-cadmium toxicity in HEK293 (human embryonic kidney cells kidney cells), lipid
peroxidation and DNA protective properties.

2. Materials and Methods

2.1. Reagents

Di-sodium ethylenediaminetetraacetic acid (EDTA-Na2), malondialdehyde (MDA),
2-thiobarbituric acid (TBA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were acquired from Sigma Aldrich Co. (St. Louis, MO, USA). SYBR gold nucleic acid stain and
trichloroacetic acid (TCA) were purchased from Thermo Fisher Scientific Co. (San Jose, CA, USA).
Reagents and media for the cell line included a trypan blue dye, trypsin-EDTA, fetal bovine serum
(FBS), penicillin-streptomycin and Dulbecco’s Modified Eagle Medium (DMEM) were purchased from
Gibco BRL, Life Technologies Inc. (Rockville, MD, USA). Low melting point agarose (LMA), dimethyl
sulfoxide (DMSO) and Triton-X was purchased from Amresco Inc. (Solon, OH, USA).

2.2. Plant Materials

Oryza sativa L. cv. Chainat 1 obtained from the Phatthalung Rice Research Center, Phatthalung,
Thailand was used in this study. Se in the form of sodium selenite at range 40 mg Se/L was used to
produce Se rich ricegrass as the best enrichment condition according to previous work [13]. Regular young
ricegrass and Se-rich ricegrass was grown for 8 d. After harvesting, both grasses were aqueous extracted
and the juices were lyophilized into powder. Ricegrass juice extract (RG) and Se-enriched ricegrass juice
extract (Se-RG) were determined for the total Se content using induced coupled plasma optical emission
spectroscopy (ICP-OES) and the contents were reported as 1.3 and 59.8 μg/g of extract, respectively.
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2.3. Polyphenols Identification

RG and Se-RG were investigated for the major compounds using the reversed-phase
ultra-high-performance liquid chromatography–electron spray ionization–mass detector
(UHPLC–ESI–MS) since only restricted data has been stated earlier on the specific types of
polyphenols found in the aqueous extract of young ricegrass. Polyphenols in RG and Se-RG were
identified using a Thermo Scientific (Dionex Softron GmbH., Germering, Germany) Ultimate 3000
UHPLC system equipped with diode array absorbance detector, electron spray ionization and linear
ion trap (LTQ XL) mass detector (DAD-ESI-MS). 10 mg/mL of extracts were dissolved in HPLC
water and filtered with a sterile syringe filter of 0.45 μm. Purosper STAR (250 mm × 4.6 mm) with
LiChrocart, Reverse Phase-18 column end-capped with 5 μm diameter particles (Merck, Darmstadt,
Germany) was used as the stationary phase. H2O containing 0.5% formic acid (solvent A) and
acetonitrile (solvent B) were selected as the mobile phase. The gradient condition was run according
to Table 1 and followed by washing with 100% methanol for 15 min and re-equilibration. The flow
rate was 0.8 mL/min, column temperature was 40 ◦C with the injection volume of 20 μL. The MS
parameters were as follows for both the negative and positive mode: heater temperature: 250 ◦C;
capillary temperature: 330 ◦C; sheath gas flow: 50 arbitrary units; auxiliary gas flow: 10 arbitrary units.
The mass data for the molecular ions were processed with Thermo XcaliburTM software version 2.2.44
(Thermo Scientific., Hemel Hempstead, UK). The peaks were examined based on the ultraviolet (UV)
spectra and mass ion compared to the existing literature.

Table 1. The gradient condition of ultra-high-performance liquid chromatography–diode array
absorbance detector–electron spray ionization–mass detector (UHPLC–DAD–ESI–MS).

Time (min) % Solvent B

0.00–10.00 0.00–10.00
10.01–15.00 10.00
15.01–20.00 10.00–15.00
20.01–30.00 15.00–25.00
30.01–35.00 25.00
35.01–45.00 25.00–100.00

2.4. Cell Culture Model

HEK293, human embryonic kidney cells, were purchased from the American Type Culture
Collection (Manassas, VA, USA). Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
1.5% sodium bicarbonate, 10% fetal bovine serum (FBS), 1% penicillin-streptomycin was used for the
maintenance of cells at 37 ◦C, 5% CO2, in a fully humidified incubator. Phosphate buffer saline (PBS)
at pH 7.2 was used to wash the cells through the experiment.

2.5. Cell Viability Assay

Functional food products which can be claimed as safe need to be confirmed on their viability
effect of mammalian cells. The experiment was operated on human embryonic kidney cells, HEK293,
to define the dose of extracts indicated as safe to the cells to be used for the anti-cadmium toxicity
test. The MTT assay was used to determine the cell viability. Cells grown at 80–90% confluent were
harvested with 0.25% trypsin–EDTA and suspended in a fresh medium. Cell counts were measured
using a standard haemocytometer based trypan blue cell counting technique [14]. HEK293 cells at the
density of 1 × 106 cells/mL were seeded in 96-well tissue culture plates and allowed to adhere for 24 h.
After the cells were washed with PBS (pH 7.2), the media was mixed with a various concentration
of the extracts (250–10,000 μg/mL), then applied to the cells followed by 24 h incubation. After 24 h,
the cell viability was evaluated by adding 20 μL of MTT solution and 2 h incubation. Afterward,
the MTT solution was removed, and 100 μL of 0.04 N HCl in isopropanol was added to dissolve the
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formazan crystals. Absorbances were recorded at 570 nm using a microplate reader. The percentage of
cell viability was calculated with Equation (1);

% Cell viability = (Absorbance of sample/Absorbance of control) × 100 (1)

2.6. Anti-Cadmium Toxicity Properties

To examine the anti-cadmium toxicity properties of RG and Se-RG in HEK293 cells, initially, the
half maximal cytotoxicity concentration (CC50) of CdCl2 was investigated to be used as the established
dose to induce toxicity to the cells. After seeding HEK293 cells into 96-well plates at a density of
1 × 106 cells/mL, the cells were left to attach for 24 h before being treated with either CdCl2 or extracts.
The experiment was divided into three groups separated by different time order for treating the cells
with extracts. The first treatment group was the extracts’ pre-treatment; the ideal substances that can
reduce toxicity from this treatment could represent the role of the protective substances. Secondly, the
group of co-treatment was examined to check if the extracts could provide a protective role to cells
while it directly reacted to Cd. Lastly, the post-treatment group was designed to indicate the role of
the extracts as therapeutic agents. The detail of each group is briefly indicated in Table 2. The extract
was fixed to have a contact time of 24 h on cells in all treatments. The percentage of cell viability was
detected by MTT cytotoxicity assay and calculated as Equation (1). The morphology of the cells in
each treatment was also observed and captured using a microscope.

Table 2. The experimental treatment group on anti-cadmium toxicity and DNA protective properties.

Control Negative Control Sample

Time 24 h + 24 h 24 h + 24 h 24 h + 24 h

Pre-incubation Media Media Media CdCl2 * Extracts ** CdCl2
Co-incubation Media - Media + CdCl2 - Extracts + CdCl2 -
Post-incubation Media Media CdCl2 Media CdCl2 Extracts

* CdCl2 at CC50 level was used. ** Extracts from RG and Se-RG at 10,000 μg/mL were used.

