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Preface

Rice is a staple food for nearly half the world’s population, playing a crucial role in global

food security. Oryza sativa was the first crop to be fully sequenced and is now a model for plant

geneticists, with over 3,000 re-sequenced varieties and the largest publicly available single-species

germplasm collection globally. This vast genetic diversity results in numerous varieties with different

morphological, physical, and physicochemical traits, offering unique value-added food applications.

Similarly, Oryza glaberrima possesses underexplored characteristics worthy of further development.

Despite its ubiquity, the predominant consumption of white rice poses nutritional challenges, as

much of the essential nutrients are lost during the milling process. In contrast, whole grain rice

varieties—such as brown, red, purple, and black rice—retain most of their bran and germ layers,

where vital nutrients and bioactive compounds are concentrated. These whole grain rice varieties

are increasingly being recognized for their rich content of health-promoting phytochemicals and

antioxidants, delivering significant nutritional benefits.

This Special Issue explores the untapped potential of whole grain rice, underutilized varieties,

and rice byproducts. It aims to introduce new genetic insights and value-added strategies to enhance

the health-promoting properties of this important crop. The Issue highlights cutting-edge research,

from the genetic manipulation of rice to agricultural practices that enhance rice’s nutritional value, to

innovative processing methods that retain and exploit its health-beneficial compounds.

A major goal of the Issue is to gather novel insights and foster collaborations to pave the way for

future developments. Contributions from a diverse group of researchers highlight different dimensions

of the topic, including genetic approaches, agricultural practices, and value-added methods that

enhance the health benefits of brown, red, purple, and black rice. Additional research has focused on

improving rice’s nutritional profile and its application in various health-related contexts.

The contributions are categorized into four main areas:

1. Genetic Factors Impacting Health-Promoting Compounds in Rice

The Impact of the Alteration of Starch Branching Enzyme IIb (BEIIb) and Soluble Starch

Synthase IIa (SSIIa) Alleles on Rice Starch: Hu et al. examined the genetic effects of BEIIb and SSIIa

on starch properties, providing insights into how these genetic factors could be used to breed rice with

amylose content and resistant starch.

2. Preharvest Treatments and Their Effects on Health-Promoting Compounds in Rice

The Grain Quality, Bioactivity, and Safety of Organically Produced Rice: Bergman and Pandhi

assessed the impact of organic versus conventional rice farming on grain quality and safety, finding

minor differences in quality and nutritional traits but notable advantages in reducing pesticide residues.

3. Processing Effects on Rice’s Physical and Nutritional Qualities

The Effects of Hard Water Boiling on Chalky Rice vs. Whole Rice: Nakamura and Ohtsubo

investigated how hard water affects enzymatic activities, as well as the texture and calcium content

of chalky rice, revealing that hard water can mitigate texture deterioration and enhance calcium

absorption. Salinity Treatment as a Way to Boost the Accumulation of Bioactive Compounds in

Germinated Rice: Hasan et al. explored how different salinity levels during germination can boost

the levels of momilactones and phenolic compounds in brown rice, potentially enhancing its health

benefits.

Improving Bioactive compounds in Amazake, a Naturally Sweet Beverage, using Germinated

Rice: Castanho et al. demonstrated that germinated rice improves γ-oryzanol and γ-aminobutyric acid

content in Amazake, highlighting the benefits of rice fermentation for health-promoting compounds.

ix



Far-Infrared Radiation Drying and Rice Quality: Ratseewo et al. assessed how far-infrared radiation

drying affects starch digestibility and phenolic compound levels in pigmented rice, noting its potential

benefits for enhancing rice’s nutritional profile.

Lipid Profiles in Germinated Brown Rice Beverages: Beaulieu et al. compared lipid profiles

in beverages obtained from germinated brown, non-germinated brown, and white rice using green

technologies. The authors noted the highest health-beneficial lipid concentrations in the germinated

brown rice-derived beverage and potential for improving beverage quality.

4. Health Impacts of Rice Consumption

Cardiac Benefits of Parboiled Germinated Brown Rice: On-Nom et al. showed that parboiled

germinated brown rice reduces blood pressure and improves cardiac health in hypertensive rats,

suggesting its potential for managing hypertension

Prevention of Diabetes and Dementia with Brown Rice Blends: Nakamura et al. investigated

the potential of high-pressure-treated brown rice blends for preventing type 2 diabetes and dementia,

showing promising results in reducing insulin secretion and improving cognitive function.

The Treatment of Overlapping Gastroesophageal Reflux Disease and Irritable Bowel Syndrome

with Rice Noodles vs. Wheat Noodles: Patcharatrakul et al. evaluated the effects of rice versus wheat

on GERD symptoms, finding that rice induces fewer symptoms and may be better suited for patients

with overlapping GERD and IBS.

5. Utilization of Rice Byproducts

A Review of Methods for the Stabilization of Rice Bran: Yılmaz Tuncel reviewed methods for

stabilizing rice bran, addressing the challenges of rancidity and suggesting strategies to enhance its

use as a nutritious food ingredient.

While these studies have expanded understanding of rice’s nutritional and health potential,

further research is needed to optimize these practices and explore additional health benefits. Key areas

for future investigation include the value-added use of rice husks. Overall, this Special Issue provides

a foundation for future innovation in rice production and utilization, encouraging cross-disciplinary

collaboration in genomics, agronomy, food science, and biology to tackle the remaining challenges.

We thank all contributors and reviewers for their invaluable efforts in making this reprint a

success. We look forward to seeing how this research continues to shape the field.

This reprint is dedicated to the memory of Dr. Ida Wenefrida, whose remarkable contributions to

rice research and tireless dedication to advancing agricultural science have left a lasting impact. Her

friendly personality, availability, and willingness to collaborate on this topic, along with her generosity

in sharing knowledge and unwavering support for her colleagues, made this Special Issue possible.

We hope that Ida’s work and legacy will continue to inspire future generations of cereal researchers.

Piebiep Goufo, John C. Beaulieu, Ming-Hsuan Chen, and Ida Wenefrida

Editors
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Abstract: Starch branching enzyme IIb (BEIIb) and soluble starch synthase IIa (SSIIa) play important
roles in starch biosynthesis in cereals. Deficiency in the BEIIb gene produces the amylose extender (ae)
mutant rice strain with increased amylose content (AC) and changes in the amylopectin structure.
The SSIIa gene is responsible for the genetic control of gelatinization temperature (GT). The combined
effects of BEIIb and SSIIa alleles on the AC, fine structures, and physicochemical properties of starches
from 12 rice accessions including 10 recombinant inbred lines (RIL) and their two parents were
examined in this study. Under the active BEIIb background, starches with the SSIIa-GC allele showed
a higher GT than those with the SSIIa-TT allele, resulting from a lower proportion of A chain and
a larger proportion of B1 chains in the amylopectin of SSIIa-GC. However, starch with the BEIIb
mutant allele (be2b) in combination with any SSIIa genotype displayed more amylose long chains,
higher amylose content, B2 and B3 chains, and molecular order, but smaller relative crystallinity and
proportion of amylopectin A and B1 chains than those with BEIIb, leading to a higher GT and lower
paste viscosities. These results suggest that BEIIb is more important in determining the structural and
physicochemical properties than SSIIa. These results provide additional insights into the structure-
function relationship in indica rice rather than that in japonica rice and are useful for breeding rice
with high amylose content and high resistant starch.

Keywords: rice; starch synthase; branching enzyme; starch structure; functional property

1. Introduction

The emergence of hybrid rice technology has greatly increased the yield potential of
rice and solved the problem of food shortages. However, people’s demand for a better life
and tastier rice is increasing with the gradual improvement of people’s living standards.
Starch is the most important element of rice, accounting for about 90% of the milled
rice on a dry weight basis, and its physicochemical properties mainly determine rice
cooking and eating quality (CEQ) [1,2]. Starch is composed of amylose and amylopectin
molecules. Amylose is a relatively long linear α-glucan linked by α-(1→4) glycosidic
bonds [3]. Amylopectin is a highly branched polymer with linear chains linked with
α-(1→4) glycosidic bonds and branch points linked by α-(1→6) glycosidic bonds [3,4].
Starch biosynthesis is a complicated process. Amylose is synthesized under the sole action
of the granule-bound starch synthase (GBSS) encoded by the Waxy (Wx) locus [5]. The
synthesis of amylopectin requires a combination of multiple enzymes, including four
soluble starch synthase (SS) isoforms (SSI, SSII, SSIII and SSIV), two starch branching
enzyme (BE) isoforms (BEI and BEII), and starch debranching enzymes [5].

Foods 2023, 12, 119. https://doi.org/10.3390/foods12010119 https://www.mdpi.com/journal/foods1
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Natural variations in starch biosynthesizing genes are responsible for the different
starch physicochemical properties and CEQ. Although many genes involved in starch
biosynthesis have natural variations, the variation in Wx and SSIIa is well known and has
great effects on the improvement in grain quality since they are responsible for the genetic
basis of amylose content (AC) and gelatinization temperature (GT), respectively [6]. A G/T
single nucleotide polymorphism (SNP) (AGGTAT/ AGTTAT) at 5′ splice site of the first
intron of Wx pre-mRNA can differentiate indica type Wxa (G SNP) and japonica type Wxb (T
SNP) alleles [7]. A simple sequence repeat (SSR) or microsatellite, cytosine-thymine (CT)n,
in the Wx gene can be used to classify rice with different AC classes, which can explain >75%
of the variation in AC among various rice accessions [8–10]. Two nonsynonymous SNPs,
i.e., G/A at the 4198 bp, and GC/TT at the 4329/4330 bp of SSIIa have been discovered to
affect the GT [11–13]. The G/GC combination (or haplotype) rice has an intermediate or
high GT, whereas rice with the A/GC or G/TT combination has a low GT, but the A/TT
haplotype does not exist in nature [12–16].

Mutations in the starch biosynthesizing genes may lead to enzyme deficiency and
starches with altered structure and functionality. The waxy or glutinous rice with a char-
acteristic of <2% AC is derived from a common mutation of the Wx gene. The knocking
out of the Wx gene with physical and chemical mutagenesis, or a new tool such as the
clustered regularly interspaced short palindromic repeats (CRISPR)/associated protein-9
(Cas9) can easily produce the waxy mutant [17]. The amylose extender (ae) mutant is derived
from a defect in the BEIIb gene [18,19] that specifically changes the amylopectin structure
by decreasing the number of short chains with a degree of polymerization (DP) of 17 or
less, with the greatest decrease in the DP8-12 chains [18]. In addition, AC is significantly
positively correlated with resistant starch content, which is defined as the sum of starch
and products of starch degradation not absorbed in the small intestine of healthy individu-
als [20]. Therefore, ae starch is a kind of resistant-starch resource, which can offer a wide
array of health benefits to humans [21].

The combination of alleles of different starch biosynthesizing genes has been re-
ported to change the physicochemical properties and starch fine structures. For example,
Kubo et al. [22] indicated that ae and wx/ae double mutant starches display no difference
in the chain-length distribution (CLD) of amylopectin and morphology of the starch gran-
ule, but wx/ae starch showed a higher pasting temperature and higher peak viscosity.
The role of the Wx and SSIIa combination on the amylose fine structure was reported
by Wang et al. [23], who found that Wx SNPs can affect AC but they are unable to alter
the CLD of both amylopectin and amylose. Itoh, et al. [21] introduced the SSIIa from an
indica rice cultivar to an ae mutant, which led to a higher proportion of amylopectin chains
with DP11–18 than those in be2b, and the introduction of Wx from an indica rice cultivar
significantly increased AC in the endosperm starch. Ida et al. [24] found that the AC and
starch crystallinity in the japonica ss2a/be2b mutant were significantly higher than those
in the be2b single mutant. Although previous studies have reported the effects of allele
combinations of different genes on physical and chemical properties and amylopectin chain
length distribution (CLD) [21,22,24], most of these studies were focused on japonica rice.
However, there is limited information about the effects of SSIIa and BEIIb on the AC, starch
fine structure, crystal structure, and functional characteristics of indica rice starch.

In this study, we hypothesize that the starch structure-function relationship would be
altered in different combinations of BEIIb and SSIIa genotypes. Indica rice recombinant
inbred lines (RIL) with different BEIIb and SSIIa genotypes were produced by cross-breeding
assisted with a selection of molecular markers. The objective of this study is to characterize
the structural and functional properties of the RILs and elucidate the effects of BEIIb and
SSIIa genotype combinations on the structure-function relations of starch.
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2. Materials and Methods

2.1. Materials

An indica rice cultivar Longtefu B (LTFB) with SSIIa allele-TT/BEIIb genotype and
an amylose extender (ae) mutant BP577 with SSIIa allele-GC/be2b genotype was crossed
to obtain F1. Each F2 breeding line was advanced by the single seed descent method to
generate a recombinant inbred line (RIL) population. Molecular markers were applied in
the F4 generation to select the recombination of SSIIa and BEIIb alleles. Ten breeding lines
(BL01~BL10) were selected and advanced to F7. In this study, a completely randomized
design with two replications was conducted at the Zhejiang University farm, Hangzhou,
China. Mature seeds were harvested in late September.

2.2. Genotyping of Breeding Lines

The leaves harvested from seedlings of each RIL were used for genomic DNA isolation
with the CTAB method of Doyle [25]. The genotypes of each RIL were analyzed by
molecular marker [26,27]. The sequences of primers used in this study are listed in Table S1.
The PCR products were separated by running agarose or polyacrylamide gel electrophoresis
(PAGE) gels [26,27]. To confirm whether all the rice lines carried the same Wx allele, the
microsatellites (CT)n were amplified with a primer, as described in Bao et al. [9].

2.3. Starch Isolation and Debranching

Starch was extracted from rice flour following the methods of Syahariza, Li, and
Hasjim [28]. The purified starch was debranched by the addition of 2.5 μL isoamylase
(1000 U/mL) from Pseudomonas sp. (Megazyme International Ltd., Bray, Co. Wicklow,
Ireland), and mixed with 100 μL acetate buffer solution (0.1 M, pH 3.5) and 5 μL sodium
azide solution (0.04 g/mL), and then incubated at 37 ◦C for 3 h. The starch solution was
neutralized with 100 μL NaOH (0.1 M) and heated at 80 ◦C for 1 h, then freeze-dried
overnight. The debranched starch fraction was dissolved in DMSO/LiBr (5%) for further
size-exclusive chromatography (SEC) analysis.

2.4. Size-Exclusion Chromatography (SEC)

The chain-length distributions (CLDs) of the debranched starch were separated with
the SEC using an LC20AD system (Shimadzu Corporation, Kyoto, Japan) equipped with
three columns (pre-column, Gram 100, and Gram 1000) (PSS, Mainz, Germany) in se-
quence according to the method described in Zhang et al. [26]. The weight CLD of the
debranched chains with the degree of polymerization (DP) or X, denoted as wde(logX),
obtained from the DRI signal, was converted to the corresponding number distribution
Nde(X) by wde(logX) = X2 Nde(X) (a relation that holds only for linear polymers) [29]. XAP1
and XAP2 are the DP value at the peak 1 & 2 of amylopectin, and XAM represents the DP
value at the amylose peak, hAP2/hAP1 is the ratio of the peak heights of amylopectin, and
hAM is the peak height of amylose.

2.5. Amylose Content Measurement

The AC was calculated from the SEC weight distributions of debranched starch by
dividing the area under the curve (AUC) for 100 < X < 10,000 by the whole area, i.e., the
whole weight distribution of the debranched starch molecules.

2.6. FACE Analysis

The debranched starches were labeled with the fluorescence 8-amino-1,3,6-pyrenetrisulfonic
acid according to the method of Wu et al. [30]. The amylopectin chain-length distribution
was separated in an MDQ Plus Fluorophore-assisted carbohydrate electrophoresis (FACE)
System, coupled with an argon-ion laser as the excitation source and a solid-state laser-
induced fluorescence detector. The side chains of amylopectin can be divided into four
groups according to their DP: DP ≤ 12 (A chain), 13 ≤ DP ≤ 24 (B1 chain), 25 ≤ DP ≤ 36 (B2
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chain), and DP ≥ 37 (B3 and ultra-long chain) [31]. The proportions of the different groups
were calculated from the amylopectin CLDs denoted as fa, fb1, fb2, and fb3, respectively.

2.7. X-ray Diffraction

X-ray diffraction analysis of the starch granules was conducted on an X-ray powder
diffractometer (D8, Bruker, Karlsruhe, Germany), at a voltage of 40 kV and a current of
40 mA. The starches were tightly packed into the glass sample holder, and data were
collected over an angular range of 2θ from 3◦ to 40◦ with a step of 0.05◦. The relative
crystallinity (RC, %) was calculated using Origin software (OriginLab Co., Northampton,
MA, USA) following the method of Zhang, et al. [26].

2.8. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

A Varian 7000 Fourier transform infrared spectrometer equipped with a DTGS detector
and an ATR single-reflectance cell containing a germanium crystal (45◦ incidence angle)
(PIKE Technologies, Madison, WI, USA) was used to measure the short-range ordered
structure of the starch granules [32]. The sample was scanned 64 times from 4000 to
800 cm−1 with a resolution of 4 cm−1. The relative absorbances at 1045, 1022, and 995 cm−1,
which represent the ordered regions, amorphous regions, and the bonding in the hydrated
carbohydrate helices in starch, respectively [33], were extracted from the deconvoluted
spectra and measured from the baseline to the peak height. The 1045/1022 cm−1 ratio
represents the degree of order in the starch external region, while the 1022/995 cm−1 ratio
represents an index for the ratio of amorphous to carbohydrate structure starch.

2.9. RVA Pasting Viscosity

Three grams of rice flour was weighed in an aluminum can and then mixed with
deionized water (25 g). The pasting properties were analyzed using a rapid visco-analyzer
(RVA) (Model 4500, Perten Instrument, Hägersten, Sweden) according to the method of
Bao et al. [1]. The idle temperature was set to 50 ◦C, held for 1.0 min, and then linearly
ramped up to 95 ◦C until 4.8 min had elapsed, held at 95 ◦C until 7.5 min had elapsed,
before being linearly ramped down to 50 ◦C after 11 min had elapsed, and held at this
temperature until 12.5 min had elapsed. The RVA trace was analyzed by TCW software to
obtain the peak (PV), host paste (HPV), and cold paste (CPV) viscosities. The breakdown,
(BD = PV − HPV), consistency (CS = CPV − HPV), and setback (SB = CPV − PV) were
derived from the PV, HPV, and CPV. The unit of all viscosity parameters is Rapid Visco
Units (RVU).

2.10. DSC Thermal (Gelatinization) Properties

The thermal (gelatinization) characteristics were measured by using a DSC 2920 ther-
mal analyzer (TA Instruments, Newcastle, DE, USA) equipped with DSC standard and
dual sample cells, according to the method of Bao et al. [34]. Rice flour (2.0 mg, d.b.) was
weighed into an aluminum pan to which 6 μL of distilled water was added. The pan was
hermetically sealed, equilibrated at room temperature for 1 h, and then heated at a rate of
10 ◦C/min from 30 ◦C to 110 ◦C. A sealed empty pan was used as a reference. Onset (To),
peak (Tp), conclusion (Tc) temperature, and enthalpy (ΔH) of gelatinization were calculated
automatically using the Universal Analysis 2000 program (Version 4.4A) software (TA
Instruments, Newcastle, DE, USA).

2.11. Statistical Analysis

All analyses were carried out in duplicate and reported as mean ± SD. Analysis of
variance (ANOVA) was conducted in SAS 9.0 (SAS Institute Inc., Cary, NC, USA) with
Tukey’s pairwise comparisons (p < 0.05). Clustering analysis of the genotypes based on the
structural and physicochemical properties was conducted using IBM SPSS Statistics 25.

4



Foods 2023, 12, 119

3. Results and Discussion

3.1. Genotyping of The Breeding Lines

The use of PAGE gel can easily identify the two alleles of BEIIb. The PCR products
of BEIIb or be2b were digested with MboI restriction endonuclease (Figure 1), which can
separate the BEIIb or be2b (mutant) allele. Two pairs of primers facing each other were
used in a PCR reaction to amplify SSIIa GC/TT alleles (Figure 1), which are denoted as
SSIIa-GC (GC) and SSIIa-TT (TT) alleles. To confirm whether all rice carried the same
Wx allele, the (CT)n microsatellites were amplified, displaying the same allele (Figure 1).
The parent BP577 is an amylose extender (ae) mutant, so it has the be2b allele and also
harbors the SSIIa–GC allele (Figure 1; Table 1). The parent LTFB has the BEIIb and SSIIa-TT
alleles. Theoretically, there are four combinations of SSIIa and BEIIb alleles. As a result,
four combinations were found in the RILs, including SSIIa-GC/BEIIb, SSIIa-TT/BEIIb,
SSIIa-GC/be2b, and SSIIa-TT/ be2b (Table 1).

Figure 1. Genotyping of Wx, BEIIb, and SSIIa alleles in RILs.

Table 1. Structural parameters of chain length distribution (CLD) of debranched starches obtained
from SEC.

Sample Genotype XAP1 XAP2 XAM hAM hAP2/hAP1 AC (%)

BP577 GC/be2b 17.26 ± 0.10 a 44.04 ± 0.08 ab 729.47 ± 4.76 a 0.42 ± 0.01 cd 0.86 ± 0.00 b 33.16 ± 0.011 bc
LTFB TT/BEIIb 14.09 ± 0.19 c 39.68 ± 0.14 e 580.61 ± 12.17 e 0.25 ± 0.00 ef 0.58 ± 0.00 c 26.85 ± 0.007 e
BL01 GC/be2b 17.29 ± 0.07 a 43.89 ± 0.22 bc 710.71 ± 4.62 a 0.40 ± 0.01 d 0.86 ± 0.00 b 32.27 ± 0.002 c
BL02 GC/be2b 17.10 ± 0.06 a 43.52 ± 0.15 c 718.95 ± 24.96 a 0.45 ± 0.00 b 0.87 ± 0.00 b 33.84 ± 0.002 ab
BL03 TT/be2b 17.19 ± 0.10 a 44.42 ± 0.00 a 704.57 ± 1.52 ab 0.44 ± 0.01 bc 0.89 ± 0.00 a 32.94 ± 0.004 bc
BL04 TT/be2b 16.87 ± 0.03 a 43.60 ± 0.22 bc 743.92 ± 3.25 a 0.48 ± 0.02 a 0.88 ± 0.00 ab 34.84 ± 0.009 a
BL05 TT/be2b 17.06 ± 0.03 a 43.97 ± 0.15 abc 698.55 ± 7.54 abc 0.42 ± 0.00 bcd 0.86 ± 0.00 b 32.31 ± 0.003 c
BL06 GC/BEIIb 15.13 ± 0.06 b 40.50 ± 0.14 d 639.70 ± 2.72 d 0.24 ± 0.01 ef 0.54 ± 0.00 d 28.26 ± 0.005 d
BL07 GC/BEIIb 15.16 ± 0.09 b 40.23 ± 0.14 d 642.54 ± 10.95 d 0.22 ± 0.00 f 0.53 ± 0.00 d 26.82 ± 0.000 e
BL08 TT/BEIIb 14.65 ± 0.54 b 38.67 ± 0.20 f 651.70 ± 33.37 bcd 0.25 ± 0.00 e 0.53 ± 0.00 d 27.78 ± 0.001 de
BL09 TT/BEIIb 14.01 ± 0.00 c 38.60 ± 0.00 f 643.96 ± 41.11 cd 0.25 ± 0.00 e 0.53 ± 0.00 d 27.35 ± 0.003 de
BL10 TT/BEIIb 14.09 ± 0.03 c 39.00 ± 0.13 f 617.15 ± 11.76 de 0.24 ± 0.00 ef 0.53 ± 0.01 d 27.18 ± 0.009 de

Values with different letters in the same column are significantly different at p < 0.05. XAP1 and XAP2 are the
degrees of polymerization (DP) of amylopectin peaks, XAM represents the DP of amylose peak, hAP2/hAP1 is the
ratio of the peak heights of amylopectin, hAM is the peak height of amylose, and AC is amylose content (%).
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3.2. SEC Chain-Length Distributions of the Debranched Starch

The SEC weight distribution of debranched starch from the GC/BEIIb, TT/BEIIb,
GC/be2b, and TT/be2b series is shown in Figure 2A. The maximum SEC weight distribution
of each sample is normalized to an arbitrary value of 1. Three peaks exist in the SEC-weight
CLDs (Figure 2A). Debranched amylopectin has two peaks: the first peak at DP from 14 to
17, or XAP1, indicates short amylopectin chains, while the second peak at DP from 38 to
44, or XAP2, indicates a long amylopectin chain (Table 1; Figure 2A). Debranched amylose
has only one peak at DP 580 (LTFB) to 729 (BP577). Two parents showed distinctive CLD
parameters, and most of the parameters of their offspring were between two parents with
some transgressive segregations that had larger or smaller values than the parents (Table 1).
The parent BP577 and the breeding lines with the be2b allele mostly had larger XAP1, XAP2,
and XAM, indicating that their amylopectin and amylose had larger molecular sizes than
those carrying the BEIIb allele. The lines with SSIIa-GC/BEIIb had slightly larger XAP1 and
XAP2 than those with SSIIa-TT/BEIIb. Rice with the be2b allele had much higher hAP2/hAP1
than those with the BEIIb allele, which is in agreement with the result of Tappiban, et al. [19],
who showed that the mutant deficiency in BEIIb had the hAP2/hAP1 of 0.947. The value of
hAP2/hAP1 of the be2b genotypes was as high as that of potato starches [35], and a little larger
than that of cassava starches and common rice starches [23,36].

Figure 2. The chain length distribution (CLD) of debranched starch. (A): SEC weight CLDs of the
whole range of debranched starch; (B): FACE number CLDs of debranched amylopectin branches.
All distributions are normalized to the global maximum peak.

Both parents carry the same Wxa allele with high AC, so all the breeding lines had AC
larger than 27%. The AC of the rice with the be2b allele (32.27%~34.84%) was significantly
higher than those with the BEIIb allele (26.82%~28.26%). However, there is no significant
difference between the SSIIa GC and TT alleles (Table 1). In previous reports, the be2b allele
represents the lack of BEIIb and can increase the AC of rice starches [19,37–39] and corn
starches [40]. Since GBSS is responsible for amylose synthesis, these results may suggest
that the GBSS might be inhibited by an active BEIIb.

The CLD number of the debranched starch from FACE is shown in Figure 2B, and the
maximum value is normalized to 1. The maximum peak is at DP ~ 12, and a small bump is
found at DP30~40. The amylopectin chains can be divided into four groups according to
DP: DP ≤ 12 (A chain), 13 ≤ DP ≤ 24 (B1 chain), 25 ≤ DP ≤ 36 (B2 chain), and DP ≥ 37
(B3 and ultra-long chain) [31]. The proportion of amylopectin CLD showed a significant
difference between starches from different BEIIb and SSIIa genotypes (Table 2), which was
in agreement with the results from the SEC weight distribution (Table 1 and Figure 2A).
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The proportion of A chain and B1 chain of starches with the be2b genotype ranged from
20.29% to 21.73% and 41.74% to 44.06%, which was much lower than those with the BEIIb
genotype. Similarly, the proportions of the B2 and B3 chains of be2b were much higher
than those of the BEIIb allele, leading to the average length of the be2b starch amylopectin
being significantly higher than that of its BEIIb counterpart. The structural changes derived
from BEIIb deficiency were in agreement with previous reports [18,21,22,26]. These results
confirmed that the ae mutant not only prolongs the branch chain length of amylopectin
but also significantly increases amylose content in starch [37]. Under the same BEIIb allele
background, the A chain content of the SSIIa-GC starch was significantly lower, while
the B1 chain content was significantly higher than that of SSIIa-TT (Table 2). In common
rice accessions, it was proven some time ago that rice with the GC allele has lower fa
chain content and fa/fb1 ratio than that with the TT allele [14]. However, under the be2b
allele background, rice materials with SSIIa-GC starch had a little higher A chain content
than those with the SSIIa-TT allele, while the reverse was found for the content of the B1
chain (Table 2).

Table 2. Structural parameters of amylopectin CLDs obtained from FACE.

Sample Genotype fa fb1 fb2 fb3 X

BP577 GC/be2b 21.36 ± 0.17 fg 42.53 ± 0.04 f 11.55 ± 0.09 c 24.56 ± 0.05 bc 26.25 ± 0.03 c
LTFB TT/BEIIb 27.27 ± 0.25 c 46.59 ± 0.32 c 11.20 ± 0.07 d 14.95 ± 0.51 ef 21.73 ± 0.22 f
BL01 GC/be2b 21.05 ± 0.25 gh 41.74 ± 0.50 g 11.34 ± 0.07 d 25.76 ± 0.82 a 26.94 ± 0.35 a
BL02 GC/be2b 21.73 ± 0.21 ef 41.74 ± 0.17 g 11.01 ± 0.04 e 25.52 ± 0.34 ab 26.76 ± 0.15 ab
BL03 TT/be2b 20.50 ± 0.08 hi 43.29 ± 0.40 e 12.31 ± 0.11 a 23.90 ± 0.42 c 26.45 ± 0.16 abc
BL04 TT/be2b 20.29 ± 0.28 i 43.35 ± 0.07 e 12.01 ± 0.08 b 24.35 ± 0.27 c 26.43 ± 0.11 bc
BL05 TT/be2b 22.05 ± 0.61 de 44.06 ± 0.59 d 11.87 ± 0.09 b 21.02 ± 1.11 d 25.34 ± 0.54 d
BL06 GC/BEIIb 22.43 ± 0.14 d 52.15 ± 0.34 a 10.69 ± 0.01 fg 14.73 ± 0.47 ef 21.96 ± 0.19 ef
BL07 GC/BEIIb 22.09 ± 0.31 de 51.74 ± 0.20 a 10.82 ± 0.13 f 15.35 ± 0.03 e 22.29 ± 0.04 e
BL08 TT/BEIIb 29.17 ± 0.24 a 47.68 ± 0.46 b 10.49 ± 0.03 h 12.66 ± 0.73 h 20.57 ± 0.27 h
BL09 TT/BEIIb 28.71 ± 0.15 ab 47.46 ± 0.03 b 10.64 ± 0.05 gh 13.19 ± 0.14 gh 20.80 ± 0.08 gh
BL10 TT/BEIIb 28.16 ± 0.05 b 47.26 ± 0.08 cb 10.64 ± 0.05 gh 13.93 ± 0.08 gf 21.17 ± 0.03 g

Values with different letters in the same column are significantly different at p < 0.05. X indicates average
chain length.

3.3. Crystalline Structure

The XRD patterns of the two parents and 10 breeding lines are shown in Figure 3A.
The A-type crystallinity starch has the characteristic of containing more short branch chains
of amylopectin, while the B-type crystallinity has the characteristic of containing more long
branch chains, and the C-type starch is a mixture of A and B -type crystallinity. Starches with
the BEIIb allele had a typical A-type crystalline with four peaks at diffraction angles (2θ) of
15◦, 17◦, 18◦, and 23◦ in common with those of common rice and other cereal starches [19,37].
The BEIIb deficiency mutant starch generally has B-type crystallinity [19,22,24,37,40]. In
this study, starches with the be2b allele had a C-type pattern with a strong peak at 17◦ and
weak peaks at 5◦, 15◦, and 23◦, which may be derived from incomplete suppression of the
expression of the BEIIb [37]. The relative crystallinity (RC) showed significant differences
between genotypes with different allele combinations (Table 3). Among starches with
A-type crystalline, values of RC with the GC allele (BL06 and BL07) were a little higher than
those of the TT allele (BL08-10). Starch with high RC was in alignment with higher B1 chain
proportion, so in the common starches, those with the GC allele had higher fb1 content
(Table 2), resulting in high RC. However, among the starches with C-type crystallinity,
values of RC with the GC allele (BL01-BL02) were a little lower than those of the TT allele
(BL03-05) (Table 3). It is possible that the short chains generated in the BEIIb mutant were
inhibited from elongation due to the action of the SSIIa isoform. It is also suggested that
SSIIa forms a heteromeric protein complex with SSI and BEIIb in cereal endosperm to
synthesize amylopectin [6,41,42]. Therefore, the lack of BEIIb isoform may decrease the
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amount of functional protein complex, which results in less short-chain elongation, even
though the SSIIa is abundant.

( ) (B) 

Figure 3. XRD spectra (A) and deconvoluted ATR-FTIR spectra (B) of rice starches.

Table 3. Relative crystallinity and IR ratios of rice starches.

Sample Genotype RC (%) 1045/1022 1022/995

BP577 GC/be2b 21.68 ± 0.33 cd 0.783 ± 0.010 b 0.998 ± 0.011 de
LTFB TT/BEIIb 23.16 ± 0.01 b 0.654 ± 0.005 de 1.060 ± 0.011 a–e
BL01 GC/be2b 20.51 ± 0.13 e 0.812 ± 0.005 a 0.937 ± 0.011 e
BL02 GC/be2b 20.75 ± 0.27 de 0.782 ± 0.006 ab 1.020 ± 0.011 cde
BL03 TT/be2b 21.07 ± 0.16 cde 0.778 ± 0.002 ab 0.925 ± 0.011 e
BL04 TT/be2b 20.89 ± 0.34 de 0.753 ± 0.015 bc 0.998 ± 0.011 de
BL05 TT/be2b 21.88 ± 0.44 c 0.769 ± 0.001 b 0.967 ± 0.011 de
BL06 GC/BEIIb 24.27 ± 0.17 a 0.722 ± 0.026 c 1.102 ± 0.011 a–d
BL07 GC/BEIIb 24.22 ± 0.21 a 0.742 ± 0.008 bc 1.042 ± 0.011 b–e
BL08 TT/BEIIb 23.38 ± 0.14 ab 0.678 ± 0.007 d 1.164 ± 0.011 ab
BL09 TT/BEIIb 23.89 ± 0.25 ab 0.652 ± 0.012 de 1.186 ± 0.011 a
BL10 TT/BEIIb 23.09 ± 0.21 b 0.634 ± 0.005 e 1.140 ± 0.011 abc

Values with different letters in the same column are significantly different at p < 0.05; RC: relative crystallinity.

The 900–1200 cm−1 region of the FTIR spectra of the two parents and their breeding
lines is shown in Figure 3B. The 1045/1022 cm−1 ratio displayed significant differences
between the rice materials, ranging from 0.634 (BL10) to 0.812 (BL01) (Table 3). The higher
ratio of 1045/1022 cm−1 may indicate that the starch has a higher degree of ordered
structure. In either BEIIb or SSIIa allele backgrounds, it is clearly shown that starches with
the be2b or GC allele had a higher degree of ordered structure than their counterparts with
the BEIIb or TT allele. The ratio 1022/995 cm−1 indicates the proportion of amorphous
structure. The starches with the BEIIb allele had a higher ratio of 1022/995 cm−1 than those
with the be2b allele, which is not in agreement with the relative crystallinity data (Table 3).

3.4. Thermal Properties

The onset temperature (To), peak temperature (Tp), conclusion temperature (Tc), and
the enthalpy of gelatinization (ΔH) of all the rice starches are presented in Table 4. For
common starch with the BEIIb allele, it is well known that rice accessions with the GC
allele had intermediate or high GT, while those with the TT SNP had a low GT [13,14,16].
BL06 and BL07 had a Tp of around 78 ◦C, and those of BL08-10 had a Tp of around 65 ◦C
(Table 4). The difference in gelatinization temperature can be easily explained by the
difference in amylopectin CLDs since the fa chain content and fa/fb1 ratio are negatively
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correlated with GT, whereas fb1 chain content is positively correlated with GT [14]. The ΔH
of BL06 and BL07 was the highest among all samples (Table 4), partially because both these
samples also had the highest RC (Table 3). It is plausible that the higher fb1 chain content
in the BL06 and BL07 starches resulted in their highest ΔH and RC (Table 2). However,
among the rice samples with the be2b allele, none of the thermal properties displayed a
significant difference between the GC and TT alleles (Table 4). However, in japonica rice,
Ida et al. [24] indicated that the GT of the ss2a/be2b double mutants was higher than that
of the WT mutant line but lower than that of the be2b mutant lines. The be2b allele or the
ae mutation caused the rice to synthesize a much longer amylopectin chain, leading to a
higher gelatinization temperature [18,37]. Furthermore, BEIIb may suppress the expression
of SSIIa to a certain extent, or else, SSIIa function is not so important when BEIIb is defect.
Thus, no significant difference between the GC and TT alleles in the be2b background was
found in the be2b background (Table 4).

Table 4. Thermal properties of rice starches.

Sample Genotype To Tp Tc ΔH

BP577 GC/be2b 74.92 ± 0.06 b 83.06 ± 0.58 abc 92.96 ± 0.20 b 8.08 ± 0.24 bcd
LTFB TT/BEIIb 61.24 ± 0.10 e 69.40 ± 0.08 f 77.46 ± 0.06 f 7.14 ± 0.12 cd
BL01 GC/be2b 74.73 ± 0.12 b 83.70 ± 0.13 a 93.96 ± 0.00 a 8.96 ± 0.35 ab
BL02 GC/be2b 74.01 ± 0.19 c 82.31 ± 0.44 c 92.58 ± 0.68 b 8.37 ± 0.12 abc
BL03 TT/be2b 73.74 ± 0.22 c 82.52 ± 0.03 bc 90.43 ± 0.39 c 8.41 ± 0.22 abc
BL04 TT/be2b 69.32 ± 0.11 d 80.03 ± 0.07 d 88.99 ± 0.25 d 5.22 ± 0.06 e
BL05 TT/be2b 75.52 ± 0.08 a 83.24 ± 0.10 ab 89.82 ± 0.35 cd 6.78 ± 0.52 d
BL06 GC/BEIIb 73.66 ± 0.26 c 78.70 ± 0.24 e 83.42 ± 0.28 e 9.38 ± 0.34 a
BL07 GC/BEIIb 73.97 ± 0.19 c 78.37 ± 0.16 e 83.67 ± 0.07 e 9.58 ± 1.22 a
BL08 TT/BEIIb 58.31 ± 0.06 g 65.04 ± 0.07 g 73.09 ± 0.13 g 6.88 ± 0.07 d
BL09 TT/BEIIb 58.24 ± 0.25 g 65.32 ± 0.29 g 73.56 ± 0.46 g 7.27 ± 0.11 cd
BL10 TT/BEIIb 58.81 ± 0.00 f 65.58 ± 0.22 g 73.84 ± 0.08 g 6.92 ± 0.03 d

Values with different letters in the same column are significantly different at p < 0.05. To: onset temperature; Tp:
peak temperature; Tc: conclusion temperature; ΔH: enthalpy.

3.5. Pasting Viscosities

The RVA pasting traces of the rice materials are displayed in Figure 4 and Table 5. For
the common rice with the BEIIb allele (BL06-10), all the rice samples generally had large PV,
CPV, SB, CS, and small BD which are characteristic of high amylose rice. Furthermore, these
rice samples with the GC allele (BL06 and 07) had larger PV and BD than those with the TT
allele. Since SSIIa is generally responsible for the genetic basis of GT, the difference between
the RVA profiles might not reflect the allele difference. Among the rice with the be2b allele,
all the rice materials had small PV, BD, SB, and CS, showing resistance to heat shearing.
This is because high amylose may restrict the swelling of starch during heating. Similarly,
rice samples with different GC and TT alleles did not show different RVA profiles (Figure 4).
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Figure 4. Rapid viscosity profiles of rice starches.

Table 5. Pasting properties of rice starches.

Sample Genotype PV HPV CPV BD SB CS

BP577 GC/be2b 115.75 ± 0.00 fg 105.88 ± 0.38 f 142.55 ± 2.13 de 9.88 ± 0.38 cde 26.80 ± 2.13 ef 36.67 ± 1.75 bc
LTFB TT/BEIIb 275.38 ± 6.38 a 246.88 ± 3.63 a 357.29 ± 10.04 a 28.50 ± 2.75 b 81.92 ± 3.67 bc 110.42 ± 6.42 a
BL01 GC/be2b 116.71 ± 2.54 fg 110.46 ± 4.79 ef 142.21 ± 13.38 de 6.25 ± 2.25 de 25.50 ± 10.84 ef 31.75 ± 8.59 c
BL02 GC/be2b 95.65 ± 4.15 h 89.59 ± 4.67 g 116.75 ± 9.67 e 6.07 ± 0.52 de 21.10 ± 5.52 f 27.17 ± 5.01 c
BL03 TT/be2b 126.42 ± 1.09 ef 119.92 ± 0.50 de 158.55 ± 1.38 d 6.50 ± 0.59 de 32.13 ± 2.46 ef 38.63 ± 1.88 bc
BL04 TT/be2b 104.46 ± 0.96 gh 100.92 ± 2.25 fg 149.96 ± 3.88 d 3.54 ± 1.29 e 45.50 ± 2.92 de 49.04 ± 1.63 bc
BL05 TT/be2b 139.96 ± 0.54 e 131.96 ± 0.13 d 197.09 ± 0.17 c 8.01 ± 0.42 cde 57.13 ± 0.38 d 65.13 ± 0.04 b
BL06 GC/BEIIb 231.88 ± 4.63 b 164.71 ± 4.13 c 300.13 ± 8.88 b 67.17 ± 8.75 a 68.25 ± 4.25 cd 135.42 ± 13.00 a
BL07 GC/BEIIb 241.50 ± 4.08 b 178.92 ± 4.67 b 306.96 ± 12.04 b 62.59 ± 8.75 a 65.46 ± 7.96 cd 128.05 ± 16.71 a
BL08 TT/BEIIb 183.38 ± 7.13 d 166.46 ± 6.96 c 282.71 ± 8.46 b 16.92 ± 0.16 bcd 99.34 ± 1.34 ab 116.25 ± 1.50 a
BL09 TT/BEIIb 185.42 ± 3.83 cd 167.79 ± 1.04 bc 294.92 ± 21.75 b 17.63 ± 4.88 bcd 109.51 ± 17.92 a 127.13 ± 22.79 a
BL10 TT/BEIIb 199.59 ± 9.58 c 179.67 ± 6.00 b 285.42 ± 0.00 b 19.92 ± 3.59 bc 85.84 ± 9.59 bc 105.75 ± 6.00 a

Values with different letters in the same column are significantly different at p < 0.05. PV: peak viscosity; HPV: host
paste viscosity; CPV: cold paste viscosity; BD: breakdown; CS: consistency; SB: setback; RVU: Rapid Visco Units.

3.6. Relationship between Different SSIIa/BEIIb Genotypes

From the structural and physicochemical properties of the breeding lines derived
from the parents BP577 and LTFB with different SSIIa-GC/TT and BEIIb/be2b alleles, it is
clear that rice lines with the be2b allele displayed distinct structural and physicochemical
properties from those with the BEIIb allele. However, in the be2b allele background, most
parameters between the GC and TT alleles did not show differences, suggesting that the
function of SSIIa is not important in the be2b allele background. From this aspect, it could be
concluded that BEIIb is more important in determining the structural and physicochemical
properties than SSIIa. By analysis of all the BE mutants, Tappiban, et al. [19] also indicated
that BEIIb played a more important role in determining the structural and physicochemical
properties than BEI and BEIIa. To further reveal the relative important functions of the
SSIIa and BEIIb alleles, clustering analysis was carried out for different genotypes (Figure 5).
As expected, two groups were formed as the breeding lines were derived from two parents,
BP577 and LTFB. The two groups were formed according to different BEIIb alleles but not
SSIIa alleles, further confirming that BEIIb is more important. For the BEIIb-related group
(the upper one), rice materials with different GC/TT were revealed in two subgroups, and
the parent LTFB was grouped with the BL08-10, indicating that the group represented the
low GT with the TT allele. However, for the be2b-related group, although two or three
subgroups could be revealed, they did not follow the GC/TT groups. Instead, parent BP577,
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BL01, and BL02 formed a subgroup, BL03 and BL05 formed a second subgroup, and BL04
itself formed a third subgroup (Figure 5).

Figure 5. The clustering of genotypes with structural and physicochemical properties.

3.7. Relationships between Fine Structure and Physicochemical Properties

To explore the structure-function relationships, the correlation analysis between starch
structural parameters and physicochemical properties is shown in Table S2. Most parame-
ters had a significant correlation with each other, except for ΔH, which had no correlation
with any other parameters, and breakdown (BD) viscosity, which showed correlations only
with some structural parameters. Since there are two types of starch with distinct structural
and physicochemical differences, the correlations may also differ from those in previous
studies with common starches. The amylose content (AC) was positively correlated with
hAM (r = 0.99, p < 0.01) and also had a positive correlation with XAP1, XAP2, XAM, hAP2/AP1,
fb2, and fb3, but a negative correlation with fa and fb1, suggesting the longer B chains
and longer amylose chains led to a higher AC. AC is synthesized by the action of GBSS
encoded by the Wx gene. All the rice materials contain the same Wx allele (Figure 1), so
the difference in AC was attributed to the deficiency in BEIIb. The deficiency in BEIIb is
responsible for the synthesis of larger amylopectin and amylose molecules with longer
chains (Table 1) by which the synthesis of short chains of amylopectin was suppressed and
the elongation of long chains was promoted [26,37].

BEIIb has an important effect on the crystalline structures of starches by modifying
the synthesis of A and B1 chains [43]. The significant changes in the rice amylopectin CLDs
in breeding lines with the be2b allele modified the RC of the starch granules. RC had a
negative correlation with XAP1, XAP2, XAM, hAM, hAP2/hAP1, AC, fb3, and X, but a positive
correlation with fa and fb1, which was in agreement with the result of Zhang et al. [26]. The
results indicated that lower AC and shorter amylose chain length, or more amylopectin A
and B1 chains, would increase the RC.

The 1045/1022 cm−1 ratio had a negative correlation with fa (r = 0.92, p < 0.01), but
had a positive correlation with XAP1, XAP2, XAM, hAP2/AP1, fb3, and X (Table S2), which
indicated that longer amylopectin chains can form more double helices and increase the
amount of short-range order [26]. RC had a negative correlation with the 1045/1022 cm−1

ratio, but a positive correlation with the 1022/995 cm−1 ratio (Table S2), which seemed
to be contradictory. A possible explanation is that the FTIR data represent the ratio of
the proportion of ordered structure to unordered structure, which is irrelevant to long-
range order [33].
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GT is genetically controlled by SSIIa, whose function is to elongate the short A and
B1 chains of amylopectin with DP < 10 to form long B1 chains [15]. To, Tp, and Tc were
found to be positively correlated with XAP1, XAP2, XAM, hAP2/AP1, fb2, fb3, X, AC, and
the 1045/1022 cm−1 ratio, but had a negative correlation with RC and the 1022/995 cm−1

ratio (Table S2). This result was similar to that of Zhang et al. [26], suggesting these
correlations are derived from the be2b allele in the rice materials. It should be noted that
for the common rice starches, GT generally had a negative correlation with the number
of fa chains but a positive correlation with fb1 content [14]. In this study, the correlation
between fa and fb1 was positive (r = 0.41, p > 0.05), indicating these starches are different
from common starches.

The PV, HPV, CPV, SB, and CS had a negative correlation with XAP1, XAP2, XAM,
hAP2/AP1, fb2, fb3, X, and AC, but a positive correlation with fb1 (Table S2), which is in
agreement with previous reports [26,44]. A large amylose chain content, or a large number
of long B chains in amylopectin, is expected to extend through crystallites connecting
multiple clusters, increasing the integrity of the starch granules, leading to the inhibition of
starch swelling [43] and less resistance to shearing.

In conclusion, the structural and physicochemical properties of rice breeding lines
changed with different BEIIb and SSIIa alleles. The BEIIb-deficient mutant starches had a
higher AC with more amylose long chains, a larger amount of amylopectin long B chains,
and a higher degree of molecular order, but a smaller amount of short chains and smaller
RC, leading to a higher GT and lower ΔH and pasting viscosities. Therefore, BEIIb is more
important in determining the structural and physicochemical properties than SSIIa. The
combination of be2b/GC and be2b/TT showed no significant difference, suggesting that
the function of SSIIa was not important in the be2b allele background. The resistant starch
content was not measured in this study, but the fact that the ae mutant has high resistant-
starch content is well known. In the near future, the breeding lines in the background be2b
will be used for breeding new rice varieties with high resistant-starch content, which will
benefit human health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12010119/s1, Table S1: The primer sequences; Table S2:
Correlation coefficients between starch structural parameters and functional properties.
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AC Amylose content
BD Breakdown
BE Branching enzyme
CLD Chain length distribution
CPV Cold paste viscosity
CS Consistency viscosity
CEQ Cooking and eating quality
DP Degree of polymerization
FACE Fluorophore-assisted carbohydrate electrophoresis
GT Gelatinization temperature
HPV Hot paste viscosity
PV Peak viscosity
RC relative crystallinity
RIL Recombinant inbred line
RVA Rapid Visco-Analyzer
RVU Rapid Visco Unit
SB Setback
SEC Size-exclusion chromatography
SNP Single nucleotide polymorphism
SS Soluble starch synthase
Tc conclusion temperature
To Onset temperature
Tp peak temperature
Wx Waxy
ΔH Enthalpy of gelatinization
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Abstract: Demand for rice labeled as organic is growing globally. Consumers state that foods labeled
as organic are nutritionally superior and safer than their conventionally produced equivalent. The
research question for this systematic review is as follows: is there a difference between the effects of
sustainable agriculture and conventional farming methods on rice grain end-use quality, healthfulness,
and safety? The studies (n = 23) examined for this review suggest that organic production practices
don’t influence most end-use quality (e.g., chalk, milling yield, pasting properties) and healthfulness
(e.g., gamma-oryzanol fraction and tocols) traits studied, or if it does, it will be to a small degree. If
differences in end-use quality traits are found, they will be associated with grain protein content,
which varies along with the dose of nitrogen applied during rice growth. We conclude that the
studies evaluated in this review found that organically produced rice grain was less likely to contain
residues of the pesticides (e.g., organochlorine) examined in the study than the rice is grown using
conventional methods. There was some evidence that organically grown rice is more likely to be
contaminated with mycotoxin-producing fungi and some mycotoxins. Common shortcomings of the
studies were that they were poorly designed, with limited to no details of the cultural management
practices used to grow the rice studied, the length of time fields was under organic management not
stated, cultivars were not named, and the data wasn’t analyzed statistically.

Keywords: rice; organic; sustainable; quality; safety; nutrition; pesticides; mycotoxins; gamma-oryzanol;
tocols

1. Introduction

Rice is the staple food for more than half of the world’s population and is grown in
over 100 countries [1]. The International Rice Information System indicates there are at
least 5000 released rice varieties and many more if traditional varieties are considered [2].
Consumers generally choose a rice type with the cooking and sensory properties they are
accustomed to or that suits the meal they will be preparing. For example, jasmine-types
with their buttery popcorn-like aroma and soft texture are preferred by many people in
Thailand and are served along with Thai-inspired meals prepared across the world. The
cooking and sensory properties of rice and how it performs in processed products, such as
canned soups, are known as rice end-use quality [3].

Most people across the globe eat rice in its milled (or polished) form. Rice that
has been milled provides consumers with kilocalories, protein, vitamins, and minerals.
Those that choose to eat unmilled (i.e., threshed or brown rice), commonly referred to as
thrashed or brown rice, also obtain significant amounts of dietary fiber, lipids, and various
phytonutrients [4]. An increasing number of consumers are choosing to eat unmilled rice
and rice that has been grown using the principles of organic farming practices [5].

It has been proposed that there are two distinct schools of thought on how farming
is practiced across the globe: the industrial and the agrarian philosophies [6]. Farmers
and agronomy researchers tend to use the following categories to describe rice produc-
tion methods: conventional production methods, sustainable agriculture techniques (e.g.,
organic, biodynamic, and regenerative), and the system of rice intensification.
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The classifications of industrial or conventional farming “typically use synthetic pesti-
cides, herbicides, and fertilizers, may use organic soil amendments; fields are frequently
planted in short rotations” and generally uses monocropping systems [7]. Sustainable
agriculture, as legally defined in U.S. Code Title 7, Section 3103 is an integrated system
of plant and animal production techniques that have a site-specific application that will
over the long term: Satisfy human food and fiber needs, enhance environmental quality
and the natural resource base upon which the agricultural economy depends; make the
most efficient use of nonrenewable resources and on-farm resources and integrate, where
appropriate, natural biological cycles and controls, sustain the economic viability of farm
operations and enhance the quality of life for farmers and society as a whole.

The UN Food and Agriculture Organization has defined organic agriculture as “a
unique production management system which promotes and enhances agro-ecosystem
health, including biodiversity, biological cycles, and soil biological activity, and this is
accomplished by using on-farm agronomic, biological and mechanical methods in exclu-
sion of all synthetic off-farm inputs” [8]. Thus, organic agriculture is a type of sustainable
agriculture. Another form of sustainable agriculture is known as biodynamic farming.
These types of farms generally grow several different crops, avoid the use of conventional
inputs, produce and distribute the food in a decentralized manner, and take into consid-
eration celestial and terrestrial influences on biological organisms [9]. A definition for
regenerative farming has been proposed to be as follows: “an approach to farming that
uses soil conservation as the entry point to regenerate and contribute to multiple provi-
sioning, regulating and supporting services, with the objective that this will enhance not
only the environmental, but also the social and economic dimensions of sustainable food
production” [10].

Farmers that produce rice using sustainable production methods are often smallhold-
ers that perform low-input farming because it is their traditional way of farming, and they
have limited resources to invest in conventional inputs [11]. Others, utilize sustainable
methods to prevent the negative effects of conventional production methods that have
been in use since the Green Revolution. Lastly, others have converted to using sustainable
farming methods due to increased consumer demand for these foods and their willingness
to pay premium prices for them [12]. These farmers in general adhere to their nation’s
regulations on production practices required to allow foods to be labeled organic.

Between 2019 and 2025, the global organic rice market is expected to increase at a
compound annual growth rate of 8% [5]. This increased demand is occurring globally, with
the greatest increase in individual demand being in the European Union and North America.
Consumers report that they purchase foods produced organically for the following reasons:
healthier, helping the environment, and convenience [13]. For organic rice, the emotional
route (e.g., I will feel happy if I buy organic rice) had a greater impact on its purchase
intention than did the rational route (e.g., buying organic rice can form a good impression
for me) [14]. Review articles report inconsistent evidence that foods produced using
organic methods are significantly different in nutrient content compared to conventionally
produced foods. However, organic foods are generally considered safer for consumption
due to containing lower levels of pesticides and antibiotic residues [15].

The research question for this systematic review is as follows: is there a difference
between the effects of sustainable agriculture and conventional farming methods on rice
grain end-use quality, healthfulness, and safety?

2. Methods

This review was created according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) Checklist and Guidance of the European Food
Safety Authority [16]. This type of systematic review uses a clearly formulated question
along with explicit steps to identify, select, and critically appraise previously published
research and summarize the data from the studies found during the review.
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2.1. Inclusion Criteria

The inclusion criteria for this study were experimental studies that evaluated the effects
of sustainable farming production methods on rice grain end-use quality, healthfulness,
and safety. Studies included those published during the previous 25 years (i.e., 1996–2021)
and complete articles written in English. This time period was selected because it was in
2002 that the regulations under the U.S. Organic Foods Production Act were implemented
and other countries such as Brazil adopted similar regulations sometime after this [15].

2.2. Information Sources

Five electronic databases that house different journals were searched; specifically, Aca-
demic Search Premier© (EBSCO Industries, Birmingham, AL, USA), Directory of Open Ac-
cess Journals (Licensed under CC BY-SA 2.0), PubMed (US National Library of Medicine and
National Institute of Health, https://pubmed.ncbi.nlm.nih.gov/, ScienceDirect ® (Elsevier B.V.,
https://www.elsevier.com/solutions/sciencedirect, and Scopus® (Elsevier B.V., https://
www.elsevier.com/en-gb/solutions/scopus. All databases were accessed between 1 June
2022 and 5 June 2022.

2.3. Study Selection Process

Two authors followed the following protocol to identify articles for use in this study.
The following keywords and Boolean operators were used to search the databases: #1. rice
AND (#2. organic OR sustainable OR biodynamic or regenerative) AND (#3. nutrition OR
health OR Vitamins OR minerals OR phytochemical OR quality OR cooking OR processing
OR amylose OR safety OR Pesticide OR Herbicide OR Fungicide). Each search included
one term from categories #1, #2, and #3.

The titles and abstracts of all articles identified from the selection process were screened
for each one’s relevancy to the research question by two authors separately. They were
independently screened, coded, and evaluated for suitability to be included in the study.
Specifically, a study was selected if it evaluated the effects of growing rice using any
sustainable agriculture methods on any aspect of rice grain end-use quality, healthfulness,
safety, and methodological quality. Full articles for each study selected in the previous step
were then evaluated using the exclusion criteria. The authors discussed any differences
in the articles identified for inclusion in the study and came to an agreement on which to
include and which to not include based on the exclusion criteria.

2.4. Exclusion Criteria

The following exclusion criteria were used: (1) full paper not written in English, (2) not
specifically related to the research question, (3) no conventional rice used for comparison
to sustainably produced rice, (4) non-research articles, (5) duplicates, and (6) methodology
very unclear.

2.5. Data Analysis

A meta-analysis was not conducted for this review as the studies didn’t use similar
experimental designs or analytical methods. The articles reviewed either didn’t describe
the cultural management practices or the ones used were very different from the others
reported. Therefore, only a qualitative analysis of the data collected from the studies
was conducted, as recommended by the Cochrane handbook for systematic reviews of
intervention studies [17].

Research articles included in the study were evaluated to determine if suitable statisti-
cal methods were used to analyze the data collected during the study.

2.6. Risk of Bias

Bias in study design was decreased by using five databases to identify the studies for
the systematic review. However, grey literature such as conference proceedings was not
included. Selection bias was limited by the creation and use of inclusion and exclusion
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criteria. Two authors, separately, performed the literature identification and selection
process to limit personal bias. The risk of assessment bias was reduced by critically
evaluating all of the studies included in the systematic review and discussing them in the
discussion section below.

3. Results

3.1. Identification of Included Studies

The study selection process yielded 12,757 records (Figure 1). After the deletion of
duplicates, 1028 records remained. The titles and abstracts of these records were evaluated
to determine if they contained descriptions of experimental studies that evaluated the effects
of any sustainable farming production methods on rice grain end-use quality, healthfulness,
or safety. In addition, the dates were evaluated to determine if the records were published
in the previous 25 years and were written in English. Author one and two, using these
inclusion criteria identified 60 and 49 articles, respectively. The additional articles chosen
by author two were found by author one to be studies related to the nutrient content of
organic soils used to grow rice, not in rice grain. Therefore, 49 full articles were selected for
further evaluation since soil nutrient content wasn’t one of the dependent variables being
evaluated in this study. These 49 articles were then evaluated with the exclusion criteria.
Of the 49 articles, 26 were deleted from the group due to one of the following exclusion
reasons: full article not written in English, methods not specifically related to the research,
no conventional agriculture farming dependent variable included, article duplication, or
unclear methodology (Table 1). The primary reason for exclusion from the study was due
to articles not being specifically related to the research topic (e.g., frog and rice co-culture
using organic production methods). Thus, there were 23 articles found and deemed to be
suitable for examination in this review study.

Table 1. Full-text articles deleted from the total records based on exclusion criteria.

Exclusion Criteria # of Articles Identified

Full paper not written in English 3

Not specifically related to the topic 17

No conventional rice used for comparison to organic 2

Not a research article 2

Duplicate articles 1

Methodology unclear 1

TOTAL 26

3.2. Study Characteristics

The studies included in this review were performed in the following countries:
Afghanistan, Brazil, India, Italy, Malaysia, Philippines, South Korea, Spain & Portugal,
Thailand, and United States (Table 2). The top countries involved in sustainable rice grain
research were found to be Brazil and Thailand. Of the sustainable rice, grain-focused
studies eight evaluated effects on end-use quality, nine on healthfulness, and 14 examined
safety issues. All of the studies focused specifically on rice described as being organic by
the authors. No other terminology used to describe sustainable farming practices was
found in the articles.
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Figure 1. Flow chart created from a systematic review of organic versus conventional rice grain using
the preferred reporting items for systematic reviews (PRISMA) methodology [16].

Table 2. Organic versus conventional rice grain-related studies were identified using the preferred
reporting items for systematic reviews (PRISMA) methodology.

COUNTRY 1 # of STUDIES
CATEGORIES OF TRAITS EXAMINED 2

End-Use Quality Healthfulness Safety

Afghanistan 1 1

Brazil 5 1 3 5

India 2 1 1

Italy 1 1

Malaysia 1 1

Philippines 1 1 1 1

South Korea 2 1 1

Spain & Portugal 3 3

Thailand 4 2 3 1

United States 3 1 1 1

TOTAL 23 8 9 14
1 Countries where the rice samples used in the studies were grown or purchased. 2 Some studies evaluated traits
in more than one category.
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Only Chen and McClung [18], Champagne et al. [19], Cho et al. [20], Tuano et al. [21],
and VanQuyen et al. [22], reported in some detail the agronomic practices used to pro-
duce the rice for their study. Of these Chen and McClung [18], Champagne et al. [19],
Tuano et al. [21], and VanQuyen et al. [22] also included the name of the rice cultivar(s)
they studied and performed replications of their field treatments. Alves et al. [23] and
Keawpeng et al. [24] reported the cultivar they studied, but limited information was in-
cluded about the field management methods used. The other studies examined rice or rice
products obtained from grocery stores and rice cooperatives.

Of the studies that evaluated end-use quality, four evaluated amylose content (Table 3)
(Champagne et al. [19], Kaker et al. [25], Keawpeng et al. [24], Tuano et al. [21]), three
examined protein content (Alves et al. [23], Kakar et al. [25], Keawpeng et al. [24]), and
three examined lipid content (Alves et al. [23], Kakar et al. [25], Keawpeng et al. [24]. One
study examined the sensory quality and volatile compounds (Champagne et al. [19]. Two
studies determined the yield of head rice or whole kernels after milling (Alves et al. [23],
Kakar et al. [25]) and one examined the percentage of stained grain (Kakar et al. [25]).
Cooking time was measured by one study (Alves et al. [23]), as were elongation ratio,
hardness, color, water uptake capacity, and starch crystallinity (Keawpeng et al. [24]).
Kernel swelling power, H2O solubility, and starch X-ray diffraction patterns were each
examined by one study (Keawpeng et al. [24]). Pasting properties were evaluated by
two studies (Champagne et al. [19], Keawpeng et al. [24]). Rice noodle color, tensile
strength, elasticity, cooking loss, rehydration ratio, aerobic plate content, and total yeast
and mold contents were discussed in one paper (Thomas et al. [26]). One study evaluated
kernel length, kernel breadth, and the ratio between the two before and after cooking
(VanQuyen et al. [22]).

Table 3. Organic versus conventional rice grain-related studies identified using the PRISMA method-
ology: materials, methods, and findings summary.

Materials and Study
Design

Traits
Organic Rice

Production Methods
Conventional Rice

Production Methods
Main Findings Citation

“IRGA 410” 1 grown in
Rio Grande Do Sul,

Brazil.

Brown rice proximate
analysis, phenolics,

amylose content,
cooking time, head rice

yield, and stained
grains during storage.
Mycotoxin analysis.
Fungal incidence in

rough rice.

Seeding rate 90 kg/h.
Water management

same as conventional
No other inputs were

reported.

Seeding rate 90 kg/h.
Water management

same as organic. Urea
was applied at

140 kg/ha in dry soil,
before the appearance
of the 3rd leaf, and at

60 kg/ha at the
beginning of panicle
development. Two

fungicide applications
of PrimoR©300 mL/ha.

One application of
TalismanR©
250 mL/ha.

Conventional unmilled
rice had greater protein,
lipid, and ash content,
and higher head rice

yield. It also had greater
Aspergillus sp. after

storage. Organic thrashed
rice had greater total

carbohydrates, soluble
protein, amylose content,

free phenolics, and
phenolic acids. It also had

a greater percentage of
stained grains and
Bipolaris sp. after

storage.

[23]

Organic (n = 17) and
conventional (n = 33)

rice samples were
purchased from

different Brazilian
producers (50 different

brands) in different
cities.

Cu, Zn, Mg, B, P, Mo,
As, Pb, Cd, Mn, Se, Co,
Cr, Ba, Rb, Fe, Ca, La,

and Ce contents.

Certified organic by the
Brazilian

IBD-Agricultural and
Food Inspections and
Certifications which is

accredited by the
International

Federation of Organic
Agriculture
Movements.

No description of
conventional methods

was reported.

Ca levels are significantly
higher in all org. samples
but one. Cd is higher in
conventional samples.

No difference in As levels.
Statistical differences in
other minerals weren’t

analyzed.

[27]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice Production

Methods
Conventional Rice

Production Methods
Main Findings Citation

Rice samples
purchased from

markets in Brazil.
12 milled rice,

10 parboiled milled
rice samples,

2 unmilled, and
5 unmilled parboiled
samples. One organic

milled and one
parboiled organic

sample.

As No organic production
methods were described.

No conventional
production methods

were described.

The mean of total As for
the milled samples was

greater than in the
organic milled sample

(222.9 and 161.6 ng g−1,
respectively). The mean
of total As for parboiled

white samples was
greater than the

parboiled organic sample
(214.9 and 174.1 ng g−1,

respectively).

[28]

Randomized block
design, 4 replications

during 3 years.
“Cypress”, “Bengal”,

“Jasmine 85”,
“Jacinto”, and

“Neches” grown in
adjacent fields that

had been fallow
for 2 years.

Paste viscosity
properties; amylose,
protein, Ca, Fe, P, K,

Mg, Mn, and Zn
contents. Volatile
compounds and

sensory evaluation.

Chicken litter was applied
(76 kg/ha N, 25 kg/ha P,

and 25 kg/ha K), a
microbial product of trace
minerals (67 kg/ha), and a

microbial soil activator
(33.8 L/ha) was applied
prior to planting. Seed

treated with hurnic acid
(5 mLJkg of seed), a
microbial inoculant

(mL/100 g of seed), and
manganese sulfate (20 g/kg
of seed). Before the flood, a
side dress of chicken litter
was applied (126 kg/ha N,
42 kg/ha P, and 42 kg/ha

K). At panicle
differentiation, a fish

emulsion was applied as a
foliar spray (16.5 L/ha) for

insect control.

Urea nitrogen
(56 kg/ha, 90 kg/ha,
and 78 kg/ha) was
applied at planting,
flood, and panicle

differentiation, for the
100% nitrogen

treatment. The 50%
nitrogen treatment was

applied using half of
the rate of urea (112 kg

of N/ha). Standard
chemical management
practices were used to

control weeds and
insects in

conventionally
managed plots.

Milled kernel protein
content in conventional

100% urea nitrogen
samples > other

treatments. Little to no
difference in amylose and
mineral contents between
treatments. Differences in
pasting properties were
found associated with
kernel protein content.

No differences in flavor
attributes were found via

the sensory panel or in
volatile compounds. No
differences in microbially

produced volatile
compounds were found.

[19]

Randomized block
design with two field
replications and two

years. “Cocodrie’,
‘Presidio’ “Sierra”,

“Giant Embryo”
(GSOR 25), “IL
121-1-1” and
“Sigoendab”

Total phenolics,
flavonoids, tocols,

and γ-oryzanol

Certified organic fields
followed two years of

fallow and a
clover/ryegrass winter
cover crop. Nature Safe

13-0-0 fertilizer (1681
kg/ha) was applied just
prior to planting in both
years. Year one seed was
drilled with two seeding

rates, 112 and 135 kg/ha. In
year two, water-seeding

was done with 202 kg/ha.

Following two years of
fallow, seeds were

drilled at 112 kg/ha. A
total of 224 kg/ha of

nitrogen as urea
(46-0-0) was applied

with a three-way split:
at planting (56 kg/ha),

at permanent flood
(90 kg/ha), and at

panicle differentiation
(78 kg/ha).

The growing
environment affected the

concentrations of most
traits, especially the

tocols and γ-oryzanol.
The effect of conventional

versus organic
management systems had

the lowest effect on the
phytochemical levels of
the year, replication, and

management system.

[18]

“Dongjin” was
obtained from one

organic field and one
conventional field. A
sampling of organic
rice was done in the
central region of the

block.

Total
gamma-oryzanol

compounds.

The field had been
organically managed for

5 years.
Independent groundwater

was used. The green
manure crop, Vicia villosa

Roty), was used in the
organic plot.

Field managed
conventionally for 10

years.
Fertilization included

(N/P/K = 9:4.5:5.7,
w/w, 202 kg/ha). Weed
prevention performed
using herbicide [1.0%

fentrazamide and 0.07%
pyrazosulfuron-ethyl,

suspension concentrate,
321 green area index

(gai)/ha] Pesticide (2%
chlorantraniliprole,

16 gai/ha)

Organic brown rice had
higher total

gamma-oryzanol than
conventional

(65.6 ± 2.7 mg/100 g and
60.2 ± 1.8 mg/100 g

respectively)

[20]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice

Production Methods
Conventional Rice

Production Methods
Main Findings Citation

Rice-based foods from
Italian stores: flours,

biscuits, and rice flakes
(13 conventional and
11 organic products).

Deoxynivalenol,
fumonism B1, and

fumonism B2

No organic production
methods were

described.

No conventional
production methods

were described.

Deoxynivalenol was
identified in more organic

rice foods than
conventional (91% vs.
85%). Furmonism B1
occurred in 36% of

organic rice foods versus
23% of conventional.

Furmonism B2 occurred
in 38% of conventional vs.
45% of organic rice food

products.

[29]

Rice samples and
rice-based foods were

collected from cultivars
and markets in Spain.
64 were conventional
and 20 were organic.

Ochratoxin A
No organic production

methods were
described.

No conventional
production methods

were described.

Ochratoxin A was found
in a greater % of organic

rice and products
compared to those grown

using conventional
methods.

[30]

10 baby cereals are
made using

conventional rice and
3 produced using

organic rice obtained
from manufacturers.

Hg and total As.
No organic production

methods were
described.

No conventional
production methods

were described.

Hg was higher in organic
rice cereal compared to
conventional rice cereal

(4.54 and 4.39 μg/kg,
respectively). As was
higher in organic rice

cereal compared to
conventional rice cereal
(154.9 and 96.3 μg/kg,

respectively)

[31]

9 organic and
12 conventionally

produced rice samples
and rice foods bought
from markets in Spain

and Portugal.

Ochratoxin A
No organic production

methods were
described.

No conventional
production methods

were described.

Ochratoxin A found in
4/9 organic samples and

0/12 conventionally
produced rice foods.

[32]

10 infant rice cereals
made with

commercially produced
milled rice and

10 infant rice cereals
made with organically

produced unmilled
rice.

Total As and inorganic
As (i-As).

No organic production
methods were

described.

No conventional
production methods

were described.

All samples had
identifiable As and iAs.

No significant difference
between organic and

conventionally produced
rice cereals.

[33]

Randomized block
design, one year

“Attai-1”, five cultural
management

treatments, four
replications.

Unmilled kernels:
perfect grains, broken
grains and amylose,
protein, and lipid

contents.

The recommended
dose for traditional
farming (120 kg/ha
urea and 100 kg/ha

diammonium
hydrogen phosphate)

Animal manure
(5 tons/ha) (AM),

animal manure + 50%
recommended dose of

nitrogen and
phosphorus (AMRD),

sawdust + green leaves
(5 tons per ha) (SD),

sawdust + leaves and
50% recommended

dose of nitrogen and
phosphorus (SDRD).

Greater whole kernels in
AMRD compared to
other treatments. No

significant difference in
broken grains. Amylose
content in AMRD and

SDRD > AM and
SD > RD. Protein content
in AMRD and AM and

SDRD > RD and SD.
Lipid content in AMRD
was > than in the other

treatments.

[25]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice

Production Methods
Conventional Rice

Production Methods
Main Findings Citation

Unmilled rice is grown
organically and

conventionally in
Thailand.

Kernel: elongation
ratio, hardness, and
color, water uptake
capacity, and starch

crystallinity

No organic production
methods were

described.

No conventional
production methods

were described.

Higher elongation ratio
for conventional than
organic (1.10 and 1.06,
respectively, after six
months of storage).

Conventional rice was
harder and darker

compared to organic rice.
Higher water uptake

capacity in cooked
organic rice than

conventional after six
months (4.52% and 4.47%,

respectively).
Crystallinity increased for

both organic and
conventionally produced

rice during ageing

[34]

One organic and one
conventional rice
system is used to
produce unmilled
“Sungyod” rice.

Kernel: size, weight,
and color. Free fatty

acids, proximate
analysis. amylose and
anthocyanin content.

Kernel swelling power
and H20 solubility of

starch. Pasting
gelatinization enthalpy
and temperature. X-ray

diffraction patterns.

No organic production
methods were

described.

No conventional
production methods

were described.

Conventional rice had
greater grain length and

breadth than organic
(0.62 and 0.61 cm,

respectively).
Conventional rice weight
was higher than organic

rice (1.44 and
1.42 g/100 grains,
respectively). No

difference in kernel color,
free fatty acid content,

and crystallinity pattern.
Conventional rice protein

content > organic
(7.02 and 5.64%,

respectively).
Conventional rice lipid
content > organic rice

(2.59 and 2.48%,
respectively).

Conventional rice
amylose content

(16.27 and 15.32%,
respectively).

Conventional rice
anthocyanin content >
organic rice (15.6 and
14.66 mg cyanidin-3-

glucoside/100 g,
respectively). Organic

rice showed higher
swelling power and H20

solubility than
conventional rice.

Conventional rice had a
higher setback value than

conventional rice
(129.93 and 123.65 RVU,

respectively).
Convention rice had a

higher transition
temperature and

gelatinization enthalpy
than organic rice.

[24]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice

Production Methods
Conventional Rice

Production Methods
Main Findings Citation

One unmilled organic
Jasmine rice sample
and one unmilled

milled conventional
Jasmine rice sample.

Serum cholesterol,
triglycerides, HDL-C,
and LDL-C levels in

rats after a feeding trial.

No organic production
methods were

described.

No conventional
production methods

were described.

No significant
difference in rat lipids

between those fed
conventional versus

organic rice.

[35]

One organic unmilled
rice sample and one

conventional unmilled
rice sample were

supplied by a farming
cooperative in

Thailand.

Rat protein efficiency
(PER) level. Pesticide
residues (carbofuran,

methyl parathion,
p-nitrophenol, and

beta-cyfluthrin) in rice
and rat serum after a
28-day feeding trial.

No organic production
methods were

described.

No conventional
production methods

were described.

Carbofuran, methyl
parathion, and B-

cyfluthrin were not
present in any rat

serum samples or in
rice samples.

P-nitrophenol was
found in both samples

but not in rat blood
serum. Data wasn’t

analyzed to determine
if levels were different

between the
conventional and the
organic sample. No
significant effect of
organic rice on PER

compared to
conventional rice was

found.

[36]

39 milled conventional
rice samples and

37 milled organic rice.
26 conventional

unmilled rice and
22 organic unmilled

samples. All samples
were obtained from

stores in Korea.

Five mycotoxins:
8-ketotrichothecenes

(deoxynivalenol (DON),
nivalenol (NIV),

3-acetyldeoxynivalenol
(3ADON), 15-

acetyldeoxynivalenol
(15ADON) and

fusarenone-X (FUS-X)

No organic production
methods were

described.

No conventional
production methods

were described.

Contamination of NIV
was greater in organic
samples compared to

their conventional
counterparts. DON
was detected in 19%
and 41% of organic

milled and unmilled
rice, respectively, and

10% and 27% in
conventional milled
and brown samples.
3ADON, 15 ADON,

and FUS-X were low in
all samples, and no

difference was found
between conventional
and organic samples.

[37]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice

Production Methods
Conventional Rice

Production Methods
Main Findings Citation

Samples purchased rice
at stores in Brazil. Not
enriched. Rice wasn’t

enriched.
5 conventional milled

rice and 2 organic
milled rice samples.

2 conventional
unmilled and 3 organic

unmilled samples.

As, Cd, Pb, Ti, Sb, Co,
Cu, Mn, Se, Zn, Cr, Ni,

and Mo.

No organic production
methods were

described.

No conventional
production methods

were described.

Hg, Sb, and Tl were not
detected in any samples.

Cr was highest in the
milled conventional rice

(641 μg kg−1).
Conventional milled rice

mean were as follows:
(As, Cd, Ni, Pb, Zn, Mn,
Cu, Se, Co, Mn, and Mo
μg/k (164, 18.9, 130, 57.4,
17.9, 14.4, 1.79, 66.9, 25.6,

14.4, and 511,
respectively).

Conventional unmilled
rice means were as

follows: (As, Cd, Ni, Pb,
Zn, Mn, Cu, Se, Co, Mn,

and Mo (293,16.8,140, 109,
23.5, 31.4, 2.34, 84.7,

36.2,31 and 4,344 μg/k,
respectively). Organic

unmilled rice means were
as follows: (As, Cd, Ni,
Pb, Zn, Mn, Cu, Se, Co,
Mn, and Mo (215, 13.4

179, 119, 23.6, 29.8, 2.17,
107, 44.1, and 29.8,367
μg/kg, respectively).
Organic milled rice

means were as follows:
As, Cd, Ni, Pb, Zn, Mn,
Cu, Se, Co, Mn, and Mo
(149, 19.6, 98.9, 39.7, 15.7,

8.2, 1.43, 57.1, 11.5, 8.2,
and 361 μg/kg,

respectively). Organic
and conventional milled
samples did not differ in

the amount of any
elements measured.

Organic and conventional
unmilled samples did not

differ in the amount of
any elements measured.

[38]

Rice samples were
collected from
10 organic and

10 conventional farms
from all

16 agro-climatic zones
in India.

Four groups of
pesticides:

organochlorine,
carbamates,

organophosphorous,
and pyrethrites.

Organic farms are
certified by each local

state government.v No
description of

production methods
was provided.

Conventional farms
were adjacent to

organic farms. No
description of

production methods
was provided.

Carbamates and
pyrithroid were found in

conventional rice
samples. No traces of

pesticides were found the
in the organic rice

samples.

[39]

Rice samples from
grocery stores in Brazil.

Organic milled rice
(n = 18), conventional

milled rice (n = 11),
organic husked rice

(n = 12), conventional
husked rice (n = 15),
and specialty types

(n = 13).

Organic and
inorganic As.

No organic production
methods were

described.

No conventional
production methods

were described.

No difference in total As
between conventional
husked and organic
husked samples. No
difference in total As

between conventional
milled and organic milled
samples. Inorganic As is
45% greater in organic

milled rice compared to
conventional milled rice

and 41% greater in
organic husked versus

conventional husked rice.

[40]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice

Production Methods
Conventional Rice

Production Methods
Main Findings Citation

Rice was purchased
from a supermarket in

Malaysia. “Bario” is
grown organically.

Basmati rice is grown
conventionally in

Pakistan. Noodles are
stored for 3 days.

Rice noodle color,
tensile strength,

elasticity, cooking loss,
rehydration ratio,

aerobic plate content
(APC), and total yeast

and mold contents
(TYMC). Water

activity and sensory
evaluation.

No organic production
methods were

described.

No conventional
production methods

were described.

Both rice noodles became
darker in color during

storage. Bario noodles had
higher tensile strength due
to higher amylose content

compared to Basmati
noodles (46.33 and 36.33

kPa, respectively, on day 0).
Bario noodle was higher in

elasticity than basmati
(13.19 and 7.89 kPa,

respectively). Basmati rice
noodles had a higher

cooking loss compared to
Bario ( 7.14% vs. 3.89%
respectively). Bario rice

noodles had a higher
rehydration ratio than

basmati rice noodles (3.89
and 3.71). Higher APC in
Basmati rice than in Bario,
but both were acceptable

after three days of storage.
TYMC was higher in

Basmati than in Bario, but
both were above

recommended amount after
day two. Water activity was
higher in Basmati rice than
in Bario rice (0.82–0.87 and
0.80–0.83, respectively, after
three days). Bario rice was

most accepted and
concluded to have better
quality than Basmati rice.

[26]

The study was
conducted for two
seasons at PhilRice

Philipines. A splitplot
experimental design
was used: two main

plots and three
subplots with four
replications. “NSIC

Rc146” was planted in
the dry season (1st

crop of organic
farming) and NSIC

Rc160 in the wet
season (2nd crop of
organic farming).

Tocols,
gamma-oryzanol, and
total phenolics. Head

rice yield, kernel
length, breadth, and
ratio. Amylose and

protein content.
Kernel color.

The two main plots
consisted of “with

pesticide” and
“without pesticide”

treatments. The
subplots included

control, organic
fertilizer, and inorganic

fertilizer with a
quadruplicate plot size

of 10 × 4 m per plot.
The organic fertilizer
used was compost at

3 tons/ha (13-2-17-16 S)
applied 3 d before
transplanting. The

NSIC Rc160 crop was
applied with

Bayluscide EC 250
(250 g/L Niclosamide,

200 g/L methyl
isobutylketone, 100 g/L

isobutanol, 1 L/ha)
molluscicide 1 DAT,
and Brodan 3.51 EC
insecticide at 39 and

83 DAT.

The two main plots
consisted of “with

pesticide” and “without
pesticide” treatments.
The subplots included

control, organic fertilizer,
and inorganic fertilizer
with a quadruplicate

plot size of 10 × 4 m per
plot. Inorganic fertilizer
was applied 21-0-0-24 S
at 13 DAT, urea (45-0-0)

at 28 DAT, 34-0-0 at
41 DAT, and 20-0-0 at
51 DAT for a total of

120-0-0-24 S. The NSIC
Rc146 crop was treated
with Furadan (3 g/kg

Carbofuran,
16.7–33.3 kg/ha) 28 d

after transplanting
(DAT) and with Brodan

3.51 EC (210 g/L
Chlorpyrifos + 105 g/L

BPMC (Fenobucarb),
2.5–3.5 tablespoons

(45 ± 7.5 mL) 16 L −1,
120 mL/ha) insecticide

69 DAT.

Pesticide application had
no effect on tocols and

gamma-oryzanol levels.
Organic milled rice had

lower total and γ-oryzanol
than conventional milled

rice with applied pesticides.
NSIC Rc160, organic brown

rice with pesticide had
higher contents of total
tocols than inorganic

unmilled rice with
pesticide. Organic milled
rice had lower total and

gamma-oryzanol compared
to conventional rice.

Organic fertilizer resulted
in lower total phenolics.
No difference in milling

quality, grain color,
apparent amylose content,
and alkali spreading value

between organic and
conventional rice was

found. Organic rice was
lower in protein content

compared to conventionally
grown rice.

[21]
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Table 3. Cont.

Materials and Study
Design

Traits
Organic Rice Production

Methods
Conventional Rice

Production Methods
Main Findings Citation

Randomized block
design with three

replications of “Pusa
Basmati-1” Rice.

Head rice recovery
(HRR). Kernel length
(KL), kernel breadth
(KB), and the ratio
between the two

(KL:KB) before and
after cooking.

The soil of the
experimental field was a
sandy clay loam, having

52.8% sand, 21.5% silt,
and 25.7% clay. It

contained 0.56% organic
C, 163.2 kg/ha 71
NaOH-KMnO4

hydrolysable N, 15.5
kg/ha 71 0.5 N NaHCO3,

extractable P, and
232.4 kg/ha 71 N

NH4AOC extractable K
and had a pH value of 8.2.

Seven combinations of
organic sources (Farm
yard manure (FYM),

Sesbania green manuring
(SGM), FYM + blue-green

algae (BGA),
SGM + BGA,
FYM + SGM,

FYM + SGM + BGA and
FYM + SGM + BGA +

PSB). FYM was applied at
10 tons/h at the time of
final puddling. Sesbania
was grown for 60 days

and incorporated 5 days
before transplanting.
BGA was inoculated

10 days after
transplanting of rice,

whereas PSB was
inoculated by dipping the
roots of rice seedlings in

the slurry of
Pseudomonas striata

culture.

The soil of the
experimental field was

a sandy clay loam,
having 52.8% sand,

21.5% silt, and 25.7%
clay. It contained 0.56%
organic C, 163.2 kg/ha

71 NaOH-KMnO4
hydrolysable N,

15.5 kg/ha 71 0.5 N
NaHCO3, extractable P,
and 232.4 kg/ha 71 N

NH4AOC extractable K
and had a pH value of

8.2. Four rates of
inorganic fertilizers

(control, 60 kg N+13 kg
P + 17 kg K/ha, 120 kg

N + 26 kg P + 34 kg
K/ha, and 180 kg N +
39 kg P + 51 kg K/ha).

The different
conventional

management treatments
did not affect HRR, KL,
KB, and KL/KB ratio

before or after cooking.
Organic manure

increased HRR in
comparison to

conventional treatments.
KL hasn’t affected the

organic treatments. KB in
the organic treatments
was greater than in the

conventional treatments.
The data wasn’t analyzed

statistically.

[22]

1 Names in quotation marks denote that these are the names of rice cultivars.

Studies focused on healthfulness traits included three that evaluated macro- and
micro-mineral (i.e., element) content (Barbosa et al. [27], Champagne et al. [19], Poletti
et al., 2014). Total phenolics were examined in three of the studies (Chen and McClung [18],
Alves et al. [21], Tuano et al. [21]). One study examined flavonoid content (Chen and
McClung [18]), and serum cholesterol, triglycerides, HDL-C, and LDL-C contents in rats
(Mesomya [35]). Tocols and gamma-oryzanol were evaluated in two studies (Cho et al. [21],
Chen and McClung [18], Tuano et al. [21]). The protein efficiency ratio, measured in rats,
was also examined in one study (Mesomya et al. [36]).