2.7. Determination of Lipid Peroxidation

TBARS (thiobarbituric acid reactive substances) assay was used to determine the level of lipid
peroxidation. The endogenous cellular fluid was extracted according to the modified method of
Du, et al. [15]. Cells were harvested with 0.25% trypsin-EDTA and followed by centrifugation at
1000× g for 10 min. Cell pellets were washed with cold PBS until clean and re-suspended in 1 mL
of cold PBS. Cells were lysed using a probe-type sonicator (Vibra-Cell, Sonics and Materials Inc.,
Newtown, CT, USA) by pulsing at 15 s on and 10 s off for 5 cycles on ice. The cell extracts were
centrifuged at 10,000× g (4 ◦C) to discard the cell debris while supernatants were used for the
determination of MDA content and protein levels. Protein content was examined using bovine serum
albumin (BSA) as standard [16]. The modified method of Chen, et al. [17] was used to determine
the MDA content. 1 mL of cellular extracts were mixed with 4 mL of 20% TCA containing 0.8%
of TBA (w/v). The mixtures were heated at 95 ◦C for 60 min, then cooled in ice and centrifuged
at 3000× g for 10 min. The absorbance was measured at 532 nm. The amount of MDA–TBA red
complexes were compared to an external standard of MDA. The amount of TBARS was expressed as
nmol MDA/mg protein.

2.8. DNA Protective Properties Using Comet Assay

DNA damage can be induced by exogenous agents such as heavy metals, polycyclic aromatic
hydrocarbon from pollution, endogenous chemical genotoxic agents such as reactive oxygen species
(ROS) and natural chemical reactions [18]. The damage to the cellular genome can generate errors in
the transcription of DNA and protein translation which impair signaling and the cellular function and
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could result in the development of diseases [19]. The alkaline single cell gel electrophoresis assay or
comet assay was used to evaluate the DNA damage [20]. The DNA protective properties of the RG
and Se-RG extracts on HEK293 cells towards the exposure to CdCl2 were investigated. Briefly, HEK293
cells were seeded at 1 × 106 cells/mL in 12-well plates and incubated at 37 ◦C for 24 h. The cells
were treated with the following condition stated above (Table 2). Then, cells were harvested and fixed
into slides which had been covered with 150 μL of 1.5% LMA as the first layer. After solidification,
20 μL of freshly prepared cell suspension with 180 μL of 0.5% LMA (ratio 1:10) was rapidly mixed
by pipetting, and 80 μL of the mixture was loaded as the second layer. Then, 70 μL of 1% LMA was
added on to the cell layer as the third layer. Once the gel was solidified, the slides were placed in a
chilled lysis buffer containing 2.5 M NaCl, 100 mM EDTA, 100 mM Tris–HCl at pH 10 and 1% DMSO,
1% Triton X-100 for at least 2 h at 4 ◦C. The slides were then removed and placed in a comet assay
tank (Model CSL-COM20, Cleaver Scientific, Rugby, Warwickshire, UK) filled with freshly prepared
alkaline buffer at 4 ◦C (300 mM NaOH, 1 mM Na2EDTA, pH ≥ 13) for 15 min to unwind the DNA,
and electrophoresis was carried out at 25 V and 300 mA for 45 min. Afterward, the slides were rinsed
with deionized water and neutralized gently with 0.4 M Tris–HCl buffer, pH 7.5 for 5 min. Finally, the
slides were soaked in ethanol for 5 min and left at room temperature until they were completely dried.
The cellular DNA was stained using SYBR gold nucleic acid stain in the dark for 20 min and visualized
using a fluorescent microscope (Eclipse 80i, Nikon, Tokyo, Japan). The comet images (45–60 cells/slide)
were captured and analyzed. The quantification of the DNA strand breaks was done using CometScore
2.0.0.38 software (Tritek Corp., Sumerduck, VA, USA). The % DNA in tail and tail length were obtained.

2.9. Statistical Analysis

Completely randomized design (CRD) was used throughout the study. All experimental data
were presented as the mean ± standard deviation (SD) of three replications. Means were analyzed
using analysis of variance (ANOVA). The significant differences among means were determined by
Tukey’s test (p < 0.05) using SPSS for Windows (SPSS Inc, Chicago, IL, USA).

3. Results and Discussion

3.1. Polyphenols Identification Using Ultra High-Performance Liquid Chromatography–Electron Spray
Ionization–Mass Detector (UHPLC–ESI–MS)

Results of polyphenols identification showed that RG and Se-RG contain similar types of
identified compounds. Six major compounds comprising more than 70% of relative content
were tentatively identified (Table 3) where the molecular weight and electrospray ionization mass
spectrometry of detected compounds were reported. Phenolic glycoside was detected and defined as
1-O-sinapoyl-β-D-glucose. The ion found with the m/z of 367 was defined as 3-O-feruloyl quinic acid
due to the presence of a ferulic acid fragment at m/z 193. The largest compounds in RG were identified
as a group of flavone glycosides including chrysoeriol arabinosyl arabinoside, tricin, swertisin and
tricin-7-O-β-D-glucopyranoside which has been earlier reported as having been found in the leaves of
Oryza sativa and Triticum aestivum (wheat) [21,22].
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Table 3. Tentative identification of phenolic compounds in ricegrass juice extract (RG) and Se-rich
ricegrass juice extract (Se-RG) analyzed by UHPLC–ESI–MS.

Tentative Compounds MW * [M − H]+ (m/z) References

Tricin 330 329 [22,23]
1-O-Sinapoyl-β-D-glucose 386 385 [22]
3-O-Feruloylquinic acid 368 367 [22,24]

Chrysoeriol arabinosyl arabinoside 564 563 [22,24]
Swertisin 446 445 [22]

Tricin-7-O-β-D-glucopyranoside 492 491 [25]

* MW: Molecular weight.

3.2. Cytotoxicity of Ricegrass Juice Extract (RG) and Se-Rich Ricegrass Juice Extract (Se-RG)

The dose of extracts indicated as safe to cells was used for the anti-cadmium toxicity test. Figure 1
revealed that the cell number of HEK293 slightly decreases while treated with both RG and Se-RG and
remained constant while the concentration of the extracts was increased up to the dose of 10,000 μg/mL.
Se-RG extracts displayed no significantly different effect on the reduction of cell numbers compared to
the RG (p < 0.05). There was a minor reduction in cell number, however, the cells remained higher than
80% of the control which was indicated as the acceptable range classified as safe [26]. Although the
alteration of cell morphology after treatment with the extracts has been detected, it was regarded as a
result of the sensitivity of cells when they had encountered the foreign matter and attempted to adapt
to the new environment. Therefore, from this result it can be assumed that both extracts had no or low
toxicity to the kidney cells and the dose of both extracts at the highest concentration (10,000 μg/mL)
could be used for the next experiment.
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Figure 1. Effect of different concentrations of RG and Se-RG on the cell viability of HEK293 kidney cells.
Data are means ± standard deviation (SD). Different letters indicated significant differences between
treatment in the similar concentration of extracts (p < 0.05) in Tukey’s significant differences test.

3.3. Anti-Cd Toxicity of RG and Se-RG and Effect on Lipid Peroxidation

The kidney is the critical organ affected by chronic Cd exposure and toxicity. Cd accumulates
in the kidney because of its preferential uptake by the receptor in the renal proximal tubule and
accumulates in the human kidney for a relatively long time, from 20 to 30 years [27]. The exposed level
of Cd can cause chronic difficulties, thus leading to damage of kidney filtering mechanisms and kidney
dysfunction [4]. HEK293 cells, human embryonic kidney cells, were used as a demonstrative model
to examine the effect of CdCl2 toxicity and the protective role of extracts against CdCl2. The level
of CdCl2 which could be used to induce the cytotoxicity was examined. Figure 2 showed that the
viability of HEK293 cells was significantly decreased (p < 0.05) while exposed to higher level of CdCl2.
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Cd is not able to generate radical itself but the toxicity was related to the generation of reactive oxygen
species (ROS) such as superoxide ions, hydrogen peroxides and hydroxyls radicals and therefore
induced oxidative stress and DNA damage by initiation of the lipid peroxidation [6].The estimated
half maximal concentration (CC50) dose of CdCl2 in HEK293 was indicated as 68.5 μmol/L and this
level could be used as a suitable dose for the evaluation of anti-cadmium toxicity properties of the RG
and Se-RG.

The experiment on anti-cadmium toxicity properties was designed to assess the effect of RG and
Se-RG against CdCl2 exposure on the cell viability and lipid peroxidation at different time orders, as
each substance may alleviate the toxicity from Cd induction differently [10]. Results reveal that RG
and Se-RG significantly increased (p < 0.05) the percentage of cell viability during pre-treatment and
co-treatment but not during post-treatment with Cd compared to the cells treated with Cd at CC50

level alone (Figure 3).
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Figure 2. Effect of different concentrations of CdCl2 on the cell viability of HEK293 kidney cells. Data
are means ± standard deviation (SD).
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Figure 3. Anti-Cd toxicity properties of RG and Se-RG on HEK293 kidney cells while exposed to CdCl2
at different time orders of treating the extracts compared to the control and Cd-treated (a) pre-incubation
(b) co-incubation (c) post-incubation. C means control; Cd means CdCl2 at CC50 level (68.50 μg/mL).
The cell viability was expressed as a percentage of control. Data are means ± standard deviation (SD).
Different letters indicated significant differences (p < 0.05) in Tukey’s significant differences test.

The highest concentration of both extracts (10,000 μg/mL) exerted the highest ability to protect
HEK293 cells against Cd toxicity. Thus, the pathological evaluation of cell morphology treated with
the extracts at this concentration was observed as shown in Figure 4. The morphological changes while
treating the cells with Cd were detected. A majority of the cells were broken and floated into the media
while the rest were weakened and lost their cell structure. Although the cells in the condition of extracts
pre-treatment illustrated some lost and unusual cells morphology, the cells remained strengthened
in their frame similarly to web shape. The changes of cells in co-treatment conditions were also
detected as they were swollen and changed to a circle-like shape, but they preserved their structure.
These data suggested that pre-treatment and co-treatment of RG and Se-RG with Cd could improve
the Cd-induced pathological damage of kidney cells better than the Cd-treated and can potentially
protect against kidney cell damage. Living organisms contain lipid as the main structure of cellular
membranes. Cd could induce the damaging effects to the cells from the lipid peroxidation process [28].
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Therefore, the extent of lipid peroxidation by-products produced like malondialdehyde (MDA) can
imitate the extent of cells oxidative damage initiated by Cd [29]. TBARS assay is a well-established
method use as an index of lipid peroxidation and lipid hydroperoxides. When the cells exposed to
Cd, the MDA content was markedly increased, thus suggesting the increased in oxidative stress of
kidney cells (Figure 5). However, outcomes indicated that during pre-treatment and co-treatment of
both RG and Se-RG, the level of MDA in HEK293 was significantly reduced compared to Cd-treated
cells (p < 0.05).

(a) Pre-treatment 
Control Media 24 h + Cd 24 h RG 24 h + Cd 24 h Se-RG 24 h + Cd 24 h 

(b) Co-treatment 
Control Media + Cd 24 h RG + Cd 24 h Se-RG + Cd 24 h 

    
(c) Post-treatment 

Control Cd 24 h + Media 24 h Cd 24 h + RG 24 h Cd 24 h + Se-RG 24 h 

    

Figure 4. Morphology of cells of HEK293 kidney cells while incubated the cells with RG/Se-RG
and CdCl2 at different time order of treating the extracts (a) pre-incubation (b) co-incubation and (c)
post-incubation. C means control; Cd means CdCl2 at CC50 level (68.50 μg/mL).

The role of phenolic compounds in the extracts was considered as having the major effects on the
protective role against Cd-induced damage. It could be explained that the extracts rich in polyphenols
compounds possess the inhibition of lipid peroxidation chain reaction by stabilizing the hydroxyl
radicals and lipid peroxyl radicals, thereby lowering the extent of oxidative damage to the lipid cell
membrane and lower level of MDA [30,31]. Moreover, phenolic compounds as antioxidant molecules
could propose the role of upregulating the antioxidant protection system by stimulating the production
of antioxidant enzymes including super oxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx). As a result, strengthening the immunity and lowering the damage caused by Cd
during pre-treatment and co-treatment to the cells [10]. RG and Se-RG contained abundant polyphenols
such as flavone glycosides. Therefore, the protective role of the extracts could be related mainly to
these groups of compounds. Similar results also indicated the protective effect of bioflavonoids, for
example, quercetin against Cd-induced oxidative stress-related renal dysfunction in rats by attenuating
the Cd-induced biochemical alterations in serum, urine and tissue pathological changes via a decrease
in lipid peroxidation rate [32]. Flavonoid, namely catechin from green tea, has also been proved to
protect against bone metabolic disorders in cadmium-poisoned rats [33]. While focusing on the effect
of high Se, Se-RG extracts revealed marginally higher protective properties against Cd toxicity over the
RG in pre-treatment and co-treatment conditions. Se was used as antidote agent to a range of heavy
metal toxicities including Cd, Hg, and Ag [11]. Generally, studies have indicated the beneficial effect of
Se on antioxidant status and lipid peroxidation when pre-exposed and co-exposed to Cd [34–36]. Lipid
peroxidation occurred because of Cd exposure; moreover, a significant decrease in the antioxidant
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composition factors, such as glutathione (GSH) levels, the activities of glutathione peroxidase (GPx)
and thioredoxin reductase (TrxR), was also stated [34]. Se compounds have been generally known as a
major cofactor of GPx and TrxR, thus, Se could logically promote the greater level of these antioxidant
enzymes activity and play a role in managing the radicals occurring in the cells. Se could also present
protective effects on mitochondria dysfunction by blocking the ROS generation, a possible inhibition
of Cd-induced mitochondrial membrane collapse [37].
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Figure 5. Level of malondialdehyde (MDA) in HEK293 cells treated with RG and Se-RG at the level
10,000 μg/mL compared to the control and Cd-treated ones. Data are means ± standard deviation
(SD). Different letters indicated significant differences in the similar group of treatment (p < 0.05) in
Tukey’s significant differences test.

3.4. DNA Protective Properties

Comet assay or single cell gel electrophoresis is a standard rapid method for detecting DNA
damage in individual cells. The percentage of DNA in tail and tail length was analyzed as the measure
of primary DNA damage [24]. Therefore, comet assay is useful for this study to evaluate the DNA
protective role of RG and Se-RG extracts against Cd. The highest concentration of both was used
(10,000 μg/mL) as they protect the highest number of percent cell viability. Figure 6 illustrates the
capture of comet cells of each treatment during pre-treatment, co-treatment, and post-treatment of RG
and Se-RG compared to the Cd-treated and control. Figure 7 shows the parameters of the comet cells
included % DNA in tail and tail length.