Safety-related studies include six that evaluated total As levels (Barbosa et al., [27],
Batista et al., [28], Hernandez-Martinez et al. [33], Juskelis et al. [38], Poletti et al. [40], Segura
et al. [40]). Two studies evaluated inorganic As (Juskelis et al. [38]), Segura et al. [40]) and
Cr levels (Barbosa et al. [27], Poletti et al. [33]). Hg levels were examined in one study
(Hernandez-Martinez et al. [31]). Pb (Poletti et al. [38]) and Cd (Barbosa et al. [27]) were
examined in one study each. Infestation by fungal pathogens was evaluated only by Alves
et al. [23]. Various mycotoxins were examined in five studies (Alves et al. [23], Cirillo
et al. [29], Gonzales et al. [30], Juan et al. [32], Ok et al. [37]). Two studies evaluated
pesticide residues (Mesomya et al. [36], Rekha [39]).
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3.3. End-Use Quality Traits

Alves et al. studied one long-grain cultivar with high amylose content [23]. The
sample produced using conventional farming methods had a greater (p < 0.05) head
rice yield (i.e., milling yield) than the grain harvested from a field managed using an
organic cropping system. Another study examined perfect grains, which, according to
their definition, was equivalent to head rice yield [25]. The cultivar examined had a
greater (p < 0.05) head rice yield when grown using animal manure (organic treatment)
or 50% animal manure + 50% sawdust fertilizer compared to the other treatments (i.e.,
conventional, sawdust, and 50% sawdust + conventional fertilizer treatments).

Champagne et al. studied cultivars that varied in amylose content from a low of
0% to a high of 21% [19]. The study found no difference in milled rice amylose content
between organic and conventionally grown rice. The conventional management practices
in terms of pesticides and herbicides weren’t described, however, the details of the organic
practices were fully provided. Similarly, Tuano et al. found no effect of organic management
on milled grain amylose content compared to conventional methods [21]. In this study
amylose content of one of the cultivars examined across all treatments was 24.2% and the
other was 13.8%. The study by Kakar et al. found amylose content (23%) to be higher in
milled rice grown using animal manure plus 50% of the conventional treatment compared
to all other treatments [25]. The lowest amyose content was reported in the rice grown
using conventional management methods (20.9%). All of these studies evaluated samples
collected from field experiments designed by the authors.

The protein content of milled rice grown using conventional methods was significantly
greater (p < 0.05) than the rice grown using either 50% of the N in the conventional treatment
or using organic methods [19]. Similarly, Keawpeng et al. found that conventionally
produced rice had greater protein content compared to that produced using an organic
method, 7.02 and 5.64%, respectively [24]. Alves et al. studied unmilled rice grown under
organic methods and found that it was lower in protein (6.7%, p < 0.05) in comparison to
its conventionally grown counterpart (7.8%) [23]. The protein content of unmilled rice was
also examined by Kakar et al. [25]. They found that protein content was greater (p < 0.05)
in grains produced using animal manure and 50% of the local recommended amount of
N and P (8.75) and the organic treatment with 100% animal manure (8.0%) compared to
the treatment using 100% of the recommended dose of N and P for conventional farming
(7.6%). The study by Tuano et al. examined two rice crops, one in the wet season and
one in the dry, the organically produced milled rice had less protein (p < 0.05, 6.3%) than
those grown using conventional methods (8.8%) [21]. These studies all evaluated samples
collected from field experiments designed by the authors.

Champagne et al. evaluated milled rice grown using three treatments: 100% conven-
tional methods, 50% conventional N, and organic methods [19]. No significant difference
(p > 0.05) was found for pasting viscosity properties between these treatments, except for
one cultivar out of the five studied. That cultivar, Cypress, had a higher peak (p < 0.05)
viscosity in rice grown organically (249 and 159 RVU, respectively) and using 50% of the
conventional farming N level (244 and 156 RVU, respectively) in comparison to that grown
using conventional methods (207 and 126, RVU, respectively). Keawpeng and Meenune
reported that pasting peak temperature wasn’t different (p > 0.05) between organic and
conventionally grown milled rice [24]. However, peak viscosity and setback were lower in
the organic (117 and 119 RVU, respectively) than in conventional rice (124 and 130 RVU,
respectively). Both of these studies evaluated rice that was by the authors using field
production trials.

The sensory properties of milled samples of five cultivars (i.e., Cypress, Bengal, Jasmin
85, Jacinto, and Neches) were examined using descriptive sensory analysis, which included
the assessment of 12 flavors and 14 textural attributes [19]. These cultivars were different
cooking quality types and were grown using the following field management treatments:
100% nitrogen/conventional, 50% nitrogen/conventional, and organic. No differences were
found in aroma due to production methods. Of the textural properties, slickness, hardness,
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and chewiness were slightly different (p < 0.05) for some of the cultivars grown using
100% nitrogen/conventional or 50% nitrogen/conventional versus organic production
methods. Another study found no significant difference (p < 0.05) in the instrumental
hardness of unmilled rice from the cultivar Phatthalung Sungyod grown using organic
versus conventional production methods [34]. The rice examined in these two studies was
grown by the authors using field production trials.

The cooking time of unmilled samples of cultivar IRGA 410 reportedly was 29.0 and
26.0 min for those grown using conventional and organic growing conditions, respec-
tively [23]. These values weren’t analyzed statistically. No other studies evaluated the
effects of field production methods on rice cooking time.

The kernel length of the cultivar Pusa Basmati 1 wasn’t different under seven different
organic treatments in a randomized block trial with three replications. However, the kernel
length-to-kernel breadth ratio in the organic treatments was greater than in the conventional
treatments. The data wasn’t analyzed statistically, and the paper didn’t mention whether
unmilled or milled samples were evaluated [22].

3.4. Healthfulness Traits

This study reviewed articles to determine if the authors found differences in Ca, Fe,
and Zn levels in rice grown organically versus conventionally. One common finding was
that the studies that identified the cultivars being studied identified a wide variation in
mineral content between cultivars.

Champagne et al. found no significant (p < 0.05) difference in the level of Ca be-
tween milled samples of cultivars grown using organic and two conventional treatments
(described above) [19]. Similarly, no significant (p < 0.05) effect of year was found on
the Ca content of these samples. Effects of cultivar on Ca levels weren’t reported. In
another study, Ca levels were significantly (p < 0.05) higher in all organic samples (n = 17;
103 mg kg−1) compared to those milled and produced conventionally (n = 33; 39.5 mg
kg−1) [27]. These samples were all purchased from Brazilian grocery stores. No mention
was made of whether the samples were unmilled or milled. Poletti et al. also studied
samples purchased in Brazil [38]. They reported no significant difference in Ca levels in
organic (n = 5) versus conventional (n = 9) samples.

Champagne et al. studied the Fe content of milled samples of several cultivars
(described above) grown using organic and two conventional treatments (as described
above) [19]. One cultivar, Jacinto, had significantly (p < 0.05) more Fe when grown under
organic conditions (23 ppm) compared to the conventional one (15 ppm). No difference was
found between the treatments for the other four cultivars. Similarly, Barbosa et al. reported
no difference in Fe content between conventional and organically grown rice samples (as
described above) [27]. However, in this case, the data wasn’t analyzed statistically. It
should also be noted that these authors indicated the samples they evaluated had not been
industrially enriched with Fe, which is common in some countries [41].

The studies that evaluated Zn all reported that the content of this mineral varied within
organically grown rice and also within conventionally produced rice. Out of four cultivars
examined by Champagne et al., only one was reported to have a significant difference in
the amount of Zn between them when grown using organic and conventional cultural
management practices [19]. The cultivar Jacinto had 22 ppm when grown using organic
management practices while when produced using conventional methods it had 27 ppm.
Another study of organic and conventionally produce rice found the former to have
(16.9 mg kg−1) and the latter (21.1 mg kg−1), but the data wasn’t analyzed statistically [27].
Poletti et al. concluded that there were no differences in the Zn content of organic and
conventionally grown rice, both unmilled and milled samples [38]. The data in this study
weren’t analyzed statistically.

Alves et al. reported that organically grown unmilled rice had 33% more (p < 0.05) free
phenolics (48 mg GAE equiv/100 g) than were found in the same cultivar grown under
conventional field practices (32 mg GAE equiv/100 g) [23]. Unmilled rice (six cultivars)
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with various bran colors was obtained from organic and conventionally managed field
trials grown over two years [18]. This study reported no difference (p > 0.05) in the level
of total phenolics between the different field management methods, except for a cultivar
(i.e., IL 121-1-1) with red bran during one year. The organic sample contained 5.86 mg
GAE equiv/g and the conventionally grown one had 6.76 mg GAE equiv/g. These authors
also studied flavonoid levels in the same samples and found similar results. Specifically,
the only significant difference (p < 0.05) in flavanoid content was also found for IL 121-1-1.
When grown organically (0.6 mg +-catechin equiv/g) it had lower flavanoid content
compared to when grown conventionally (0.79 mg +-catechin equiv/g). In a study by
Tuano et al. (2011), an organic fertilizer treatment was reported to be associated with lower
total phenolics (p < 0.05) (30.7 mg g−1) for one cultivar in comparison to when it was grown
using conventional field methods (37.7 mg g−1) [21].

Mesomya et al. evaluated the protein efficiency ratio of unmilled rice grown under
organic and conventional field management using rats (10 rats per treatment plus a control).
models [35]. No significant difference (p < 0.05) in the growth of the animals or protein
efficiency ratio was found. Rats were also used to examine serum cholesterol, triglycerides,
HDL-C, and LDL-C contents [35]. These authors using the same experimental design as in
the previous study evaluated the effects of organic and conventional unmilled rice on the
following rice serum lipid levels: serum cholesterol, triglycerides, HDL-C, and LDL-C. No
significant difference (p > 0.05) in these lipid levels was found.

Gamma-oryzanol levels were found to be significantly higher (p < 0.05) in unmilled
rice samples of cultivar Dongjin that had been grown using organic conditions (65.6 mg/100 g)
compared to the cultivar grown using conventional management methods (60.2 mg/100 g) [20].
Both fields were in the same general location, therefore the rice matured under similar
weather conditions. The organic field had been under South Korean organic management
standards for five years. Gamma-oryzanol content was also evaluated in unmilled samples
of three U.S. cultivars (i.e., Cocodrie, Presidio, and Sierra), a U.S. breeding line (IL 121-1-1),
a giant embryo mutant, and one Indonesian cultivar (i.e., Sigoendaba) [18]. They were
grown over two years, in both organically and conventionally managed fields. Cultivar and
year effects had a significantly greater effect (p < 0.05) on gamma-oryzanol levels than the
field management methods. Of these three effects, the cultivar had the greatest impact on
the levels of this trait. Gamma-oryzanol levels tended to be lower in the genotypes grown
using organic compared to conventional field management. But, this wasn’t true in all
samples. For example, in one-year Sigoendaba had greater gamma-oryzanol levels in the
organic versus conventionally grown samples. ‘NSIC Rc146′ and ‘NSIC Rc 160′ were grown
over two years in the Philippines [21]. Organic fertilizer compared to conventional (e.g.,
inorganic) fertilizer and pesticide application versus none applied didn’t have a consistent
effect on the gamma-oryzanol content of the samples. Conventional NSIC Rc146 grown
with pesticide application had significantly (p < 0.05) more gamma-oryzanol compared to
the organic samples. NSIC Rc160 grown using organic and conventional fertilizer with
and without pesticide had similar levels (p < 0.05) of gamma-oryzanol. Replicate plots
contributed significantly (p < 0.05) to the variation in sample gamma-oryzanol levels.

Cultivar and year effects had a significantly greater effect (p < 0.05) on tocol levels
than did the field management methods for the samples studied by Chen and McClung
and discussed above [18]. Cultivar had the greatest effect on the levels of tocols compared
to the year the samples were grown in and the type of cultural management practices. No
consistent effect was found on the levels of tocols in the unmilled samples described above
in the study by Tuano et al. [21]. No effect of fertilizer type or pesticide application or not
was found for the levels of tocols in the NSIC Rc146 samples. However, NSIC Rc160 grown
using organic (157 mg 100 g−1 wet basis) versus conventional (76 mg 100 g−1 wet basis)
fertilizer with pesticides had significantly (p < 0.05) higher levels of tocols. In addition,
replicate plots contributed significantly (p < 0.05) to the variation in sample tocol levels.
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3.5. Safety Traits

Barbosa et al. reported that they found higher levels of total As in conventional
rice grain (n = 33, median 0.208 mg kg−1) in comparison to certified organic rice grain
(n = 17, 0.158 mg kg−1) that was purchased from grocery stores [27]. The organic rice
was certified by Brazilian IBD-Agricultural and Food Inspections. The data in this study
weren’t analyzed statistically. Another study evaluating total As content found greater
levels in organic milled rice (222.9 and 161.6 ng g-1, respectively) than in conventional
milled rice [28]. In the same study, the mean of total As for the parboiled white samples
was reported to be greater than the parboiled organic sample (214.9 and 174.1 ng g−1,
respectively). Total As was reported to be higher in organic rice infant cereals compared to
conventional infant rice cereal (154.9 and 96.3 μg/kg, respectively) [31]. The data in this
study weren’t analyzed statistically. Another study that evaluated milled rice infant cereals
reported indicated there was no difference between organic and conventionally produced
cereals. The data in this study weren’t analyzed statistically [33]. Poletti et al. [38] and
Segura et al. [40] evaluated organic and conventional milled rice samples and found no
difference in total As levels. In addition, these authors reported no difference in total As
levels between organic and conventional unmilled rice samples. All of the studies that
evaluated total As used samples collected from stores, and none of them analyzed the
reported data using statistical methods.

The levels of inorganic As in infant rice cereals that were obtained from grocery stores
reportedly had no difference between those made using milled rice grown under organic
and conventional production techniques [33]. Inorganic As was reported by Segura et al. to
be 45% greater in organic milled rice compared to conventional milled rice and 41% greater
in organic husked versus conventional husked rice [40]. The data in both of these studies
weren’t analyzed statistically.

Cd was reported to be higher in conventionally (0.012 mg kg−1) grown rice samples
purchased in grocery stores compared to ones produced using organic (0.005 mg kg−1)
production methods [27]. However, this data wasn’t analyzed statistically.

Milled rice Cr levels were reportedly greater in conventional (3.0 mg kg−1) rice in com-
parison to that grown under organic conventional (2.3 mg kg−1) production methods [27].
On the contrary, Poletti et al. reported no difference in the level of Cr in organic versus
conventional unmilled and milled samples purchased at grocery stores [38]. The data in
both of these studies weren’t analyzed using statistical methodology.

Hg was higher in organic infant rice cereal compared to cereals made from convention-
ally grown rice (4.54 and 4.39 μg/kg, respectively) [31]. The Pb levels found in conventional
and organic rice were similar [27]. On the contrary Poletti et al. reported that convention-
ally grown milled rice contained more PB (130 μg kg−1) than organically grown milled
rice (98 μg kg−1). Barbosa et al. reported that the Cd content of conventionally produced
conventional rice (0.012 mg kg−1) was higher than that grown under organic conditions
(0.005 mg kg−1) [27]. All samples used in the studies described above were obtained from
grocery stores and the data reported weren’t analyzed using statistical methods.

Alves et al. studied fungal pathogen levels in rough rice during storage [23]. They
found that Penicillium sp., in organic rice was 4, 9, and 4 times higher in rough rice stored
for 0, 6th, and 12th months, respectively, compared to rice produced under conventional
systems. Aspergillius sp. was slightly higher in organic rough rice compared to organic
prior to storage, while after six months of storage, conventional rough rice contained 70%
more. Before storage, Bipolaris sp. was found in organic rice but not in the rough rice grown
conventionally. The rice used for these studies was collected from field trials.

Deoxynivalenol, and fumonisin B1 and B2 were evaluated in various rice-based foods
such as biscuits and breakfast cereals [29]. Deoxynivalenol and fumonisin B1 were re-
ported to be higher in products made using conventionally grown rice (207 μg kg−1 and
205 μg kg−1, respectively) compared to that produces using organic rice (65 μg kg−1 and
150 μg kg−1, respectively). On the contrary, rice-based food products made using or-
ganically grown rice contained more fumonisin B1 (145 μg kg−1) than those produced
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using conventionally grown rice (30 μg kg−1). None of the data in this study were
examined statistically.

Gonzales et al. studied the levels of ochratoxin A in milled rice and rice-based food
products [30]. More organic samples contained ochratoxin A (30.0%, range 1.0 to 7.1 Ag/kg)
compared to those produced using conventional growing methods (7.8%, range 4.3 to
27.3 Ag/kg). Juan et al. also evaluated the levels of ochratoxin A in conventionally and
organically grown rice [32]. They found that some organically produced rice (4/9 samples,
mean 2.57 ng/g) contained ochratoxin A, but none of the conventionally produced samples
did (0/4 samples). No difference between organic unmilled rice and milled rice was
reported. The data in this study weren’t examined statistically.

The occurrence of mycotoxins, specifically five 8-ketotrichothecene compounds, was
studied in organically and conventionally produced rice [37]. They found no significant
difference in the levels of deoxynivalenol, 3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol,
and fusarenone-X in conventionally and organically produced unmilled and milled rice.
However, the levels of nivalenol were significantly higher (p < 0.05) in both organically
produced unmilled and milled rice compared to the corresponding conventionally grown
rice. The sample studies in this study were all obtained from grocery stores in South Korea.

Pesticide residues (i.e., p-nitrophenol, carbofuran, methyl parathion, and β-cyfluthrin)
were measured in cooked rice samples of unmilled conventionally and organically pro-
duced rice that was obtained in Thailand [35]. The cooked rice samples contained p-
nitrophenol (8.23 and 10.13 mg/kg, respectively). None of the other residues were found in
the cooked rice sample. Also, none of the pesticide residues were identified in the serum
from rats fed the cooked rice.

Rice obtained from organic and conventional farms in 16 regions of India was ex-
amined for pesticide residues [39]. The resides were from four groups of pesticides (i.e.,
organochlorine, carbamates, organophosphorous, and pyrethrites). The sites were chosen
to represent all of India’s rice-growing regions in the northern and central parts of the
country. Residues of organochlorines were present in all the conventionally grown rice
samples. Organochlorine pesticide residues were found in two out of ten organic farms.
These farms had both been converted from conventional to organic practices a few years
ago. The presence of carbamates and pyrithroid were found in conventional rice samples,
while no trace of either of these was found in the organic rice samples. Nothing related to
the organophosphorous levels in rice was discussed in the paper.

4. Discussion

Rice grain characteristics result from differences in the genetics of the rice variety and
environmental effects [3]. These effects include such things as the influence of climate,
soil quality, seeding rates, field in-puts, grain processing, and grain storage. Thus, a well-
designed study evaluating the effects of rice production practices would keep all of the
cultivars the same. The inputs’ type, amount, and application time (e.g., soil amendments,
soil type, fertilizers, pesticides, herbicides, and irrigation) would need to be reported in
detail. Also, there must be cultivars and environmental replications.

This systematic review found only a relatively small number of studies examining
sustainable agriculture practices’ effects on rice grain end-use quality, healthfulness, and
safety. They all examined organic practices specifically. The rice cultivars used varied from
study to study. In some studies, the cultivars were named; in others, they weren’t, as the
rice samples were obtained from retail markets. Most of the studies lacked details on how
the rice samples were grown, stored, milled, and packaged. Therefore, the results in this
review should be taken with caution, as most of the studies have error rates from poor
experimental design, limited or no reporting of how the rice kernels were processed and
stored before analysis, or inadequate statistical analysis [42].
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4.1. End-Use Quality

The translucence, shape, and uniformity are important aspects of rice end-use quality
for consumers, millers, wholesalers, and retailers [43]. Surprisingly few studies in this
review reported measuring aspects of grain appearance. Those that did examine rice grain
appearance either found very small differences or none at all. Differences in grain color
and chalk (i.e., opaque spots) between rice samples can often be seen using the naked eye.
Therefore, had large differences in appearance occurred in the studies where these traits
weren’t measured using instrumentation they would have still likely been reported. No
such differences were mentioned in the studies reviewed for this paper. Chalk is known
to have a genetic link and also an environmental cause, temperatures during grain filling
increase its levels [44,45]. Future studies need to examine cultivars that are susceptible
to developing chalk, expose them to low and high temperatures during grain filling, and
examine them for differences when grown under organic versus conventional conditions.

Consumers prefer rice that isn’t broken. Therefore, head rice yield is an extremely
important characteristic for rice farmers because millers are willing to pay more for rice
kernels that are whole and not broken. Some cultivars consistently have greater head rice
yield than others across different years and environmental conditions [3]. The two studies
that examined head rice yield in this review found conflicting results for one cultivar each,
grown in an organic versus the conventionally managed field. Thus, a conclusion on the
effects of organic growing conditions on head rice yield can’t be made.

People in different global regions prefer cooked rice with a particular suite of textural
properties. Rice with the preferred texture demands a premium price. Thus, it is important
to understand the effects of growing conditions on rice cooked rice texture. There are
fourteen aspects of cooked rice texture that are evaluated using trained sensory panels as
well as various instrumental methods that are predictive of some of these characteristics [3].
One study in this review reported that three aspects of texture (i.e., slickness, hardness,
and chewiness) were found by a trained sensory panel to be slightly influenced by organic
versus conventional cultural management [19]. These differences were associated with
grain protein content, which varies along with the dose of nitrogen applied during rice
growth [19,46]. Thus, if differences are seen due to cultural management practices, they
will likely be small and not be caused by the practices per se, but rather by changes in
protein content caused by the difference in nitrogen application rates.

The primary predictor of cooked rice texture is the amount of amylose the grains con-
tain and to a lesser degree the protein and lipid fractions (Fitzgerald 2004) [46]. Rice grains
are classified according to amylose content: waxy (0%); very low (3–9%); low (10–19%);
intermediate (20–25%); or high (>25%) [3]. The greater the amount of amylose the firmer
and the less sticky the cooked rice is. Cultivars in the same amylose category are expected to
have similar textural properties. The studies examined in this review indicate that organic
production practices either don’t influence the quantity of amlyose in milled rice grain or
have very little impact. When differences did occur, they were not large enough to move a
cultivar from one amylose classification to another.

The food processing industry tests the viscous properties of rice using cooking stirring
viscometers, typically a Rapid Visco Analyser (RVA) [47]. Some of these properties are
related to aspects of cooked rice texture [48]. For example, the setback parameter is
frequently used to predict cooked rice firmness/stickiness and pasting temperature is
used when the rice will be included as a source of carbohydrates in brewing. The studies
reviewed in this paper indicate that rice pasting properties will not likely be influenced by
organic versus conventional farming practices for most cultivars. If differences are seen,
they will probably be small and associated with grain protein content, which varies along
with the dose of nitrogen applied during rice growth, as discussed above [46,48].

The aroma of ‘fragrant rice’ is an aspect of end-use quality of particular importance,
as certain ethnic groups prefer it over nonfragrant rice; this impacts the market price of
fragrant rice. For example, many different varieties of the jasmine style of rice are consumed
in South East Asia, and many basmati styles of rice are consumed in South and Central
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Asia. Fragrant rice is commonly reported to smell similar to popcorn or bread-like due
to a compound it contains called 2-acetyl-1-pyrroline and likely due to other compounds
yet to be identified [49]. Various effects, such as genetics, environment, and cultural
management practices, are reported to impact the level of 2-acetyl-1-pyrroline in fragrant
rice [50–52]. Thus, it was surprising that Jasmine 85, a U.S. fragrant cultivar, had a similar
aroma when grown using different cultural management practices, specifically organic
and conventional [19]. Perhaps the difference lies in that all of the studies mentioned
above were performed by measuring 2-acetyl-1-pyrroline using laboratory instrumentation,
except for the one that evaluated Jasmine 85. The latter used a trained sensory panel to
evaluate the “popcorn” aroma and several other aspects of rice aroma. The differences
identified via instrumentation may be too small for humans to sense, and humans may also
be smelling aromatic compounds other than 2-acetyl-1-pyrroline in the fragrant rice.

4.2. Healthfulness

Micronutrients, vitamins, and minerals, are essential for human health, and their
deficiency in the diet remains a widespread problem, especially in low- and middle-income
countries (Bailey et al., 2015) [53]. The articles examined in this review evaluated three
minerals of particular importance for human health globally; Ca, Zn, and Fe. The latter
two are minerals of particular importance to this review since reliance on milled rice with
minimal dietary diversity contributes to Zn and Fe deficiency in developing countries [54].
Considerable variation in Zn and Fe levels exists within rice germplasm that is genotype
dependent [55]. Iron levels vary from 6.9 to 22.3 mg/kg and zinc concentration ranges
from 14.5 to 35.3 mg/kg in unpolished, brown rice. No trend in the effect of organic
versus conventional management practices on Zn and Fe levels was found in the studies
examined in this review. However, the data indicates that if organic production methods
impact Zn and Fe levels of rice, the effects are small and less than the variation that exists
between cultivars.

Interest in the effects of cultural management practices on gamma-oryzanol and tocols
is of interest because these compounds have been proposed to have human health-beneficial
properties [4,56]. Previous work suggested that in general the environment rice is grown
in has a greater effect on gamma-oryzanol and tocol levels than genotype ([57]. Similarly,
the studies examined in this review found that gamma-oryzanol and tocol levels were
influenced by the environment and cultivar. No trend was found for the effects of organic
versus conventional management methods. Although the data is limited, when there are
effects of cultural management on gamma-oryzanol and tocols they will likely be small and
less than the variation caused by differences in environment and cultivar.

4.3. Safety

Soil contamination with heavy metals has increased in certain regions of the world
because of the following anthropogenic activities: urbanization, industrialization, mining,
transportation, and agriculture [58,59]. Reports from several countries indicate that heavy
metal concentrations (i.e., As, Cd, Cr, Hg, Ni, and Pb) in rice often exceed guidance
values [60–62]. This elevated exposure to these metals creates an elevated risk to humans
that rely on rice for a significant portion of their food. Consequently, there is an increasing
need to mitigate the phytoaccumulation of heavy metals in rice.

The repeated use of inorganic fertilizers and metallo-pesticides is associated with
increased levels of heavy metals in rice-growing soil [63]. Thus, it has been proposed that
using organic cultural management practices may result in lower levels of heavy metals
in soils. However, soils that are already contaminated with heavy metals may still pose
a risk of contaminating rice with heavy metals even when under organic management.
Increasing soil organic matter is one of the primary cultural management goals of organic
farming, as it provides benefits such as an increase in the biodiversity of soil microflora,
which in turn helps the soil retain nutrients. However, a potential drawback of an enhanced
amount of organic matter in soil was reported by Zeng et al.) [64]. They reported that the

35



Foods 2023, 12, 73

bioavailability of Pb was positively correlated with the level of organic matter in the soil
used to grow rice because of the effects of organic matter on element mobilization and
bioavailability in soil.

In this review, none of the studies evaluated the same cultivars grown in the same
environment. Rice purchased from grocery stores can be a blend of several cultivars that
have been grown in fields with different levels of heavy metals, thus there is no way to fairly
evaluate the effects of cultural management practices. In addition, these studies didn’t use
statistical methods to evaluate the levels of heavy metals in the rice samples. Therefore, no
conclusions about the effects of organic versus conventional cultural management methods
on rice heavy metal content could be drawn.

Since 1960, the average yield of rice globally has more than doubled, as pesticides
have increased by 15 to 20-fold [65]. Significant evidence exists that the use and especially
the overuse of pesticides is associated with adverse effects on human health and non-target
organisms such as birds, bees, and fish [66–68]. We conclude that the studies evaluated in
this review found that organically produced rice grain was less likely to contain residues
of the pesticides examined in the study than the rice grown using conventional methods.
However, a problem with the design of one of the studies was that the reader wasn’t
informed of how long the field studied had been under organic management. Over time
some pesticides degrade and become nontoxic or less so [69]. The degradation rates of
pesticides vary along with the soil microbial composition and other soil factors, such as
pH and temperature [70]. Therefore, the length of time a field has been under organic
management needs to be recorded in studies designed to evaluate the effect of this cultural
management technique in comparison to conventional methods.

Mycotoxins are naturally occurring toxic contaminants found in cereal grains and
other foods [71]. These secondary metabolites are made by fungi which, when consumed,
have acute and long-term health risks for humans [72]. These fungi reportedly grow in rice
when certain conditions occur during “particular crop seasons, cultivation regions, and
agricultural practices (pre-harvest: paddy variety, crop residue management, and fertilizer
application; post-harvest: means of transportation and delayed drying time)” [73,74]. A
multi-year survey reported that the mycotoxin-producing fungi, Fusarium proliferatum, and
Aspergillus flavus, were found more commonly in fields managed using a combination of
fertilizers (organic and inorganic) or with crop debris compared to those fields that had
only inorganic fertilizer applied [73]. This review found that most studies related to fungi
and mycotoxin levels in rice-based food products and milled rice were difficult to interpret
because the data wasn’t analyzed statistically. However, Juan et al. found ochratoxin A in
some of the organically grown rice and rice products, but not in any of the products or rice
from conventionally managed fields [32]. Also, the levels of nivalenol were significantly
higher (p < 0.05) in organically grown rice (unmilled and milled) compared to the corre-
sponding conventionally grown rice [37]. Although the evidence is limited, the literature
suggests that rice and rice-based products may contain some fungi or some mycotoxins in
particular global regions while their conventionally produced rice counterparts don’t.

5. Conclusions

This review provides tentative conclusions that food processing companies and con-
sumers will not likely notice any aroma or processing quality differences between the same
rice cultivars grown using organic farming practices compared to conventional methods.
However, slight differences in cooked rice texture may be sensed due to differences in
kernel protein content which is known to impact rice texture. Differences in rice grain
protein content occur from exposure to different amounts of nitrogen, not likely due to
organic sources of nitrogen versus conventional sources. There was insufficient evidence to
evaluate the effect of organic production methods on chalk or milling yield. We conclude
that the studies evaluated in this review found that organically produced rice grain was less
likely to contain residues of the pesticides examined in the study than the rice grown using
conventional methods. There was some evidence that organically grown rice is more likely
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to be contaminated with mycotoxin-producing fungi and some mycotoxins. Common
shortcomings of some of the studies evaluated in this review were that they were poorly
designed, with limited to no details of the cultural management practices used to grow the
rice studied, cultivars were not named, and the data wasn’t analyzed statistically. Future
related research should use fields that have been under organic management for more than
two years, take place in more than one environment, and have a variety of soil types.
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Abstract: In the present paper, we investigated the characteristics of chalky rice grains generated by
ripening under high temperature and compared them with whole grains. We evaluated 14 unpolished
Japonica rice grains harvested in Japan in 2021, and these samples (original grains) were divided
into two groups (a whole grain group and a chalky grain one). We found that not only activities of
endogenous amylase and proteinase, but also cell wall-degrading enzymes, such as xylanase and
cellulase, changed markedly between chalky grains and whole grains. Using rice grains blended
with 30% of chalky grains as the material, we compared the sugar and mineral contents and textural
properties of the rice grains soaked and boiled in either ordinary water or hard water, such as
Evian or Contrex. It was shown that xylanase, in addition to amylase and proteinase, may play an
important role in changing the texture of the boiled chalky rice grains. For the sake of preventing
the above-mentioned deterioration in the texture of boiled grains of chalky rice, we tried to use hard
water, such as Evian or Contrex, to soak and cook the chalky rice grains. It was shown that the hard
water was useful for the prevention of texture deterioration of the boiled rice grains due to inhibition
of the activities of endogenous hydrolytic enzymes, such as α-amylase, β-amylase, proteinase, and
xylanase. Furthermore, we found that the hard water was useful in increasing the calcium absorption
through the meal by 2.6 to 16.5 times.

Keywords: chalky rice; xylanase activity; cellulase activity; hard water; hardness

1. Introduction

Rice (Oryza sativa L.) is one of the three most important cereal crops in the world,
along with corn and wheat, and supplies calories to about half of the world’s population.
Rice is widely grown in over 100 countries [1]. Global warming is the most serious
environmental issue, and high temperature stress during the rice ripening period causes
deterioration not only in the grain yield, but also in quality, by generating chalky grains [2,3].
Global warming has serious implications for our future. Mitsui et al. [4], Asaoka et al. [5],
and Nakata et al. [6] have reported that high temperatures cause the inhibition of starch
synthases and the activation of α-amylase.

The endosperm starch of rice grains is damaged by high-temperature ripening, which
leads to the lowering of the food quality by factors such as the hardness and stickiness
of boiled rice grains and the pasting properties of rice flours [7,8]. In our previous paper,
we reported that there are marked differences in properties between chalky grains and
whole grains using 54 Japonica unpolished rice grains damaged severely or lightly by
high-temperature ripening [9]. We reported that the α-amylase activity, proteinase activity,
and n-6/n-3 ratio of polyunsaturated fatty acid [10,11] of whole grains were significantly
lower than those of chalky rice grains. Furthermore, the chalky rice grains, after boiling,
were different from whole grains not only in their physical properties, but also in taste
components such as oligo saccharides and amino acids, which affect the eating quality of
boiled rice [9]. We also made it possible to estimate the degree of damage to rice grains
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ripened under high temperatures using the pasting properties measured by an RVA as
explanatory variables [9,12].

The texture of boiled rice grains is markedly affected by the cell wall of endosperm [13].
Boiled rice grains become softer with the degradation of the cell wall, which suggests the
important role of cell wall-degrading enzymes. For examples, softening of the texture by
the addition of cellulase [14] and xylanase [15] on boiling were reported in [16]. We formerly
reported that endogenous xylanase and cellulase play important roles in determining the
texture of the cooked rice grains, similarly to the amylose content [17]. Furthermore, it
seems necessary to measure the amounts of tasty substances, such as oligo saccharides
and free amino acids, in addition to the physical properties, such as the hardness and
stickiness of the boiled rice grains [18–21]. Therefore, it is necessary to compare the texture-
and taste-related substances in boiled rice for the purpose of elucidating the difference in
palatability between whole grains and chalky grains [10,22,23]. There are few scientific
reports about the relationship between high-temperature damage of rice grains and changes
in proteinase activity, amino acids, and fatty acid composition [24,25].

Recently, rice industries, such as rice catering services, rice cracker makers, and
rice wine brewers, have suffered from the high-temperature ripening of rice grains, as
high-temperature-damaged rice grains have textures too soft and too sticky for the rice
processing procedure [20,26]. Therefore, it is necessary to improve the texture of the
high-temperature-damaged rice grains.

Furthermore, rice consumers request not only palatable rice, but also “healthy rice”,
such as brown rice, pigmented rice, and pre-germinated brown rice in order to prevent
the lifestyle-related diseases by supplying dietary fiber, vitamins, minerals, gamma-amino
butylic acid (GABA), etc. [27]. The elderly population has increased markedly in north-
eastern Asia, and various kinds of health disorder, such as osteoporosis, have become
extremely important problems [28].

In this study, we attempted to elucidate how high-temperature ripening affects the
deterioration in quality of chalky grains. Although we reported that not only α-amylase, but
also protease, activities are activated by high-temperature-damaged chalky rice grains, we
searched for another cause of the quality deteriorations of the chalky rice grains. Cell wall-
degrading enzymes, such as cellulase and xylanase, were our novel targets as candidates as
the causes of damage to the quality of chalky rice grains. Another aim of this investigation
was the development of a method to improve the physical properties of boiled chalky
rice grains.

To achieve the above-mentioned objectives, we collected and analyzed 14 Japonica
rice samples (original grains), which were divided to two groups (a whole grain group
and a chalky grain one). A novel method was used to maintain good texture by inhibiting
glycolytic enzymes and cell wall-degrading enzymes during the boiling process. We
measured the contents of sugars and the textural properties of boiled rice grains boiled
after soaking in two types of hard water. Using rice grains consisting of either 100% whole
grains or rice blended with 30% chalky grains, we measured the contents of sugars and the
textural properties of boiled rice after soaking in two types of hard water.

2. Materials and Methods

2.1. Materials

The unpolished rice samples were purchased in 2021 at a local market, and were
subjected to measurement in 2022 (Japonica subspecies) (n = 16). These original rice
samples were divided manually, based on their apparent chalkiness, into two groups
(whole grain and chalky grain): The ordinary Japonica rice included Kumasannokagayaki
(Kumamoto prefecture), Tsukiakari (Iwate), Sasashigure (Miyagi A), Sasashigure (Miyagi
B), Hitomebore (Miyagi), Yosakoibijin (Kochi), Morinokumasan (Kumamoto), Yumeshizuku
(Saga), and Tsubusuke (Chiba)(n = 9). The high-quality premium Japonica rice included
Koshihikari (Niigata A), Koshihikari (Niigata B), and Koshihikari (Hyogo C) (n = 3). The
high-amylose Japonica–Indica hybrid rice was Koshinomenjiman (Niigata), and the Indica rice
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was Koshinokaori (Niigata) (n = 2). The types of low-amylose Japonica rice were Milky queen
(Kyoto) and Yumepirika (Hokkaido) (n = 2). Each sample was stored at 10 ◦C in a rice
storage chamber.

The Evian (hardness: 304 mg/L, pH: 7.2) and Contrex (hardness: 1468 mg/L, pH:
7.2) for cooking were purchased at a local market in Niigata City. We used purified water
(hardness: 17 mg/L, pH: 7.0) as a control.

2.2. Measurement of the Moisture Content of Rice Flour

The moisture contents of the polished and unpolished rice flours were measured
using an oven-drying method by drying flour samples of about 2 g for 1 h at 135 ◦C. An
aluminum cup (Wt) and a cup containing the flour sample (Ws), were compared before
heating (Wsb) and after heating (Wsa). The moisture content was calculated as follows.

Moisture Content (%) = 100 × ((Wt + Wsb) − (Wt + Wsa))/Wsb

2.3. Preparation of Two Kinds of Unpolished Rice Flours

Whole or chalky unpolished rice grains of 14 rice samples—Kumasannokagayaki (Ku-
mamoto), Tsukiakari (Iwate), Sasashigure (Miyagi A), Hitomebore (Miyagi), Yosakoibijin (Kochi),
Morinokumasan (Kumamoto), Yumeshizuku (Saga), Tsubusuke (Chiba), Koshihikari (Niigata
A), Koshihikari (Hyogo C), Koshinomenjiman (Niigata), Koshinokaori (Niigata), Milky queen
(kyoto), and Yumepirika (Hokkaido)—were used as materials for rice flour. These whole
or chalky rice grains were pulverized into rice flours using a cyclone mill (SFC-S1; UDY,
Corp., Fort Collins, CO, USA).

2.4. Soaking of Polished or Unpolished Rice Flours in 2 Types of Hard Water

Two kinds of rice cultivars, Koshihikari (Hyogo, C) and Tsubusuke (Chiba), were used
for the polished rice samples, and Koshihikari (Niigata, A) was used for the unpolished rice.
The whole or chalky rice grains of polished rice were soaked in Evian, Contrex, or purified
water (tap water treated with a water purifier) at 8 ◦C for 3 h in refrigerator, respectively,
and the unpolished rice was soaked similarly for 48 h. These polished or unpolished rice
flours were prepared by pulverizing rice grains after lyophilization (freeze dryer: FD-1,
Eyela, Tokyo, Japan). Pulverization was carried out using a cyclone mill (SFC-S1; UDY,
Corp., Fort Collins, CO, USA).

2.5. α-Amylase Activity

The α-amylase activity of the whole or chalky grains of unpolished rice flour (n = 14),
as well as those of polished rice flours (n = 2) and unpolished rice flour (n = 1) soaked in
Evian, Contrex, or purified water were determined using an enzyme assay kit (Megazyme
International Ireland, Ltd., Wicklow, Ireland), as described in our former report [12].

2.6. β-Amylase Activity

The β-Amylase activity of the whole or chalky grains of unpolished rice flour (n = 14)
and those of polished rice flours (n = 2) and unpolished rice flour (n = 1) soaked in
Evian, Contrex, or purified water were determined using an enzyme assay kit (Megazyme
International Ireland, Ltd.). For measurement of the β-amylase activity, rice flour (0.1 g) was
extracted with 0.5 mL of extraction buffer, pH 8.0, at 20 ◦C for 60 min, and was thereafter
centrifuged for 10 min at 2000× g. The extraction solution (0.6 mL; 6-fold dilution) and
substrate (0.1 mL) were preincubated at 40 ◦C for 5 min. Thereafter, each sample solution
was incubated at 40 ◦C for exactly 10 min, followed by the addition of a stopping reagent
(3.0 mL). The absorbance was measured at 400 nm.

2.7. Protease Activity

The protease activity of the whole or chalky grains of the unpolished rice flour (n = 14),
as well as that of the polished rice flours (n = 2) and unpolished rice flour (n = 1) soaked
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in two types of hard water or purified water were measured using casein as substrate.
Protease activity was measured using the same method described in our former report [12].

2.8. Xylanase Activity

The xylanase activity of the whole or chalky grains of unpolished rice flour (n = 14),
as well as that of polished rice flour (n = 2) and unpolished rice flour (n = 1) soaked in
two types of hard water and purified water were determined using a kit (Megazyme
International Ireland Ltd., Wicklow, Ireland). For measurement of the xylanase activity,
the rice flour (0.1 g) was suspended in 0.1 M C2H3NaO2 (pH 4.5) buffer containing BSA
(0.5 mg/mL) and NaN3 (0.02% (w/v)) at room temperature for 15 min, then centrifuged for
10 min at 1000× g. Afterward, the supernatants of the extraction solution (0.05 mL; 2-fold
dilution) and substrate solution (0.05 mL) were preincubated at 40 ◦C for 3 min. Thereafter,
each sample solution was incubated at 40 ◦C for exactly 10 min, followed by the addition
of a stopping reagent (Tris-HCl buffer 2% (w/v)) (pH 10.0) (1.5 mL). The absorbance was
measured at 400 nm.

2.9. Cellulase Activity

The cellulase activity of the whole or chalky grains of unpolished rice flour (n = 14) and
that of polished rice flour (n = 2) and unpolished rice flour (n = 1) soaked in two types of
hard water and purified water were determined by a kit (Megazyme International Ireland,
Ltd.). For measurement of the cellulase activity, the rice flour (0.1 g) was suspended in
0.1 M C2H3NaO2 (pH 4.5) buffer containing BSA (0.5 mg/mL) and NaN3 (0.02% (w/v))
at room temperature for 15 min, then centrifuged for 10 min at 1000× g. After that, the
supernatants of the extraction solution (0.2 mL; 2-fold dilution) and substrate (0.05 mL)
were preincubated at 40 ◦C for 3 min. Thereafter, each sample solution was incubated at
40 ◦C for exactly 10 min, followed by the addition of a stopping reagent (Tris-HCl buffer
2% (w/v)) (pH 10.0) (3.0 mL). The absorbance was measured at 400 nm.

2.10. Polishing and Boiling of Rice Samples

We prepared polished rice (milling yield of 90–91%) using an experimental friction-
type rice milling machine (Yamamotoseisakusyo Co., Yamagata, Japan). Samples of 10 g of
the blended polished rice grains (blending ratio: whole rice grains:chalky rice grains = 7:3)
were added to 16 g (1.6 times, w/w) of purified water in an aluminum cup as control
samples, and another set of rice grains samples (10 g) was added to 16 g (1.6 times, w/w)
of Evian or Contrex [13]. After soaking for 1 h, the samples were boiled in an electric rice
cooker (SR-SW 182 National, Japan). The cooked rice samples were kept in the vessel for
2 h at 25 ◦C, then used for the measurements [13]. The rice samples which we utilized
were Kumasannokagayaki (Kumamoto), Tsukiakari (Iwate), Sasashigure (Miyagi A), Sasashig-
ure (Miyagi B), Hitomebore (Miyagi), Yosakoibijin (Kochi), Morinokumasan (Kumamoto),
Yumeshizuku (Saga), Koshihikari (Niigata A), and Koshihikari (Niigata B) (n = 10).