Comet cells of the control of every treatment displayed a circle-like shape in which the whole
nuclei and DNA were beautifully stained with the fluorescent color. The condition of Cd-treated
cells indicated the presence of a clouded comet tail in which the % DNA in tail and tail length were
increased significantly (p < 0.05) because of Cd-induced the oxidative damage to cells. In both of
pre-treatment and co-treatment conditions, the RG and Se-RG treated cells significantly exhibited the
reduction in the % DNA in tail and tail length compared to the Cd-treated group (negative control),
and thus illustrated a DNA protective effect. The results on comet assay parameters of each treatment
were correlated to the content of MDA production.

The damaging of DNA could be a subsequent effect on the production of high ROS and lipid
radicals induced by Cd. The role of flavone glycosides as a natural antioxidant in the RG and Se-RG
may influence the protective property by possibly up-regulating the level of the antioxidant defense
system and abolishing oxidative DNA damage via the donation of electrons to reactive metabolites
and rendering them inactive to prevent the interaction to the DNA. The experiment on the protective
role of flavonoid compounds as an excellent radical scavenger to reduce the DNA damage in human
blood lymphocyte is also consistent with this result [38]. Se-RG showed higher ability on the reduction
in the tail length and % DNA in the tail of the comets compared to the RG. This indicated that Se in
combination with the polyphenols could provide an extra protection and promote a protective role for
the kidney cells. Se as the cofactor of various endogenous enzymes works in the antioxidant system
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could support the activity on the destructive of ROS. Fischer, et al. [39] suggested another possible
role of Se, especially in the organic form, of protecting DNA damage via induction of p53 DNA repair
pathway and transactivation of p53-regulated effector genes.

In the post-treatment condition, although the addition of the RG and Se-RG showed no significant
effect on an improvement in cell viability of HEK293 cells, a minor role of DNA protection can visibly
be seen. In the Cd-treated condition, most DNA in cells were broken down as indicated by the size
of the comet head being obviously decreased from the control. DNA fragments were spread into
the surrounding area as detected from the blurred green background. However, the addition of
the extracts could not save the cell viability from Cd exposure, and the intensive black background
remained to be observed. This might indicate a slight reduction in the number of DNA fragments
in the surrounding area as both RG and Se-RG indicated a reduction in % DNA in the tail of comets
compared to Cd-treated cells. Moreover, the addition of Se-RG indicated significant reduction in the
tail length (p < 0.05), and thus showed better DNA protective properties.

(a) Pre-treatment 
Control Media 24 h + Cd 24 h RG 24 h + Cd 24 h Se-RG 24 h + Cd 24 h 

    
(b) Co-treatment 

Control Media + Cd 24 h RG + Cd 24 h Se-RG + Cd 24 h 

    
(c) Post-treatment 

Control Cd 24 h + Media 24 h Cd 24 h + RG 24 h Cd 24 h + Se-RG 24 h 

Figure 6. DNA protective effect of RG and Se-RG against CdCl2 induced DNA break in HEK293 kidney
cells while incubated the cells with RG/Se-RG and CdCl2 at different time order of treating the extracts
evaluated by comet assay (a) pre-incubation (b) co-incubation and (c) post-incubation. C means blank
control; Cd means CdCl2 at CC50 level (68.50 μg/mL).
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Figure 7. Assessment of DNA damage parameters in HEK293 cells treated with RG and Se-RG at the
level 10,000 μg/mL compared to the control and Cd-treated ones evaluated using the CometScore
software. (a) changes in % DNA in tail; (b) changes in tail length. Data are means ± standard deviation
(SD). Different letters indicated significant differences (p < 0.05) in Tukey’s significant differences test.

4. Conclusions

In conclusion, our results showed the protective effect of RG and Se-RG in counteracting
Cd-induced damage in HEK293 kidney cells during pre-treatment and co-treatment with Cd.
The results could support the hypothesis that polyphenols in combination with Se compounds may
help in the reduction of oxidative stress, lipid peroxidation rate, morphological impairments and DNA
damage to kidney cells. Flavone glycosides as the major polyphenols in the extracts should contribute
to these beneficial effects. Se-enrichment to ricegrass could promote additional benefits over typical
ricegrass through the upregulation of the GPx enzyme. Se-RG should have potential to be produced
and consumed as a functional food to protect the human body from Cd contamination.
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Abstract: Rice miso contains many ingredients derived from rice koji and has been a valuable source
of nutrition since ancient times. We found that the consumption of rice miso led to improvements
in the moisture content of cheek stratum corneum, skin viscoelasticity, and skin texture. Further,
rice miso extract was found to increase the mRNA expression and activity of β-glucocerebrosidase
(β-GCase), an enzyme involved in ceramide synthesis in the stratum corneum, in cultures. In this
study, we identified the lipid-derived components of rice koji that increase the β-GCase activity
in cultured human epidermal keratinocytes. The methanol fraction of rice koji extract induced an
increase in the mRNA expression and activity of β-GCase in keratinocytes. The active fraction of
rice koji was found to contain phosphatidic acid (PA) and lysophosphatidic acid (LPA). The total
PA concentration in rice koji was 973.9 ng/mg dry weight, which was 17.5 times higher than that in
steamed rice. Among the molecular species, PA_18:2/18:2 was the most frequently found. The total
LPA concentration in rice koji was 29.6 ng/mg dry weight, and 2-LPA_18:2 was the most frequently
found LPA. Since PA and LPA increase the mRNA expression and activity of β-GCase in keratinocytes,
they are thought to be the active ingredients in rice koji that increase the β-GCase levels in human
epidermal keratinocytes.

Keywords: Aspergillus oryzae; rice koji; phosphatidic acid; lysophosphatidic acid; β-glucocerebrosidase

1. Introduction

Rice koji, which is a solid-state culture of koji molds (Aspergilus oryzae) in rice, is used as a raw
material for rice miso. Rice miso contains many ingredients derived from rice koji and has been a
valuable source of nutrition since ancient times. We found that ingesting rice miso improved the
moisture content in cheek stratum corneum, skin viscoelasticity, and texture [1]. Furthermore, the
effect of miso extract on ceramide synthesis in epidermal keratinocytes was examined in cultured
cells, and the mRNA expression and activity of glucocerebrosidase (β-GCase) in these cells increased
when the cells were treated with miso extract [1]. From these results, it was hypothesized that the
moisture level of the skin improves by everyday consumption of miso soup made from rice miso and
that this may occur via increasing the ceramide content of the stratum corneum [1]. A. oryzae produces
and secretes many types of enzymes, including α-amylase, which degrades starch; glucoamylase;
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transglucosidase; acid protease, which degrades protein; and acidic carboxypeptidase [2,3], as it
grows. In addition, rice koji contains various nutrients and supplies the necessary nutrients for yeast
and lactic acid bacteria. These nutrients are especially rich in vitamins of the B group and include
molybdenum; biotin; vitamins B1, B2, and B6; folic acid; pantothenic acid; and niacin [4]. Furthermore,
mono- and diacylglycerol are converted to free fatty acids by the lipid-decomposing enzymes of rice
koji [5], and other studies have suggested that the free fatty acid content in miso contributes to its
antimutagenic activities [6]. The main constituent fatty acids of A. oryzae are lignoceric acid and,
particularly, 2-oxy lignoceric acid and 2,3-dioxyl lignoceric acid, with phytosphingosine reported
as the major long-chain constituent [7]. Rice bran malt contains a bifidobacterial growth-promoting
substance and glucosylceramide, which improve intestinal bacterial flora in mice [8,9]. It has also been
reported that A. oryzae exhibits antioxidant activity [10] and produces multiple cathepsin B-inhibiting
components [11]. Rice koji is used for most Japanese fermented foods, including miso, soy sauce,
amazake, Japanese sake, and malt vinegar. Rice koji and sake lees have also been used as cosmetics
and skin moisturizing agents for many years. In this paper, we report on the lipid-derived components
of rice koji that increase β-GCase levels in cultured human epidermal keratinocytes.