In contrast, the polished rice grains of 100% whole or chalky rice were boiled similarly [13].
The rice samples which we utilized were Koshihikari (Hyogo C) and Tsubusuke (Chiba).

2.11. Measurements of Textural Properties of Boiled Rice Grains

The physical properties of boiled rice grains were measured based on bulk measurements
(10 g) and single-grain measurements (the high-compression/low-compression method),
which included low compression (compression ratio = 23%: twice), intermediate compression
(compression ratio = 46%: twice), and high compression (compression ratio = 92%: twice),
according to the 2 × 3 bite method for blended rice. A low compression test (compression
ratio = 25%) and a high compression test (compression ratio = 90%) were utilized for
100% whole and chalky rice using a Tensipresser (My Boy System, Taketomo Electric
Co., Tokyo, Japan), according to the method described by Okadome et al. [29]. The bulk
measurements were repeated 5 times, and single-grain measurements were calculated
by measuring 20 individual grains. We used the following parameters for the physical
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properties of the boiled rice grains for bulk measurement: hardness, toughness, adhesion,
stickiness, and cohesiveness [30]. The cohesiveness was measured as A2/A1 for the ratio
of hardness with low compression, A4/A3 for the ratio of hardness with intermediate
compression, and A6/A5 for the ratio of hardness with high compression. of the parameters
used for single-grain measurement were H1 for surface hardness, H2 for overall hardness,
S1 for surface stickiness, S2 for overall stickiness, L3 for surface adhesion, S1/H1 (balance
H1) for the ratio of stickiness to hardness of the surface layer, S2/H2 (balance H2) for
the ratio of stickiness to hardness of the overall layer, A3/A1 (balance A1) for the ratio
of adhesiveness to hardness of the surface layer, and A6/A4 (balance A2) for the ratio of
adhesiveness to hardness of the overall layer.

2.12. Measurement of D-Glucose, Maltose, and Saccharose Contents

The cooked rice flour sample was prepared by pulverization after lyophilization.
D-glucose, maltose, and saccharose (0.1 g) were extracted from each sample by shaking

with 1 mL of 60% ethanol at room temperature for 1 h, and then were measured by the
Sucrose/D-Glucose/D-Fructose content assay method (F-kit, Roche/ R-Biopharm AG.,
Darmstadt, Germany).

2.13. Measurement of Color Difference of Boiled Rice after Soaking in 2 Types of Hard Water

The color differences of the boiled blended rice (blend rice: whole rice grains: chalky
rice grains = 7:3) soaked in Evian, Contrex, or purified water were measured using a color
difference meter (Color Meter NW-11, Nippon Denshoku Co., Tokyo, Japan).

2.14. Analysis of Calcium and Magnesium Contents

The calcium and magnesium of the whole and chalky Koshihikari (Hyogo C) grains of
polished or unpolished boiled rice after being soaked in 2 types of hard water or purified
water of whole grains of polished rice of were analyzed by an ICP (inductively coupled
plasma) emission spectrometry. The absorbance values were measured as 423 nm for cal-
cium and 285 nm for magnesium. Moreover, the tests on boiled whole and chalky polished
Tsubusuke (Chiba) rice were analyzed similarly. The measurements of the microminerals in
the rice samples were carried out at Japan Food Research Laboratories.

2.15. Statistical Analyses

We used Excel Statics (ver. 2006; Microsoft Corp., Tokyo, Japan) for the statistical
analysis of the significance of regression coefficients using Student’s t-test, one-way analysis
of variance, and Tukey’s test. The method of Tukey’s multiple comparison was statisti-
cally analyzed using Excel NAG Statistics 2.0 (The Numerical Algorithms Group, Ltd.,
Tokyo, Japan).

3. Results and Discussion

3.1. Activities of Various Hydrolytic Enzymes in Whole or Chalky Unpolished Rice Grains

In addition to amylose content, the cell wall of the rice endosperm also affects the
texture of boiled rice grains. When the cellulose of the cell wall is hydrolyzed by cellulase
(endo-1,4-beta-D-glucanase), boiled rice grains become softer and stickier [31].

As shown in Figure 1, the endo-xylanase activities of chalky unpolished rice grains
of premium Japonica rice Koshihikari (n = 2), ordinary Japonica rice (n = 6), low-amylose
Japonica rice (n = 2), and high-amylose Japonica–Indica hybrid rice (n = 1) were significantly
higher than those of whole rice grains. Two samples of ordinary Japonica rice and Indica
rice showed similar tendencies. As a result, whole unpolished rice grains were shown to
have significantly lower endo-xylanase activities than chalky unpolished rice grains.
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Figure 1. End-xylanase activities of whole and chalky rice grains of 14 Japonica unpolished rice
samples in 2021. Different letters (a, b) indicate that whole and chalky grains of each same rice
samples are significantly different. ** Correlation is significant at 1% according to the method of
Tukey’s multiple comparison.

The ratio of the endo-xylanase activities of chalky unpolished rice grains to those of
whole unpolished rice grains in low-amylose rice (1.38 ± 0.2) was extraordinary higher
than those of premium Koshihikari (1.24 ± 0.1) rice and ordinary Japonica rice cultivars
(1.20 ± 0.1). Chalky unpolished rice grains showed markedly higher endo-xylanase activi-
ties, by 1.1–1.5 times, compared to whole unpolished rice grains in 12 Japonica rice variants
in 2021.

It was found that the endo-xylanase activity of whole unpolished rice grains is lower
than that of chalky unpolished rice grains. We also found that the tendency was stronger in
the low-amylose rice group.

As shown in Figure 2, the endo-cellulase activity of chalky unpolished rice grains of
premium Japonica Koshihikari (n = 1) rice, ordinary Japonica rice (n = 7), and low-amylose
Japonica rice (n = 2) were significantly lower than that of whole rice grains. The premium
Japonica Koshihikari (n = 1) rice and Indica rice (n = 1) showed similarly tendencies. As
a result, whole unpolished rice grains were shown to have significantly higher endo-
cellulase activities than chalky unpolished rice grains, showing an opposite trend to the
endo-xylanase activities. The whole unpolished rice grains showed markedly higher endo-
cellulase activities, by 0.8–1.6 times, than chalky unpolished rice grains in 12 Japonica rice
variants in 2021.

As a result of the statistical treatments using all the rice samples, the xylanase activities
of chalky rice grains were shown to be higher than those of whole rice grains (p < 0.01) by
Tukey’s one-way ANOVA. On the contrary, the cellulase activity of the chalky grains was
shown to be lower than that of the whole grains (p < 0.05).

It seems very interesting that the activities of not only starch-related enzymes, but also
cell wall-degrading enzyme activities, change along with the high-temperature ripening of
rice grains.
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Figure 2. Cellulase activities of whole and chalky rice grains in 14 unpolished Japonica rice samples in
2021. Different letters (a, b) indicate that whole and chalky grains in each rice sample are significantly
different. ** Correlation is significant at 1% according to the method of Tukey’s multiple comparison.

Tsujii et al. reported that endogenous poly-galacturonase activities showed a positive
correlation with pectin contents and a negative correlation with the hardness of cooked
rice [13]. In our previous paper, xylanase activity showed positive correlations with
amylose content and cellulase activity and a negative correlation with the adhesion of
cooked rice [17]. Our results, shown in Figures 1 and 2, are harmonized with the report
about the discriminative DNA markers encoding 1,4-beta-xylanase and endo-1,4-beta-
glucanase 13 in Indica rice, Indica–Japonica hybrid rice, and Japonica rice (tropical Japonica
rice) [17].

Alpha-glucosidase hydrolyzes maltose and soluble starch to glucose, which is reported
to affect the eating quality of rice grains [32]. Iwata et al. reported that alpha-glucosidase
activity showed a positive correlation with GBSS activity and amylose content [33].

As shown in Supplementary Table S1, the α-amylase activity levels of chalky unpol-
ished rice grains of premium Japonica Koshihikari (n = 1) rice, ordinary Japonica rice (n = 7),
low-amylose Japonica rice (n = 2), and high-amylose Japonica–Indica hybrid rice (n = 1) were
significantly higher than those of whole rice grains. These results were consistent with the
report by Mitsui et al. [4] and our former reports [9,12].

As shown in Supplementary Table S1, the β-amylase activity levels of chalky unpol-
ished rice grains of premium Japonica Koshihikari (n = 1) rice, ordinary Japonica rice (n = 3),
low-amylose Japonica rice (n = 1), and high-amylose Japonica-Indica hybrid rice (n = 1) were
significantly higher than those of whole rice grains. This result is in accordance with our
previous report [9,12].

As shown in Supplementary Table S1, the protease activity of chalky unpolished grains
of ordinary Japonica rice (n = 2), low-amylose Japonica rice (n = 1), and high-amylose Japonica–
Indica hybrid rice (n = 1) were significantly higher than those of the whole rice grains.

As a result of statistical treatment using all the rice samples, the α-amylase and
proteinase of the chalky grains showed significant higher activity levels than those of whole
grains (p < 0.01). Unfortunately, beta-amylase activity did not show a significant difference
between the two rice groups.
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Our results are consistent with our previous report that the activity levels of not only
α-amylase, but also β-amylase and protease, were higher for chalky rice grains [9,12,34].
Sun et al. reported that isoamylase is a factor in grain chalkiness using QTLs studies [35].

It has been reported that the gene expression of gibberellin is closely related with the
activation of α-amylase, protease activity, and cell wall-degrading enzymes [36].

Our results may show that the high-temperature ripening has close relationship
with the changes in the various enzyme activities affected by plant hormones, such as
gibberellin [37].

The degradation of the cell walls of cereal grains during germination has been studied
from a physiological viewpoint [25,38–40].

3.2. Activities of Various Hydrolytic Enzymes of Rice Grains Soaking in Hard Water

In our previous paper, we reported the different properties of whole grains and chalky
grains. These chalky rice grains are characterized by high α- and β-amylase activity levels,
high protease activity, low apparent amylose content, and low degrees of hardness and
stickiness of boiled rice grains compared to whole grains [9]. In this study, we attempted to
improve the physical properties of boiled chalky rice grains by reducing various enzyme
activity levels.

As shown in Figure 3 and Supplementary Table S2, the α-amylase activity levels of
whole grains soaked in purified water (0.05 ± 0.0 Ug−1) were significantly higher than those
soaked in Evian (hardness: 304 mg/L, Ca: 8.0 mg, Mg: 2.6 mg, pH: 7.2) (0.03 ± 0.0 Ug−1)
or Contrex (hardness: 1468 mg/L, Ca: 46.8 mg, Mg: 7.45 mg, pH: 7.2) (0.04 ± 0.0 Ug−1). On
the contrary, those of two- or fourfold-diluted Evian and Contrex did not show inhibition
of α-amylase activities.

Figure 3. α- and β-amylase activity, proteinase activity, and cell wall-degrading enzyme activity of
unpolished rice soaking in Evian, Contrex, or purified water. Within each measurement (α-amylase,
β-amylase, proteinase, endo-xylanase, endo-cellulase) in the same column, different letters (a, b)
indicate that whole unpolished Koshihikari rice flour, when soaked in Evian, two- or fourfold
dilutions of Evian, Contrex, two- or fourfold dilutions of Contrex, or purified water were significantly
different. Different letters (a, b) indicate that samples soaked in different types of water were
significantly different. ** Correlation was significant at 1% according to the method of Tukey’s
multiple comparison.
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As shown in Figure 3, the β-amylase activity levels of whole grains soaked in pu-
rified water (0.967 ± 0.0 Ug−1) were significantly higher than those soaked in Evian
(0.630 ± 0.0 Ug−1), two- or fourfold dilutions of Evian (0.830 ± 0.0 Ug−1), (0.543 ± 0.0 Ug−1),
Contrex (0.555 ± 0.0 Ug−1), or two- or fourfold dilutions of Contrex (0.612 ± 0.0 Ug−1),
(0.648 ± 0.0 Ug−1).

As shown in Figure 3, the proteinase activity levels of the whole grains soaking in
purified water (0.072 ± 0.0 Ug−1) were significantly higher than those soaking in Evian
(0.065 ± 0.0 Ug−1), fourfold dilutions of Evian (0.066 ± 0.0 Ug−1), or fourfold dilutions of
Contrex (0.066 ± 0.0 Ug−1). Those soaked in twofold dilutions of Evian (0.072 ± 0.0 Ug−1),
Contrex (0.071 ± 0.0 Ug−1), or twofold dilutions of Contrex (0.072 ± 0.0 Ug−1) showed
almost no reduction in proteinase activity.

As shown in Figure 3, the endo-xylanase activity levels of whole grains soaking in
purified water (0.063 ± 0.0 Ug−1) were significantly lower than those of the samples soaking
in Evian (0.077 ± 0.0 Ug−1). However, those soaked in Contrex (0.071 ± 0.0 Ug−1), two- or
fourfold dilutions of Contrex (0.074 ± 0.0 Ug−1), (0.070 ± 0.0 Ug−1), and two- or fourfold
dilutions of Evian (0.064 ± 0.0 Ug−1), (0.066 ± 0.0 Ug−1) did not show any significant
effects regarding endo-xylanase activity.

As shown in Figure 3, the endo-cellulase activities of whole grains soaked in purified
water (0.081 ± 0.0 Ug−1) were significantly lower than those soaking in two- or fourfold
dilutions of Evian (0.138 ± 0.0 Ug−1), (0.095 ± 0.0 Ug−1), or fourfold dilutions of Contrex
(0.110 ± 0.0 Ug−1). Those of the samples soaked in Evian (0.069 ± 0.0 Ug−1) were lower
than those in the purified water group, and those soaked in Contrex (0.083 ± 0.0 Ug−1)
and twofold dilutions of Contrex (0.078 ± 0.0 Ug−1) showed similar values to those in the
purified water group.

As a result, various enzyme activities were inhibited by soaking in hard water with
optimal concentrations. The activity levels of various hydrolytic enzymes in polished rice
soaked in hard water showed a similar tendency to those of unpolished rice grains.

3.3. Textural Properties of Boiled Rice Grains

In our previous report, boiled chalky rice grains showed lower hardness and stickiness
values and higher retrogradation degrees after boiling compared with the whole grains [12].

In the recent commercial Japonica rice market, rice grains containing about 30% of
chalky rice are graded as low-class and priced lower than whole rice grains.

In this study, we measured the physical properties of boiled rice of whole and chalky
grains after soaking in Evian, Contrex, and purified water using the individual grain
method. Both low-compression (25%) and high-compression (90%) tests were conducted
using a Tensipresser.

Ogawa et al. [41] reported that water absorption and the swelling of boiled rice, adding
calcium, were inhibited compared to soaked in water.

As shown in Supplementary Table S3, H1 (the hardness of the surface layer of the
boiled rice grains) and H2 (the hardness of the overall layer) of chalky boiled rice grains
were significantly lower than those of whole boiled rice grains, a similarly tendency to
that observed in our previous report [9,12]. Compared with other measurements, such
as assays of enzyme activities (Supplementary Table S1, Table 1), the measurements of
physical properties always show larger standard deviations, as shown in our previous
report (references No. 9, No. 12, and No. 34).

As shown in Supplementary Table S3, the textural properties of chalky grains boiled
after soaking in purified water change compared with whole grains, such as through an
increase in hardness and stickiness.

In polished Koshihikari, H2 (hardness of the overall layer) and S1 (stickiness of the
surface layer) of chalky boiled rice grains were significantly higher after soaking in Contrex
compared to those of whole rice grains soaking in purified water, and the S2 (stickiness
of overall layer) and L3 (the adhered of surface layer) of chalky boiled rice grains showed
similar tendencies.
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On the other hand, the S1 of chalky boiled rice grains after soaking in Evian was
significantly higher compared to the whole rice grains soaked in purified water, while the
H2, S2, and L3 of chalky boiled rice grains were slightly lower than those of whole rice
grains soaked in purified water.

Table 1. Physical properties of in 10 kinds of boiled Japonica rice with 30% chalky grains, blended
after soaking in Evian, Contrex, and purified water, in 2021.

Hardness Toughness Adhesion Stickiness Cohesiveness

×105 (N/cm2) ×105 (N/cm2) ×105 (N/cm2) ×105 (N/cm2) (A6/A5)

Kumasannokagayaki (purified water) 0.86 ± 0.05 b 17.12 ± 0.53 a 12.41 ± 0.49 b 12.24 ± 1.33 b 0.38 ± 0.01 a
Kumasannokagayaki (Evian) 1.15 ± 0.17 a 17.96 ± 0.46 a 12.67 ± 2.35 b 17.79 ± 5.89 b 0.38 ± 0.02 a
Kumasannokagayaki (Contrex) 1.38 ± 0.05 a 18.33 ± 0.87 a 14.40 ± 1.16 a 26.70 ± 079 a 0.38 ± 0.00 a

Tsukiakari (purified water) 1.63 ± 0.03 a 18.03 ± 0.71 a 12.44 ± 2.02 b 17.94 ± 1.78 a 0.38 ± 0.02 a
Tsukiakari (Evian) 1.23 ± 0.18 b 19.96 ± 0.80 a 12.64 ± 1.20 b 19.13 ± 4.21 a 0.41 ± 0.01 a
Tsukiakari (Contrex) 1.56 ± 0.37 a 19.22 ± 2.47 a 13.48 ± 0.00 a 17.55 ± 1.00 a 0.40 ± 0.00 a

Koshihikari A (purified water) 1.14 ± 0.19 b 16.16 ± 0.41 a 14.51 ± 0.29 a 25.66 ± 1.34 a 0.38 ± 0.00 a
Koshihikari A (Evian) 1.67 ± 0.19 a 17.22 ± 2.56 a 12.33 ± 1.12 a 19.74 ± 4.50 b 0.41 ± 0.04 a
Koshihikari A (Contrex) 1.29 ± 0.09 b 16.89 ± 1.06 a 14.16 ± 1.05 a 25.95 ± 4.67 a 0.41 ± 0.05 a

Sasashigure A (purified water) 1.36 ± 0.13 b 13.32 ± 0.74 b 12.83 ± 1.49 b 22.05 ± 5.50 b 0.41 ± 0.05 a
Sasashigure A (Evian) 1.28 ± 0.46 b 19.35 ± 1.47 a 13.52 ± 2.37 b 24.23 ± 1.52 b 0.42 ± 0.02 a
Sasashigure A (Contrex) 1.70 ± 0.11 a 19.72 ± 1.63 a 15.30 ± 1.66 a 31.40 ± 3.19 a 0.42 ± 0.01 a

Hitomebore (purified water) 1.59 ± 0.25 a 19.92 ± 2.29 a 15.02 ± 0.28 a 22.91 ± 0.63 a 0.37 ± 0.03 a
Hitomebore (Evian) 1.23 ± 0.07 b 17.55 ± 1.25 b 12.78 ± 0.19 b 14.80 ± 0.68 b 0.38 ± 0.00 a
Hitomebore (Contrex) 1.54 ± 0.06 a 17.88 ± 1.79 b 13.35 ± 0.45 b 24.13 ± 6.77 a 0.41 ± 0.02 a

Yosakoibijin (purified water) 1.28 ± 0.10 a 22.07 ± 2.55 a 10.65 ± 0.14 a 16.04 ± 5.47 a 0.39 ± 0.05 a
Yosakoibijin (Evian) 1.40 ± 0.42 a 20.11 ± 3.03 a 13.87 ± 1.56 a 21.20 ± 0.16 a 0.42 ± 0.04 a
Yosakoibijin (Contrex) 1.27 ± 0.46 a 18.17 ± 2.55 b 11.21 ± 0.84 a 18.97 ± 4.47 a 0.40 ± 0.04 a

Koshihikari B (purified water) 1.66 ± 0.27 a 21.43 ± 0.29 a 12.80 ± 1.10 b 30.99 ± 0.74 a 0.39 ± 0.05 a
Koshihikari B (Evian) 1.38 ± 0.11 a 18.65 ± 0.47 b 12.33 ± 1.96 b 23.93 ± 0.15 b 0.42 ± 0.04 a
Koshihikari B (Contrex) 1.42 ± 0.22 a 18.69 ± 1.04 b 15.18 ± 0.96 a 22.87 ± 6.17 b 0.40 ± 0.04 a

Sasashigure B (purified water) 1.46 ± 0.40 b 19.56 ± 1.07 b 11.09 ± 0.26 a 17.89 ± 0.84 a 0.39 ± 0.03 a
Sasashigure B (Evian) 1.45 ± 0.21 b 22.26 ± 0.92 a 11.01 ±0.07 a 17.66 ± 0.24 a 0.40 ± 0.04 a
Sasashigure B (Contrex) 1.88 ± 0.01 a 22.76 ± 0.82 a 11.61 ± 0.31 a 16.70 ± 4.54 a 0.41 ± 0.01 a

Morinokumasan (purified water) 0.92 ± 0.00 a 17.84 ± 0.11 b 14.68 ± 0.33 a 28.51 ± 3.76 a 0.40 ± 0.00 a
Morinokumasan (Evian) 1.16 ± 0.34 a 18.49 ± 2.41 a 12.86 ± 0.52 a 21.81 ± 2.96 b 0.40 ± 0.02 a
Morinokumasan (Contrex) 1.08 ± 0.16 a 17.80 ± 1.67 b 14.38 ± 0.83 a 25.61 ± 1.72 b 0.41 ± 0.00 a

Yumeshizuku (purified water) 1.35 ± 0.25 b 18.90 ± 1.40 a 15.12 ± 1.85 a 18.48 ± 5.02 b 0.37 ± 0.05 b
Yumeshizuku (Evian) 1.47 ± 0.21 b 17.68 ± 1.14 a 12.20 ± 1.87 b 31.78 ± 2.58 a 0.42 ± 0.01 a
Yumeshizuku (Contrex) 1.23 ± 0.01 a 18.69 ± 1.85 a 15.14 ± 0.83 a 31.86 ± 0.85 a 0.42 ± 0.04 a

The physical properties of boiled grains of blended rice were measured using bulk measurements, which in-
cluded low compression (compression ratio = 23%: twice), intermediate compression (compression ratio = 46%:
twice), and high compression (compression ratio = 92%: twice), according to the 2 × 3 bite method. Within
each measurement (hardness, toughness, adhesion, stickiness, cohesiveness) in the same column, different let-
ters (a, b) mean that blended boiled rice in each rice sample was significantly different. The value of hardness
is indicated by the height and that of toughness by the area of continuous progressive compression in Tensi-
presser. Cohesiveness (A6/A5) is shown as the ratio of hardness under high compression. Values are shown as
mean ± standard deviation.

In polished Tsubusuke, the H2 and S1 of the chalky boiled rice grains after soaking in
Contrex were significantly higher than those of whole rice grains soaked in purified water,
and the S2 of chalky boiled rice grains showed a similar tendency. On the other hand, the
S1 and S2 of chalky boiled rice grains after soaking in Evian were significantly higher than
those of whole rice grains soaked in purified water, and the L3 of chalky boiled rice grains
showed a similar tendency.

As shown in Table 1 and Supplementary Figure S1, the ratio of the hardness of boiled
30% chalky blended rice after soaking in Evian to the hardness of the rice soaked in purified
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water was 1.05 ± 0.24 times (n = 5). The ratio of toughness was 1.04 ± 0.17 times (n = 6), the
ratio of adhesion was 0.97 ± 0.14 times (n = 5), the ratio of stickiness was 1.06 ± 0.35 times
(n = 5), and the ratio of cohesiveness was 1.05 ± 0.04 times (n = 8). The ratio of the
hardness of those soaked in Contrex to the hardness of those soaked in purified water was
1.11 ± 0.23 times (n = 5), the ratio of toughness was 1.04 ± 0.19 times (n = 6), the ratio of
adhesion was 1.06 ± 0.10 times (n = 7), the ratio of stickiness was 1.21 ± 0.44 times (n = 6),
and cohesiveness was 1.05 ± 0.04 times (n = 9).

As a result, the various physical properties of boiled 30% chalky blended rice after
soaking in hard water showed higher values than those of the rice soaked in purified water,
and the physical properties of the rice soaked in Contrex were slightly higher than those of
the rice soaked in Evian.

In the recent commercial market, rice grains containing about 30% chalky grains were
classified as low-grade; thus, the prices are lower than those of whole rice grains. In
our previous report, the hardness and toughness of boiled 30% chalky blended rice were
lower than those of whole boiled rice grains, and the stickiness and adhesion showed a
similar tendency.

We found that the boiled 30% chalky grain blended rice, after soaking in hard water,
showed slightly higher hardness, toughness, stickiness, and cohesiveness compared to the
rice soaked in purified water, which means that the physical properties of boiled 30% chalky
blended rice were improved in terms of textural qualities.

3.4. D-Glucose, Maltose, and Saccharose Contents in Boiled Rice Grains

Awazuhara et al. [42] showed that the thermal dependency and stability of enzymes
producing reducing sugar are different between outer endosperm and inner endosperm
of rice.

As shown in Supplementary Table S4, the D-glucose, maltose, and saccharose in chalky
boiled rice grains were significantly higher than those in whole boiled rice grains, which
was consistent with our previous reports [9,34].

In Koshihikari, the D-glucose and maltose levels in chalky boiled rice grains after
soaking in Evian and Contrex were significantly lower than those in grains soaked in
purified water. The sugar content showed similarity to that of whole grains soaking in
purified water. The saccharose contents of chalky boiled rice grains after soaking in Evian
and Contrex showed a similar tendency.

In Tsubusuke, the D-glucose, maltose, and saccharose levels of chalky boiled rice
grains after soaking in Evian and Contrex were lower than those soaked in purified water,
and the sugar content was higher than that of whole grains soaked in purified water.

Shibuya et al. [31] demonstrated the isolation of cell walls from different parts of
rice grains of a Japonica variety, their macromolecule composition, and the sugar linkages
contained in these cell walls. Tsujii et al. [16] showed that the extent of decomposition of
pectin has a negative correlation with the hardness value of cooked rice.

In two kinds of boiled rice, after soaking in Evian, Contrex, or purified water, the
stickiness of the overall layer (S2) of boiled rice showed a positive correlation with D-
glucose (r = 0.70, p < 0.05), maltose (r = 0.77, p < 0.01), and saccharose (r = 0.78, p < 0.01).
The hardness of the surface layer (H1) of boiled rice showed a negative correlation with
D-glucose (r = −0.74, p < 0.01), maltose (r = −0.68, p < 0.05), and saccharose (r = −0.76,
p < 0.01), and the endo-cellulase activities showed a negative correlation with D-glucose
(r = −0.67, p < 0.05), maltose (r = −0.58, p < 0.05), and saccharose (r = −0.58, p < 0.05).
Furthermore, α-amylase activity showed a negative correlation with the stickiness of
surface layer (S1) (r = −0.70, p < 0.05) of boiled rice, as shown in Supplementary Table S5.

It was shown that rice grains boiled after soaking in Evian or Contrex contained lower
amounts of glucose, due to the lower enzyme activity, than of the rice grains boiled after
soaking in purified water.
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As shown in Table 2, the D-glucose content of the 30% chalky blended boiled grains
after soaking in Evian or Contrex was significantly lower than that of blended rice soaked in
purified water (n = 10), and the maltose and saccharose contents showed similar tendencies.

Table 2. Oligosaccharides of boiled 30% chalky blended rice after soaking in Evian, Contrex, and
purified water in 10 kinds of Japonica rice in 2021.

D-Glucose Content Maltose Content Saccharose Content
(g/100 g) (g/100 g) (g/100 g)

Kumasannokagayaki (purified water) 0.065 ± 0.004 a 0.095 ± 0.002 a 0.313 ± 0.008 a
Kumasannokagayaki (evian) 0.058 ± 0.001 b 0.091 ± 0.001 a 0.299 ± 0.001 a
Kumasannokagayaki (contrex) 0.055 ± 0.002 b 0.087 ± 0.002 a 0.299 ± 0.000 a

Tsukiakari (purified water) 0.078 ± 0.002 a 0.134 ± 0.001 a 0.302 ± 0.002 a
Tsukiakari (evian) 0.057 ± 0.002 b 0.090 ± 0.000 b 0.260 ± 0.006 b
Tsukiakari (contrex) 0.055 ± 0.002 b 0.088 ± 0.007 b 0.254 ± 0.007 b

Koshihikari A (purified water) 0.074 ± 0.001 a 0.100 ± 0.000 a 0.345 ± 0.000 a
Koshihikari A (evian) 0.058 ± 0.002 b 0.089 ± 0.000 b 0.311 ± 0.006 b
Koshihikari A (contrex) 0.057 ± 0.001 b 0.089 ± 0.001 b 0.306 ± 0.008 b

Sasashigure A (purified water) 0.077 ± 0.002 a 0.097 ± 0.000 a 0.331 ± 0.009 a
Sasashigure A (evian) 0.063 ± 0.002 b 0.087 ± 0.001 b 0.313 ± 0.006 a
Sasashigure A (contrex) 0.066 ± 0.002 b 0.091 ± 0.002 a 0.322 ± 0.009 a

Hitomebore (purified water) 0.062 ± 0.001 a 0.088 ± 0.001 a 0.281 ± 0.008 a
Hitomebore (evian) 0.050 ± 0.001 b 0.073 ± 0.003 b 0.259 ± 0.007 a
Hitomebore (contrex) 0.046 ± 0.001 b 0.072 ± 0.002 b 0.252 ± 0.006 a

Yosakoibijin (purified water) 0.060 ± 0.001 a 0.115 ± 0.003 a 0.514 ± 0.007 a
Yosakoibijin (evian) 0.051 ± 0.001 b 0.107 ± 0.001 a 0.492 ± 0.002 a
Yosakoibijin (contrex) 0.055 ± 0.001 b 0.112 ± 0.001 a 0.500 ± 0.005 a

Koshihikari B (purified water) 0.070 ± 0.001 a 0.092 ± 0.001 a 0.295 ± 0.001 a
Koshihikari B (evian) 0.061 ± 0.001 b 0.083 ± 0.001 b 0.280 ± 0.003 a
Koshihikari B (contrex) 0.063 ± 0.001 b 0.082 ± 0.001 b 0.277 ± 0.001 a

Sasashigure B (purified water) 0.062 ± 0.000 a 0.085 ± 0.000 a 0.295 ± 0.000 a
Sasashigure B (evian) 0.051 ± 0.000 b 0.073 ± 0.003 b 0.270 ± 0.001 a
Sasashigure B (contrex) 0.054 ± 0.002 b 0.073 ± 0.001 b 0.277 ± 0.001 a

Morinokumasan (purified water) 0.075 ± 0.000 a 0.113 ± 0.003 a 0.411 ± 0.001 a
Morinokumasan (evian) 0.063 ± 0.001 b 0.099 ± 0.003 a 0.378 ± 0.003 a
Morinokumasan (contrex) 0.066 ± 0.000 b 0.104 ± 0.001 a 0.385 ± 0.001 a

Yumeshizuku (purified water) 0.074 ± 0.000 a 0.098 ± 0.001 a 0.318 ± 0.002 a
Yumeshizuku (evian) 0.057 ± 0.001 b 0.079 ± 0.001 b 0.275 ± 0.001 b
Yumeshizuku (contrex) 0.060 ± 0.000 b 0.084 ± 0.001 b 0.285 ± 0.001 b

Within each measure (D-glucose content, maltose content, saccharose content) in the same column, different
letters (a, b) mean that in each sample, the properties of the rice were significantly different. Values are shown as
mean ± standard deviation.

The ratio of D-glucose of the boiled 30% chalky blended rice after soaking in Evian
to D-glucose of the rice soaking in purified water was 0.82 ± 0.05 times (n = 10). The ratio
of maltose was 0.86 ± 0.08 times (n = 8), that of saccharose was 0.92 ± 0.04 times (n = 10),
and of the results for blended boiled grains after soaking in Contrex showed a similar
tendency. As a result, the sugar content of the boiled 30% chalky blended rice were lower
after soaking in hard water compared to that of the boiled 30% chalky blended rice soaked
in purified water.

In our previous report, the sugar contents of the boiled 30% chalky blended rice after
soaking in purified water were 1.1 times higher than those of 100% whole grain rice [9].
The reason why blended boiled rice contained a higher sugar content than 100% whole
grains is due to the higher activity levels of multiple amylases and lower activity levels of
starch-synthesizing enzymes.
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In this study, it was shown that the boiled 30% chalky blended rice, after soaking in
Evian and Contrex, had a lower sugar content than that of the rice boiled after soaking in
purified water due to lower enzyme activity.

Onishi et al. [43] showed that cooked rice boiled in hard water is harder, with less
coloring than rice boiled in soft water.

As shown in Supplementary Table S6, a ratio of the color difference (ΔE*(ab)) of boiled
30% chalky blended rice after soaking in Evian to the color difference of the rice soaked
in purified water was 1.06 ± 0.19 times, and those of a ratio of the color difference of rice
soaked in Contrex was 0.92 ± 0.18 times.

As a result, the color difference of boiled 30% chalky blended rice after soaking in
Evian showed slightly higher values than of the rice soaked in purified water, while the
color differences in the rice soaked in Contrex were slightly lower.

In this report, the color difference of boiled 30% chalky blended rice after soaking in
hard water showed a similar tendency to the boiled rice after soaking in purified water.
Although it is well-known that color differences in boiled rice are affected by amino-
carbonyl reactions from sugar and amino acids, in our investigation, various enzyme
activities were inhibited by soaking in hard water of an optimal concentration. The reason
why blended 30% chalky rice, when boiled after soaking in Evian or and Contrex, did not
show a marked color difference was due to the lower sugar and amino acid contents than
the rice boiled after soaking in purified water. As multiple amylases and proteinase activity
levels were reduced by the hard water, the boiled rice contained lower amounts of mono-or
oligosaccharides, as shown in Table S4.

3.5. Calcium and Magnesium Contents in Whole and Chalky Polished or Unpolished Rice, and
Those in Boiled Rice, after Soaking

The ash distribution in brown rice is calculated as 51% in bran, 10% in germ, 11% in
polish, and 28% in milled rice. Some minerals are also present according to some calcula-
tions, which have shown that milled rice retains 63% of the sodium and 74% of the calcium
content of brown rice [44].

Calcium deficiency is a global problem, especially in the aging population [45]. Sig-
nificant impairments in bone mineral density and bone fracture are generally found in
low-calcium-intake populations [46]. To supplement calcium deficiency, boiled rice as a
staple food is one of the best ways, because many people eat rice almost every day.

As shown in Table 3, unpolished chalky rice contained about 1.3 times more calcium
than unpolished whole rice. Similarly, polished chalky rice contained about 1.3 times more
calcium than whole rice in the case of Koshihikari.

As a result, it seems that the calcium levels in chalky unpolished or polished rice
grains were significantly higher than in whole rice grains, and magnesium showed a
similar tendency. Okuda showed that minerals and protein contents, negatively influence
the quality of sake in abundance, are distributed more in the outer layer [20,21].

Polished whole rice grains boiled after soaking in Evian contained 3.5 times more
calcium than those boiled after soaking in purified water, and furthermore, those boiled
after soaking in Contrex contained as much as 16.5 times more than those boiled after
soaking in purified water in the case of Koshihikari.

In the case of Tsubusuke, chalky polished rice grains boiled after soaking in Evian or
Contrex contained 2.7 times and 13.5 times more calcium than those boiled after soaking in
purified water. Additionally, whole polished rice grains boiled after soaking in Evian or
Contrex contained 2.6 times and 13.5 times more calcium than those boiled after soaking in
purified water.

As shown in Table 3, in polished Koshihikari rice, the magnesium content in whole and
chalky grains showed a similar tendency with calcium, and polished chalky Koshihikari
rice grains showed a slightly higher magnesium content than whole grains.

Polished whole rice grains boiled after soaking in Evian contained 1.3 times more
magnesium than rice boiled after soaking in purified water, and furthermore, rice boiled
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after soaking in Contrex contained about 1.8 times more than rice boiled after soaking in
purified water in the case of Koshihikari.

In polished whole or chalky boiled Tsubusuke rice grains, the ratio of magnesium
content in chalky rice boiled after soaking in Evian or Contrex to rice boiled after soaking
in purified water was 1.1 or 1.3. The ratio of magnesium content in whole rice boiled after
soaking in Evian or Contrex to rice boiled after soaking in purified water was 1.1 or 1.6.

Table 3. Calcium and magnesium contents of whole and chalky unpolished rice, those of polished
rice, and those of polished rice boiled after soaking in Evian, Contrex, and purified water using kinds
of Japonica rice in 2021.

Calcium Magnesium
(mg/100 g) (mg/100 g)

Koshihikari C (WG) (unpolished rice) 9.6 ± 0.0 b 103.0 ± 0.0 a
Koshihikari C (CG) (unpolished rice) 12.3 ± 0.0 a 102.0 ± 0.0 a

Koshihikari C (WG) (polished rice) 5.4 ± 0.0 b 19.3 ± 0.0 b
Koshihikari C (CG) (polished rice) 6.8 ± 0.0 a 22.5 ± 0.0 a

Koshihikari C (WG) (polished boiled rice) (pulified water) 5.5 ± 0.0 b 17.5 ± 0.0 b
Koshihikari C (CG) (polished boiled rice) (pulified water) 6.9 ± 0.0 a 20.4 ± 0.0 a

Koshihikari C (WG) (polished boild rice) (Evian) 19.0 ± 0.0 b 22.1 ± 0.0 b
Koshihikari C (CG) (polished boild rice) (Evian) 23.9 ± 0.0 a 25.8 ± 0.0 a

Koshihikari C (WG) (polished boiled rice) (Contrex) 90.5 ± 0.0 b 31.3 ± 0.0 b
Koshihikari C (CG) (polished boiled rice) (Contrex) 114.0 ± 0.0 a 36.5 ± 0.0 a

Tsubusuke (WG) (polished boiled rice) (pulified water) 6.1 ± 0.0 a 26.6 ± 0.1 b
Tsubusuke (CG) (polished boiled rice) (pulified water) 6.4 ± 0.0 a 29.4 ± 0.1 a

Tsubusuke (WG) (polished boiled rice) (Evian) 15.8 ± 0.0 b 30.4 ± 0.1 a
Tsubusuke (CG) (polished boiled rice) (Evian) 17.5 ± 0.0 a 32.6 ± 0.1 a

Tsubusuke (WG) (polished boiled rice) (Contrex) 82.6 ± 0.2 b 41.3 ± 0.1 a
Tsubusuke (CG) (polished boiled rice) (Contrex) 86.1 ± 0.2 a 39.0 ± 0.1 a

Within each measure (calcium, magnesium) in the same column, different letters (a, b) mean that each rice
sample was significantly different. Abbreviation: WG, whole grains; CG, chalky grains. Values are shown as
mean ± standard deviation.

As a result, it became possible to improve the quality of the chalky rice grains not only
in terms of textural properties, but also in terms of bio-functionality and mineral absorption,
by boiling in hard water. According to the Dietary Reference Intakes for Japanese (2020), it
is recommended to absorb 650 mg of calcium and 370 mg of magnesium per day. If one
eats 300 g of boiled rice soaked in Contrex every day, he or she can ingest 342 mg of calcium
and 110 mg of magnesium. These figures mean that about 53% of the calcium and 30% of
the magnesium necessary per day can be consumed from only boiled rice.

4. Conclusions

In the present paper, we investigated the characteristics of chalky rice grains generated
by ripening under high temperatures, compared with whole grains. We found that the
activity levels of not only endogenous amylase and proteinase, but also cell wall-degrading
enzymes such as xylanase and cellulase, changed markedly. As we reported in the former
study boiled grains of chalky rice become softer and non-stickier compared with boiled
grains of whole rice, it was ascertained that the change was intrinsic for the chalky rice
grains. It was shown that xylanase, in addition to amylase and proteinase, may take on an
important role contributing to the change in texture of the boiled chalky rice grains. In order
to prevent the above-mentioned deterioration in the texture of the boiled chalky rice grains,
we used hard water, such as Evian or Contrex, to soak and cook the chalky rice grains. It
was shown that the hard water was useful for prevention of the texture deterioration of
the boiled rice grains due to inhibition of the activities of endogenous hydrolytic enzymes,
such as α-amylase, β-amylase, and proteinase. Furthermore, we found that hard water was
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useful for a 2.6- to 16.5-fold increase in calcium absorption through consumption of boiled
rice grains soaked and cooked using hard water.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods12132510/s1, Table S1: Comparison between α, β-amylase activities
and proteinase activities of whole and chalky unpolished rice grains in 14 Japonica rice variants in
2021. Table S2: α, β-amylase activities, proteinase activities, and cell wall degrading enzyme activities
of unpolished Koshihikari soaked in Evian, Contrex or purified water. Table S3: Physical properties of
boiled chalky rice after soaked in Evian, Contrex, and purified water, and those of whole rice grains
soaked in purified water, in 2 kinds of Japonica rice in 2021. Table S4: Oligosaccharides in boiled whole
rice grains after soaking in purified water and in boiled chalky rice grains soaked in purified water
or 2 kinds of hard water. Table S5: Correlation between endogenous amylase, proteinase, cell wall-
degrading enzymes, physical properties, and reducing sugars of boiled rice after soaking in Evian,
Contrex, or purified water using whole and chalky Japonica rice grains (n = 2). Table S6: Comparison
between color difference (ΔE*(ab)) of boiled 30% chalky blended rice after soaking in Evian, Contrex,
or purified water in 10 kinds of Japonica rice in 2021. Supplement Figure S1: Comparison between
the ratio of the physical properties of boiled rice after soaking in hard water to the physical properties
of rice soaking in purified water, using 10 kinds of boiled blended rice with 30% chalky grains, in
2021. Different letters (a, b) mean that each rice sample was significantly different in Tables S1–S6,
and Figure S1.
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Abstract: This is the first investigation, conducted in a completely randomized design (CRD), to
determine the effects of different salinity levels (75 and 150 mM) and germination periods (3, 4, and
5 days) on momilactone and phenolic accumulations in germinated brown rice (GBR) var. Koshihikari.
Particularly, the identification of bioactive compounds was confirmed using electrospray ionization-
mass spectrometry (ESI-MS) and nuclear magnetic resonance (NMR) spectroscopy (1H and 13C).
Momilactone A (MA) and momilactone B (MB) amounts were determined by ultra-performance
liquid chromatography–electrospray ionization-mass spectrometry (UPLC–ESI-MS), whereas other
compounds were quantified by spectrophotometry and high-performance liquid chromatography
(HPLC). Accordingly, GBR under B2 treatment (75 mM salinity for 4 days) showed the greatest total
phenolic and flavonoid contents (14.50 mg gallic acid and 11.06 mg rutin equivalents, respectively, per
g dry weight). GBR treated with B2 also accumulated the highest quantities of MA, MB, ρ-coumaric,
ferulic, cinnamic, salicylic acids, and tricin (18.94, 41.00, 93.77, 139.03, 46.05, 596.26, and 107.63 μg/g
DW, respectively), which were consistent with the strongest antiradical activities in DPPH and ABTS
assays (IC50 = 1.58 and 1.78 mg/mL, respectively). These findings have implications for promoting
the value of GBR consumption and rice-based products that benefit human health.

Keywords: momilactones; phenolics; antioxidants; bioactive compounds; germinated brown rice;
salinity

1. Introduction

Rice (Oryza sativa L.) provides about 20% of the world’s dietary energy, which is
comparatively higher than wheat (19%) and maize (5%) [1]. Rice contains various secondary
metabolites, including phenolic acids, flavonoids, terpenoids, steroids, and alkaloids [2].
Nowadays, rice not only plays a vital role as an indispensable food source but has also
been demonstrated to possess certain health benefits for human consumption. Notably,
despite brown rice (BR) possessing a higher nutritional and bioactive composition in its
bran and embryo, it is less popular than white rice (WR) [1,3]. BR includes around 2%
of the total dietary fiber and serves as a vital source of γ-oryzanol, vitamin E, minerals,
phenolic compounds, phytosterols, and phytic acid. Therefore, the utilization of brown rice
as a nutritional and functional food has emerged as a recent trend. However, due to the
compact structure of its outer bran layer, brown rice tends to have a firmer texture, making
it more challenging to process and less digestible compared to white rice.
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As an inevitable consequence, germinated brown rice (GBR) has been found to have
effective alternative features while still maintaining its inherent nutritional value. The
quality of GBR is enhanced through increased water absorption on the outer kernel, re-
sulting in a softened texture. Additionally, enzymatic activities during seed germination
modify the bioactive substances through interactions between proteins and carbohydrates
in the grain endosperm [4,5]. Accordingly, GBR has been reported to have a proliferation of
bio-functional constituents such as γ-aminobutyric acid (GABA) [1,6], vitamins, and amino
acids [7], as well as a reduction of sugar [8], compared to non-GBR. On the other hand, pre-
vious studies indicated that subjecting germinated brown rice (GBR) to abiotic stresses and
various germination conditions can lead to improved nutritional profiles and an elevated
accumulation of bioactive compounds and antioxidant properties. Different soaking and
germination periods revealed stimulatory effects on the growth of sprouts and increased
contents of total phenolics, total flavonoids, and GABA in GBR [9–11]. Meanwhile, abiotic
stresses such as salt and cold conditions may improve the contents of GABA, polyphenols,
and antioxidant activity [6,12]. Therefore, the utilization of abiotic stresses and diverse
germination conditions for GBR presents a promising strategy to promote the consumption
value of brown rice. In a recent study, Choe et al. [12] reported that GBR accumulated
a greater content of polyphenols and flavonoids, which was in line with the motivated
antioxidant activity during the treatments with calcium chloride (CaCl2). Nevertheless,
none of the researchers focused on the effects of salinity treatment on the accumulation of
bioactive compounds and antioxidant capacity of GBR.

In rice, although present in relatively small quantities, secondary metabolites such
as phenolics, terpenes, and lactones play significant roles in both nutritional value and
physiological processes, including metabolism, synthesis, and responses to environmental
factors. For example, tricin, an important flavonoid, can be isolated from various rice plant
organs (grains, leaves, brans, and husks). Tricin has been reported to have potentials for
antioxidants [13], anti-skin aging [13], and anticancer [14–16] in numerous studies. Addi-
tionally, in rice, more prevalent are phenolic acids such as ρ-coumaric, ferulic, cinnamic,
and salicylic acids, which have been recognized for their bioactive properties, including
antioxidant, anti-inflammatory, and anticancer activities [17]. Notably, these phenolic and
flavonoid compounds are accumulated with dominant contents in the bran layer [3], so
they are generally found in greater amounts in BR compared to WR [18,19]. Moreover, the
quantities of these phenolic compounds in GBR are up to twice higher than those in BR [3].
On the other hand, momilactones A (MA) and B (MB) have been acknowledged as valu-
able diterpene lactones derived from rice, which have recently exhibited antioxidant [13],
anticancer (leukemia [20], lymphoma [21], and colon cancer [22]), anti-diabetes [23,24],
anti-obesity [24], and anti-skin aging [13] properties. Though MA and MB have shown high
potential for medicinal and pharmaceutical purposes, their contents in GBR have never
been elucidated [23]. Alongside the mentioned valuable compounds, antioxidant property
is also an integral criterion determining the value of rice consumption [25]. Notably, 2,2-
diphenyl-1-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) assays are the most popular and convenient protocols to examine the antioxi-
dant capacity of rice samples [26]. Of which, the ABTS assay relies on the production of
a blue/green ABTS•+ radical cation, while the DPPH assay involves the reduction of the
purple-colored DPPH• radical to 1,1-diphenyl-2-picryl hydrazine [26]. In addition, ABTS
and DPPH radicals also exhibit differences in molecular weight, stability, affinity, solubility,
absorption ability, and pH requirements [26,27]. Generally, both DPPH and ABTS assays
have their advantages and limitations, which should be applied in combination to obtain a
more comprehensive understanding of the antioxidant properties of target products.

Among rice varieties, Koshihikari is a famous Japonica model rice cultivar that is
widely distributed throughout Japan [28]. Koshihikari rice grains are small, plump, rela-
tively lightweight, and have a rounded shape [28]. They exhibit a light brown or tan color
and a smooth, glossy texture [28]. Meanwhile, the rice husks are typically thin, light, and
have a pale brown color [28]. Owing to its favorable physical attributes, accompanied by
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its well-established aroma and taste, Koshihikari rice has garnered extensive popularity
and preference among consumers [28]. However, the predominant cultivation of this
particular variety contributes annually to a substantial production of rice by-products, in-
cluding brans and husks, which have historically been subjected to inadequate utilization or
wastage [13,24]. Conversely, scientific investigations have revealed the presence of valuable
bioactive compounds within these by-products, exhibiting significant health-promoting
effects [13,23,24]. Accordingly, the objective of this research endeavor was to procure Koshi-
hikari rice husks for the purpose of isolating bioactive compounds, with a specific focus on
phenolics and momilactones. Moreover, the study aimed to assess the variations in these
compounds within Koshihikari BR seeds that were subjected to different salt treatments
(0, 75, and 150 mM) and varying durations of germination (3, 4, and 5 days). Furthermore,
an investigation was conducted to explore the correlation between the levels of bioactive
compounds and the antioxidant capacity exhibited during exposure to salt conditions.

2. Materials and Methods

2.1. Materials

Rice (Oryza sativa var. Koshihikari) husks were collected from rice mills allocated
near Hiroshima University, Higashi-Hiroshima Campus, Japan, in September 2019. In the
specification, mature and healthy rice grains were selected for milling to ensure the quality
of the husks. After that, the obtained husks were thoroughly cleaned with water to remove
dust and impurities. The husk samples were then dried and preserved (voucher specimen:
KOS-MOMI 19HJ) at the laboratory of Plant Physiology and Biochemistry, Graduate School
of Advanced Science and Engineering, Hiroshima University, Japan. Brown rice of the
Koshihikari was purchased from a Japan Agriculture (JA) shop in Hiroshima, Japan, to
prepare germinated brown rice (GBR).

For extraction and isolation processes, methanol, hexane, and ethyl acetate were
purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan), while silica gel was bought
from Sigma-Aldrich (St. Louis, MO, USA). Isolated compounds were dissolved in deuter-
ated dimethyl sulfoxide (DMSO-d6) and deuterated chloroform (CDCl3) procured from
Sigma-Aldrich (St. Louis, MO, USA). Standards comprising ferulic acid, cinnamic acid, and
salicylic acid and chemicals including sodium acetate (CH3COONa), sodium carbonate
(Na2CO3), sodium hypochlorite (NaClO), aluminum chloride (AlCl3), Folin–Ciocalteu’s
reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), potassium persulfate (K2S2O8), and
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were acquired from Kanto
Chemical Co., Inc. (Tokyo, Japan). Formic acid, trifluoroacetic acid, acetonitrile, methanol
plus, and distilled water used for HPLC and UPLC analyses were obtained from Sigma-
Aldrich (St. Louis, MO, USA), EMD Millipore Corporation (Billerica, MA, USA), Fisher
Chemical (Hampton, VA, USA), Kanto Chemical Co., Inc. (Tokyo, Japan), and Nacalai
Tesque (Kyoto, Japan), respectively.

2.2. Isolation of Tricin, ρ-Coumaric Acid, and Momilactones A (MA) and B (MB)

The isolation process for tricin, ρ-coumaric acid, and momilactones A (MA) and B
(MB) followed the methods described in the previous study [13]. Briefly, 30 kg of rice
husks were dried in an oven at 50 ◦C for six days and then extracted with 100% MeOH
for two weeks at room temperature. The MeOH crude extract was then mixed with an
appropriate amount of distilled water and partitioned sequentially with hexane and EtOAc.
Next, the obtained EtOAc extract was subjected to column chromatography using silica gel
as the stationary phase and a hexane:EtOAc (v/v) mixture as the mobile phase. MA and
MB were isolated from the eluate of hexane:EtOAc (8:2, v/v), while tricin and ρ-coumaric
acid were purified from the eluate of hexane:EtOAc (7:3, v/v).
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2.3. Confirmation of Isolated Tricin, ρ-Coumaric Acid, and Momilactones A (MA) and B (MB)
by 1H- and 13C-Nuclear Magnetic Resonance (NMR) and Electrospray Ionization-Mass
Spectrometry (ESI-MS)

The identification of isolated tricin, ρ-coumaric acid, MA, and MB was confirmed by
1H- and 13C-nuclear magnetic resonance (NMR) spectra. Of which, 1H- and 13C NMR spec-
tra of ρ-coumaric acid (in DMSO-d6) were received on an NMR spectrometer (Bruker
Ascend 400, BRUKER BioSpin, Fällanden, Switzerland) at 400 and 101 MHz, respec-
tively. Meanwhile, 1H- and 13C NMR spectra of tricin (in DMSO-d6) and MA and MB (in
CDCl3) were acquired on an NMR spectrometer (JNM-ECA600, JEOL Ltd., Tokyo, Japan) at
600 and 151 MHz, respectively. Coupling constants (J) and chemical shifts (δ) were indi-
cated in Hz and parts per million (ppm), respectively. The shorthand notations s, d, t, q, dd,
and dt represent the resonance multiplicities singlet, doublet, triplet, quartet, doublet of
doublets, and doublet of triplets, respectively.

Additionally, tricin, ρ-coumaric acid, MA, and MB were confirmed using electro-
spray ionization-mass spectrometry (ESI-MS) (LTQ Orbitrap XL, Thermo Fisher Scientific,
Waltham, MA, USA). The compounds (10 μg/mL) were dissolved in a MeOH:ACN mixture
(8:2, v/v) and injected with a volume of 3 μL into the ESI system (positive ion mode) using
an auto-sampler. The flow rate was 0.2 mL/min. The ESI conditions were set up as follows:
ion source and capillary voltages were 4.5 kV and 50 V, respectively. Tube lens offset was
80 V. Capillary temperature was 330 ◦C. Gas carrier was nitrogen, and the sheath and
aux flow rates were 50 arb and 10 arb, respectively. The mass spectra were recorded at
60,000 resolution with a scan range of 100–2000 m/z. To identify the MS/MS spectra, the
PubChem online database (National Center for Biotechnology Information, U.S. National
Library of Medicine, Bethesda, MD, USA) and literature were used as references.

2.4. Preparation for Germination

The germination process was generated following the method described by
Cáceres et al. [29], with several modifications. Nine treatments were applied during the
germination stage. The experimental conditions were as follows: soaking time of 36 h,
temperature of 30 ◦C, and different salt (NaCl) concentrations, including 0, 75, and 150 mM.
All treatments are presented in Table 1. Germination was conducted for 3, 4, and 5 days
in darkness for all treatments. First, 100 g of brown rice was individually measured for
nine plastic pots. The rice was soaked in 0.1% NaOCl at a ratio of 1:2 (w/v) for 30 min to
remove or eliminate surface bacteria and fungi without damaging the internal organs [29].
Furthermore, it was also washed five times with clean tap water and dried for 5 min to re-
move residual NaClO. Then, 75 mM and 150 mM aqueous solutions of NaCl were prepared
with distilled water for different treatments. All rice samples were soaked with salinity
solution (grain:solution ratio, 1:2 w/v) and kept in an incubator for various periods at 30 ◦C
(Table 1). Following the soaking period, the seeds were washed with distilled water to
remove salinity. All the trays containing brown rice seeds were placed in an incubator at
30 ◦C for 3, 4, and 5 days in the dark for germination (Table 1). Relative humidity was
around 65% in a closed system. The seeds were washed every four hours with distilled
water to avoid bacterial and fungal invasions.

2.5. Extracted Phytochemicals from GBR

After germination, GBR was washed twice with distilled water and drained for 5 min.
The samples were then dried in an oven for 7 days at 40 ◦C. For extraction, 50 g of GBR
powder were saturated in 80% methanol for one week with two replications at room
temperature. The extractions were then filtered after centrifugation (10,000 rpm) for 10 min
at 4 ◦C. Subsequently, all methanolic extracts were evaporated at 50 ◦C to obtain methanol
crude extract. Finally, the crude extracts were dissolved in methanol to achieve stock
solutions of 20 mg/mL for further experiments.
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Table 1. Description of different treatments.

Treatments Code NaCl Concentration (mM) Germination Time (Day)

A1 0
3A2 75

A3 150

B1 0
4B2 75

B3 150

C1 0
5C2 75

C3 150

2.6. Total Phenolic Content (TPC) and Total Flavonoid Content (TFC) in GBR Extracts

Total phenolic content (TPC) of the GBR extracts was quantified based on the Folin–
Ciocalteu method described by Mohammadabadi et al. [30] with several modifications.
Briefly, a mixture of GBR sample, 10% Folin–Ciocalteu’s reagent, and 7.5% Na2CO3 with
volumes of 20, 100, and 80 μL, respectively, was generated and incubated for 30 min at
25 ◦C in darkness. The results were scanned at 765 nm. Total flavonoid content (TFC)
was quantified following the aluminum chloride colorimetric method described in the
research of Bueno-Costa et al. [31]. Concretely, a total volume of 100 μL of mixture (1:1,
v/v) comprising GBR sample and 2% AlCl3 was incubated for 15 min at 25 ◦C in darkness.
The absorbance was measured at 430 nm. The calibration curves of TPC (0.0052x + 0.0645,
r2 = 0.9969) and TFC (0.009x + 0.0644; r2 = 0.9998) established by applying the standards of
gallic acid and rutin with concentrations ranging from 6.25 to 100 μg/mL were employed
for the estimation of TPC and TFC in GBR samples. Of which, TPC and TFC were indicated
in milligrams of gallic acid equivalent (GAE) and rutin equivalent (RE), respectively, per
one gram of sample dry weight (DW).

2.7. Antioxidant Activities of GBR

Radical scavenging activities of GBR extracts were determined via 2,2-diphenyl-1-1-
picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
assays based on the methods presented by Anh et al. [32]. For the DPPH assay, a mixture of
GBR sample, DPPH working solution (0.5 mM), and acetate buffer (0.1 mM, pH 5.5) with
volumes of 80, 40, and 80 μL, respectively, was incubated for 20 min at 25 ◦C in darkness.
In the ABTS assay, 200 μL of a combination (1:9, v/v) of GBR sample and ABTS working
solution was incubated for 30 min at 25 ◦C in darkness. The radical scavenging activities
(%) were determined as the reduced absorbance at 517 and 734 for DPPH and ABTS assays,
respectively, compared to the control (MeOH).

Radical scavenging activity (%) = (Ac − (As − Ab)/Ac) × 100 (1)

where Ac is the absorbance of the control (MeOH), As is the absorbance of the sample, and
Ab is the absorbance of the blank (without radical solution).

2.8. Identification and Quantification of Momilactones A (MA) and B (MB) in GBR
by Ultra-Performance Liquid Chromatography–Electrospray Ionization-Mass
Spectrometry (UPLC–ESI-MS)

MA and MB in GBR samples were identified and quantified by ultra-performance
liquid chromatography–electrospray ionization-mass spectrometry (UPLC–ESI-MS). In
particular, the UPLC–ESI-MS system consisted of a mass spectrometer (LTQ Orbitrap
XL, Thermo Fisher Scientific, Waltham, MA, USA) and an electrospray ionization (ESI)
source. A volume of 3.0 μL of GBR sample (in MeOH) was injected by an autosampler
(Vanquish autosampler, Thermo Fisher Scientific, Waltham, MA, USA) into a column
(1.7 μm, 50 × 2.1 mm i.d.) (Acquity UPLC® BEH C18, Waters Cooperation, Milford, MA,
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USA) at 25 ◦C. A mobile phase gradient was applied, of which solvents A and B were
0.1% trifluoroacetic acid in water and 0.1% trifluoroacetic acid in acetonitrile, respectively.
The gradient program was established following the same procedure published by Anh
et al. [33]. MS analysis was conducted with a positive Fourier transform mass spectrometer
(FTMS) mode with 60,000 resolution and 100–1000 m/z of scan range. By using various MA
and MB standard concentrations (0.5, 1, 5, and 10 μg/mL), the calibration curves for MA
and MB were created. Using standard curves, MA and MB quantities were determined by
applying the MA and MB peak areas detected in each sample.

2.9. Identification and Quantification of Tricin, ρ-Coumaric Acid, Ferulic Acid, Cinnamic Acid,
and Salicylic Acid by High-Performance Liquid Chromatography (HPLC)

The presence and quantification of tricin, ρ-coumaric acid, ferulic acid, cinnamic acid,
and salicylic acid by high-performance liquid chromatography (HPLC) analyses were
compared with the standards attained by the method presented by Anh et al. [33]. In brief,
the HPLC system consisted of a pump (PU-4180 RHPLC, Jasco, Tokyo, Japan), a controller
(LC-Net II/ADC, Jasco, Japan), and a detector (UV-4075 UV/VIS, Jasco, Tokyo, Japan).
A column (130 Å, 5 μm, 2.1 × 100 mm) (XBridge BEH Shield RP18, Waters Cooperation,
Milford, MA, USA) was used as a stationary phase. Solvent A (0.1% formic acid in water)
and solvent B (acetonitrile) were applied as mobile phases, which were fixed in the same
gradient program reported by Anh et al. [33]. Each operation was continued for 35 min
at room temperature. Every sample was identified by a corresponding peak scanned at
350 nm for tricin and 280 nm for ρ-coumaric acid, ferulic acid, cinnamic acid, and salicylic
acid. The peak area was used to quantify these compounds.

2.10. Statistical Analysis

All experiments were conducted in a completely randomized design (CRD) with three
replications. The analyses were performed using Minitab software (Minitab 16.2.3, Minitab
Inc., State College, PA, USA) through one-way and two-way ANOVA. The outcomes were
presented as means ± standard deviations (SD) (n = 3). The same software was used for
Pearson’s correlation coefficients among different parameters.

3. Results and Discussion

3.1. Confirmation of Isolated Tricin, ρ-Coumaric Acid, and Momilactones A (MA) and B (MB)

Isolated tricin, ρ-coumaric acid, and momilactones A (MA) and B (MB) were identified
and confirmed using electrospray ionization-mass spectrometry (ESI-MS) and 1H- and
13C-nuclear magnetic resonance (NMR) methods. The mass spectra of these compounds
are shown in Figure 1.

Tricin: ESI-MS (m/z): 331.08139 [M + H]+ (C17H15O7) (Figure 1). The mass spectrum
of tricin was compared with that in published data by Quan et al. [13]. The 1H NMR
(600 MHz, DMSO-d6) δ 12.90 (1H, s, 5-OH), 10.84 (d, J = 124.2, 7-OH), 9.26 (s, 1H, 4-OH),
7.26 (s, H-60 and H-20), 6.92 (s, H-3), 6.49 (d, J = 2.1, H-8), 6.13 (d, J = 2.1, H-6), 3.82
(s, 2OCH3), 3.26 (s, 220H), 2.43 (dt, J = 3.6 and 1.8, 171H) (Supplementary Figure S1). The
13C NMR (151 MHz, DMSO-d6) δ 182.35 (C-4), 164.66 (C-2), 164.19 (C-7), 161.94 (C-5), 157.87
(C-9), 148.72 (C-30 and C-50), 140.38 (C-40), 56.90 (2OCH3), 40.05 (dp, J = 42.0, 21.0 Hz)
(Supplementary Figure S1). The NMR results of tricin are matched with reference data
from a previous study [34].

ρ-Coumaric acid: ESI-MS (m/z): 165.05424 [M + H]+ (C9H9O3) (Figure 1). The 1H
NMR (400 MHz, DMSO-d6) δ 7.51 (dd, J = 16.0 and 8.6, H-7, H-2, H-6), 6.79 (d, J = 8.6,
H-3, H-5), and 6.29 (d, J = 16.0, H-8) (Supplementary Figure S1). The 13C NMR (101 MHz,
DMSO-d6) δ 168.42 (COOH), 160.05 (C-4), 144.64 (C-7), 130.53 (C-2, C-6), 125.75 (C-1), 116.22
(C-3, C-5), and 115.80 (C-8) (Supplementary Figure S1). The NMR and ESI-MS results are
entirely similar to those in the literature [35].
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Figure 1. Mass spectra of isolated (A) tricin, (B) ρ-coumaric acid, (C) momilactone A (MA), and
(D) momilactone B (MB) in this study by ESI-MS.

MA: ESI-MS (m/z): 315.19470 [M + H]+ (C20H27O3) (Figure 1). The mass spectrum
of MA was confirmed based on reference data reported by Quan et al. [24]. The 1H-NMR
(600 MHz, CDCl3) δ 5.87 (s, 1H), 5.86 (s, 1H), 5.85 (s, 1H), 5.83 (d, J = 17.0, 11.0, H-15), 5.71
(d, J = 5.0, H-7), 5.00 (d, J = 1.0, 1H), 4.97 (d, J = 1.0, 1H), 4.95 (d, J = 1.0, 1H), 4.93 (d, J = 1.0,
1H), 4.84 (t, J = 5.1, H-6), 4.10–4.06 (m, 1H), 3.97 (s, 1H), 3.95 (s, 1H), 3.30 (s, 1H), 3.28 (s, 1H),
3.21 (s, 1H), 3.18 (s, 1H), 2.67–2.56 (m, H-2), 2.32 (d, J = 5.1, H-5), 2.21 (d, J = 12.0, 2H-14),
2.08–2.04 (m, 1H), 1.93–1.86 (m, 1H), 1.79 (dd, J = 12.9, 3.9, 1H), 1.77–1.72 (m, H-9, H-11α),
1.63–1.55 (m, H2-1β, H2-12), 1.53 (s, H-18), 1.00 (s, H-20), 0.89 (s, H-17) (Supplementary
Figure S1). The 13C NMR (151 MHz, CDCl3) δ 205.24 (C-3), 174.37 (C-19), 149.03 (C-8),
148.10 (C-15), 114.12 (C-7), 110.25 (C-16), 73.23 (C-6), 53.64 (C-4), 50.26 (C-9), 47.60 (C-14),
46.54 (C-5), 40.20 (C-13), 37.31 (C-12), 34.95 (C-1), 32.53 (C-10), 31.29 (C-2), 24.06 (C-11),
22.03 (C-20), 21.87 (C-17), 21.54 (C-18) (Supplementary Figure S1). The NMR spectrum is
matched with published data in the report of Quan et al. [23].

MB: ESI-MS (m/z): 331.19006 [M + H]+ (C20H27O4) (Figure 1). The obtained results
were confirmed by comparing them with those in the preceding report [24]. The 1H NMR
(600 MHz, CDCl3) δ 5.82 (dd, J = 17.5, 10.7, H-15), 5.69 (d, J = 4.8, H-7), 4.98–4.92 (m, 1H),
4.13 (s, 1H), 4.08 (dd, J = 9.2, 3.4, 1H), 3.58 (dd, J = 9.2, 2.1, 1H), 2.20 (dd, J = 6.8, 2.0, H-5),
2.14–2.07 (m, H-2, H-14), 2.04–1.98 (m, 1H), 1.75–1.64 (m, H-9, H-11α), 1.59–1.57 (m, 1H),
1.57–1.51 (m, H-1β, H-12), 1.50 (d, J = 4.2, 1H), 1.48–1.43 (m, 1H), 1.41 (s, H-18), 1.26–1.19 (m,
1H), 0.87 (s, H-17) (Supplementary Figure S1). The 13C NMR (151 MHz, CDCl3) δ 180.53
(C-19), 148.91 (C-15), 146.76 (C-8), 114.09 (C-7), 110.30 (C-16), 96.67 (C-3), 73.81 (C-6), 72.79
(C-20), 50.41 (C-4), 47.49 (C-14), 44.76 (C-9), 43.05 (C-5), 40.06 (C-13), 37.29 (C-12), 30.81
(C-10), 28.89 (C-1), 26.51 (C-2), 24.86 (C-11), 21.94 (C-17), and 19.06 (C-18) (Supplementary
Figure S1). NMR data were compared to published results by Quan et al. [23].
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3.2. Phenolic and Momilactone Contents in GBR
3.2.1. Total Phenolic (TPC) and Flavonoid (TFC) Contents

In essence, the chemical composition of natural products determines their biological
activity [32]. Additionally, methods for the identification and quantification of natural
compounds have been rapidly advancing [36]. Therefore, exploring the phytochemical
profiles of targeted products is necessary for studies concerning their potential bioactivity.
In our research, the initial assessment focused on the compound groups of phenolics and
flavonoids, which may contribute to the pharmaceutical and medicinal properties (e.g.,
antioxidant, antibacterial, anticancer, cardioprotective, immune system-promoting and anti-
inflammatory, and skin-protective effects) of the targeted products [37]. The total phenolic
(TPC) and flavonoid (TFC) contents of GBR are shown in Figure 2. There were significant
differences in TPCs and TFCs among different treatments. Particularly, the highest TPCs
were found in treatments B2 and C2 (14.50 and 14.36 mg GAE/g DW, respectively). Whereas
the lowest TPC was observed in A2 (6.17 mg GAE/g DW). On the other hand, the highest
TFC (11.06 mg RE/g DW) was detected in B2, while the lowest TFC (2.54 mg RE/g DW)
was found in A2. Previous studies indicated that TPC and TFC increased in rice seedlings
under salinity effects [38–40], which might be due to the upregulation of genes encoding
the major biosynthetic enzymes (e.g., phenylalanine ammonia lyase and chalcone synthase)
in plant responses to biotic stresses [33,41,42]. In this study, TPC and TFC were remarkably
stimulated in treatments with 75 mM salinity. However, they were remarkably decreased
when increasing to an extreme salt level of 150 mM. Our findings suggest that a moderate
salinity level of 75 mM and 4-day germination are the most appropriate conditions for
proliferating TPC and TFC in GBR.
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Figure 2. Total phenolic (TPC) and total flavonoid (TFC) contents of GBR extracts. TPC and TFC
outcomes are expressed as mg gallic acid equivalent per g dry weight (mg GAE/g DW) and mg
rutin equivalent per g dry weight (mg RE/g DW), respectively. Whiskers enclosed in a column
express the standard deviation (SD). Different letters attached to a column (same color) indicate
significant differences at p < 0.05. A1: 0 mM NaCl and 3-day germination; A2: 75 mM NaCl and
3-day germination; A3: 150 mM NaCl and 3-day germination; B1: 0 mM NaCl and 4-day germination;
B2: 75 mM NaCl and 4-day germination; B3: 150 mM NaCl and 4-day germination; C1: 0 mM
NaCl and 5-day germination; C2: 75 mM NaCl and 5-day germination; C3: 150 mM NaCl and
5-day germination.

Considering TPC analysis, the Folin–Ciocalteu method is widely used because it
provides a quick and cost-effective estimation, allowing for comparative analyses between
samples [43]. However, the method reveals limitations in specifically quantifying TPC
due to its reactivity with other components such as amino acids, peptides, and reducing
sugars [43]. For a more accurate determination of TPC, an improved method such as
solid-phase extraction using the Sep-Pak C18 column cartridges is required to purify the
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extract and eliminate unwanted components [30]. Though the Folin–Ciocalteu method
serves as a valuable screening tool to assess the relative phenolic content in various samples,
it may not provide precise quantification of individual phenolic compounds [43]. Therefore,
in further investigation, we employed HPLC analysis to determine the profiles of specific
phenolics found in GBR in this study.

3.2.2. Contents of Tricin, ρ-Coumaric, Ferulic, Cinnamic, and Salicylic Acids in GBR

Tricin, ρ-coumaric acid, ferulic acid, cinnamic acid, and salicylic acid play multi-
functional roles benefiting human health, including antioxidants, anticancer, and anti-
chronic diseases [44]. In the present study, these phenolic compounds were identified
(Supplementary Figure S2) and quantified (Table 2). Accordingly, tricin, ρ-coumaric acid,
ferulic acid, salicylic acid, and cinnamic acid were found in increasing quantities in B2 treat-
ment (75 mM salinity and 4-day germination), which accounted for 107.63, 93.77, 139.03,
46.05, and 596.26 μg/g DW, respectively. The elevated contents of ρ-coumaric, salicylic,
and ferulic acids are in line with those in rice seedlings subjected to salinity (100 mM)
in a previous study [38]. Meanwhile, cinnamic acid and tricin amounts decreased [38],
which does not align with our findings. This might be due to the differences in genetic
diversity among tested rice varieties. In fact, different rice varieties (tolerant and suscepti-
ble cultivars) exhibit dissimilar mechanisms in phenolic accumulation to cope with stress
conditions [33,38–40]. On the other hand, the present study revealed a notable decrease
in the quantities of these phenolics in GBR when exposed to extreme levels of salinity
(150 mM). This finding implies that the most optimal conditions for the proliferation of
bioactive phenolics in GBR are a salinity of 75 mM maintained for 4 days during the
germination process.

Table 2. Quantities of momilactones, tricin, ρ-coumaric acid, ferulic acid, cinnamic acid, and salicylic
acid (μg/g DW) in GBR.

Treatment
Code

MA MB Tricin
ρ-Coumaric

Acid
Ferulic Acid Cinnamic Acid Salicylic Acid

A1 7.33 ± 0.39 c 18.68 ± 0.89 c 44.43 ± 8.92 cd 46.43 ± 3.37 de 64.92 ± 3.34 bc 28.16 ± 0.64 b 290.27 ± 68.05 bc

A2 2.92 ± 0.06 ef 9.30 ± 0.09 e 41.12 ± 5.57 cde 39.88 ± 0.63 ef 53.23 ± 1.88 c 21.86 ± 1.09 c 349.04 ± 83.3 b

A3 1.93 ± 0.09 f 7.27 ± 0.12 f 29.55 ± 2.04 ef 36.29 ± 1.66 f 49.05 ± 2.72 c 22.58 ± 1.10 c 194.16 ± 14.77 cd

B1 5.68 ± 1.38 cd 18.88 ± 0.57 c 33.93 ± 1.38 def 61.77 ± 1.96 b 57.22 ± 7.63 bc 11.82 ± 0.82 d 88.49 ± 22.89 de

B2 18.94 ± 0.47 a 41.00 ± 0.51 a 107.63 ± 6.75 a 93.77 ± 4.35 a 139.03 ± 5.16 a 46.05 ± 0.88 a 596.26 ± 1.14 a

B3 4.19 ± 0.03 de 12.70 ± 0.75 d 25.51 ± 0.94 f 44.99 ± 1.44 def 61.98 ± 2.36 bc 22.01 ± 0.52 c 52.86 ± 3.2 e

C1 4.90 ± 0.17 de 11.97 ± 0.05 d 49.54 ± 0.34 c 44.48 ± 2.90 def 52.55 ± 4.77 c - -
C2 10.17 ± 0.49 b 24.79 ± 0.55 b 65.13 ± 3.06 b 59.95 ± 5.51 bc 76.55 ± 9.07 bc - -
C3 1.70 ± 0.01f 7.20 ± 0.29 f 31.67 ± 0.59 ef 51.52 ± 3.19 cd 60.81 ± 5.97 bc - -

ANOVA
Period *** *** *** *** *** *** ***

Treatment *** *** *** *** *** *** ***
Period × Treatment *** *** *** *** *** *** ***

Data are expressed as means ± SD (standard deviation). Different superscript letters (a,b,c,d,e,f) in a column
indicate significant differences at p < 0.05; *** denotes a significant difference at p < 0.001. MA: momilactone
A; MB: momilactone B; DW: dry weight; -: not detected; A1: 0 mM NaCl and 3-day germination; A2: 75 mM
NaCl and 3-day germination; A3: 150 mM NaCl and 3-day germination; B1: 0 mM NaCl and 4-day germination;
B2: 75 mM NaCl and 4-day germination; B3: 150 mM NaCl and 4-day germination; C1: 0 mM NaCl and 5-day
germination; C2: 75 mM NaCl and 5-day germination; C3: 150 mM NaCl and 5-day germination.

3.2.3. Contents of Momilactones A (MA) and B (MB) in GBR

Momilactones A (MA) and B (MB) have been known as valuable bioactive com-
pounds from rice with various health-related benefits, including antioxidant [13], anti-
cancer (leukemia [20], lymphoma [21], and colon cancer [22]), anti-diabetes [23,24], anti-
obesity [24], and anti-skin aging activities [13,45]. Recently, based on an improved technique
for sample preparation and quantification, momilactones can also be detected with high
detection sensitivity in different rice plant parts (e.g., leaves, roots, husks, etc.) [23,45,46].
However, their exploitation from rice sources has still faced many limitations due to the
lack of commercial availability and difficulties in the isolation process [23,45]. A few reports
about momilactone isolation and purification have been published, and in those studies,
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a minor amount of momilactones can be isolated from rice sources [45–48]. Additionally,
the published artificial syntheses of MA were also challenging since they included mul-
tiple complicated steps, required high costs, resulted in low yields (40–50%), and were
environmentally unfriendly [49]. On the other hand, the synthetic methods of MB have
never been reported. In fact, due to their limited availability, research on momilactones
has been relatively scarce and underdeveloped during the last half-century. Recently, only
two studies focused on optimizing the extraction conditions of MA and MB from rice
husks [48,50], while no research has been conducted to enhance the momilactone contents
of rice grains to increase their consumption value. Therefore, this study investigated, for
the first time, the effects of different conditions (salinity and germination periods) on the
accumulation of MA and MB in GBR. In Supplementary Figure S3, the presence of MA
and MB in GBR is confirmed by comparing their retention times and mass spectra with
those of the standards. Numerous studies indicated that the antioxidant, anti-diabetic, and
anticancer potentials of MB were greater than those of MA [23,51,52]. However, Chung
et al. [53] announced that the endogenous quantity of MA was generally higher than that of
MB in different 99 rice varieties. In contrast to previous reports, our findings demonstrate
that Koshihikari GBR exhibited a greater amount of MB than MA in all treatments (Ta-
ble 2). Significantly, the highest accumulation of MA (18.94 μg/g DW) and MB (41.00 μg/g
DW) was recorded in the B2 treatment. The amounts of MA and MB in GBR under B2
were significantly higher than those of preceding studies, in which MA and MB quantities
ranged from 2.07 to 16.44 μg/g DW and 1.06 to 12.73 μg/g DW, respectively [13,23,24].
The increased accumulation of MA and MB in GBR in B2 treatment may be caused by
the elevated expression of related genes to momilactone biosynthesis, including OsCPS4,
OsKSL4, CYP99A3, OsMAS, and OsMAS2 [33]. However, at a strong salinity level of
150 mM, both MA and MB accumulations in GBR were significantly reduced compared to
non-salinity treatment. The results suggest that a moderate salt concentration of 75 mM
and 4-day germination are the most ideal conditions to stimulate MA and MB contents,
which may contribute to the pharmaceutical and medicinal values of GBR.

3.3. Antioxidant Activity of GBR by the DPPH and ABTS Radical Scavenging Assays

In humans, oxidative stress is closely associated with inflammation, which is consid-
ered a key physiological process in the development of various chronic diseases such as
diabetes, aging, and cancer [54,55]. Specifically, inflammation can worsen oxidative stress
and vice versa [54,55]. Numerous experimental findings have demonstrated the presence
and impact of oxidative stress in several chronic diseases, which result in higher rates of
morbidity and mortality [54,55]. Based on that, assessing the antioxidant properties of the
samples is an essential step in our study. According to Figure 3, changes in salinity levels
and germination periods might promote the antioxidation activity of GBR. Among all treat-
ments, B2 showed the highest antiradical activities against DPPH and ABTS (IC50 = 1.58
and 1.78 mg/mL, respectively) compared to others. Several studies have consistently
demonstrated that different germination conditions and salt stress enhanced the antiox-
idant capacity of GBR [6,56,57]. This result may be due to the upregulation of relevant
enzymes such as superoxide dismutase, catalase, glutathione peroxidase, and ascorbate
peroxidase in rice under abiotic stresses [58]. Therefore, salinity effects could potentially
contribute to enhancing the antioxidant capacities of GBR in this research. However, the
salt concentration should be carefully considered since extreme levels may lead to reduced
antioxidant capacities of GBR [59]. In agreement with Falcinelli et al. [59], we indicate
that the antioxidant activity of GBR significantly decreased at a high NaCl concentration
of 150 mM. Meanwhile, a moderate salinity level of 75 mM may be the most effective
condition to elevate the antioxidant activity of GBR.
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Figure 3. Antioxidant activities of GBR extracts. IC50 is the required concentration (mg/mL)
for scavenging 50% of radicals. Whiskers enclosed in a column express the standard deviation
(SD). Different letters attached to a column (same color) indicate significant differences at p < 0.05.
DPPH: 2,2-diphenyl-1-picrylhydrazyl assay; ABTS: 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid assay; A1: 0 mM NaCl and 3-day germination; A2: 75 mM NaCl and 3-day germination;
A3: 150 mM NaCl and 3-day germination; B1: 0 mM NaCl and 4-day germination; B2: 75 mM
NaCl and 4-day germination; B3: 150 mM NaCl and 4-day germination; C1: 0 mM NaCl and 5-day
germination; C2: 75 mM NaCl and 5-day germination; C3: 150 mM NaCl and 5-day germination.

3.4. Correlation between Antioxidant Activities and Phytochemicals of GBR

Pearson’s correlation coefficients between antioxidant activities and phytochemicals
are displayed in Table 3. Accordingly, a concomitant accumulation of MA, MB, tricin,
ρ-coumaric, ferulic, cinnamic, and salicylic acids is recorded, which was strongly correlated
with the antioxidant activities of GBR. Previous studies have extensively reported on the
roles of tricin, ρ-coumaric, ferulic, cinnamic, and salicylic acids in antioxidant abilities [60].
Particularly, these compounds can detoxify free radicals by donating hydrogen ions, thus
strengthening antioxidant capacities [60]. Conversely, while the antioxidant activities of MA
and MB have been mentioned in several publications [13,52], their underlying mechanisms
remain unclear. In another consideration, Anh et al. [33] hypothesized that MA and MB
might not directly contribute to the antioxidant responses of rice against adverse stresses,
but they might play a role in signaling the production of antioxidant compounds such
as phenolics [33]. Based on that, in this study, the upregulated contents of MA and MB
in GBR under moderate salinity (75 mM NaCl) and 4-day germination might lead to the
proliferation of tricin, ρ-coumaric, ferulic, cinnamic, and salicylic acids, thereby increasing
the antioxidant capacity of GBR, which requires further validation.

Additionally, due to the well-established correlation between oxidative stress and
chronic diseases [54,55], extensive research has been undertaken to explore the use of
antioxidant substances for the treatment of such disorders [61]. However, the failures have
been documented through clinical evaluations, which might be attributed to the single
use of antioxidant agents to target specific diseases [61]. Furthermore, interactions among
compounds may hold greater significance than individual ones, leading to enhanced
therapeutic efficiency [13,32,62]. Therefore, the simultaneous proliferation of bioactive
compounds and antioxidant activity of GBR in this study might potentially lead to a
synergistic effect that benefits human health. Our findings may support the promotion
of rice consumption values as well as the development of pharmaceuticals, functional
foods and supplements. For example, GBR treated with B2 (75 mM salinity for 4 days)
can be applied to produce a fermented functional beverage known as kombucha, which
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has become increasingly popular because of its health benefits [63]. On the other hand,
considering the impacts of human digestion on targeted products, their bioaccessibility
and bioavailability during the digestion process should be thoroughly examined in future
studies [64].

Table 3. Pearson’s correlation coefficients between phytochemicals and antioxidant activities of GBR.

MA MB ρ-Cou Tri Fer Sal Cin DPPH ABTS TFC

MB 0.984 ***
ρ-Cou 0.888 *** 0.915 ***
Tri 0.940 *** 0.898 *** 0.837 ***
Fer 0.908 *** 0.901 *** 0.905 *** 0.886 ***
Sal 0.610 ** 0.572 ** 0.497 * 0.613 ** 0.653 **
Cin 0.548 ** 0.526 ** 0.419 * 0.458 * 0.594 ** 0.900 ***
DPPH 0.510 ** 0.540 ** 0.355 * 0.397 * 0.431 * 0.577 ** 0.722 **
ABTS 0.053 0.043 0.063 0.003 0.259 0.18 0.347 * 0.041
TFC 0.860 *** 0.858 *** 0.851 *** 0.864 *** 0.809 *** 0.304 * 0.216 0.410 * −0.07
TPC 0.743 ** 0.744 ** 0.733 ** 0.727 ** 0.670 ** 0.068 −0.029 0.09 −0.113 0.861 ***

*, **, and *** indicate significances at p < 0.05, 0.01, and 0.001, respectively; MA: momilactone A; MB: momilactone
B; ρ-Cou: ρ-coumaric acid; Tri: tricin; Fer: ferulic acid; Sal: salicylic acid; Cin: cinnamic acid; TPC: total
phenolic content; TFC: total flavonoid content. ABTS: 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) assay;
DPPH: 2,2-diphenyl-1-picrylhydrazyl assay.

4. Conclusions

This research, for the first time, has identified an optimized treatment (B2: 75 mM
NaCl and 4-day germination) that significantly advanced the accumulation of valuable
bioactive compounds, including phenolics and momilactones A (MA) and B (MB), in
germinated brown rice (GBR, Koshihikari var.). In particular, GBR treated by B2 contained
the highest amounts of total phenolics and total flavonoids. Moreover, the isolated bioactive
compounds were identified and confirmed by electrospray ionization-mass spectrometry
(ESI-MS) and nuclear magnetic resonance (NMR) spectroscopy (1H and 13C). Additionally,
the quantification results indicated that GBR under B2 treatment accumulated the greatest
quantities of MA, MB, tricin, ρ-coumaric acid, ferulic acid, cinnamic acid, and salicylic
acid. The B2 treatment also significantly enhanced the antioxidant activities of GBR, as
demonstrated in the antiradical assays (DPPH and ABTS). In the context that BR has been
less favored, leading to improper utilization or waste of this source, the outcomes of our
study hold promising prospects for enhancing the nutritional value of BR and fostering the
advancement of rice-derived products that contribute to human well-being. Consequently,
this research serves to incentivize the consumption of BR by highlighting its intrinsic value
and potential benefits for human health. Furthermore, the present findings are expected to
contribute to the attainment of the Sustainable Development Goals (SDGs) by promoting
the overall welfare of individuals, eradicating poverty, and ensuring global food security,
particularly in countries reliant on rice cultivation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods12132501/s1, Figure S1: 1H- and 13C-NMR spec-
trum of isolated (A) tricin, (B) ρ-coumaric acid, (C) momilactone A (MA), and (D) momilactone B
(MB) in this study; Figure S2: High-performance liquid chromatography (HPLC) chromatograms of
standards (A) tricin; (B) ρ-coumaric acid; (C) ferulic acid; (D) salicylic acid; (E) cinnamic acid, and (F)
detected phenolic compounds in B2 (75 mM NaCl and 4-day germination); Figure S3: UPLC–ESI-MS
chromatograms of (A) standard momilactones A (MA) and B (MB), and (B) MA and MB detected in
GBR in B2 treatment (75 mM NaCl and 4-day germination).
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Abstract: Rice is an important source of γ-oryzanol (GO) and γ-aminobutyric acid (GABA), which
are bioactive compounds that may benefit blood lipid and pressure control. Both GO and GABA
can be improved by germination and fermentation. Fermentation with A. oryzae produces Koji, a
rice-based starter for Amazake, a naturally sweet beverage. Germinated rice (brown and milled rice),
were tested to improve those bioactive compounds during the fermentation process. The resulting
Koji was optimised to GO and GABA through a response surface methodology; α-amylase activity
and starch content were also assessed. The different rice matrix resulting from the germination
largely impacted the biosynthesis of GABA, α-amylase and starch contents. Amazake, obtained by
germinated rice, has increased GO and GABA contents when compared to the one obtained from
milled rice (from a non-detectable value to 27.65 ± 0.23 mg/100 g for GO and from 163.95 ± 24.7 to
271.53 ± 5.7 mg/100 g for GABA). A panel of 136 Portuguese consumers tasted the beverage in a
blind overall tasting test followed by an informed test, using 9-point scales. The consumer scores had
a mean value of 4.67 ± 1.9 and 4.9 ± 1.8, meaning that cultural differences may play an important
role with regard to liking and accepting Amazake.