2. Materials and Methods

2.1. Materials

Human epidermal keratinocytes used for a three-dimensional epidermis model were purchased
from the Japan Tissue Engineering Co. Ltd. (Tokyo, Japan). Rice koji, which is a solid-state culture of
koji molds (A. oryzae) in rice, was obtained from Marukome Co., Ltd. (Nagano, Japan). Reagents not
described in the text were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Preparation of Rice Koji Extract

Five hundred grams of fermented rice koji produced by an A. oryzae addition to steamed rice was
extracted using 3 L of chloroform/methanol (2:1). The extract was filtered and concentrated under
reduced pressure on a rotary evaporator. The concentrated extract was fractionated sequentially with
3 L of chloroform, 3 L of acetone, and 3 L of methanol using a silica gel column (5 cm × 35 cm), and the
fractionated solution was recovered. After concentrating this solution under reduced pressure with
an evaporator, the weight of the sample was measured, and each sample was adjusted to a 5 mg/mL
concentration by the addition of ethanol.

2.3. Effects of Fractions of Rice Koji Extracts on Cell Proliferation and β-GCase Activity in Cultured
Human Keratinocytes

Human epidermal keratinocytes were seeded in a 96-well plate at a density of 1 × 104

cells/well, cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
(FBS-DMEM) for 24 h and exchanged into 99 μL of 2% FBS-DMEM. Subsequently, 1 μL each
of the chloroform fraction, acetone fraction, and methanol fraction of the chloroform/methanol
(2:1) extract of rice koji was added (n = 4). Then, the cells were cultured in a CO2 incubator
for three days. After culturing, 10 μL of Cell Counting Kit-8 solution (Dojindo Laboratories,
Inc., Kumamoto, Japan) was added to each well, and after 2 h, the absorbance (at 450 nm)
was measured with a microplate reader (Multi-Detection Microplate Powerscan HT; BioTek,
Winooski, VT, USA) to obtain the number of cells. In this method, the tetrazolium salt WST-8
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt) is reduced by intracellular dehydrogenases, and the absorbance at 450 nm of the generated
water-soluble formazan is measured to determine the number of living cells. The number of cells and
the amount of formazan produced are linearly proportional.

β-GCase activity was determined using 4-methylumbelliferyl β-D-glucopyranoside [1]. Human
keratinocytes cultured for three days in the 96-well plate were washed twice with PBS, and
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30 μL of 0.01 mol/L acetate buffer (pH = 5.0) and 40 μL of a 5 mmol/L 4-methylumbelliferyl
β-D-glucopyranoside solution were added. After a 1 h reaction in an incubator, 50 μL of a 0.1 mol/L
glycine sodium hydrate buffer solution (pH = 10.7) was added to determine the fluorescence using the
microplate reader. The measurement was performed at an excitation wavelength of 360 nm and an
emission wavelength of 460 nm.

2.4. Effects of Fractions from Silica Gel Column Re-Fractionated Rice Koji Extracts on Cell Proliferation and
β-GCase Activity in Cultured Human Keratinocytes

Methanol fractions 1©– 7© of rice koji extract were separately dried and then dissolved in 6 mL of
chloroform. The entire volume of dissolved lipid solution was added to 1 g of silica gel in a column
(Strata SI-1, Phenomenex Inc., Torrance, CA, USA) equilibrated with chloroform and then eluted with
40 mL of chloroform/methanol (2:1). Subsequently, phospholipids other than lysophospholipids were
eluted with 40 mL of chloroform/methanol (1:1). Each fraction was weighed after being dried under
reduced pressure. Then, lysophospholipids were obtained with 40 mL of methanol. Each phospholipid
or lysophospholipid fraction was separated and weighed after being dried under reduced pressure.
Their concentrations were adjusted to 5 mg/mL. Human keratinocytes with these fractions at a
concentration of 50 μg/mL were cultured in 2% FBS-DMEM for three days, and the number of cells
and β-GCase activity were measured in the same manner as in Section 2.3.

2.5. TLC Analysis of Components in Rice Koji That Affect β-GCase Activity

Methanol fractions 2©– 6© (chloroform/methanol 1:1 fractionation, 10 mg/mL); methanol
fractions 4©– 6© (methanol re-fractionation, 10 mg/mL); 1,2-di-(cis-9-octadecenoyl)-sn-glycerin
3-phosphate sodium salt (PA_C18:1/C18:1, Sigma-Aldrich Corp., St. Louis, MO, USA; 10 mg/mL),
as a standard of phosphatidic acid (PA); and oleoyl-L-α-lysophosphatidic acid sodium salt
(1-LPA_C18:1, Sigma-Aldrich Corp., St. Louis, MO, USA; 10 mg/mL), as a standard of
lysophosphatidic acid (LPA), were spotted on a thin-layer chromatography (TLC) plate (silica gel
60 TLC aluminum plates, Merck KGaA, Darmstadt, Germany). The plate was developed with
chloroform/methanol/water/triethylamine (30:35:7:35 (v/v)). The developed plate was sprayed
with molybdenum blue reagent and left at room temperature till turning a blue color. Phospholipids
in the sample were estimated from the Rf value of the obtained spots. The spot density was analyzed
by ImageJ. The method of preparing the molybdenum blue reagent (coloring reagent) was as follows.
Solution A was prepared by adding 4.01 g of molybdenum trioxide (MoO3) to 100 mL of 25 mol/L
H2SO4, which was then boiled gently until the solid dissolved. Solution B was prepared by adding
0.18 g of powdered molybdenum (Mo) to 50 mL of solution A, which was then boiled gently for 15 min
and allowed to cool. Equal amounts of the supernatants were mixed. After diluting three times with
water, an equal volume of ethanol was added, and the solution was placed in a nebulizer.

2.6. Effects of PA_C18:1/C18:1, PA_C16:0/C18:1, and 1-LPA_C18:1 on Cell Proliferation and β-GCase Activity
in Cultured Human Keratinocytes

PA_C18:1/C18:1,1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid (PA_C16:0/C18:1) from the
Cayman Chemical Company, Ann Arbor, MI, USA, and 1-LPA_C18:1 were used. Their concentrations
were adjusted to 10 mg/mL, 1 mg/mL, 0.1 mg/mL, and 0.01 mg/mL with ethanol, respectively. The
effect of PA_C18:1/C18:1, PA_C16:0/C18:1, and 1-LPA_C18:1 on the number of cells and β-GCase
activity in cultured human keratinocytes was examined as described in Section 2.3.

2.7. Effects of the PA and LPA Fractions of Rice Koji on TEWL on a Three-Dimensional Human
Epidermis Model

An agar plate was placed on a warmer set at 32 ◦C in a room with a temperature of 22 ◦C and
a humidity of 40%, and a three-dimensional human epidermis model, which had been cultured for
four days in the presence or absence of the PA fraction 5© or LPA fraction 5© of rice koji (10 μg/mL,
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100 μg/mL in a solvent of ethanol:water (1:99)), was placed on the agar plate inlay. The transepidermal
water loss (TEWL) was measured with a Tewameter TM 210 (Courage and Khazaka Electronic GmbH,
Köln, Germany) using a probe for 24-well culture inserts.

2.8. Effects of PA and LPA on TEWL in a Three-Dimensional Human Epidermis Model

An agar plate was placed on a warmer set at 32 ◦C in a room with a temperature of 22 ◦C and
a humidity of 40%, and a three-dimensional human epidermis model, which had been cultured for
four days in the presence or absence of PA_C18:1/C18:1, PA_C16:0/C18:1, or 1-LPA_C18:1 (10 μ/mL,
100 μg/mL in a solvent of ethanol:water (1:99)), was placed on the agar plate inlay. The TEWL was
measured with the Tewameter TM210 using the probe for 24-well culture inserts [12].

2.9. Effects of the PA and LPA Fractions of Rice Koji, PA_C18:1/C18:1, PA_C16:0/C18:1, and 1-LPA_C18:1 on
the Amount of β-GCase mRNA in the Three-Dimensional Human Epidermis Model

We investigated the amount of β-GCase mRNA involved in ceramide synthesis using a human
epidermal model cultured for four days in the absence or presence of the PA fraction of rice koji,
the LPA fraction, PA_C18:1/C18:1, PA_C16:0/C18:1, or 1-LPA_C18:1 (10 μg/mL, 100 μg/mL in a
solvent of ethanol:water (1:99)). RNA extraction was performed using the RNeasy Protect Mini Kit
(RNeasy Mini kit, Qiagen GmbH, Hilden, Germany) according to the manufacturer’s instructions.
cDNA conversion from the extracted RNA was performed using the One Step SYBR® Prime Script™
RT-PCR Kit II (Takara Bio Inc., Shiga, Japan) according to the package insert. The expression level of
mRNA was measured using real-time PCR (Applied Biosystems 7900HT, Thermo Fisher Scientific
Inc., Waltham, MA, USA). GAPDH was used as a reference gene for normalization. Primers were
purchased from Qiagen. Each experiment was performed thrice. In the analysis, a threshold cycle
Ct was obtained, the difference between the Ct value of the housekeeping gene and the Ct value of
the target gene (ΔCt: (target gene Ct) − (housekeeping gene Ct)) was obtained, and the ratio of gene
expression was calculated from the difference in ΔCt between samples (ΔΔCt).

2.10. Measurement of the PA and LPA Contents in Steamed Rice and Rice Koji

Five hundred microliters of methanol and 500 μL of chloroform were added to 20 mg of
lyophilized powder of steamed rice and rice koji, and after shaking and centrifugation, 100 μL of
supernatant was collected. Then, 100 μL of a methanol solution of a PA measurement internal standard
(PA_16:0 D 31/18: 1 (500 ng/mL)) was added to this supernatant sample to yield an analytical sample
for PA measurement. In addition, 300 μL of the supernatant was taken, and 150 μL of the methanol
solution of internal standard 1-LPA_17:0, 2-LPA_17:0 (50 ng/mL) was added to prepare an analytical
sample for LPA measurement. Liquid chromatography (LC) and mass spectrometry (MS) conditions
are shown below.

LC conditions
Device UltiMate 3000 BioRS (Thermo Fisher Scientific Inc.)

Column
L-column 2 ODS metal-free column (2 mm ID × 150 mm, 3 μm,
Chemicals Evaluation and Research Institute, Tokyo, Japan)

Flow rate 0.2 mL/min
Column temperature 40 ◦C
Sampler temperature 5 ◦C
Injection volume 3 μL
MS conditions
Device 3200 QTRAP (AB Sciex Pte Ltd. Framingham, MA, USA)
Ionization method Electrospray ionization
Measurement mode SRM (negative)
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The analysis software Analyst 1.6.1 (AB Sciex) was used for peak detection. The detection limit
was set to a signal noise ratio (S/N) of 3. The area value of the detected peak was divided by the
peak area value of the internal standard (PA_16:0 D 31/18:1) to calculate the ratio. The approximate
concentration of each molecular species in the sample was calculated using the obtained peak area
ratio. The coefficient of variation (C.V. %) for five measurements of the peak area ratio (analysis
sample/internal standard) of each molecular species was 6.9 ± 2.5 (mean ± standard deviation).

2.11. Measurement of the Relative LPA Contents in Steamed Rice and Rice Koji

To prepare the lysophospholipid fraction, 15 mL of chloroform/methanol (2:1) was added to 5 g
of each of the three types of steamed rice and rice koji, and the mixtures were stirred and extracted
at room temperature for 1 h. They were divided into soluble and solid components by filtration,
and distilled water was added while stirring to make a chloroform/methanol/water solution (8:4:3
volume ratio). The sample was left undisturbed, and the lower layer (chloroform layer, total lipid
fraction) was collected. The total amount of collected lipids was added to a silica gel column (Strata
SI-1 100 mg (Phenomenex Inc.), gel volume 1 mL) equilibrated with chloroform; neutral lipids were
then eluted using 10 mL of chloroform, and glycolipids were eluted using 40 mL of acetone. Finally, a
total phospholipid fraction was obtained with 10 mL of methanol. Total phospholipids were dried
and then dissolved in 1 mL of chloroform. The dissolved phospholipid solution was added in its
entirety to a silica gel column (Strata SI-1 100 mg, Phenomenex Inc.) equilibrated with chloroform,
and phospholipids other than lysophospholipids were eluted with 10 mL of chloroform/methanol
(1:1). Subsequently, a lysophospholipid fraction was obtained with 10 mL of methanol. This fraction
was dried under reduced pressure and dissolved in 100 μL of 10% Triton X-100-isopropanol. For a
determination of LPA concentration, the lysophospholipid fraction was methyl-esterified using a fatty
acid methyl esterification kit (Nacalai Tesque, Inc., Kyoto, Japan), and the products were analyzed
by GC-flame ionization detection (FID) (TC-WAX, GL Sciences Inc., Tokyo, Japan). 1-LPA_C18:1
(Tocris Bioscience, Bristol, UK) was used as a standard. The peak area ratio of each molecular species
with a C.V. below 15% for three measurements was adopted.

2.12. Statistical Analysis

Statistical analysis was performed using t-tests run with MS Excel. Differences with a p value less
than 5% were statistically significant (∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001), and there was no significant
difference (ns) above 5%. In addition, when the ratio was greater than 5% but less than 10%, it was
considered to be exhibiting a tendency (+ p < 0.1).

3. Results

3.1. Effects of Rice Koji Extract Fractions on Cell Proliferation and β-GCase Activity in Cultured
Human Keratinocytes

Figure 1 shows the effects of the chloroform, acetone, and methanol fractions of rice koji extract on
the number of cells and β-GCase activity in cultured human keratinocytes. Significantly more cells
were observed in treatments with methanol fractions 2©– 7© of the rice koji extract than in the control
(Figure 1a). In addition, a significant enhancement in β-GCase activity was confirmed in cells treated
with methanol fractions 5© and 6© of the rice koji extract (Figure 1b). The chloroform and acetone
fractions of rice koji extract had no such effect.
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(a) 

 

(b) 

Figure 1. Effects of fractions of rice koji extracts on cell proliferation and β-GCase activity in
cultured human keratinocytes. (a) The number of cells, (b) β-GCase activity, n = 4, mean ± standard
deviation (S.D.), + p < 0.1 vs. control, ∗ p < 0.05 vs. control, and ∗∗ p < 0.01 vs. control.