Keywords: γ-oryzanol; γ-aminobutyric acid; α-amylase; Koji; Amazake; rice bioactives; response
surface methodology

1. Introduction

Rice is considered a staple food in many countries, particularly in Asia. Despite the low
consumption rate in Europe, Portugal is the largest rice consumer, with innumerable ways
of consuming rice in its gastronomic tradition. However, rice is not consumed at its full
nutritional potential, since the bran and germ are discarded with the industrial processing,
and rice is consumed after milling [1]. In recent years, the nutritional compounds of whole
rice and rice bran have been studied to explore natural ways of increasing its content in
rice-based foods. One of those compounds is γ-oryzanol (GO) [2,3]. GO is a bioactive
compound known for its potential to regulate lipid metabolism, reducing the LDL (Low-
Density Lipoprotein) and total cholesterol [4–7]. GO is synthesised during the maturation of
the rice grain, being responsible for different regulatory functions, properties and structures;
therefore, the GO content is not only affected by genetic factors but also by climate and
growing conditions [8–10].
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Another important compound in rice bran is γ-aminobutyric acid (GABA), a non-
protein amino acid. GABA is an important neurotransmitter responsible for lowering
the nervous system’s activity, effectively lowering blood pressure [11–14] and treating
epilepsy [15]. GABA is mainly synthesised by biochemical processes such as germination
and fermentation. During those processes, the α-ketoglutarate (contained in large quan-
tities in the bran) is transaminated to glutamic acid, which is decarboxylated to GABA
through glutamic acid decarboxylase (GAD) [12,13]. Thus, increased levels of GABA can
be obtained by reinforcing the germination status of the grain. The amount of GABA in
rice bran ranges from 10.7–58.0 mg/100 g (before germination) and 90.0–350.0 mg/100 g
(after 10–12 h of rice germination) [16].

The germination and fermentation processes have been employed empirically to
increase nutritional value and enhance the assimilability and palatability of foods. The
most important microorganism employed in rice fermentation is Aspergillus oryzae, which
was named after its occurrence in rice (Oryza sativa) [17]. A. oryzae has been used in
Asia, mainly in Japan, as a starter for a solid-state fermentation named Koji, which is the
basis of many traditional products, including soy sauce, miso, sake, and Amazake [17,18].
Solid-state fermentation is a low moisture fermentation, providing just enough water
to support the growth of filamentous fungi’s penetrative and aerial hyphae, producing
enzymes that would not typically be produced during other fermentation processes [19,20].
Although A. oryzae can ferment other products, rice is the most used food substrate for
Koji production. The process to obtain Koji can be seen as a system which includes mainly
(1) time, (2) temperature, and (3) moisture [21]. Ventilation, substrate type, pH, and the
initial quantity of the inoculum are also essential factors in Koji-making [20,22]. Amazake is
the simplest way of using Koji. Amazake is a non-alcoholic, white-coloured, sweet drink
that can be made only by mixing Koji with water or by adding steamed rice. In the
processing of Amazake, Koji acts as a starter for starch hydrolysis, where their α-amylases
break the rice starch into glucose. Therefore, besides Koji’s unique flavour, Amazake is
naturally sweet (without added sugars); contrary to other sweet beverages, which contain
sucrose or fructose, Amazake’s sweetness is mainly realized through naturally produced
glucose [23,24]. This is an advantage, since the final glucose content of Amazake can be
controlled and adjusted through a longer or shorter rice Koji fermentation time [25].

Despite being closely related to the Aspergillus flavus species, A. oryzae is considered
a safe organism by the World Health Organisation [26], if the microbiological safety of
Koji and its products are produced with approved starter cultures, appropriate rice Koji
fermentation processes, and storage conditions are used [20]. The safety of A. oryzae
arises from the fact that it is unable to produce aflatoxins, as the genes responsible for
its biosynthesis are absent or dysfunctional [18,20,23,24,27]. Koji Amazake can also be
considered microbiologically safe, as starch is hydrolysed at a temperature range where
harmful bacteria do not grow [24].

Few authors have studied the impact of Amazake intake on human health. Kura-
hashi and Yonei [23] studied the excess intake of Amazake (for four consecutive weeks) in
24 healthy subjects with high blood glucose levels. The body mass index (BMI) of the sub-
jects did not change, but LDL cholesterol and glycated haemoglobin (HbA1c), a marker for
diabetes, had a significant slight decrease, returning to the typical values after the test; the
excess intake of Amazake led to a significant decrease in blood pressure. The authors related
the hypotensive effect with the presence of GABA. Kikushima et al. [28], in a randomised,
double-blind, placebo-controlled trial, evaluated the effects of Koji Amazake, finding that the
daily intake of Amazake decreased systolic blood pressure. Other authors [25,29] studied
the impact of Amazake on other health issues with positive results.

This work aimed to develop a rice-based beverage (Amazake) via a germination and rice
Koji fermentation process with A. oryzae. As both GABA and GO can be improved naturally
through biochemical processes, this work explores ways of increasing Amazake’s GABA
and GO contents, improving Amazake’s nutritional value and evaluating its acceptability by
Portuguese consumers.
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2. Materials and Methods

A schematic view of the experimental methodology can be observed in Figure 1.
Different rice matrices were selected for this study: milled, whole and germinated rice;
germination rice was subjected to a pre-selection (through the employment of three different
germination times) to obtain the greatest GABA and GO contents.

Figure 1. Schematic view of the experimental methodology, with numbers representing materials
and methods, as well as discussion sections (e.g., 1 represents Sections 2.1 and 3.1).

The three raw samples were further soaked, cooked and inoculated with A. oryzae
to produce Koji. The GABA content and α-amylase activity were analysed in the Koji
preparation process to optimise the best inoculation time and temperature.

The optimised Koji was subjected to a starch hydrolysis process to obtain Amazake. The
sweetness and texture parameters were monitored through the starch hydrolysis process to
reach similarity with commercial Amazake (fermented brown rice Amazake from Kenshô,
Spain) in terms of sweetness. For texture, the used reference was a commercial yoghurt
beverage (plain liquid yoghurt from a major Portuguese retailer brand).

The improved Amazake was then presented to consumers to assess its overall likeability,
and it was also evaluated for acceptance after elicitation with a final product prototype.
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2.1. Sample Selection

Commercial milled and brown rice from the variety Ariete (from Orivarzea SA, Portu-
gal) were acquired in the market and kept sealed at room temperature until use.

Germinated rice was prepared from brown rice, washed three times, and submerged
in distilled water for 24 h; the samples were kept at 25 ◦C for 48 and 72 h, being washed
every 4 h to avoid fermentation. Samples of 50 g were collected and freeze-dried. For
comparison purposes, the raw brown rice sample was considered the control, and the
subsequent samples were identified as 24 h, 48 h and 72 h germinated rice. The GABA
and GO data were acquired, and the sample with greater values of those compounds was
selected for further processing.

All of the samples were analysed in triplicate.

2.1.1. GABA Extraction and Quantification

GABA extraction and quantification were performed according to Jannoey et al. [30],
with modifications. The freeze-dried samples were extracted with 70% ethanol. The
samples were dissolved with 2 mL of ethanol, mixed in a vortex, shaken for 30 min at
room temperature, and centrifuged at 4 ◦C for 10 min at 10,000× g (Laborzentrifugen 2K15,
Sigma, Osterode am Harz, Germany). The supernatant was collected, and the procedure
was repeated two more times, until collecting a total of 6 mL extract. The derivatisation was
performed with 2-hydroxynaphthaldehyde (HN), by adding 1 mL of the extracted samples
to 0.5 mL HN-methanol solution (0.3%) and 0.5 mL of borate buffer (pH 8), incubating
at 80 ◦C during 15 min in a water-bath and cooling to room temperature. The resulting
extract was filtered through a 0.22 μm nylon syringe filter (FilterTECH, Saran, France)
before injection.

The quantification of GABA was performed by reverse-phase high-performance liquid
chromatography (RP-HPLC) using Waters 2695 series equipment (Waters, Milford, MA,
USA) connected to a diode array detector (DAD, Waters 2996, Waters, Milford, MA, USA).
The amino acid HN derivative separation was performed in a C18 column (Sunfire 5 μm,
4.6 × 250 mm, Waters, Milford, MA, USA), which remained at a temperature of 40 ◦C
(Waters column thermostat Jetstream 2 plus, Waters, Milford, MA, USA). The mobile
phase used was methanol (A): water (B), with the following gradient: 0–4 min: 20–50%(A);
4–6 min: 50–80% (A); 6–8 min: 80–100% (A); 8–10 min: 100% (A) and from 10–14 min:
100–20% (A), at a flow of 0.8 mL min−1 and with an injection volume of 20 μL, with a total
analysis time of 20 min.

The GABA-HN derivative identification was performed at 231 nm by comparison
of the GABA-HN peak retention times from the GABA-HN spectra. Sample fortification
with GABA standard was undertaken for all samples prior to HN derivatisation, and
the results of the fortified samples were compared with non-fortified samples to validate
the GABA identification. The GABA quantification was based on an external calibration
curve made with GABA standard aqueous solutions (10 to 1000 mg/L). A linear regression
was obtained between the GABA-HN peak area and the GABA content in mg/mL (total
GABA-HN area = 144,448,962 [GABA] + 5,176,153) with a determination coefficient of 0.995.
GABA quantification was measured in mg of GABA per 100 g of sample, and all samples
were extracted in duplicate.

2.1.2. GO Extraction and Quantification

The γ-oryzanol (GO) quantification was performed by RP-HPLC equipped with a
DAD using the same HPLC system described for GABA quantification using a Waters
Spherisorb ODS 2 separation column (4.6 × 250 mm, 5 μm, Waters, Milford, MA, USA),
according to the method reported by Lageiro et al. [8], with minor modifications. The
extraction of GO was carried out from freeze-dried Koji lipid residue according to the
procedures reported by Castanho, et al. [1]. The GO identification was made at 325 nm
by retention times and spectra comparisons with GO standards from TCI Europe. The
quantification was based on an external calibration curve with GO standard solutions
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(10 to 900 mg/L). A linear regression between the total GO area (peak area sum of the
different GO compounds’ peak areas) and the GO content in mg/mL was obtained (total
GO area = 29.10 × [GO] 58.99), with a determination coefficient of 0.9995. GO quantification
was measured in mg of GO per 100 g of sample, and all samples were extracted in duplicate.

2.2. Rice Cooking and Inoculation

Rice was cooked according to Saigusa and Ohba [31], with few modifications. The
milled rice (250 g) was washed three times and soaked in distilled water for 20 min. It
was drained for 15 min, and the water content was adjusted to achieve 118% of the initial
raw rice weight with distilled water. The rice was then steamed for 40 min in a rice cooker
steamer (CKSTRC4723-050, Oster 600 mL, Sunbeam Products, Inc., Boca Raton, FL, USA),
wrapped in 20 × 20 cm non-woven pads (Wells, Portugal). The cooked rice was allowed to
rest for 10 min while wrapped. After removing the cloth, the rice was allowed to cool in
a tray until the temperature decreased to 40 ◦C. For brown rice, the cooking method was
slightly modified: the raw brown rice was soaked for 5 h to adjust the water content to
118% of the initial raw rice weight and cooked for 60 min. The procedure was the same for
germinated rice apart from the initial water correction, as the water uptake was given by
the germination time.

The water content of all samples was adjusted (133% raw weight) with distilled water
to ensure process standardisation before inoculation. The cooked rice was then inoculated
with A. oryzae spores obtained from Kenshô (Spain) according to the producer’s instructions
(1 g/kg of raw rice).

2.3. Koji Preparation and Optimisation

A circumscribed central composite design using rice Koji fermentation time and tem-
perature as independent variables was used to obtain a surface response, with the values
presented in Table 1. Ten experimental combinations were determined with two levels (−1,
+1), two repetitions of the central point (0), and two levels of axial points (−α, +α) [32]. The
experimental conditions were defined as between 20 and 60 h and 32 and 42 ◦C, according
to Narahara [33]. The selected points were used for GABA, α-amylase activity, and starch
content evaluation.

Table 1. Definition of the circumscribed central composite design independent variable values. The
α value related to ±1 is equal to ±1.414.

Time (h) Temperature (◦C)

Min (−α) 20 32
Max (+α) 60 42
Centre (0) 40 37

Factorial (−1) 26 34
Factorial (+1) 54 41

Before analysis, the preparation of Koji samples was based on Hong and Kim [34] and
previous pilot studies from the research group. Fresh collected Koji, 20 g, was mixed with
60 mL of distilled water and homogenised in an Ultraturax (T25, IKA, Germany). From that
mixture, 6 mL were diluted in 16 mL of distilled water and centrifuged at 10,000× g; the
remaining Koji mixture was freeze-dried, ground to flour, passed through a 120 μm sieve,
and stored in dry conditions for subsequent analysis, as Koji extracts. All the analyses were
treated as independent triplicates.

2.3.1. α-Amylase Activity Assessment

The α-amylase activity of Koji extracts was measured using the Ceralpha® assay
procedure (AOAC Official Method 2002.01) by using benzylidene-blocked p-nitrophenyl
maltoheptaoside in the presence of thermostable α-glucosidase. The activity was calculated
according to the Ceralpha® assay procedure using the Megazyme kit calculator for Mi-
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crosoft Excel, and expressed as Ceralpha U per g Koji, where one Unit of enzyme activity is
the amount of enzyme releasing one μmole of p-nitrophenol per minute under the defined
assay conditions.

2.3.2. Starch Measurement

Starch data was collected using NIR transflection MPA equipment (Bruker Optics,
Germany), according to Sampaio, et al. [35]. The data was obtained using the B-FING
cereals calibration model (Bruker Optics, Germany).

2.4. Amazake Selection and Preparation Processes

Amazake was produced by hydrolysing the optimised Koji by adding water at a specific
temperature and time. The suspension viscosity was measured, following each water
addition, until the target value (plain liquid yoghurt, 0.285 Pa.s) was reached. As the target
texture was achieved, the sweetness was determined by ◦Brix, through time, to achieve
commercial Amazake sweetness (fermented brown rice Amazake, 21%).

The Amazake was mixed in a cooking robot (Thermomix TM6, Vorwerk, Germany) at
the highest speed in order to homogenise the beverage.

2.4.1. Starch Hydrolysis and Viscosity Measurement

Starch hydrolysis was performed at a small scale in a Rapid Visco Analyser (RVA
4800, Perten Instruments, Sweden) at 50 ◦C at the constant speed of 1000 rpm for 30 min at
different Koji:water proportions (1:1; 1:1.5; 1.75 and 1:2). The samples were cooled down to
4 ◦C, and the viscosity after cooling was measured at the constant speed of 1000 rpm for
2 min.

2.4.2. Brix Measurement

The sweetness of the Amazake was measured by its Brix (%) in a refractometer (PR-
201, Atago, Japan) after filtering the suspension through a 45 μm syringe filter. The
measurements were performed after 10, 15, 25 and 35 min.

2.5. Consumer Evaluation

A total of 111 consumers evaluated the Amazake beverage at an open science fair, which
included students and families, representing a broad demographic group. In the first stage,
the consumers tested the product without any information other than that it was a new and
experimental rice beverage. The overall liking was evaluated using a 9-point scale, ranging
from 1—“dislike extremely” to 9—“like extremely” [36].

In the second stage, after the first questionnaire, a prototype of the product was created,
including a bottle full of “DIS! Amasake” with a label containing nutritional information,
due date, ingredients, and logotype, and a flyer with information about the potential health
benefits as well as information about the objectives of the project. The consumers filled
out the Food Action Rating Scale (FACT) developed by Schutz [37], that was adapted for
the product. The 9-point FACT scale was: 1—”I would drink this only if forced”, 2—”I
would drink this if there were no other food choice”, 3—”I would hardly ever drink this”,
4—”I do not like this but would drink this on an occasion”, 5—”I would drink this if
available but would not go out of my way”, 6—”I like this and would drink it now and
then”, 7—”I would frequently drink this”, 8—”I would drink this very often”, 9—”I would
drink this every opportunity that I have”. Both the liking and FACT scales were translated
into Portuguese, according to Ribeiro, et al. [38]. Demographic data (age, gender and
education level) and free comments about the product were also collected with the overall
liking data. Free comments have been analysed by grouping terms into categories and sub-
categories derived from the content analysis [39] following a triangulation procedure [40].
All participants were aged 16 years old or above, and were willing to participate. Following
the Helsinki statement, an informed consent was given, and participants were assured
that all private information would remain anonymous. All minors (<18 years old) were
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accompanied by their consenting parents or educators. The research team has enforced
procedures to guarantee adherence to the European General Data Protection Regulations.

2.6. Statistical Analysis

To analyse data from the rice Koji fermentation process, following the Central Com-
posite Design, a quadratic model (see Equation (1)) was fitted to GABA, α-amylase activity,
and starch content data, where b0 represents the constant term, b1 and b2 the linear terms,
b3 and b5 the quadratic terms, and b4 the interaction term. x1 represents the rice Koji
fermentation temperature (◦C), and x2 represents rice Koji fermentation time (h).

y = b0 + b1x1 + b2x2 + b3x1
2 + b4x1x2 + b5x2

2 (1)

Raw data inspection was performed in advance, and outliers were identified among
triplicates at each sampling point, following the Grubbs method (Table S1). A linear model
building approach was implemented through a stepwise regression approach, minimising
Akaike’s AIC parameter [41]. Overall model fitting was assessed by the adjusted coefficient
of determination Radj

2 [32].
The comparison of processing conditions at the additional steps, such as the impact of

the germination time on GO and GABA, was performed using a one-way ANOVA, followed
by Tukey’s post hoc multiple comparison test, if applicable. All tests were performed at a
95% confidence level using XLStat for Microsoft Excel.

3. Results and Discussion

3.1. Sample Selection

The rice bran proteins, lipids, and mineral content are considered undesirable for that
specific fermentation process, and traditional rice Koji is produced with milled rice [21],
so a milled rice sample was included as a control in the improvement of GO and GABA
contents; a brown rice sample was also included for presenting a naturally richer content
of those compounds due to the presence of the bran [1,42].

As GO and GABA contents also increase with germination, a previous study was
conducted to select the best germination times. Figure 2 shows the contents of GO and
GABA over germination time.

 
Figure 2. Effect of the germination time on the GO (A) and GABA (B) contents of brown Ariete
variety rice, expressed in mg/100 g (DW). a, b—homogeneous groups according to Tukey’s post hoc
test at a 95% confidence level.

Both GO and GABA presented an increase in their content after 24 h of immersed
germination when compared to raw rice, from 23.09 ± 1.193 to 41.17 ± 0.835 mg/100 g
and 57.783 ± 3.60 to 67.73 ± 0.22 mg/100 g, respectively (Figure 2). After 24 h, the GO
content lowered, and the GABA content increased; however, those changes were not
statistically significant (p < 0.05). Wu, et al. [42] also reported an increase of the GO in
the first germination stage, followed by a slight decrease; however, regarding GABA, the
authors denoted a constant increase during germination. Wu, et al. [42] attributed the
enhancement of GO in the first stages to the natural presence of lipases, promoting the
decomposition of various lipid substances, including GO. Munarko, et al. [43] tested the
effect of the germination process on the GABA content in four different rice varieties,
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reporting differences in the increase rate of GABA content with the germination time; the
same authors also reported differences between GO content changing rates between the
four varieties along germination time. The increase of GO content with germination is also
reported by other authors [44].

Considering the results obtained, a germinated brown rice sample, after 24 h of
submersion, was selected for the fermentation trials to obtain rice Koji, in addition to the
milled and brown rice samples.

3.2. Rice Preparation

As reported previously, time, temperature, and moisture are the most critical factors
influencing Koji making [21]. GO and GABA content can be affected by the processes
carried out during Koji making. Besides temperature and time, the system’s moisture is also
essential. The system’s moisture combines the media’s humidity and cooked rice’s moisture.
While initially the moisture content is about 95–98%, during the rice Koji fermentation
process, the moisture is lost due to fungal metabolism [24], therefore being essential to cover
the Koji with a cloth. The system’s moisture was standardised by carefully monitoring the
water content based on the raw weight of the rice.

The gelatinisation stage of starch, from β-starch to α-starch, is important in Koji
making, as complete gelatinization is needed to allow the tip of the A. oryzae hyphae to
extend forward into the rice grain and not only over the surface, thus producing more
desirable compounds [24]. The gelatinisation state of the rice was also verified before
inoculation.

According to Gomi [17], the optimum temperature for Koji making is between
32–40 ◦C. As A. oryzae cannot grow above 44 ◦C, the cooked rice was cooled to
40–42 ◦C before inoculation.

3.3. Optimisation of Koji According to GABA and α-Amylase Activity

Temperature and time were the selected variables to optimise the Koji making:
(1) Temperature can affect the production of metabolic compounds such as GABA,

and can also dictate the type of compounds produced (e.g., temperatures up to 37 ◦C are
reported to increase the production of protease, while higher temperatures increase amylase
activity), depending on the strain specificities [21,22]; however, fermentation temperature
depends not only on the external specified parameters, but also on the exothermic reaction
that occurs during that stage (rising the temperature to 40–42 ◦C); therefore, it is necessary
to mix Koji and to cool it and ventilate it, especially when working with large batches [24].

(2) Time is also crucial in Koji making, as it defines the stage of growth;
(a) spores start germinating three to five hours after attachment to the matrix;
(b) at 20 h the spores grow on the grain surface; and
(c) the hyphae grow, and the mould extends its hyphae into rice grains, spreading

over the matrix at 44 h, secreting high molecular weight hydrolytic enzymes (e.g., amylase
and proteases) through the process [18,24].

During this stage, GABA and α-amylase activity were selected as the target param-
eters to measure, as GO content is related to lipid metabolism and is not expected to
change during rice Koji fermentation, and α-amylase will break the starch in the following
hydrolysis process, therefore being essential to Amazake production. Starch, the main
compound of rice, was measured to observe the changes occurring during the germination
and fermentation processes.

Table 2 and Figure 3 present the regression models’ parameters and model fit for
GABA, α-amylase activity and starch content, and the contour plots for those models.
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Table 2. Significant stepwise regression coefficients (±Std Error) (p < 0.05) and R2
adj, from the fitting

of Equation (1) to GABA concentration, α-amylase activity and starch content. Values for temperature
(x1) were expressed in ◦C and incubation time (x2) was expressed in hours. Non-significant values
(p > 0.05) are presented as n.s.

b0 b1 b2 b3 b4 b5 AIC R2
adj

GABA (mg/100 g)

Brown Rice −3120 ± 777 171 ± 39.5 n.s. −2.47 ± 0.524 0.307 ± 0.143 −0.255 ± 0.033 197 0.679
Milled Rice −1811 ± 387 96.7 ± 20.2 8.92 ± 1.38 −1.27 ± 0.271 n.s. −0.102 ± 0.017 151 0.681
Germinated

Rice 1900 ± 971 −98.1 ± 50.8 9.12 ± 3.48 1.21 ± 0.681 n.s. −0.073 ± 0.043 212 0.715

α-amylase activity (CU/g)

Brown Rice −3061 ± 221 153 ± 11.6 13.1 ± 0.815 −2.06 ± 0.155 n.s. −0.159 ± 0.01 115 0.922
Milled Rice −3490 ± 237 173 ± 12.5 16.2 ± 0.88 −2.33 ± 0.168 n.s. −0.199 ± 0.01 114 0.939
Germinated

Rice 44.0 ± 15.2 −2.31 ± 0.826 0.049 ± 0.008 0.03 ± 0.011 n.s. n.s. −29.3 0.618

Starch (g/100 g)

Brown Rice 350 ± 105 −11.9 ± 5.3 −3.66 ± 0.80 n.s. 0.048 ± 0.019 0.021 ± 0.004 74.4 0.577
Milled Rice 360 ± 75.9 −14.7 ± 3.97 −1.76 ± 0.273 0.202 ± 0.053 n.s. 0.021 ± 0.003 57.3 0.622
Germinated

Rice 153 ± 16.8 −1.75 ± 0.442 −2.38 ± 0.441 n.s. 0.038 ± 0.01 0.007 ± 0.002 38.1 0.876

Germination is a process that occurs in three phases [45]:
(1) The seeds become fully hydrated;
(2) Activation of the metabolism to mobilise nutrients to grow the radicle, which

emerges at the end of this phase;
(3) The seed absorbs even more water, and there is a significant mobilisation of reserve

material (i.e., carbohydrates which are hydrolysed and metabolised, leading to the growing
of the seed).

During the germination process, the rice matrix suffers irreversible changes: α-amylase
and α-glucosidases are synthesised; thus, the starch content decreases due to the partial
hydrolysis of starch [46]; the peptidase activity levels increase [47], leading to protein
hydrolysis, which is not only degraded into peptides but also into free amino acids [45].
Given these changes, the GABA synthesis in the germinated rice during fermentation is
carried out in a completely new matrix; if, on the one hand, the free glutamic acid present
in raw rice bran was consumed as a substrate for producing GABA during the germination,
on the other hand, during rice Koji fermentation, the enzymes produced by A. oryzae can
break proteins leading to the existence of more free glutamic acid that is latterly synthesised
to GABA. However, as A. oryzae produces proteases at a lower temperature, there is a
need to decrease the fermentation temperature; at the same time, the time factor is also
important to allow the action of the proteases, which may explain the differences between
the predicted time to achieve the maximum values of GABA regarding brown and milled
rice, and the germinated rice in Figure 3.

The α-amylase predicted time and temperature for maximum α-amylase activity
also follows the pattern of GABA synthesis (Figure 3). In milled rice and brown rice
samples, α-amylase is formed at the time/temperature suggested in the literature [21,22];
in the germinated rice matrix, α-amylase reaches its more significant activity at the lower
temperature and maximum time. Here, the hypothesis presented before may also apply,
and as the matrix changes, the proteases formed at lower temperatures may also change,
freeing some compounds that promote the increase of α-amylase activity. Despite the
differences in the initial starch amounts of milled and brown rice (82.77 ± 1.410 and
73.05 ± 0.351 g/100 g, respectively), the starch that remained after fermentation was similar
in both matrices. Germinated rice predicted starch content shows a lower amount of
starch at lower temperatures and maximum time, meaning that the starch structure may be
responsible for those differences (Figure 3).
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Figure 3. Contour plots of the predicted model for GABA, α-amylase activity and starch on brown,
milled and germinated rice Koji. In GABA and α-amylase activity plots, white lines represent the
temperature (◦C) and time (h) targets to obtain the maximum response for GABA and α-amylase,
and the minimum response for starch contents.

Table 3 shows the maximum concentrations of GABA and α-amylase activity, accord-
ing to the simultaneous linear optimisation of both the GABA and α-amylase activity
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models. The results show the similarities between milled and brown rice regarding time,
temperature, and maximum predicted values. Germinated rice requires more time and less
temperature to obtain higher values of GABA than the other matrices; however, despite the
maximum α-amylase activity occurring at the same time and temperature, the values are
very low compared to the other matrices. Despite the low α-amylase activity, germinated
rice was selected to produce the Amazake beverage, as pilot studies showed that germinated
rice α-amylase could produce satisfactory results on the enzymatic hydrolysis.

Table 3. Predicted maximum GABA and α-amylase activity according to the simultaneous linear
optimisation of both adjusted quadratic models (Table 2).

Temperature
(◦C)

Time
(h)

GABA
(mg/100 g)

α-Amylase
Activity (CU/g)

Brown rice 37.2 40.3 251.6 70.4
Milled Rice 37.5 41.8 221.6 79.0

Germinated rice 32.0 * 60.0 * 290.5 4.0
* Within the experimental range.

The predicted results were confirmed by a GABA and α-amylase activity analysis,
showing results near the expected: regarding GABA, a concentration of 251.52 ± 6.3 mg/100 g,
and regarding α-amylase activity, 4.04 ± 0.07 CU/g. The starch content was also assessed
in the selected Koji, presenting a predicted value of 55.89 g/100g, and a response of 59.11 ±
0.16 g/100 g.

3.4. Amazake Preparation

Amazake, a beverage naturally sweetened by the action of enzymes, can be produced
by adding Koji and water and exposing it to a controlled temperature over a specific period
of time. While the water addition influences texture, it will also change the concentration
of α-amylase in the system, manipulating the sweetness of Amazake. Time is also a key
factor, as sweetness can be controlled by the time the enzymes take to hydrolyse the starch
to glucose [48]. The starch enzymatic hydrolysis is carried out in two stages: dextrinisation
(or liquefaction) and saccharification. During dextrinisation, there is a breakdown of
starch in oligosaccharides, polysaccharides, or maltodextrin with a loss in viscosity; in
the saccharification phase, the maltodextrins are mainly converted into glucose [48,49].
Figure 4 shows the ◦Brix and viscosity values progression over time in the same Koji:water
samples subjected to 50 ◦C in RVA, where the rapid decrease of viscosity represents the
liquefaction phase, and the slower increase of ◦Brix represents the saccharification stage.

Figure 4. (A) Sweetness and viscosity over starch hydrolysis time. (B) Viscosity after hydrolysis
in the selected Koji:water concentration and its comparison with drinking yoghurt and Amazake. a,
b—homogeneous groups according to the Tukey’s post hoc test at a 95% confidence level.
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The texture and sweetness of Amazake were first tested on a small scale using an RVA
at a constant temperature and speed. The optimum temperature for A. oryzae α-amylase
to act on the substrate is reported to be 50–60 ◦C [24]; due to the reported low α-amylase
activity, the system temperature was maintained at 50 ◦C. The texture was first improved to
reach the yoghurt viscosity (0.285 Pa.s). As expected, the viscosity decreased with the water
addition (Figure 4A). As the 1:1 Koji:water concentration showed a viscosity similar to the
commercial yoghurt (Figure 4B), it was selected for the Amazake production at a larger scale
for sensory evaluation.

The selected Koji:water concentration was then subjected to starch hydrolysis over
time, also using the RVA, to obtain the ◦Brix value. Although ◦Brix is not a very accurate
measure, in this case it was very useful, as a rapid measurement was preferred to a more
accurate one due to the rapid action of α-amylase, as it could modify the results in a short
amount of time. Amazake ◦Brix was set considering the reference of the commercial Koji
◦Brix, as the other compounds influence the sweet flavour in the Amazake, namely volatile
components that are largely dependent on lipid oxidation in the Koji fermentation stage [50].
Therefore, instead of 14.3 ◦Brix of yoghurt, a 21 ◦Brix of commercial Koji was considered.

The Amazake, produced in the large batches (2 L) for consumers’ sensory evaluation,
had a relatively small change in the texture (from 0.255 ± 0.007 to 0.345 ± 0.035 Pa.s);
in the large batches, the starch hydrolysis was carried out over five hours, with hourly
◦Brix measurements.

3.5. Effect of Germination and Rice Koji Fermentation on GO and GABA of Rice after Cooking

Figure 5 compares the effects of Amazake’s processing stages (cooking, germination,
fermentation and starch hydrolysis) on GO and GABA contents with the traditional milled
rice Amazake. As expected, steam cooking did not affect GO and GABA content, since both
are resistant to boiling temperature [51,52]. With germination, both compounds increased,
as was already reported in Figure 2; however, while for GO the value was 78.3% higher, for
GABA the increase was not significant (p > 0.05), and represented only 17.2%.

Figure 5. Effect of the various procedures on brown rice on (A) GO and (B) GABA contents. (n.d.
stands for non-detectable). a, b, c, d—homogeneous groups according to the Tukey’s post hoc test at
a 95% confidence level. The improved Amazake is shown in dark grey and the traditional milled rice
Anazake in shown in white.

Despite the higher GO content in germinated rice when raw, the amount decreased
after cooking, which can be related to any leaching of the compounds; the differences
between the effect of boiling in raw and germinated rice may be related to the different
matrix that germination generates. GO values increased with rice Koji fermentation and
even more when germination and fermentation were used, as well as in the optimised time
× temperature samples (37 ◦C/20 h).
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Regarding GABA, the results show that fermentation greatly impacted the concentra-
tion of the compound: non-germinated brown rice fermented at 37 ◦C for 40 h presents
a GABA value of 249.95 ± 24.31 mg/100g; when fermented after germination, the con-
tent of GABA decreases; however, after optimisation, (32 ◦C for 60 h), the GABA content
increased to the values of the non-germinated brown rice. The reported values may be
explained by starch availability, reported in Table 2 and Figure 3, as A. oryzae fermentation
occurs based on carbohydrate metabolism [17,18], the production of compounds may be
compromised or, in this case, takes longer, derived from the changes occurred during the
germination process. Wang, et al. [53] studied the effect of germination and fermentation
on GO and GABA contents in rice inoculated with Bacillus subtilis Natto. The authors
reported a significant decrease of GO and GABA after fermentation in both germinated
and non-germinated rice, which is understandable as the starter cultures are different, thus
having different metabolisms.

Figure 5 also shows that the GO content decreases sharply after starch hydrolysis,
which may be related to the action of other enzymes (e.g., lipases that are also formed
during fermentation [19,20]). Regarding GABA, there is a slight content increase after
hydrolysis. When comparing the optimised Amazake with the one made with milled rice
Koji under traditional conditions (37 ◦C/40 h), the optimisation process improved GO and
GABA contents.

3.6. Consumer Evaluations

The final Amazake product was presented to the consumers at an open science fair.
At first, no information was available about the product, and the consumer tried and
evaluated the product hedonically. Secondly, the product was shown bottled under the
brand DIS!Amasake with a full label and according to the EU labelling legislation for food
products [54].

Although the Portuguese gastronomic tradition is rich in rice meals and even
deserts [55], eating germinated or fermented rice is not a habit, and to our knowledge, there
are no industries in the country producing those products. Despite this, it is possible to
find Koji products in the market, although only in niche shops or online. Thus, the Koji
flavour is unknown to most Portuguese consumers.

Overall liking, before elicitation, had a relatively low score, as 42.3% of the participants
rated the beverage in the lower range of the scale, and only 37.8% rated the beverage in the
higher range (Figure 6). The median and mode score was five, meaning that the product
was neither liked nor disliked. The observed values may be related to various factors,
including the novelty of the product, and/or cultural differences, as Amazake is a traditional
drink in Japan. Various authors [56–60] have reported how cultural differences impact food
preferences in a variety of cross-cultural studies. Prescott et al. [60] found that Japanese
subjects had a higher preference for acidic and umami flavours at higher concentrations
than Australian subjects. The Japanese beverage Amazake presents an acidic flavour due to
the compounds formed naturally in the fermentation process.

Forty consumers filled out the optional open comments section, resulting in a total
of 47 different entries. The data were grouped into four categories: taste (n = 23), texture
(n = 11), aroma (n = 4), and general attributes (n = 9). The prominent taste characteristics
were “bitter” (n = 5), “strong” (n = 4) and “yeast” (n = 4); however, those aspects are not
correlated to the liking parameters, but rather to the individual preferences and habits.
Regarding texture, the most reported characteristic was “thick” (n = 7), which may be
related to the expectation of the testers given their knowledge of rice beverages in the
market, which are texturally similar to milk. The aroma was described as “unpleasant”
(n = 4), a preference parameter. The participants who described the beverage regarding
general attributes reported it as “different/unknown/unexpected” (n = 6), and a participant
commented that it “requires habituation“. This last comment is interesting, as the literature
reports that food preferences are acquired over time [61]; liking a substance tends to increase
with familiarity and exposure.
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Figure 6. Distribution of consumers’ responses regarding overall liking and acceptance (FACT).

Beverage acceptance after exposure to the prototype and related nutritional benefits
shows a slight increase when compared with the overall liking scores (Figure 6). Thus,
when comparing the differences between liking and acceptance, the participants who
most disliked the product were positively impacted by the nutritional elicitation, and the
participants with higher liking scores showed a more dispersed attitude; however, the
overall liking scores were positively correlated with the FACT scores (R = 0.743).

As for overall liking scores, the impact of nutritional elicitation can be influenced
by cultural aspects [62]. When comparing cross-cultural applications of the Food Choice
Questionnaire, Cunha, et al. [63] showed that there is a visible difference between the food
choice determinants of Japanese and Portuguese consumers: for the Japanese, the health
and natural content are more important than sensorial traits, while for the Portuguese the
sensorial traits are the most important. Therefore, Portuguese consumers may be less prone
to accept unknown health-based foods with a perceived lower sensory appeal.

4. Conclusions and Future Work

The results show that all the measured compounds are affected by the rice raw material
(germinated, brown or milled), particularly regarding germinated rice, and also by further
fermentation. The germinated rice Koji was selected for the Amazake preparation due to
its higher γ-oryzanol (GO) and γ-aminobutyric acid (GABA) contents. In the selected
sample, the GO concentration increased with the germination process in raw samples (from
23.09 ± 1.19 to 41.17 ± 0.84 mg/100 g), and after fermentation (to 44.17 ± 1.8 mg/100 g);
however, after the starch hydrolysis process, the values of GO decreased to
27.65 ± 0.23 mg/100 g. The use of the traditional milled rice as raw material for Amazake
presented a non-detectable GO, while significant GO amounts can be obtained using ger-
minated rice. The GABA content in the selected sample increased with fermentation alone
from 57.783 ± 3.60 to 249.95 ± 24.31 mg/100 g, and for the predicted optimum conditions
(271.53 ± 5.7 mg/100 g), maintaining the value after starch hydrolysis. Compared to the
GABA content of the milled rice Amazake (163.95 ± 24.7 mg/100 g), it also presented a
great increment. Despite the nutritional improvement associated with the bioactive com-
pounds obtained in the Amazake, when presented to the consumers, the overall liking scores
were low, which can be attributed to the product novelty and low familiarity with the
concept of fermented rice beverages for Portuguese consumers. Nevertheless, as there
is room for improvement and even adaptation of the formulation to the Portuguese con-
sumers’ habits, further sensory improvement may be sought in the future with different
variants of the fermented beverage, as well as the evaluation of acceptance within different
consumption contexts.
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Abstract: Far infrared radiation (FIR) was applied to six rice varieties with different coloring of the
pericarp (purple, red or non-pigment). Changes were determined in amylose content, in gelatiniza-
tion parameters, in the content of bioactive compounds, in antioxidant activity and in the in vitro
digestibility of pigmented rice as affected by FIR. The highest contents of amylose, total phenolic
(TPC), total flavonoid (TFC) and total anthocyanins (TAC) were found in the purple and red varieties.
Overall, FIR increased TPC, TFC and TAC, including antioxidant capacity. Quercetin and apigenin
contents were increased while rutin and myricetin decreased significantly (p < 0.05) in all FIR-dried
samples. Dephinidin, cyanidin-3-glucosides and pelargonidin increased after FIR treatment. Mostly,
FIR-treated samples were found to have greater gelatinization enthalpy, compared with unheated
rice samples. FIR-dried rice showed lower starch digestibility (25–40%) than unheated rice. This
research suggested that the specific genotype of rice had the greatest influence on amylose content in
pigmented rice, while FIR drying had no further effect. Our results suggest that FIR could enhance
the content of the bioactive compounds capable of inhibiting α-amylase, thereby lowering starch
digestibility. Hence, FIR may be considered as an appropriate drying method for pigmented rice
regarding health benefits.

Keywords: pigmented rice; starch digestion; phenolics; anthocyanins; far-infrared radiation

1. Introduction

Rice (Oryza sativa L.) is an important cereal crop and is widely consumed in many
countries of the world. Mostly, white rice (non-pigmented or normal rice) is widely
consumed as a staple food in Asia. However, over the past decade, pigmented rice (purple,
black, red coloring, etc.) has been gaining more attention from consumers because of
its perceived health benefits. The pigments on the seed coat have been implicated for
enhancing the function of the immune system. Furthermore, pigments of the rice-bran
fractions may inhibit allergic reactions in vitro [1]. The various types of bioactive substances
in rice are generally found in the germ, bran and outermost aleurone layers of the grain,
and they include colored pericarp layers, depending on the varieties of rice [2–4].

The postprandial blood-glucose-raising potential [5] of rice has been established as
an indicator of starch digestibility, thus enabling the selection of foods containing abun-
dant amounts of carbohydrates, therefore avoiding the accrued risk of non-communicable
diseases, such as type-2 diabetes, cardiovascular disease and obesity, which may be re-
lated to the continuous consumption of high-starch digestion or high glycemic index (GI)
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foods [5]. The pigmented pericarp of rice comprises various phytochemicals, mainly
phenolic compounds and anthocyanins [6,7]. These compounds have been reported to
possess anti-oxidative effects and are capable of reducing the intensity of oxidative free
radicals [1,8]. Many studies have indicated the significant biological value of compounds
such as antioxidants and compounds with anti-cancer, anti-viral, or anti-inflammatory
activities, thus offering health-promoting properties [1,9,10]. Furthermore, there has been a
number of studies reporting that the starch digestibility of pigmented rice is less than that
of normal rice. Such pigmented varieties include pigmented Indian rice [11] and pigmented
Thai rice varieties [12,13]. Moreover, researchers reported that phenolic compounds, in-
cluding anthocyanins, are potent inhibitors of α-amylase and α-glucosidase, these being
important enzymes associated with carbohydrate digestion and sugar absorption, thus
related to diabetes mellitus. They can be supportive for hyperglycemia control and type-2
diabetes-mellitus treatment through lowering blood-glucose levels [14–17].