3.2. Effects of Fractions from Silica Gel Column Re-Fractionated Rice Koji Extracts on Cell Proliferation and
β-GCase Activity in Cultured Human Keratinocytes

Figure 2 shows the effect of silica gel column re-fractionated rice koji extracts on the number of
cells and β-GCase activity in cultured human keratinocytes. A significant increase in the number of
cells was confirmed in treatments with silica column fractions 2©, 3©, and 5© (chloroform/methanol
1:1 re-fractionation) of the methanol fractions of rice koji extract, and a tendency to promote
cell proliferation was observed in fraction 1© (Figure 2a). In addition, a significant increase in
the number of cells was observed in treatments with silica gel column fraction 1© (methanol
re-fractionation) of the methanol fractions of rice koji extract (Figure 2a). A significant increase
in β-GCase activity was observed in cells treated with fractions 2©– 7© of the silica gel column
fractionations (chloroform/methanol 1:1 re-fractionation) from the methanol fractions of rice koji
extract (Figure 2b). In addition, a significant enhancement in β-GCase activity was confirmed in cells
treated with silica gel column fractions 2©– 6© (methanol re-fractionation) of the methanol fractions of
rice koji extract, and a tendency to promote β-GCase activity was observed in fraction 7© (Figure 2b).
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(a) 

(b) 

Figure 2. Effects of fractions from silica gel column re-fractionated rice koji extract on cell proliferation
and β-GCase activity in cultured human keratinocytes. (a) The number of cells, (b) β-GCase activity,
n = 4, mean ± S.D., + p < 0.1 vs. control, ∗ p < 0.05 vs. control, and ∗∗ p < 0.01 vs. control.

3.3. TLC Analysis of Components of Rice Koji Extract That Induce β-GCase Activity

In Figure 3a, the TLC images of the chloroform and acetone extracts, methanol fractions 2©– 7©
(chloroform/methanol 1:1 re-fractionation of rice koji extract) and methanol fractions 2©– 7© (methanol
re-fractionation of rice koji extract) are shown. The presence of PA in methanol fractions 2©– 6©
(chloroform/methanol 1:1 re-fractionation of rice koji extract) and LPA in methanol fractions 4©– 6©
(methanol re-fractionation of rice koji extract) was confirmed. As a result of the analysis of spot density
with ImageJ, the presence of PA in methanol fraction 5© (chloroform/methanol 1:1 re-fractionation of
rice koji extract) and of LPA in methanol fractions 4© and 5© (methanol refraction of rice koji extract)
was confirmed in a majority of cases (Figure 3b).
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Figure 3. TLC (thin-layer chromatography) analysis of components in rice koji extract that increase
β-GCase activity. (a) TLC image, (b) analysis of spot density with ImageJ. LPA: 1-LPA_C18:1, LA:
PA_C18:1/C18:1.

3.4. Effects of PA_C18:1/C18:1 and 1-LPA_C18:1 on Cell Proliferation and β-GCase Activity in Cultured
Human Keratinocytes

Figure 4 shows the effects of PA_C18:1/C18:1 and 1-LPA_C18:1 on the number of cells and
β-GCase activity in cultured human keratinocytes. Treatment with PA_C18:1/C18:1 (10 μg/mL,
100 μg/mL) and 1-LPA_C18:1 (100 μg/mL) resulted in a significant increase in the number of
cells (Figure 4a). In addition, a significant enhancement in β-GCase activity was observed in cells
treated with either PA_C18:1/C18:1 (10 μg/mL, 100 μg/mL) or 1-LPA_C18:1 (10 μg/mL, 100 μg/mL).
Treatment with PA_C18:1/C18:1 (1 μg/mL) also demonstrated a tendency towards increased β-GCase
activity (Figure 4b).
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Figure 4. Effects of PA_C18:1/C18:1 and 1-LPA_C18:1 on cell proliferation and β-GCase activity in
cultured human keratinocytes. (a) Number of cells, (b) β-GCase activity; n = 4, mean ± S.D., + p < 0.1
vs. control, ∗ p < 0.05 vs. control, and ∗∗ p < 0.01 vs. control.

3.5. Effects of the PA and LPA Fractions of Rice Koji Extract, PA_C18:1/C18:1, PA_C16:0/C18:1, and
1-LPA_C18:1 on the TEWL in the Three-Dimensional Human Epidermal Model

Figure 5a shows the TEWL, which is the amount of moisture that transpired from the stratum
corneum in the three-dimensional human epidermal model cultured for four days in the presence or
absence of the PA and LPA fractions of rice koji extract. The TEWL from human epidermal models
cultured in the presence of methanol fraction 5© (chloroform/methanol 1:1 re-fractionation, 10 μg/mL,
100 μg/mL) as the PA fraction and in the presence of methanol fraction 5© (methanol re-fractionation,
100 μg/mL) as the LPA fraction was significantly lower than that in the absence of these fractions
(control). In addition, the TEWL from human epidermal models cultured in the presence of the LPA
fraction (10 μg/mL) had a tendency to be lower than that in the control (Figure 5a).

Furthermore, Figure 5b shows the TEWL from human epidermal models cultured for four days
in the presence or absence of either PA or LPA. The TEWL from human epidermal models cultured in
the presence of PA_C18:1/C18:1 (10 μg/mL, 100 μg/mL), PA_C16:0/C18:1 (10 μg/mL, 100 μg/mL),
and 1-LPA_C18:1 (100 μg/mL) was significantly lower than that in the absence of these fractions
(control), and the TEWL in the epidermis model cultured for four days in the presence of 1-LPA_C18:1
(10 μg/mL) showed a tendency to be lower than the TEWL in the control (Figure 5b).

The transpiration of moisture from the stratum corneum was significantly suppressed by PA
and LPA.
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Figure 5. Effects of the PA and LPA fractions of rice koji extract, PA_C18:1/C18:1, PA_C16:0/C18:1,
and 1-LPA_C18:1 on the TEWL from the three-dimensional epidermal model. (a) Effects of the PA
and LPA fractions of rice koji extract on the TEWL, (b) effects of PA_C18:1/C18:1, PA_C16:0/C18:1,
and 1-LPA_C18:1 on the TEWL; n = 3, mean ± S.D., + p < 0.1 vs. control, ∗ p < 0.05 vs. control, and ∗∗

p < 0.01 vs. control.

3.6. Effects of the PA and LPA Fractions of Rice Koji Extract, PA_C18:1/C18:1, PA_C16:0/C18:1, and
1-LPA_C18:1 on the Expression Level of β-GCase mRNA in the Three-Dimensional Human Epidermis Model

The level of β-GCase mRNA in the three-dimensional human epidermis models cultured for four
days in the presence of either rice koji methanol fraction 5© (chloroform/methanol 1:1 re-fractionation,
PA fraction 100 μg/mL) or methanol fraction 5© (methanol re-fractionation, LPA fraction 10 μg/mL,
100 μg/mL) was significantly higher than that in the control (Figure 6a). The mRNA level of
β-GCase in the epidermal model cultured for four days in the presence of methanol fraction 5©
(chloroform/methanol 1:1 re-fractionation, PA fraction 10 μg/mL) tended to be higher than the mRNA
level of β-GCase in the control (Figure 6a). Furthermore, the level of β-GCase mRNA in the epidermal
models cultured for four days in the presence of PA_C18:1/C18:1 (100 μg/mL), PA_C16:0/C18:1
(100 μg/mL), or 1-LPA_C18:1 (100 μg/mL) was significantly higher than that found in the control
epidermal model (Figure 6b). The level of β-GCase mRNA in the models cultured for four days in the
presence of PA_C18:1/C18:1 (10 μg/mL), PA_C16:0/C18:1 (10 μg/mL), or 1-LPA_C18:1 (10 μg/mL)
tended to be higher than that of the control model (Figure 6b).
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(a) 

 

(b) 

Figure 6. Effects of the PA and LPA fractions of rice koji extract, PA_C18:1/C18:1, PA_C16:0/C18:1, and
1-LPA_C18:1 on β-GCase mRNA expression in cultured human keratinocytes. (a) Effects of the PA
and LPA fractions of rice koji extract on the level of β-GCase mRNA, (b) effects of PA_C18:1/C18:1,
PA_C16:0/C18:1, and 1-LPA_C18:1 on the level of β-GCase mRNA; n = 3, mean ± S.D., + p < 0.1 vs.
control, ∗ p < 0.05 vs. control, and ∗∗ p < 0.01 vs. control.