Nevertheless, alterations in the quantity and composition of these compounds may be
affected by drying methods currently used in the cereal-crops industry. The drying process
plays a major role in decreasing moisture content for safe storage. Far-infrared radiation
(FIR) has been applied for drying biomaterials, including agricultural products used for
food [18,19]. FIR drying involves heat from rays transferred smoothly to the centre of the
material being dried, thus causing vibration of the bonds linking molecules or components
within the material, without (or only slightly) decomposing molecules on the material’s
surface. Recently, several studies have reported changes in physical properties, in bioactive
compounds and in the antioxidant activity of agricultural products as a result of FIR treat-
ment. Examples include water extraction from peanut hulls [20], Kaprow leaves [19], rice
bran [18] and pigmented rice in Thailand [4]. In addition, Tangkhawanit et al. [21] have
reported that the effects of FIR-HA drying increase the content of bioactive components,
such as total phenolic, flavonoid and isoflavone in whole soybean and soy residue, thereby
providing improved inhibition of the enzyme in soymilk residue extracts and lowering
starch digestion. From our previous studies, we had reported that the starch digestibly of
six varieties of pigmented rice was lower than that for normal rice. These changes were
associated with higher amounts of polyphenols and anthocyanins present in those pig-
mented rice varieties [4]. Later, we reported on how hot air drying and FIR drying affected
the bioactive compounds, as well as antioxidant activity in three varieties of pigmented
rice. We found that FIR had shown remarkably positive effects on those parameters that
were tested [13]. According to our data, it is doubtful whether these results would be
consistent during different years of production (climate changes). Although changes due
to FIR drying on bioactive compounds and antioxidant activities were reported in some
varieties, there have been some pigmented rice varieties not yet studied. Furthermore, the
effects of FIR drying methods on starch digestibility have not been reported elsewhere on
these varieties of Thai pigmented rice.

This present study aimed to explore the effects of FIR drying methods on starch
digestibility and bioactive compounds, namely, phenolics, flavonoids and anthocyanins,
along with the antioxidant activities of Thai rice varieties with red and purple pericarp
coloring as well as non-pigmented rice. Furthermore, the comparison contrasted unheated
and heated grain, thus to providing useful data for food and agricultural processing,
engineering, industrial practice and the incorporation of functional food materials into
human diets with health-promoting benefits.

2. Materials and Methods

2.1. Chemicals and Reagents

Standards of phenolic acids were used, namely ferulic, p-coumaric, sinapic, gallic,
caffeic, syringic, protocatechuic, vanillic and chlorogenic acids. Standards of flavonoids
were used, namely apigenin, quercetin, myricetin and rutin. Standards of anthocyanins
were used, namely malvidin, pelargonidin and cyanidin 3-glucoside. All of the standards
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were purchased from the Sigma–Aldrich Co. (St. Louis, MO, USA). All other solvents and
chemicals used were analytical reagent grade.

2.2. Sample Preparation

Six rice varieties, Hom Mali or KDML 105 (non-pigmented rice); Sung Yod, Mun Poo,
Mali Dang (red rice); and Hom Nil and Riceberry (purple rice), were collected from fields
located in Thailand, during the 2018–2019 growing season. Each paddy of pigmented rice
was de-husked to provide brown rice. Once obtained, the FIR-dried rice was prepared
by FIR and combined with hot air (HA), according to our previous study [4]. The dryer
consists of a stainless-steel drying chamber (30 cm × 51 cm × 50 cm), a sample tray
(25.4 cm × 37 cm), a centrifugal fan and a far-infrared heater (122 mm × 60 mm). Two sets
of three-FIR heaters were placed, one at the bottom and another one at the top of the drying
chamber. The sample tray was set midway between, and parallel to, the top and bottom
heaters. The hot air was circulated through the drying chamber with a fan. The temperature
of inlet air flowing through a hot-air heater was controller with a PID controller (accuracy
of ±1 ◦C). The de-husked rice (10 g) was dried in a drying chamber and then treated with
FIR at an air velocity of 1.5 m/s, 40 ◦C and an intensity of 2 kW/m2, 250 W for 2 h. The
moisture content (wet basis) of obtained samples were in a range of 12–14%. Samples were
ground into a fine powder and then sieved (using an 80 mesh sieve). The FIR treatment
was conducted in triplicate. Subsequently, both unheated and FIR-treated rice powder
were kept at 4 ◦C in three different bags before further analysis.

2.3. Determination of Total Phenolic Content

The total phenolic content (TPC) was determined according to the method described
by Ratseewo et al. [22], using the Folin–Ciocalteu method with gallic acid as a standard.
The absorbance of samples was read at 725 nm using a spectrophotometer (Beckman
Coulter, Fullerton, CA, USA). The quantity of total phenolics was expressed as mg gallic
acid equivalents per 100 g of dry weight (mg GAE/100 g DW).

2.4. Determination of Total Flavonoid Content

The total flavonoid content (TFC) was determined using the method of Ratseewo et al. [13],
by a colorimetry method. The absorbance of samples was read at 510 nm using a spec-
trophotometer. The content of flavonoid was expressed as mg rutin equivalents per 100 g
dry weight (mg RE/100 g DW).

2.5. Determination of Total Anthocyanin Content

The total anthocyanin content (TAC) was determined spectrophotometrically accord-
ing to Ratseewo et al. [4]. The absorbance was read at 534 nm using a spectrophotometer.
The value of total anthocyanin was determined as mg cyanidin equivalents per 100 g dry
weight (mg CyGE/100 g DW).

2.6. Determination of Antioxidant Activity Using DPPH Radical-Scavenging Activity

The determination of antioxidant activity was involved the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity assay [13]. The absorbance was determined at 517 nm
using a spectrophotometer. All analyses were done in triplicate.

The calculation of DPPH radical scavenging activity as percent inhibition was per-
formed using this following formula:

(%) = [1 − (A(sample) − A(control))] × 100. (1)

2.7. Amylose Content

The determination of amylose content involved the iodine dye-binding method ac-
cording to Knutson [23] with some modification. The samples were weighed (each 5 g) and
were mixed with 6 mM iodine and 90% (v/v) dimethyl sulfoxide (DMSO) in distilled water
(10 mL). Rice samples were incubated at room temperature overnight and shaken at a 180◦
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angle and 20 rpm. After 30 min, the samples were determined using a spectrophotometer
at 600 nm (Libra 550, Biochrom, Holliston, MA, USA). The percentages of apparent amylose
and amylopectin contents were calculated using an amylose standard from potato by the
equation:

% Amylose =
% Apparent amylose − 6.2

93.8
(2)

2.8. Identification of Phenolic Compounds

The authentic phenolic acids were identified using an HPLC (high performance liquid
chromatography) system (Shimadzu LC-20 AC pumps). Phenolic acids were separated on a
C18 column (4.6 mm × 250 mm) with a particle size of 5 μm (Hichrom Limited, Berks, UK)
and were detected at 280 nm. The HPLC analysis used a diode array detection (SPD-M20
A, DAD), as described by Ratseewo et al. [4]. The quantity of individual phenolic acids was
calculated as external standards curves.

2.9. Identification of Flavonoids

The authentic individual flavonoids were identified using an HPLC (high performance
liquid chromatography) system (Shimadzu LC-20 AC pumps). The individual flavonoids
were separated on a C18 column (4.6 mm × 250 mm) with a particle size of 5 μm (Hichrom
Limited, Berks, UK) and were detected at 370 nm. The HPLC analysis used diode array
detection (SPD-M20 A, DAD), using the same equipment as for phenolic acids. The gradient
elution of HPLC system was described by Ratseewo et al. [4].

2.10. Identification of Anthocyanins

The analysis of anthocyanins was performed by an RP-HPLC method, using the same
equipment as for phenolic acids and flavonoids. The extraction and a gradient elution
procedure were described by Ratseewo et al. [4]. The UV-array detector was set at 520 nm.
Anthocyanins were quantified by comparing them with their authentic standards curves.
The average peak areas were used in calculations.

2.11. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was used to determine the thermal
behavior of the rice-starch samples using a Multi-Cell DSC (TA Instruments, Elstree, UK),
as described by Ratseewo et al. [13]. Pigmented rice flour materials were extracted to obtain
rice starch [13] prior to DSC analysis. The parameters, namely onset temperature (To), peak
temperature (Tp), and conclusion temperature (Tc) including enthalpy of gelatinization
ΔgelH (Jg−1), were recorded from each thermogram of the samples.

2.12. Starch Digestion

The kinetics of in vitro starch digestion were studied according to the method of
Ratseewo et al. [13] and Warren et al. [24]. To start the starch hydrolysis, α-amylase
(80 units in PBS, pH 7.4, Sigma-Aldrich) in 400 μL was added to each rice powder. The
starch hydrolysis was monitored by taking sub-samples at pre-defined time points from 1
to 60 min (at 0, 1, 2, 3, 4, 5, 7, 10, 13, 15, 20, 45 and 60 min). The starch hydrolysis products
were boiled at 100 ◦C in a water bath for 5 min and were determined using reducing
sugar analysis the 4-hydroxybenzoic acid hydrazide (PAHBAH) reducing sugar assay. The
analysis of maltose, the amylolysis product, was performed at an absorbance of 405 nm.

The estimate of the kinetics of in vitro starch digestion was calculated by the first-order
equation [25]:

Ct = C∞

(
1 − e−kt

)
(3)

In this equation, the content of maltose (starch digest product) at time t was Ct; the
equivalent content of maltose (starch digest product) at the end point of the reaction was
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C∞; the constant of digestibility rate was k. These values were obtained using logarithm of
slope (LOS) analysis, as described previously [24,26].

ln
(

dC
dt

)
= ln(C∞k)− kt (4)

In addition, a single reaction which is the situation where multiple first-order rate
constants are observed can be described by this equation [27]:

Ct =

⎧⎨
⎩

C1∞

(
1 − e−k1t

)
i f t ≤ tint

Cint + C2∞

(
1 − e−k2(t−tint)

)
i f t ≥ tint

(5)

This formula exhibited the parameter, namely, the time of intersection of the two plots
was tint and the content of product at tint was Cint. C1∞ was the end point of the reaction of
single phase or first phase. C2∞ was the end point of the reaction of second phase. k1 and
k2 were the first- and second-rate constants of each phase. Total C∞ is the sum of C1∞ and
C2∞ and represents the total extent of starch amylolysis.

2.13. Statistical Analysis

The data are expressed as the mean ± standard deviation (SD). Analysis of variance
(ANOVA) was analyzed using the statistical analysis system (SPSS 11.5 for Windows; SPSS
Inc., Chicago, IL, USA). All of the experiments were tested in triplicate. Duncan’s multiple
range tests were analyzed. The confidence limits used in this study were based on 95%
(p < 0.05).

3. Results and Discussion

3.1. Total Phenolic Content (TPC)

The total phenolic content of unheated pigmented rice ranged from 112 mg GAE/100 g dw
in KDML105 (non-pigmented rice) to 680 mg GAE/100 g dw in Mali dang (Figure 1A). The
total phenolic content was significantly different among the rice samples studied. All
pigmented rice samples had higher TPC than white rice. Similarly, a range of results
for TPC in pigmented rice was observed in rice from different growth sites, i.e., China,
Sri Lanka, Thailand [13,28], and Australia [2]. FIR-dried samples had higher TPC than
unheated rice, ranging from 10% (KDML 105) to 16% (Hom Nil). Similar findings were
reported in many research reports. The amount of TPC increased after drying by FIR in all
six rice varieties, with increases from 7.5% to 18% in pigmented rice [4] and 25% in soy-milk
residue extracts [21], 8% in marigold flowers [29], 5% in Kaprow leaves [19] and a dramatic
increase (10 times) in infrared-dried strawberry [30].

The explanation of these phenomena could be that the heat generated by FIR via
molecular vibrations is absorbed rapidly and steadily to the centre of the rice grains evenly
during drying. This treatment may result in the breaking down of the covalent bonds.
Hence, FIR heating could release and activate the small-molecule phenolic compounds in
biomaterials [18,20] which would increase the TPC of dried pigmented rice in our present
study. In addition, phenolic groups could increase after thermal processing. Possibly these
phenolic compounds could be liberated from wall structures and detached from other
macro molecules such as proteins, fibers and pectins via hydrolysis, due to the breaking of
covalent bonds [31]. However, in some cases, thermal instability may cause an increase
or decrease of total phenolics [9]. We speculate that changes in the internal structures
and compounds in pigmented rice were significantly affected by FIR treatment, due to
increases in extractable matter, resulting in increased extraction yields of phenolics and
other components.
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Figure 1. Effect of FIR drying on (A) total phenolic content; TPC (mg GAE/100 g DW), (B) total
flavonoid content; TFC (mg RE/100 g DW), (C) total anthocyanin content (TAC) (mg CyGE/100 g)
and (D) antioxidant capacity (DPPH) (%) of pigmented rice. Values are expressed as mean ± standard
deviation (n = 3). Means with different capital letters of unheated and FIR drying rice in the same
rice variety as affected by different drying methods were significantly different at the level (p < 0.05).
Lowercase superscripts are used for comparison of all samples.

3.2. Total Flavonoid Content (TFC)

The total flavonoid contents of the six rice varieties ranged from 10.01 mg RE/g DW
in KDML 105 to 39.12 mg RE/g DW in Hom Nil (Figure 1B). TFC of FIR-treated rice
to different thermal processing was significantly (p < 0.05) higher than that of unheated
pigmented rice. The content of total flavonoids increased by approximately 1.3–1.4-fold in
FIR-dried rice, compared with unheated rice. The TFC of rice grains seemed to increase
when irradiation of far infrared, combined with hot air, was applied. Similarly, to trends in
the results of TPC, TFC was enhanced by FIR drying and the proposed reasons could be
explained as the same with that of phenolic compounds. Generally, flavonoids are a group
of polyphenol secondary metabolites which have many functions including being natural
antioxidants in plant materials [18]. The irradiation by far infrared may vibrate covalent
bonds, causing the release of lower molecular weight phenolics and flavonoid compounds
from the matrix and structure of rice [13]. Many studies have also reported an increase in
the TFC of heated plants, such as Thai rice [13], grape seeds [32] and peanut hulls [20], due
to the liberation of flavonoid compounds and some other phenolics.

3.3. The Total Anthocyanin Content (TAC)

The TAC of pigmented rice varieties at different thermal treatments are presented
in Figure 1C. The TAC of all unheated samples ranged from non-detected in normal rice
(KDML 105) to 69 mg/100 g dw in purple rice (Hom Nil). Similar results were shown for
TAC values of those varieties, but higher amounts were found in FIR-treated rice ranging
from 0–81 mg/100 g. The highest concentration of total anthocyanin was observed in purple
rice, followed by red-rice samples. A previous study reported that untreated black/purple
rice from Thailand and China showed higher TAC values than red-rice varieties [28]. Our
results in this study were similar to the previous study [28]. After FIR treatment, all six rice
varieties showed significant increases in the TAC (p < 0.05). FIR-dried rice may increase

95



Foods 2022, 11, 4079

TAC that are similar to TPC and TFC. Similar results were observed by the increases in
anthocyanins after the FIR treatment of pigmented rice [4], including cyanidin-3-glucoside,
one of the major anthocyanins of pigmented rice, which may account for increases in the
total content of anthocyanins in this research. Our findings were consistent with a previous
report [33], that thermal treatment commonly induced an increase in the main phenolic
compounds such as the anthocyanins and total cinnamates in orange juice.

3.4. Antioxidant Activity

The DPPH radical scavenging activity of the unheated and FIR-treated pigmented
and non-pigmented rice varieties is presented in Figure 1D. Both red and purple samples
had higher values of inhibition (%) than white rice. Similar trends were observed in TPC,
TFC and TAC, depending on the pericarp color. A similar result was reported in previous
studies [2,4,34]. The inhibition (%) of DPPH radical pigmented rice depends on the pericarp
of the grains, especially the pigmentation of the pericarp. After dried rice, the highest
values of DPPH radical scavenging activity were observed in all FIR-dried samples when
compared to unheated samples. The results indicated FIR radiation increased TPC, TFC,
TAC and antioxidant activity. Similar results were detected for the antioxidant activity
which increased after FIR treatments of rice bran (increased by 20%) and rice husk (increased
by 35%) [18], tomato (21%) and papaya (21%) [35]. In addition, Adak et al. [30] reported
a massive increase of antioxidant activity in strawberry as affected by infrared drying
(1.5 m·s−1, 200 W, 100 ◦C). Generally, most natural antioxidants are bound in covalent
form to insoluble polymers. When FIR drying is applied to the biomaterial containing
those compounds, the radiation of far-infrared is able to activate and release low molecular-
weight natural antioxidants, such as phenolic acids, flavonoids, etc., in samples if this
bonding is attacked [20].

3.5. Phenolic Compounds

The individual phenolic compounds of unheated and FIR-treated rice samples are
shown in Table 1. The predominant phenolic acids found in non-pigmented rice included
FA, p-CA and PCCA whereas those compounds, along with VA, were found in all pig-
mented varieties studied, like the results reported for Australia rice [2].

Table 1. Identifications of phenolic acids in pigmented rice varieties as affected by FIR.

Rice
Varieties

Treatments
Phenolic Acids (μg/100 g)

GA PCCA VA ChA CFA SyA p-CA FA SNA Total

KDML105 Unheated 2.42 ± 0.07
f

14.48 ± 0.56
d

2.24 ± 0.08
g

2.66 ± 0.12
c

1.45 ± 0.04
c

1.53 ± 0.09
f

3.32 ± 0.26
h

16.50 ± 0.63
e

1.14 ± 0.06
j

45.75 ± 2.42
e

(White) FIR 2.98 ± 0.11
e

21.12 ± 0.11
a

2.49 ± 0.09
g

2.99 ± 0.19
ab

1.46 ± 0.01
c

1.66 ± 0.04
ef

3.55 ± 0.09
h

22.12 ± 0.87
c

1.21 ± 0.08
i

59.58 ± 2.52
c

Sung
Yod Unheated 2.35 ± 0.07

f
13.58 ± 0.19

e
3.49 ± 0.07

f
1.41 ± 0.09

e
1.26 ± 0.07

d
1.51 ± 0.05

f
3.72 ± 0.17

g
16.85 ± 0.21

e
1.49 ± 0.04

h 45.66 ± 3.45

(Red) FIR 2.97 ± 0.13
e

20.32 ± 0.13
b

5.81 ± 0.21
c

1.45 ± 0.12
de

1.29 ± 0.03
d

1.74 ± 0.06
de

3.98 ± 0.07
f

22.33 ± 1.43
c

1.62 ± 0.05
g

61.51 ± 4.58
c

Mun Poo Unheated 2.29 ± 0.25
f

12.64 ± 0.67
f

3.74 ± 0.12
e

2.52 ± 0.05
c

1.46 ± 0.05
bc

1.55 ± 0.07
e

5.51 ± 0.22
e

16.83 ± 0.15
e

1.50 ± 0.09
h

48.04 ± 3.71
e

(Red) FIR 2.97 ± 0.14
e

18.38 ± 0.12
d

4.24 ± 0.22
d

2.61 ± 0.11
c

1.44 ± 0.02
c

1.75 ± 0.05
d

6.12 ± 0.12
d

23.57 ± 1.22
c

1.65 ± 0.04
g

62.35 ± 4.79
c

Mali
Dang Unheated 3.31 ± 0.11

d
13.21 ± 0.26

ef
3.76 ± 0.09

e
1.50 ± 0.07

de
1.54 ± 0.05

b
1.63 ± 0.05

e
5.43 ± 0.23

e
17.71 ± 0.26

d
2.32 ± 0.05

f
50.42 ± 4.91

d

(Red) FIR 4.98 ± 0.11
c

18.87 ± 0.13
c

4.31 ± 0.18
d

1.68 ± 0.11
d

1.58 ± 0.05
b

1.89 ± 0.01
c

5.77 ± 0.11
e

22.65 ± 1.27
c

2.61 ± 0.18
e

64.34 ± 4.31
c

Hom Nil Unheated 6.29 ± 0.15
b

14.82 ± 0.72
d

6.71 ± 0.06
b

2.75 ± 0.08
bc

1.71 ± 0.06
a

1.74 ± 0.08
d

6.58 ± 0.23
c

33.11 ± 0.42
b

5.01 ± 0.17
d

78.72 ± 4.28
b

(Purple) FIR 6.96 ± 0.21
a

20.98 ± 0.15
a

7.01 ± 0.31
a

3.21 ± 0.15
a

1.72 ± 0.09
a

1.99 ± 0.01
b

6.81 ± 0.21
c

40.22 ± 1.35
a

5.32 ± 0.11
c

94.22 ± 4.71
a

Riceberry Unheated 6.24 ± 0.09
b

14.76 ± 0.34
d

6.70 ± 0.08
b

2.76 ± 0.04
bc

1.76 ± 0.04
a

1.97 ± 0.05
a

7.21 ± 0.13
b

32.32 ± 0.37
b

5.14 ± 0.26
b

78.76 ± 3.98
b

(Purple) FIR 6.87 ± 0.16
a

21.07 ± 0.15
a

7.12 ± 0.24
a

3.11 ± 0.16
a

1.76 ± 0.07
a

2.03 ± 0.06
a

7.66 ± 0.21
a

40.28 ± 2.39
a

5.43 ± 0.11
a

95.33 ± 4.64
a

GA (Gallic), PCCA (Protocatechuic), VA (Vanillic), ChA (chlorogenic), CFA (Caffeic), SyA (Syringic), p-CA (p-
Coumaric), FA (Ferulic) and SNA (Sinapic) acids. Mean values within a column superscripted by the small letter
are significantly different at p < 0.05.

These results have been consistent with the data from previous research in different
years of production that the major phenolic acid in non-pigmented and pigmented rice
types (Hom Nil and Riceberry), is FA. It is normally present in the rice bran layers, which
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may be derived from arabinoxylans, pectin and/or cross-linked to polysaccharides in
cell walls [36]. All rice samples treated with FIR had greater phenolic acid contents than
untreated rice. GA, FA and SNA were significantly (p < 0.05) increased by FIR in all treated
samples. Similarly, previous research reported that ChA and p-CA acids of tomato and
papaya were significantly increased by FIR treatment [35].

3.6. Composition of Flavonoids

When compared between FIR and untreated rice, the highest values of quercetin were
found in FIR-dried samples of the six rice varieties, ranging from 5.43 to 23.94 μg/100 g
(Table 2). Rutin and myricetin were significantly reduced (p < 0.05) by FIR treatment in
all pigmented rice varieties, while apigenin and quercetin were significantly increased
(p < 0.05) when compared to unheated samples. Apigenin and quercetin contents were
increased significantly in all purple rice samples, by 18% and 41%, as affected by FIR,
respectively.

Table 2. Identifications of flavonoids and anthocyanin in pigmented rice varieties as affected by FIR.

Rice Varieties Treatments Flavonoids (μg/100 g) Anthocyanin (μg/100 g)

Rutin Myricetin Quercetin Apigenin Cyanidin-3-
glucoside

Pelargonidin Malvidin

KDML105 Unheated 2.73 ± 0.04 g 9.43 ± 0.11 e 5.43 ± 0.21 e 2.42 ± 0.06 f ND ND ND
(White) FIR 2.02 ± 0.07 h 7.87 ± 0.15 f 7.52 ± 0.22 d 2.76 ± 0.04 d ND ND ND

Sung Yod Unheated 3.72 ± 0.14 c 15.32 ± 0.45 c 9.12 ± 1.08 c 2.44 ± 0.01 f 9.56 ± 1.43 g 0.43 ± 0.04 f 1.36 ± 0.07 g

(Red) FIR 2.96 ± 0.11 f 10.32 ± 1.17 e 15.37 ± 1.27 b 3.44 ± 0.07 c 20.44 ± 0.75 e 3.43 ± 0.09 d 1.47 ± 0.02 e

Mun Poo Unheated 3.32 ± 0.09 de 15.32 ± 1.26 b 10.48 ± 1.68 c 2.54 ± 0.03 e 9.55 ± 1.48 g 0.24 ± 0.02 g 1.43 ± 0.08 f

(Red) FIR 2.76 ± 0.08 g 9.91 ± 1.18 e 15.21 ± 1.82 b 3.64 ± 0.11 c 18.31 ± 0.33 f 3.21 ± 0.01 e 1.58 ± 0.05 d

Mali Dang Unheated 4.38 ± 0.21 b 17.55 ± 1.76 b 14.38 ± 1.96 b 2.49 ± 0.09 ef 10.45 ± 1.32 g 0.45 ± 0.02 f 1.52 ± 0.04 d

(Red) FIR 3.21 ± 0.02 e 12.43 ± 1.64 de 23.43 ± 1.39 a 3.54 ± 0.08 c 25.76 ± 0.04 d 4.11 ± 0.07 c 1.73 ± 0.09 c

Hom Nil Unheated 5.51 ± 0.02 a 22.32 ± 2.11 a 15.34 ± 1.36 b 4.54 ± 0.10 b 41.56 ± 3.87 c 2.36 ± 0.13 b 3.62 ± 0.12 b

(Purple) FIR 3.41 ± 0.04 d 15.94 ± 1.15 b 23.96 ± 1.32 a 5.42 ± 0.11 a 127.70 ± 0.13 a 6.32 ± 0.27 a 4.87 ± 0.14 a

Riceberry Unheated 5.43 ± 0.13 a 20.31 ± 2.09 a 14.02 ± 2.33 b 4.43 ± 0.05 b 37.29 ± 2.94 c 2.46 ± 0.09 b 3.78 ± 0.29 b

(Purple) FIR 3.32 ± 0.17 de 14.66 ± 1.07 b 23.94 ± 2.72 a 5.46 ± 0.14 a 61.71 ± 0.14 b 5.87 ± 0.39 a 4.85 ± 0.11 a

Mean values within a column superscripted by the small letter are significantly different at p < 0.05. ND is
not detected.

This result agrees with our previous study of three varieties of Thai pigmented rice
harvested in the previous year [13]; however, a slightly smaller increase was observed.
In addition, FIR treatment has been reported to enhance some flavonoids in other food
materials: for example, increased myricetin in papaya (1.2 times); quercetin (20.2 times),
apigenin in tomato (3.18 times) [35] and quercetin (4.7 times) in buckwheat sprouts [37].
According to the results obtained from our present study, the explanation of increases in
quercetin and apigenin accumulation may be caused by the rupture of the glycoside bonds
of rutin by FIR [35]. Rutin has a chemical structure similar to that of quercetin, however, it
has an extra glycone flavonoid, whereas quercetin does not. A further consideration is that
rutin (glycoside bonds) was thought to be the hydrolysis pathway to quercitin (aglycoside
bonds) [38]. Previous research [4,20,35] has also explained that the covalent bonds of
polymerized polyphenols are broken, thus causing the alteration of HMW (high-molecular
weight) to LMW (low-molecular weight) compounds.

3.7. Composition of Anthocyanin

Table 2 classified the individual anthocyanin in different rice varieties studied, com-
pared with the authentic standards. The results showed that anthocyanins were absent in
non-pigmented rice (KDML 105), while all three anthocyanin derivatives were found in
pigmented rice varieties studied. Cyanidin 3-glucoside was higher in purple rice varieties
than others. A previous study by Abdel-Aal et al. [6] reported similar results for Indian
rice varieties, namely that anthocyanins (particularly cyanidin-3-O-glucoside) were found
to the greatest extent in purple and black rice cultivars. The different anthocyanin contents
of the various rice varieties may be caused by genetic or environmental effects. They also
found that malvidin was present at a high content in all red varieties [6,7]. We previously
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reported on how FIR treatment affected the anthocyanins in three pigmented rice varieties:
Mali dang, Hom Nil and Riceberry [13] and found that malvidin, cyanidin-3-glucosides and
pelargonidin increased after FIR treatment. When compared to our findings in this present
study with the same varieties but in a different production year and for two more varieties
(Mun Poo and Sung Yod), the results were comparable. The explanation of this occurrence
affected by FIR treatment may be similar to that in phenolic acid and flavonoids. Scalzo
et al. stated that thermal treatment generally induced an increase in the main phenolic
substances of orange juice, such as the anthocyanins and total cinnamates [33].

3.8. Amylose Content

Amylose content is one of the most significant parameters indicating the quality of
rice, because it affects the cooking quality [39]. All red and purple rice varieties had
the highest amylose contents; while KDML105, a non-pigmented variety, had the lowest
content (Table 3). The amylose content of all pigmented rice varieties was not significantly
different when compared to unheated rice. Several studies have determined the content of
amylose in different Thai rice varieties and the values ranged from 2% in white to 19% in
purple rice [12,13,40].

Table 3. Gelatinization parameters of pigmented rice varieties as affected by FIR.

Samples Treatments
% Amylose

Content
To (◦C) Tp ( ◦C) Tc ( ◦C)

ΔgelH
(J g−1 Starch)

KDML105 Unheated 12.36 ± 0.12 d 61.19 ± 0.12 e 67.88 ± 0.11 e 74.11 ± 0.10 d 9.63 ± 0.36 g

(White) FIR 12.45 ± 0.11 d 61.12 ± 0.05 e 67.64 ± 0.07 e 74.10 ± 0.07 d 10.33 ± 0.21 ef

Sung Yod Unheated 14.42 ± 0.13 bc 74.18 ± 0.08 a 79.18 ± 0.09 a 82.90 ± 0.23 a 12.55 ± 0.42 b

(Red) FIR 14.55 ± 0.12 b 73.73 ± 0.05 b 78.81 ± 0.05 b 82.72 ± 0.11 a 13.54 ± 0.02 a

Mun Poo Unheated 15.77 ± 0.18 a 62.45 ± 0.15 c 69.09 ± 0.04 d 74.96 ± 0.16 c 9.55 ± 0.39 g

(Red) FIR 15.75 ± 0.12 a 62.39 ± 0.19 cd 69.10 ± 0.54 cd 74.90 ± 0.12 c 10.51 ± 0.32 e

Mali Dang Unheated 15.65 ± 0.14 a 62.21 ± 0.11 cd 68.77 ± 0.11 d 74.95 ± 0.29 c 11.53 ± 0.43 d

(Red) FIR 15.70 ± 0.14 a 62.20 ± 0.09 d 68.87 ± 0.53 d 74.86 ± 0.24 c 12.44 ± 0.33 b

Hom Nil Unheated 14.20 ± 0.18 c 60.59 ± 0.11 f 69.54 ± 0.12 c 75.74 ± 0.12 b 9.78 ± 0.76 fg

(Purple) FIR 14.31 ± 0.15 c 60.43 ± 0.11 f 69.32 ± 0.54 cd 75.70 ± 0.21 b 11.02 ± 0.31 d

Riceberry Unheated 14.08 ± 0.12 c 58.04 ± 0.08 g 65.75 ± 0.08 f 73.82 ± 0.25 d 10.81 ± 0.39 de

(Purple) FIR 14.18 ± 0.12 c 58.08 ± 0.11 g 65.64 ± 0.05 f 73.38 ± 0.06 e 11.74 ± 0.28 c

Onset (To), peak (Tp) and concluding (Tc) temperatures of gelatinization are shown. ΔgelH is the enthalpy change
associated with the gelatinization of 1 g of purified starch. Mean values within a column superscripted by the
small letter are significantly different at p < 0.05.

The contents of amylose that were in the range between 10 and 20% are classified as
a low-amylose-content rice [41]. According to the data obtained from our present study,
all varieties are classified as low-amylose types (below 20%). In general, typical Thai rice
contains low-amylose content, thus providing a relatively soft and adhesive texture after
cooking [42]. Therefore, this research suggested that different reactions to FIR drying do
not relate to amylose content in pigmented rice varieties.

3.9. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) has demonstrated different values in on-
set (To), peak (Tp) and concluding temperatures (Tc) and gelatinization enthalpy (ΔgelH)
parameters for extracted samples of rice starch (Table 3). The onset, peak and conclu-
sion temperatures (To, Tp and Tc) of unheated rice starch ranged from 58.04–74.18 ◦C
to 65.75–79.18 ◦C and 73.82–82.90 ◦C. For FIR-treated samples, those parameters were
in ranges of 58.08–73.73 ◦C, 65.64–78.81 ◦C and 73.38–82.72 ◦C, respectively. The ΔgelH
of unheated rice ranged from 9.55 in Mun Poo (red) to 12.55 in Sung yod (red); among
those, the ΔgelH of KDML105 was not significantly different with Mun Poo. After FIR
treatment, there was a significant increase in ΔgelH, with Sung yod (13.54 J g−1), Mali Dang
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(12.44 J g−1) and Riceberry (11. 74 J g−1) having greater values of ΔgelH than any other rice
variety. However, the gelatinization temperatures, To and Tp of Sung Yod as treated by FIR
were slightly decreased when compared to unheated samples (74.18 to 73.73 ◦C) while, the
reducing of Tc was observed in Ricberry from 73.82 to 73.38 ◦C (p < 0.05). Sung Yod was
also observed with the highest temperatures for To, Tp and Tc.

The relationships between the gelatinization parameters including To, Tp, and Tc and
the internal crystalline structure of starch and its heat stability, as well as the ΔH reflects the
energy needed for double helical dissociation and hence the crystallinity of starch [43,44].
Gelatinization behavior may be influenced by starch characteristics; however, the starches
chosen for our present study were comparatively similar in many aspects. In this study, the
rice starch was extracted from rice flour for investigation only of starch behavior as affected
by FIR. The starches of pigmented rice had similar ΔgelH (Jg−1) though they had higher
gelatinization temperatures. As can be observed, FIR-treated pigmented-rice varieties were
found to have greater gelatinization enthalpy values, compared with unheated samples.
Therefore, this research suggested that FIR drying gave greater effects on gelatinization
behavior in pigmented rice varieties than normal rice.

3.10. In Vitro Digestibility

The starch digestibility of pigmented rice cultivars, as affected by FIR treatment, are
presented in Table 4. The values of digested starch (60 min) in unheated rice ranged from
9.57–16.17% while digested starch content in FIR-treated rice ranged from 7.33–12.17%. The
values of digested starch (%) in unheated rice were greater in the following order: KDML
105 > Mun Poo > Mali Dang and Riceberry > Hom Nil > Sung Yod (p < 0.05). In the case
of FIR-treated rice, those values were significantly lower in the following order: KDML
105 (non-pigmented rice) > Mun Poo > Sung Yod, Mali Dang, Riceberry and Hom Nil. We
characterized the digestion of the rice samples as low rates during the digestion process
at small intestine (approximately after 60 min), as shown in Table 4. The rice digestibility
was determined using single and two phases by plotting LOS analysis of each sample. For
the single phase of samples, the value of k1 (the digestibility rate constant) for pigmented
rice (Mun Poo, red rice) and non-pigmented rice (KDML105) being treated by FIR were
substantially lower compared to unheated rice. This reflects their slower digestion rates
by FIR treatment, with values ranging from 0.028 to 0.041 min−1 in Mun Poo and from
0.028 to 0.071 min−1 in KDML 105. In the present study, the normal rice exhibited the
highest of C∞ value (17.11%). When considering the digestion kinetics, Hom Nil, Mali
Dang, Riceberry, and Sung Yod could be the most suitable as modelled by performing
first order rate constants twice [27]. As a result, the estimated values of k (rate of starch
digestion) and C∞ (extent of amylolysis) for variables in Equation (3) for those samples are
shown in Table 4. According to observations, when the starch digestion occurred in two
phases, this indicates a slower phase in digestion. The k2 values of unheated rice samples
varieties were found highest in Mali Dang, followed by Hom Nil, Riceberry and Sung Yod,
respectively. These values can be compared to k1 values, where amylolysis occurs as a
single-phase process in a certain sample. In the case of FIR-dried samples, the second rate
(k2) values were found to be the highest in Mali Dang (0.052), followed by Riceberry (0.041),
Hom Nil (0.039) and Sung Yod (0.030).

The C∞ (extent of amylolysis) decreased similarly in FIR-treated rice when compared
to unheated rice. The first-order kinetic data explains the amylolysis of starch in rice from
white, red and purple rice varieties, as are explained in this paper. The values (C∞ and
k) of all parameters related to starch digestion (in vitro) were significantly lower for all
FIR-treated pigmented samples, when compared to unheated rice. Although the results
of enthalpy in both unheated and FIR-treated samples showed the highest values in Sung
Yod varieties, the percentages of starch digested were lower for the purple-rice varieties
(Hom Nil and Riceberry). In addition, the results of DSC of unheated and FIR-dried rice
samples (Table 3) also showed the lower values of gelatinization enthalpy for normal rice.
The gelatinization enthalpy increased in all samples after FIR treatment. DSC analysis was
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used for rice starch determination, hence the influence of starch structure for any variety
of rice was a significant factor of starch digestibility. In this present study, the normal or
non-pigmented rice sample (KDML105) had the highest contents of digestible starch in
both unheated and FIR-treated form. When compared with the other rice varieties studied,
the KDML105, as a non-pigmented rice, contains other phenolic compounds, although it
has no anthocyanins. This may cause the higher digestibility of the KDML105 relative to
the pigmented varieties. These results indicated that starch digestibility in pigmented rice
could be associated with phenolic compounds and anthocyanins. Anthocyanins have been
exhibited to possess in vitro inhibition of α-glucosidase activity. Previous studies reported
significant activity of α-glucosidase inhibition of polyphenols and anthocyanins from pig-
mented potato extract and these compounds were able to reduce starch digestibility [16,17].
Moreover, many studies have shown that the main anthocyanins in pigmented rice were
peonidin 3-glucoside and cyanidin 3-glucoside, while these compounds were absent in
non-pigmented or white rice [12,28,45]. Among anthocyanin derivatives, the most effective
inhibitor of α-glucosidase activity is cyanidin 3-glucoside [46], a phenolic compound in
millet extracts that could inhibit both enzymes α-amylase and α-glucosidase. Addition-
ally, Tadera et al. [47] have reported flavonoid compounds (namely, genistein, daidzein,
kaempferol, naringenin and apigenin) as having the capacity of α-glucosidase inhibition.
Recently, Tangkhawanit et al. [21] have observed that TPC, TFC and flavonoids increased
in soymilk residue after FIR treatment and that the extracts were more efficient in inhibiting
α-amylase when compared with hot air-dried extract; thus, drawing the conclusion of them
being involved in lowering starch digestion. In our present study, we found that ferulic
acid (FA) is an abundant phenolic acid in rice. FA has been reported to be beneficial in the
treatment of type-2 diabetes [48], since it controls blood-glucose levels (BGLs) by increasing
glucokinase functions and producing glycogen in the liver. Furthermore, FA significantly
lowered BGLs and raised levels of plasma insulin in mice [48]. Our research has suggested
that phenolic compounds, flavonoids and anthocyanins may play important roles in de-
creasing starch amylolysis and the absorption of glucose in the small intestine; therefore,
they may play a possible role in preventing diabetes by controlling post-prandial glycaemia.
According to our data, it could be stated that phenolic compounds have the capacity to
combine with an amino group in protein or glycoside bonds in conjugated polysaccharides
by covalent and non-covalent bonds, thus inactivating a digestive enzyme [21].

Table 4. The estimate values from LOS plots for all pigmented rice varieties as affected by FIR.

Sample Treatments
%Starch

Digestedat 60 min.

Single or First Phase Second Phase Total
C∞ (%)C1∞ (%) k1 (min−1) C2∞ (%) k2 (min−1)

KDML105 Unheated 16.21 ± 0.19 a 17.21 ± 0.59 a 0.071 ± 0.001 f N/A N/A 17.44 ± 0.59 a

(White) FIR 12.17 ± 0.19 c 12.81 ± 0.59 b 0.059 ± 0.001 g N/A N/A 12.81 ± 0.10 e

Sung Yod Unheated 9.57 ± 0.02 d 3.46 ± 0.11 f 0.198 ± 0.001 d 8.99 ± 0.12 b 0.041 ± 0.002 c 12.45 ± 0.75 e

(Red) FIR 7.43 ± 0.02 f 2.32 ± 0.11 g 0.185 ± 0.002 e 5.64 ± 0.11 c 0.030 ± 0.001 d 7.96 ± 0.18 g

Mun Poo Unheated 13.31 ± 0.40 b 13.54 ± 2.23 b 0.057 ± 0.003 h N/A N/A 13.54 ± 0.11 d

(Red) FIR 8.55 ± 0.32 e 8.68 ± 1.11 c 0.044 ± 0.002 i N/A N/A 8.68 ± 0.06 f

Mali Dang Unheated 12.13 ± 1.35 bc 6.00 ± 0.71 d 0.364 ± 0.003 a 9.76 ± 0.15 a 0.065 ± 0.001 a 15.76 ± 0.23 b

(Red) FIR 7. 54 ± 0.04 f 3.32 ± 0.21 f 0.221 ± 0.003 c 4.57 ± 0.11 d 0.052 ± 0.001 b 7.89 ± 0.11 g

Hom Nil Unheated 11.69 ± 1.11 c 3.89 ± 0.49 f 0.362 ± 0.002 a 9.57 ± 0.14 a 0.058 ± 0.002 b 13.46 ± 0.13 d

(Purple) FIR 7.33 ± 0.30 f 3.28 ± 0.29 f 0.211 ± 0.001 c 4.61 ± 0.31 d 0.039 ± 0.001 c 7.79 ± 0.17 g

Riceberry Unheated 12.50 ± 1.32 bc 4.96 ± 0.07 e 0.313 ± 0.003 b 9.71 ± 0.17 a 0.059 ± 0.001 b 14.67 ± 0.14 c

(Purple) FIR 7.65 ± 0.81 f 3.34 ± 0.07 f 0.219 ± 0.004 c 4.59 ± 0.07 d 0.041 ± 0.004 c 7.93 ± 0.13 g

The amylolysis occurred by a single-phase process, and that no second phase was observed. Value for the second
phase is therefore not applicable (N/A). Mean values within a column superscripted by the same letter are
significantly different at p < 0.05.

The results of our present study may support the literature reports that bioactive com-
pounds in rice, such as ferulic acid, protocatechuic acid, quercetin, cyanidin 3-glucoside,
apigenin and malvidin, may play an important role in inhibiting α-amylase activity in
pigmented rice. Thus, our present study has established that starch structure, along with
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bioactive compounds of pigmented rice, may have an impact on lower digestibility. Fur-
thermore, heat treatment using FIR could be a new factor to assist in aiding the extractable
yield of those compound which may be associated with greater capacity for retarding the
starch-digestion rate of pigmented rice. Consumption of slowly digested rice starches is
related to a reduced risk of developing type-2 diabetes and cardiovascular disease. Accord-
ingly, our discoveries have offered valuable data for the development of slowly digested
starch of biomaterials for application in the practice of providing nutritional options for
individuals with metabolic disorders such as type-2 diabetes and obesity, via the use of
drying processing such as FIR.

4. Conclusions

Our results have indicated that FIR provided both negative and positive impacts of
FIR treatment on starch digestion and bioactive compounds of pigmented rice and normal
rice. For a negative impact, FIR reduced the content of certain heat-sensitive substances
such as sinapic acid and rutin. On the other hand, the application of FIR increased the levels
of total phenolic, flavonoid and anthocyanin contents in all rice samples. However, the
changes of individual compounds such as phenolic acids and flavonoids were varied. FIR
increased the functional properties of antioxidants by scavenging DPPH-radical reducing
power, capable of inhibiting α-amylase, thereby lowering the starch digestibility of rice.
These data indicate that the reduction of the starch digestion rate may result from the
association of starch structure and the inhibitory effects of polyphenols in pigmented rice.