3.7. Measurement of the PA and LPA Contents in Steamed Rice and Rice Koji

The content of PA in each molecular species of steamed rice and rice koji was measured, and
the results are shown in Figure 7a. The total PA in rice koji was 973.9 ng/mg dry weight, which was
17.5 times higher than the total PA in steamed rice (55.5 ng/mg of dry weight). PA_18:2/18:2 is the most
common molecular species, followed by, in decreasing order, PA_16:0/18:2, PA_18: 1/18:2, and PA
_16:0/18:1 (Figure 7a). The LPA contents of steamed rice and rice koji are shown in Figure 7b. LPA was
not detected in steamed rice, but LPA at a concentration of 29.6 ng/mg dry weight was confirmed in
rice koji. In addition, the 2-LPA content in rice koji was 14 times that of 1-LPA. The 2 -LPA_18:2 species
was the most frequently found 2-LPA, followed by 2-LPA_18:1. Little 1-LPA was found.
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(a) 

 

(b) 

 

Figure 7. PA and LPA contents in steamed rice and rice koji. (a) Molecular species content of PA in
steamed rice and rice koji, (b) LPA contents in steamed rice and rice koji (left), and molecular species
content of LPA in rice koji relative to that in steamed rice (right).

3.8. Measurement of the PC and LPC Contents in Steamed Rice and Rice Koji

The contents of phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) in steamed rice and
rice koji are shown in Figure 8. Although PC was hardly detected in steamed rice, PC_18:2/18:2 was
the most abundant PC in rice koji, followed by PC_18:1/18:2 and PC_16:0/18:2 (Figure 8a). Two types
of 1-LPC were present in steamed rice: 1-LPC_16:0 and 1–LPC_18:2. Meanwhile, 1-LPC was also
present in rice koji, and 1-LPC_16:0 and 1-LPC_18:2 were abundant. Both 2-LPC_16:0 and 2-LPC_18:2
were less abundant in rice koji than the other types of LPC (Figure 8b).
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(a) 

 

(b) 

Figure 8. PC and LPC contents in steamed rice and rice koji. (a) Relative molecular species content of
PC in steamed rice and rice koji and (b) relative molecular species content of LPC in steamed rice and
rice koji.

4. Discussion

The stratum corneum intercellular lipids, which extend into the intercellular space of the stratum
corneum (extracellular stratum corneum lipids), act as a barrier between the epidermis and the air of
the outside world and are critical to preventing the transpiration of moisture from inside the body
and moisture ingression from outside the body. When this barrier is damaged, excessive evaporation
occurs, and the stratum corneum becomes dehydrated, while further deterioration causes allergic
reactions in the skin, such as rough skin and atopic dermatitis [13–15]. The intercellular lipids consist
of ceramides (37%), cholesterols (32%), long-chain fatty acids (16%), and cholesterol esters (15%) and
form a multilayered lamellar lipid structure [16]. Among these components, ceramides are particularly
important in the stratum corneum and are present in amounts 30 times or greater in the stratum
corneum than in other organs. The stratum corneum ceramides are characterized not only by their
large quantity, but also by the presence of various kinds of molecules [17,18]. Acylceramide, which
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is important for skin barrier function, is produced by β-GCase from acylglucosylceramide [19,20].
In addition, some ceramides are produced from both glucosylceramide and sphingomyelin [21,22].

We showed that the mRNA expression and activity of β-GCase, which is an enzyme involved in
ceramide synthesis in the stratum corneum, increases with exposure to rice miso extract [1]. The levels
of phytosphingosine- and sphingosine-type ceramides increase after such exposure [1]. During the
fermentation of miso, various functional substances are produced by the enzymatic action of various
fermenting microorganisms. For example, miso contains functional substances, such as essential fatty
acids (linoleic acid and linolenic acid), and acylphosphatidic acid is produced by Rhizopus oryzae [23].
In this study, to investigate whether ceramide synthesis is involved in the skin improvement effects of
rice koji, we examined the effects of the lipid component of rice koji on the mRNA level and activity of
β-GCase in cultured keratinocytes. We found that both the mRNA level and activity of β-GCase were
increased in cells treated with a methanol fraction of rice koji extract and with PA and LPA. In addition,
when a methanol fraction of rice koji extract, PA, and LPA were allowed to act on the three-dimensional
human epidermal skin model, a decrease in TEWL and increases in β-GCase activity and β-GCase
mRNA expression occurred. On the other hand, the chloroform and acetone fractions of rice koji
extract had no such effect. Rice (Oryza sativa L.) contains phospholipase A1 and phospholipase A2 [24],
and rice bran oil contains phospholipase D [25,26]. Since steamed rice is used for the production
of rice koji, these enzymes are thought to be inactivated. On the other hand, A. oryzae produces
phospholipase A1 [27,28]. Rice bran oil contains phospholipids [29], and rice contains many PCs,
which are phospholipids, and LPC_16:0 (3.0 to 4.7 μg/mL) and LPC_18:2 (0.8 to 2.2 μg/mL), which
are both lysophospholipids [30].

In our study, PA and LPA were included in rice koji, and since their concentrations were higher in
rice koji than in steamed rice, the source of phospholipids was thought to be the rice. The abundance
of 2-LPA was 14 times greater than that of 1-LPA in rice koji. The 2-LPA_18:2 species was the most
frequently found, followed by 2-LPA_18:1, and the 1-LPA level was low in rice koji. From these results,
PA was considered to be produced from PC by phospholipase D of A. oryzae, and 2-LPA was produced
from PA by phospholipase A1. Furthermore, these results indicated that the activity of phospholipase
A1 of A. oryzae was higher than that of phospholipase A2. However, since the PA content in rice
koji was 10 times greater than the LPA content, the phospholipase A1 activity of A. oryzae was not
thought to be high. In addition, 2-LPA may be produced by phospholipase D of A. oryzae from the
2-LC produced by phospholipase A1 of A. oryzae, but the pathway by which 1-LPA is produced from
1-LC via phospholipase D of A. oryzae contributes less. The activity of phospholipase D of orthologous
genes has not been verified in A. oryzae [31], and further investigating the variations in phospholipase
D for each A. oryzae strain is necessary.

5. Conclusions

The methanol fraction of rice koji extract contains PA and LPA, both of which increase the mRNA
expression and activity of β-GCase in cultured human epidermal keratinocytes. Therefore, PA and LPA
are thought to be among the active ingredients in rice koji that increase the β-GCase levels in human
epidermal keratinocytes. The total PA in rice koji was 973.9 ng/mg dry weight, which was 17.5 times
higher than that in the steamed rice used as the source of rice koji, and contained several molecular
species, of which PA_18:2/18:2 was the most abundant. The total LPA in rice koji was 29.6 ng/mg
dry weight, and 2-LPA_18:2 was the most abundant. Based on these findings, foods containing rice
koji (which includes high levels of PA and LPA) can presumably function in improving the moisture
content, viscoelasticity, and texture of human skin.
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