This study suggests that FIR may have a favorable effect on extraction yield for
bioactive compounds of the grain by assisting the release of small or free molecules from
the complex compounds. Hence, the selection of an appropriate drying method could be
a smart way for enhancing the functional properties and nutritional quality of rice, thus
contributing to consumer health benefits. In addition, our results have indicated that the
lower gelatinization enthalpy and higher starch digestibility of white or non-pigmented
rice varieties, when compared with those of pigmented rice, could be affected by the
absence of anthocyanins, even though it contains a comparable number of polyphenols
and flavonoids. However, white or non-pigmented rice may have more desirable sensory
quality (e.g., being stickier). Our results suggest that Hom Nil (purple rice) may be the best
variety for drying with FIR treatment for future works because Hom Nil was enhanced
the most of cyanidin 3-glucoside (67%) by FIR, which led to a decreasing digestibility rate
constant (32%) and less starch digested (37%). This research delivers important indications
that FIR could be considered as an appropriate drying method for pigmented rice regarding
health benefits. Our findings are expected to be supportive for applications to the food,
nutraceutical and pharmaceutical industries.
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Abstract: Brown rice is nutritionally superior to white rice, yet oil rancidity can be problematic during
processing and storage regarding sensory attributes. Germinating brown rice is known to generally
increase some health-promoting compounds. In response to increasing the consumption of plant-
based beverages, we sprouted unstabilized brown rice, using green technologies and saccharification
enzymes for value-added beverages. ‘Rondo’ paddy rice was dehulled, sorted and germinated,
and beverages were produced and compared against non-germinated brown and white brewers
rice beverages. The preliminary germinated brown rice beverage contained significantly higher
concentrations of total lipids, diacylglycerols, triacylglycerols, free sterols, phytosterol esters and
oryzanols than both non-germinated brown and white rice beverages. White rice beverages had
significantly higher free fatty acids. Significant lipid losses occurred during sieving, yet novel
germinated brown rice beverages contained appreciable levels of valuable health-beneficial lipids,
which appeared to form natural emulsions. Further pilot plant investigations should be scaled-up for
pasteurization and adjusted through emulsification to ameliorate sieving losses.

Keywords: enzymatic saccharification; functional beverages; germination; lipids; sprouting; value-added

1. Introduction

Rice feeds approximately half the world’s population and is the main food crop in
developing nations [1]. However, the majority of rice consumed is white rice, which is not
nutritionally dense and considered a starchy food source. Whole grain brown rice (BR) is
superior to white rice (WR) since most nutrients, such as the oils, fatty acids, proteins, vita-
mins, fiber, micronutrients and antioxidants are retained in the bran [2]. BR containing bran,
embryo and aleurone delivers substantial proteins and lipids that convey health-promoting
nutritional constituents for consumers [3–6]. Rice bran also contains high amounts of fiber
and bioactive phytochemicals, such as tocopherols, tocotrienols, oryzanols, vitamin B com-
plex, phytosterols (β-sitosterol, campesterol and stigmasterol), carotenoids and phenolic
compounds [7]. Several such bioactive compounds have long been recognized to improve
human health through antioxidant activities, including scavenging free radicals, enhancing
the immune system and reducing the development of cancer and heart disease [8–11]. Rice
flour and rice bran, and certain other grains, are known to contain high levels of lipolytic
enzymes that require thermal and non-thermal methods to stabilize these materials [2].
Unfortunately, storage, milling and further food processing affects the lipids, starch and
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protein, often resulting in undesirable sensory, textural and nutritional changes to the final
rice products in the marketplace.

In the past, BR and bran, although nutritious, were usually not consumed because of
their high fiber content and possible hull contamination [12], notorious oxidation, off-flavor
issues [13] and lengthy cooking time [14]. For marketability and consumer acceptance,
stabilization or inactivation of lipase and the inhibition of the formation of free fatty acids
(FFA) is considered necessary, immediately after milling. As most older BR protein extrac-
tion methods negatively affect the functional and nutritional properties of the proteins, less
harsh procedures involving enzymes have been used to extract oil and/or protein from rice
flour and bran [2] (pp. 143–162). In full-fat or only partially defatted rice bran, it was noted
that the liquid phase could be further processed and stabilized using amylase and amy-
loglucosidase into rice beverage products [15]. Ironically, the vast majority of plant-based
beverages have exogenous oils added toward the end of processing to assist emulsification.
Globally, the dairy-alternatives plant beverage market is forecast to surpass USD 34 B by
2024 [16] and, according to the Information Resources Institute, US plant-based beverage
sales attained USD 1.7 B, representing a 6.2% increase in one year, through 2019 [17].

Germination (sprouting) is a low-cost technology that initiates with seed water uptake,
ultimately followed by the protrusion of the radicle from the seed. Along with strengthened
health trends, the advent of “sprouted” whole grain products has markedly increased in
the food and beverage marketplace [18]. The content of γ-aminobutyric acid (GABA), free
sterols and phytosterol esters, free fatty acids, soluble fiber, γ-oryzanol and antioxidants,
such as vitamin E, phenolic compounds and other bioactive compounds, usually increase
during BR germination [3–6,19]. However, there are often different results concerning
increased or decreased levels of key nutrients based on the grain type and/or variable
soaking and germinating conditions and times [4,19–21]. Specifically, the reports addressing
the changes in free fatty acids during BR germination also have contradictions [20,21].

Rice bran oil (RBO) offers several health-benefits due to the presence of ferulics, sterols,
tocopherols, γ-oryzanol and tocotrienols, which convey antioxidant characteristics and
stability along with several health-promoting prebiotic and probiotic benefits [9]. Very few
food constituents have been granted the European Commission and the US Food and Drugs
Administration approval to use health claims. Plant sterols have attained such approval
status due to their proven cholesterol-lowering properties and, recently, attention has refo-
cused on plant sterols regarding the anticarcinogenic and anti-inflammatory effects [7,22].
Subsequently, BR was germinated and assessed for beverage formulations with respect to
lipid characteristics. Germinated (sprouted) brown ‘Rondo’ rice (GBR) was softened, wet
milled, gelatinized and enzymatically converted into beverages. The methodology has no
added oils or salts, additives or fortification. We previously characterized the germination
conditions, processing itself, phytic acid and quality parameters in the preliminary bever-
ages [23], along with some key health-beneficial compounds and arsenic levels [24]. GBR
beverages should contain significantly higher concentrations of health-beneficial lipids
compared to non-germinated brown and white rice beverages. Herein, we investigated
this assumption and report several classes of lipids in preliminary beverages from germi-
nated brown rice (GBR), compared to non-germinated brown ‘Rondo’ (BRR) and white rice
(WR) beverages.

2. Materials and Methods

2.1. Rice Material, Germination, Softening, Wet-Milling and Enzyme Processing

Sourcing the ‘Rondo’ rice and methods used to de-hull, mill, sprout, and the novel
protocol used to deliver a free-flowing soluble matrix through thermal softening, wet-
milling, gelatinization and saccharification, were previously reported [24]. Briefly, ‘Rondo’
was grown at the Dale Bumpers National Rice Research Center (Stuttgart, AR, USA),
harvested and dried to 12% moisture, and the paddy rice was cleaned using a screen
cleaner (Model MICRO-224-LH, Crippen Northland Superior Supply Co., Winnipeg, MB,
Canada) and stored at 60% RH at 4 ◦C. The same seed lot was dehulled using a Yamamoto

105



Foods 2022, 11, 220

Impeller Type Husker (Model FC2K, Calibration Plus, Woodland, CA, USA) and milled into
white rice (WR), including broken, Yamamoto Miller Rice Pal (Model VP-32T, Calibration
Plus, Woodland, CA, USA) in Stuttgart, AR, then shipped to the Southern Regional Research
Center (SRRC) in New Orleans, LA, USA.

Beverage processing methods were optimized for GBR (n = 6 per treatment) then
compared against non-germinated BRR and WR beverages (n = 3 per treatment) using the
same methods. For WR, the milled and polished rice was not sorted, which deliberately
delivered brewers rice or “seconds” that is often used in commercial beverages. Freshly
de-hulled (Satake Husk Aspirator, HA 60B, Higashi-Hiroshima, Japan) sorted and graded
(Clipper 400 Office Tester Cleaner; A. T. Ferrell Company, Bluffton, IN, USA) BRR was
treated with a peracetic acid food-safety rinse [23], then soaked in a rice:water ratio of 1:1 at
35 ◦C, followed by germination with rinsing every 4 h, for a total of 48 h, attaining the GBR.
Then, WR, BRR and GBR were thermally softened (1:2 rice:water ratio) at temperatures just
below the ‘Rondo’ WR gelatinization temperature (<70 ◦C). After thermal softening, wet-
milling in a 4 L blender (Waring Commercial, CB15V, Torrington, CN, USA) with additional
water dilution established a free-flowing liquid that additionally avoided gelatinization.
Post wet-milling (PWM) samples passed a 30-mesh sieve (0.595 mm or 595 μm, Gilson Co.
Inc., Lewis Center, OH, USA). Then, the free flowing beverages were heated to 80 ◦C for
starch gelatinization, followed by liquefaction at ~55 ◦C using glucoamylase (EC 3.2.1.3)
and α-amylase (EC 3.2.1.1) at 300 μL per 100 g starch, followed by sieving through a
140-mesh sieve (0.105 mm or 105 μm, Gilson Co., Inc.). The preliminary beverage (prior
to homogenization or pasteurization) was termed as post enzyme (PNZ) beverages. The
PWM sieving loss (PWM-SL) and PNZ sieving loss (PNZ-SL) were also analyzed.

Control, pre-processed rice crude fat content were measured [23] and compared, herein,
to the total lipids assessed per HPLC (below). Thereafter, the controls were ground into
flours using a cyclone sample mill (UDY model 3010-080P, UDY Corporation, Ft. Collins,
CO, USA) and all experimental samples were freeze dried into powders and stored at
−80 ◦C for later analyses. No commercial rice beverages were compared since virtually
all the products found in local stores had added oils (e.g., safflower and/or canola and/or
sunflower) and many also contain additives (fortification). However, two commercial white
flours (CRF) were used as comparisons to the in-house developed WR, BRR and GBR flours
that were produced after freeze drying, using a cyclone sample mill (UDY model 3010-080P,
UDY Corporation, Ft. Collins, CO, USA). A Rivland RL-100 long grain rice flour (Riviana
Foods Inc., Houston, TX, USA) and Remyflo R7-150T high amylose rice flour (Remy/Beneo,
Morris Plains, Fairfield, NJ, USA) were chosen due to similar characteristics compared to
‘Rondo’ white rice [25].

2.1.1. Lipid Characterization

After all the experiments were completed, stored freeze-dried samples were evaluated
for total lipids, free palmitic, free stearic, free linoleic and free linolenic acids, unknown
free fatty acids, free sterols, phytosterol esters (which include some very nonpolar lipids),
diacylglycerols (DAG), triacylglycerols (TAG) and oryzanol, as described below. Moisture
content of each sample was used to calculate the compounds and compound classes on a
dry weight basis.

2.1.2. Accelerated Solvent Extraction

The initial samples were present in a ground state as either flours or freeze-dried
powders and, therefore, no further grinding was needed. Duplicate 1.0 g samples were
prepared. The samples were mixed with uniform 20–30 mesh Ottawa sand (Thermo Fisher
Scientific, Waltham, MA, USA) in a beaker and transferred to 11 mL cells. The cells were
topped off with Ottawa sand and bottomed off prior to filling; containing cellulose filters at
both the top and bottom. Ottawa sand is a very clean, inert, uniformly shaped material
that helps to prevent the sample from clumping, and ensures a good flow of solvents in the
extraction vessel. The ASE (Accelerated Solvent Extractor, Model 200, Dionex, Sunnyvale,
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CA, USA) was operated, as previously described [26]. The parameters were as follows:
pressure, 1000 psi; temperature, 100 ◦C; preheat time, 0; heat time; 5 min; static time; 10 min;
static cycles, 3; flush volume, 100% (11 mL cell); purge time, 60 sec and the solvent was
hexane. All the extracts were dried under a stream of N2 in a heated water bath to obtain
the total extract weight. For storage, each sample extract was then dissolved in about
10 mg/mL in 85:15 chloroform–methanol with 0.01% butylated hydroxytoluene.

2.1.3. Nonpolar Lipid Analysis

Injections (100 μL) were made of each solvent extracted sample on a Thermo Ultimate
3000 HPLC (Thermo-Fisher, Sunnyvale, CA, USA) using an updated method, as previously
reported [27]. The column was a 100 × 3 mm LiChrosorb 5 DIOL (Chrompack, Raritan,
NJ, USA), using a 0.5 mL/min flow rate and the following binary gradient: A: 1000:1
hexane:acetic acid; B: 100:1 hexane:isopropyl alcohol with the following ramp: 0 min,
100/0 A/B; 8 min, 100/0; 10 min, 75/25; 40 min, 75/25; 41 min, 100/0 and 60 min, 100/0.
Detection was accomplished by diode array detectors (DAD) at 205 nm and 320 nm, and
also with the Thermo Charged Aerosol Detector (CAD). Oleic acid, linoleic acid, linolenic
acid and the unknown potential free fatty acids (FFA), using linoleic calibration, were
appraised at 205 nm and oryzanol at 320 nm. The 254 nm and 280 nm responses were also
recorded by the DAD for monitoring, but were not used for any peak analyses. Detection
was accomplished by CAD for the steryl esters (StE), triacylglycerols (TAG), stearic/palmitic
acid, 1,3-diacylglycerols and 1,2-diacylglycerols (DAG), both using sterol calibration. There
were multiple iterations of the various possible DAG compounds, and peaks were therefore
broad sets that separated out as 1,2 versus 1,3. The instrument numbers generated were
reliable for showing how the classes delivered trends through processing.

2.2. Data Analysis and Statistics

Data were initially analyzed to assure a normal distribution using the Shapiro–Wilk W
hypothesis test, and outliers were removed to avoid their effect on the results using JMP®

13 PRO for Windows (SAS Institute Inc., Cary, NC, USA). Thereafter, data were analyzed
using the analysis of variance (ANOVA) in JMP® 13 PRO for Windows. Comparisons
were made across the whole experiment, per treatment, for which there is technically not
an overall control (e.g., WR cannot be germinated, there was one non-germinated BRR
beverage and another BR was germinated into GBR; Tables 1–3). Since the same lot of rice
was used for all beverages, data were also presented per rice beverage type (WR, BRR,
GBR), based on each unique initial starting material unique control (Supplemental Tables
S1 and S2). Throughout, two sets of symbol and letter designations were purposely used in
the tabulated data. When statistically significant differences were found, the means were
compared against the control by the Dunnett’s test at p < 0.05 (illustrated by asterisks). In
the cases in which a control was not available, treatment differences were evaluated by the
Tukey–Kramer HSD (Honestly Significant Difference) test at p < 0.05.

Table 1. Total lipids (weight %, dwb) and free fatty acids (mg/100 g) in three beverages prepared
from white, brown and germinated brown ‘Rondo’ rice, with commercial flour comparisons.

Treatments
Total Lipid/Oil

Weight % (dwb)
Palmitic and

Stearic
Oleic Linoleic Linolenic

BRR (→ GBR) 1 3.95 ± 0.72 z 2 29.98 ± 5.64 z 27.67 ± 10.45 z 26.64 ± 4.46 z 1.61 ± 0.56 z
GBR (control) 2.46 ± 0.18 yb 24.69 ± 1.58 yb 11.83 ± 5.69 yb 9.44 ± 1.49 yb 0.50 ± 0.14 yb
BRR (control) 2.78 ± 0.15 a 21.59 ± 3.62 b 15.74 ± 5.59 b 13.18 ± 1.88 b 0.71 ± 0.20 b
WR (control) 0.77 ± 0.09 c 138.98 ± 29.41 a 199.17 ± 36.27 a 178.59 ± 35.77 a 6.09 ± 1.42 a
GBR, PWM 1.98 ± 0.04 *B 14.45 ± 1.72 *A 5.37 ± 1.31 *A 8.81 ± 1.30 A 0.52 ± 0.05 A
BRR, PWM 2.17 ± 0.16 *A 6.85 ± 1.07 *B 1.18 ± 0.57 *B 1.51 ± 0.34 *C 0.16 ± 0.09 *B
WR, PWM 0.14 ± 0.02 *C 5.93 ± 0.45 *B 7.09 ± 0.37 *A 5.57 ± 0.79 *B 0.18 ± 0.05 *B
GBR, PNZ 0.62 ± 0.12 *t 20.85 ± 2.02 *s 6.72 ± 1.56 *s 26.03 ± 3.69 *t 1.40 ± 0.20 *t
BRR, PNZ 0.23 ± 0.02 *s 5.61 ± 1.01 *r 1.91 ± 0.42 *r 7.40 ± 1.03 *s 0.43 ± 0.08 s
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Table 1. Cont.

Treatments
Total Lipid/Oil

Weight % (dwb)
Palmitic and

Stearic
Oleic Linoleic Linolenic

WR, PNZ 0.14 ± 0.00 *s 31.46 ± 0.51 *t 13.87 ± 4.06 *t 29.07 ± 4.56 *t 1.33 ± 0.24 *t
GBR, PWM-SL 4.77 ± 0.41 *Z 40.32 ± 3.36 *Z 16.14 ± 2.02 *Z 33.66 ± 3.02 *Z 1.98 ± 0.10 *Z
BRR, PWM-SL 3.93 ± 0.16 *Y 18.96 ± 1.39 Y 3.92 ± 0.72 *Y 5.90 ± 0.21 *Y 0.42 ± 0.01 Y
WR, PWM-SL i.s.3 i.s. i.s. i.s. i.s.
GBR, PNZ-SL n.s.3 n.s. n.s. n.s. n.s.
BRR, PNZ-SL 3.26 ± 0.09 *T 66.05 ± 3.01 *S 24.05 ± 3.04 * S 116.84 ± 1.71 *S 5.83 ± 0.09 *S
WR, PNZ-SL 0.94 ± 0.10 S 123.49 ± 28.11 T 82.50 ± 19.97 * T 170.52 ± 23.43 T 7.35 ± 0.61 T
CRF R7-150T 0.33 ± 0.01 85.13 ± 7.78 72.91 ± 6.52 71.72 ± 7.83 2.05 ± 0.19
CRF RL-100 0.89 ± 0.01 189.2 ± 19.81 226.08 ± 24.10 223.24 ± 24.58 6.58 ± 0.32

1 Treatment acronyms: BRR, brown ‘Rondo’ rice; GBR, germinated brown rice; PWM, post wet-milling; PNZ, post
enzymes; PWM-SL, post wet-milling sieving loss; PNZ-SL, post enzymes sieving loss; WR; white rice and CRF,
commercial rice flour. The BRR (→ GBR) is italicized since it was the original starting material to generate GBR but,
it is technically not the GBR beverage control. 2 Means highlighted with an asterisk (*) are significantly different
from the rice type control (GBR, BRR or WR) according to a Dunnett’s test at p < 0.05. Control and treatment
means not connected by the same letter are significantly different among them, according to a Tukey–Kramer HSD
test at p < 0.05. z, y indicates the significant differences between the germinated GBR control versus the initial
BRR used for germination; a, b, c indicates the differences among the GBR, BRR and WR controls; A,B,C indicates
the differences among GBR, BRR and WR for the PWM treatments; X,Y,Z indicates the differences among GBR,
BRR and WR for the PWM-SL treatments; r, s, t indicates the differences among GBR, BRR and WR for the PNZ
treatments; and R,S,T indicates the differences among GBR, BRR and WR for the PNZ-SL treatment. The data
represent the means from independent comparisons, where n = 3 or n = 6 ± standard deviation. 3 i.s. indicates
insufficient sample to collect, whereas n.s. indicates not sampled.

Table 2. Free fatty acids and acylglycerols (mg/100 g) in the three beverages prepared from white,
brown and germinated brown ‘Rondo’ rice, grouped by treatment, with commercial flour comparisons.

Treatments Unknown FFA Total FFAs
TAG

(Triacylglycerols)
1,3-DAG

(Diacylglycerols)
1,2-DAG

(Diacylglycerols)

BRR (→ GBR) 1 2.04 ± 1.00 z 2 87.93 ± 19.59 z 3163.52 ± 31.50 z 24.04 ± 7.98 z 116.62 ± 24.92 z
GBR (control) 1.33 ± 0.46 yb 47.80 ± 6.86 yb 1919.15 ± 6.86 yb 9.97 ± 4.78 yb 52.24 ± 9.66 yb
BRR (control) 1.94 ± 0.24 a 53.15 ± 10.86 b 2356.24 ± 205.96 a 23.49 ± 6.48 a 80.16 ± 15.93 a
WR (control) 0.23 ± 0.04 c 523.06 ± 102.37 a 167.89 ± 27.23 c 13.39 ± 4.15 b 3.40 ± 0.48 c
GBR, PWM 0.70 ± 0.12 *B 29.85 ± 3.02 *A 1583.44 ± 67.07 *B 15.05 ± 3.00 *B 64.48 ± 10.33 A
BRR, PWM 1.64 ± 0.17 A 11.33 ± 2.00 *B 1844.73 ± 104.49 *A 32.03 ± 3.06 A 43.49 ± 6.32 *B
WR, PWM 0.08 ± 0.01 *C 18.85 ± 0.96 *B 94.31 ± 15.93 C 8.73 ± 2.74 C 3.13 ± 0.81 C
GBR, PNZ 0.33 ± 0.06 *t 55.33 ± 5.51 s 438.85 ± 82.06 *t 9.37 ± 1.33 t 7.84 ± 1.60 *t
BRR, PNZ 0.20 ± 0.02 *s 15.55 ± 2.44 *r 171.39 ± 26.26 *s 5.39 ± 1.19 *s 2.24 ± 0.55 *s
WR, PNZ 0.22 ± 0.02 t,s 75.95 ± 8.37 *t 39.59 ± 12.53 *s 3.64 ± 1.59 s 1.71 ± 1.07 s

GBR, PWM-SL 3.66 ± 0.41 *Y 101.53 ± 4.84 *Z 3697.75 ± 403.22 *Z 19.61 ± 3.58 *Y 177.72 ± 11.82 *Z
BRR, PWM-SL 4.64 ± 0.28 *Z 33.841.15 *Y 2999.40 ± 4.47 *Y 36.56 ± 5.95 *Z 99.90 ± 16.28 Y
WR, PWM-SL i.s. 3 i.s. i.s. i.s. i.s.
GBR, PNZ-SL n.s. 3 n.s. n.s. n.s. n.s.
BRR, PNZ-SL 2.37 ± 0.18 *T 215.15 ± 3.25 *S 2578.79 ± 241.27 T 107.36 ± 13.16 *T 36.42 ± 8.67 *T
WR, PNZ-SL 0.82 ± 0.08 *S 384.68 ± 70.68 T 410.12 ± 83.03 *S 46.63 ± 11.04 *S 16.21 ± 2.43 *S
CRF R7-150T 0.89 ± 0.03 232.71 ± 22.06 18.32 ± 2.28 0.51 ± 0.13 0.56 ± 0.06
CRF RL-100 0.68 ± 0.14 645.80 ± 68.64 159.14 ± 16.45 6.38 ± 2.54 3.38 ± 0.43

1 Treatment acronyms: BRR, brown ‘Rondo’ rice; GBR, germinated brown rice; PWM, post wet-milling; PNZ, post
enzymes; PWM-SL, post wet-milling sieving loss; PNZ-SL, post enzymes sieving loss; WR; white rice and CRF,
commercial rice flour. Measured factor acronyms: FFA, free fatty acid(s). The BRR → GBR is italicized since it
was the original starting material to generate GBR but, it is technically not the GBR beverage control. 2 Means
highlighted with an asterisk (*) are significantly different from the rice type control (GBR, BRR or WR) according to
a Dunnett’s test at p < 0.05. Control and treatment means not connected by same letter are significantly different
among them, according to a Tukey–Kramer HSD test at p < 0.05. z, y indicates the significant differences between
the germinated GBR control versus the initial BRR used for germination; a, b, c indicates the differences among the
GBR, BRR and WR controls; A,B,C indicates the differences among GBR, BRR and WR for the PWM treatments;
X,Y,Z indicates the differences among GBR, BRR and WR for the PWM-SL treatments; r, s, t indicates the differences
among GBR, BRR and WR for the PNZ treatments; and R,S,T indicates the differences among GBR, BRR and WR
for the PNZ-SL treatment. The data represent the means from independent comparisons, where n = 3 or n = 6 ±
standard deviation. 3 i.s. indicates insufficient sample to collect, whereas n.s. indicates not sampled.
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Table 3. Phytosterol esters (nonpolar lipids), free sterols, oryzanols and summed lipids/oils (mg/100 g)
in the three beverages prepared from white, brown and germinated brown ‘Rondo’ rice, grouped by
treatment, with commercial flour comparisons.

Treatments
StE (Phytosterol

Esters)
Free Sterol Oryzanol

Sum Classes
(Recovered)

BRR (→ GBR) 1 138.50 ± 14.12 z 2 35.30 ± 4.84 z 51.62 ± 11.84 z 3617.52 ± 756.10 z
GBR (control) 97.29 ± 10.18 ya 26.92 ± 2.52 ya 25.10 ± 3.79 yb 2178.45 ± 152.70 yb
BRR (control) 102.05 ± 14.97 a 22.28 ± 1.75 b 35.67 ± 4.35 a 2673.07 ± 244.00 a
WR (control) 34.42 ± 1.81 b 3.35 ± 0.21 c 5.66 ± 0.96 c 751.17 ± 135.59 c
GBR, PWM 81.72 ± 5.02 *A 24.59 ± 0.42 A 18.11 ± 1.42 *B 1817.23 ± 77.78 *B
BRR, PWM 92.62 ± 9.91 A 22.66 ± 1.83 A 27.51 ± 1.39 A 2074.40 ± 116.70 *A
WR, PWM 17.25 ± 3.05 *B 2.40 ± 0.42 B 1.01 ± 0.25 *C 145.67 ± 21.34 *C
GBR, PNZ 29.02 ± 1.72 *t 8.74 ± 1.54 *t 5.84 ± 0.93 *t 554.98 ± 92.22 *t
BRR, PNZ 20.36 ± 5.89 *s 3.43 ± 0.53 *s 1.15 ± 0.06 *s 219.50 ± 36.39 *s
WR, PNZ 19.30 ± 0.82 *s 2.03 ± 0.27 s 0.36 ± 0.15 *s 142.55 ± 6.43 *s

GBR, PWM-SL 238.55 ± 20.89 *Z 50.84 ± 2.71 *Z 165.86 ± 11.43 *Z 4695.43 ± 448.29 *Z
BRR, PWM-SL 170.97 ± 16.21 *Y 43.62 ± 4.88 *Y 132.32 ± 12.56 *Y 3516.60 ± 52.56 *Y
WR, PWM-SL i.s. 3 i.s. i.s. i.s.
GBR, PNZ-SL n.s. 3 n.s. n.s. n.s.
BRR, PNZ-SL 137.21 ± 10.44 *T 41.91 ± 3.47 *T 69.20 ± 6.45 *T 3186.03 ± 254.20 *T
WR, PNZ-SL 33.42 ± 3.77 S 17.23 ± 2.53 *S 11.42 ± 1.07 *S 919.70 ± 33.94 S
CRF R7-150T 17.97 ± 2.98 7.03 ± 0.13 1.22 ± 0.06 278.31 ± 2.98
CRF RL-100 36.40 ± 16.45 8.57 ± 2.54 3.28 ± 0.43 862.96 ± 2.08

1 Treatment acronyms: BRR, brown ‘Rondo’ rice; GBR, germinated brown rice; PWM, post wet-milling; PNZ, post
enzymes; PWM-SL, post wet-milling sieving loss; PNZ-SL, post enzymes sieving loss; WR; white rice and CRF,
commercial rice flour. The BRR (→ GBR) is italicized since it was the original starting material to generate GBR but,
it is technically not the GBR beverage control. 2 Means highlighted with an asterisk (*) are significantly different
from the rice type control (GBR, BRR or WR) according to a Dunnett’s test at p < 0.05. Control and treatment
means not connected by same letter are significantly different among them, according to a Tukey–Kramer HSD
test at p < 0.05. z, y indicates the significant differences between the germinated GBR control versus the initial
BRR used for germination; a, b, c indicates the differences among the GBR, BRR and WR controls; A,B,C indicates
the differences among GBR, BRR and WR for the PWM treatments; X,Y,Z indicates the differences among GBR,
BRR and WR for the PWM-SL treatments; r, s, t indicates the differences among GBR, BRR and WR for the PNZ
treatments; R,S,T indicates the differences among GBR, BRR and WR for the PNZ-SL treatment. The data represent
the means from independent comparisons, where n = 3 or n = 6 ± standard deviation. 3 i.s. indicates insufficient
sample to collect, whereas n.s. indicates not sampled.

3. Results and Discussion

3.1. Total Lipid and Proximate Analysis

Total lipids determined by the HPLC from freeze-dried powders indicated that the
starting materials contained 0.77%, 2.78%, 3.95% and 2.46% (dry weight basis, dwb), for
WR, BRR and BRR sprouted into GBR (often designated as BRR → GBR, for clarity) and the
GBR, respectively (Table 1). With the exception of the WR controls, these data corroborated
well with the original proximate analyses, per trial. The initial crude fat proximate contents,
corresponding to the original raw data per trials compared herein, were 1.19 (WR), 3.04
(BRR) and 3.59% in the BRR used for germination, which resulted in 2.48% for GBR [23].
These were the control, pre-processed rice crude fat contents that were potentially delivered
into each rice beverage type. However, as discussed below, the original WR proximate
analysis was accomplished with the freshly dehulled rice and shipped WR, whereas the
later WR lipid determination was accomplished with the samples from stored rice with
“brokens” that were afterwards milled into flour.

There was wide variability in the MC among the initial control samples, post-experimental
saved samples and commercial flours, due to sourcing, different freeze-drying runs, storage
differences and certainly germinated versus non-germinated effects (data not shown).
Therefore, a global correction factor was applied to all the data by calculating each result
based on the unique MC of the samples, resulting in the delivery of data as percentage
lipid constituents (mg/100 g, dwb). The WR PWM-SL (sieving loss) was negligible (1.05%)
and there was an insufficient sample quantity to collect and analyze (Table 1). The GBR
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PNZ-SL (sieving loss) samples were unfortunately not collected or lost. Lipids were not
measured in any commercial rice beverages because every product found on the grocer’s
shelf had exogenously added oil (labeled as canola and/or safflower and/or sunflower oil),
which would confound data regarding the endogenously present oils and impart obvious
lipid, FFA and sterol impurities [22].

3.2. Total HPLC Lipids (and Oils) versus Summed Recovered Compounds

When one compares the total lipids/oil (% dwb) to the summed amount of the
compounds recovered (mg/100 g, dwb), the initial HPLC percentages were very congruent
with the overall summed lipids recovered and reported (Tables 1 and 3). Due to the utilized
units, there is a 1000-fold numerical difference between % dwb total (HPLC lipids) versus
the summation of all the recovered compounds and compound classes (mg/100 g). In the
3 PNZ beverages, there was an overall 93.2 ± 9.0% lipid/oil recovery rate. Aside from some
FFAs, the levels of total lipids in the GBR PNZ beverages were oftentimes significantly
higher than the non-germinated BRR beverage, which was likewise significantly higher
than the WR beverage (Tables 1–3). The WR beverage stream contained the least amount of
starting lipids and also lost the most significant proportion through processing into the WR
PNZ beverage, compared to both the BRR and GBR beverages (Tables 1–3; Supplemental
Tables S1 and S2).

An Italian plant-based beverage survey evaluating 72 commercial rice beverages
found the average oil content of 1.0 g/100 mL, with a range from 1.0–1.1 g/100 mL with
saturates comprising 0.2 g/100 mL [28]. This level corroborates with the level reported in
unsweetened rice beverages in the USDA Food Data Central database of 0.97 g (https://ndb.
nal.usda.gov/fdc-app.html#/food-details/171942/nutrients) (accessed on 14 September
2021). However, this was a back-calculated value and it is unknown if oil was added
in this sample. Oil levels reported elsewhere in commercial samples (generally about
1 g/100 mL) are not on par with the levels found herein (where no exogenous oils were
added) in post-enzyme treated (PNZ) WR and BRR beverages, but were closer to the
completely endogenous GBR PNZ beverage, containing 0.62 g/100 g (Table 1). Most plant-
based beverages are processed with stabilized raw ingredients, which effectively strip
away endogenous and natural lipids that cause rancidity issues. Herein, we purposely
used native, non-stabilized brown rice that was sprouted and conveyed most endogenous
ingredients back into a processed beverage using “green technologies”. Subsequently,
the 0.62% oils contained in the GBR PNZ beverage is 100% natural, and requires no
added ingredients or exogenously added oils to augment emulsion and, hence, has no
labeling considerations.

The overall percentage of the material lost during the process through sieving, fol-
lowed the trend whereby BRR > GBR > WR [23] and PNZ GBR samples that passed through
a 140-mesh sieve had a significantly larger mean and D90 cumulative particle size, com-
pared to both the BRR and WR PNZ beverages [24].The GBR PNZ had about half the
processing loss compared to the non-germinated BRR starting material, while the WR
process resulted in the least losses and better solubilization as almost the entire starting
weight was starchy material [23]. Nonetheless, where lipid processing losses were reported
(PWM-SL and PNZ-SL), these values were often the most significant percentage of the
materials recovered, per beverage type, on a dry weight basis (Supplemental Tables S1
and S2). For example, there was a 5.17% loss of total lipids in the GBR PWM. It is of
note that these sieving loss steps inherently have a “concentrating effect”, as very low MC
residuals (e.g., starchy granules and fiber) have been removed by the sieves during the
processing regime, whereas a 5-fold dilution has carried forward the liquid matrix into the
resulting beverages.

3.3. Free Fatty Acids (FFA): Saturated (SFA) and Unsaturated (USFA)

The major free fatty acids recovered in the three starting materials (WR, BRR and BRR
that was germinated into GBR) were palmitic/stearic, oleic and linoleic acids (Table 1),
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as generally reported in most rice and BR fractions [2] (pp. 163–190). The method used
herein did not fully resolve the two saturated fatty acids, stearic versus palmitic. However,
stearic acid generally comprises only 2–4% of the total lipid profile in rice [2] (pp. 163–190).
Total FFAs recovered in WR, BRR and GBR were 523.06, 53.15 and 47.80 mg/100 g, respec-
tively (Table 1). In general, there was a fairly even distribution of the 3 main FFA categories
across controls and through processing, whereby roughly 20 to 40% was comprised by
palmitic (C16:0)/stearic (C18:0), oleic (C18:1) and linoleic (C18:2) acids. Similar ranges
were reported in rice bran oil (RBO) [29]. The palmitic/stearic, oleic and linoleic acids
composition based on dry weight for the major of the fatty acids recovered in BRR, was
21.59, 15.74 and 13.18 mg/100 g, and in the sprouted method the BRR was 29.98, 27.67 and
26.64 mg/100 g, which gave rise to the GBR containing 24.69, 11.83 and 9.44 mg/100 g,
respectively (Table 1).

Germination caused significant decreases in all the free fatty acids evaluated (Table 1).
During rice germination, the oleic acid decreased, whereas the palmitic and linoleic acid
contents increased [20]. On the other hand, the concentrations of oleic, palmitic and
palmitoleic acids increased in the initial stage of germination, but decreased rapidly after
72 h [21]. However, both of these studies measured the fatty acids after transesterification,
so they were measuring the esterified fatty acids (in glycerolipids, such as triacylglycerols,
glycolipids and phospholipids), whereas the individual free fatty acids were evaluated
herein. Furthermore, it appears that the methodology used by [21] to measure FFA would
combine the data with other lipids, which also makes comparisons to our data difficult.
In another study, the contents of the oil components (palmitic, oleic and linoleic acid),
γ-oryzanol, phytosterol, vitamin E and squalene were slightly increased or not changed
by germination in the two rice varieties [30]. Nonetheless, in the germination portion of
the study, virtually every FFA significantly decreased after the 48 h germination period,
and further decreases were generally observed as beverage processing (control → PWM →
PNZ) ensued (Table 1).

In general, the ‘Rondo’ WR controls had significantly higher concentrations of all
the FFAs in this study (aside from one reference commercial rice flour, CRF) and the
significantly lower total lipid recovered compared to the BRR and GBR controls (Table 1).
The WR contained 138.98, 199.17 and 178.59 mg/100 g, palmitic/stearic, oleic and linoleic
acids, respectively (Table 1). The two commercial white flours that were included for
comparison, likewise, had very high levels of FFAs. Nonetheless, it is not legitimate to
make statistical comparisons between unknown commercially processed flour versus a well-
characterized experimental variety and process. FFA levels in both CRF’s were remarkably
higher (232.7–645.8 mg/100 g) than the freshly de-hulled ‘Rondo’ non-germinated BRR
samples (11.3–53.2) and GBR samples, (29.9–87.9), discounting the loss streams (Table 1).
Subsequently, the lipids in the endosperm of the WR experienced a fair amount of lipase
activity. Although 523 mg FFA/100 g appears to be a high amount, it only translates to
0.523%. Therefore, in the WR, this quantity of FFAs is not really a large proportion of the
overall nutrients. As the total lipid in white rice was 774 mg/100 g, then the FFAs appeared
to be the most abundant lipid in these WR samples (Table 1).

Prior to converting all the data to a dry weight concentrations basis using the discrete
sample MC, the control BRR and GBR samples used herein had free fatty acids (FFAs),
free sterols and diacylglycerols (DAGs) levels (data not shown) within the similar ranges
previously reported in the control ground “Macia” sorghum [31]. These levels of FFAs
indicated higher than normal levels of lipase activity in the sorghum, as was likewise
probable in the WR findings. The materials used to produce the WR beverages and stored
commercial white flours (CRF) used as a comparison had excessive FFAs. It has long been
known, however, that rice (even though it contains a relatively low amount of oil) and
RBO, are subject to the rapid accumulation of FFA and lipid oxidation products, due to the
exceedingly high lipase levels, even in the mature, dried kernels [2,32] (pp. 143–162).

These data indicate that the WR experienced substantial lipid hydrolysis from the time
of milling through shipping/handling and short 4 ◦C storage (1 month) before use, or due to
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the sample freeze drying and flour produced thereafter. However, brokens were purposely
received and used to make a low cost, value-added beverage. On the other hand, all the
BRR and GBR samples were freshly dehulled and immediately utilized, unstabilized, for
each experiment, then frozen prior to freeze-drying and flour/powder sample production.
Rice has one of the most notoriously active and persistent levels of lipase activity and this
apparently resulted in the initial free fatty acid differences during these trials. However,
these experiments were optimized for the GBR, and the non-germinated BRR and WR were
run as “checks” and helped serve as comparison and for validation purposes.

The individual FFAs, across all three beverages, decreased from controls (WR or BRR or
GBR) after wet-milling (PMW), but generally increased after saccharification (PNZ) (Table 1).
There was a substantial and significant loss of most FFAs in the WR samples, as controls
were heated (softened), wet milled into PWM and enzyme-treated resulting in the PNZ
beverage (Table 1). Significant overall losses also occurred oftentimes in both the BRR and
GBR beverages. When the values were converted from mg/100 g to relative percentage, the
total FFA loss in WR PNZ was 85.5%, without concomitant increase measures in any other
analyte to compensate for the mass balance. Total FFA losses in BRR were less (70.7%) and
the total FFAs in GBR increased (15.8%), as linoleic acid interestingly increased through
processing from PMW to PNZ in all three beverages. Perhaps this is a result of the second
heating step (80 ◦C), in which the starch is purposely hydrated through gelatinization to
physically facilitate the saccharification enzyme process, which dissociated TAG and DAG
to free more fatty acid moieties. In RBO from the germinated rice, linoleic and linolenic
acid composition increased while oleic and palmitic acid decreased [33], which mirrors
our trends observed from the GBR controls into the PNZ beverage. Regardless, this is a
positive finding since linoleic acid is an essential FA. Overall, there was a general trend
in all three beverage types (WR, BRR and GBR), whereby there were marked decreases
in almost all the compounds (such as the aforementioned TAG and DAG), except FFAs,
through processing (control → PWM → PNZ).

3.4. Triacylglycerols (TAG) and Diacylglycerols (DAG)

The BRR used for germination, GBR (BRR → GBR) and BRR controls contained the
significantly highest level of TAGs in all the analyzed samples, with 3163.5, 1919.2 and
2356.2 mg/100 g, respectively, and 140.7, 62.2 and 103.6 mg/100 g DAGs (1,3-DAG plus 1,2-
DAG), respectively (Table 2). All the samples utilizing BRR and GBR from control through
the PNZ beverages (not including the processing losses PMW-SL and PNZ-SL) contained
between 81.6–92.6% of the recovered lipids as TAGs and DAGs (Table 4). Before converting
data to dwb, approximately 70–80% (wet wt%) of the compounds recovered in the BRR and
GBR samples were TAG and DAG, similar to the levels previously reported in RBO [32].
On the other hand, the WR beverage control contained significantly less TAG, 1,3-DAG
and 1,2-DAG compounds (167.89, 13.39 and 3.40 mg/100 g, respectively) and markedly
reduced the relative percentages (24.6–72.9%) throughout processing (Tables 2 and 4). This
indicates that relatively low lipase or oxidation occurred in the BRR and GBR samples
compared to the WR treatments. Lipase hydrolysis of esterified fatty acids (FA) from oil
triacylglycerols (TAG) produce 1,2,diacylglycerols (DAG) and 1,3,diacylglycerols (DAG),
which ultimately leads to the net conversion of oil to sugars during germination [34]. The
breakdown in TAGs was the main expected change in FFAs to occur during germination.
Indeed, from BRR → GBR, there was a significant decrease in TAGs, 1,3-DAG and 1,2-DAG
of 39.3, 58.5 and 55.2%, respectively (Table 2). Except for 1,3-DAG in GBR PWM, the TAGs
and DAGs significantly decreased from controls through PWM (presumably due to heating
and wet-milling) into each rice type PNZ beverage (Supplemental Table S2).
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Table 4. Percentage of compounds and compound classes recovered, based on the total lipids isolated
in white, brown and germinated brown ‘Rondo’ rice beverages.

Treatments % FFAs % TAG
% TAGs and

DAGs
% StE (Phytosterol

Esters)
% Free Sterols % Oryzanol

BRR (→ GBR) 1 2.43 87.45 91.34 3.83 0.98 1.43
GBR (control) 2.19 88.10 90.95 4.47 1.24 1.15

PWM 1.64 87.13 91.51 4.50 1.35 1.00
PNZ 9.97 79.07 82.17 5.23 1.58 1.05

PWM-SL 2.20 83.90 88.10 5.08 1.08 3.53
PNZ-SL n.s. 2 n.s. n.s. n.s. n.s. n.s.

BRR (control) 1.99 88.15 92.03 3.82 0.83 1.33
PWM 0.55 88.93 92.57 4.47 1.09 1.33
PNZ 7.08 78.08 81.56 9.27 1.56 0.52

PWM-SL 0.96 85.29 89.17 4.86 1.24 3.76
PNZ-SL 6.75 80.94 85.45 4.31 1.32 2.17

WR (control) 69.63 22.35 24.59 4.58 0.45 0.75
PWM 12.94 64.74 72.88 11.84 1.65 0.70
PNZ 53.27 27.77 31.52 13.54 1.43 0.25

PWM-SL i.s. 2 i.s. i.s. i.s. i.s. i.s.
PNZ-SL 41.83 44.59 51.43 3.63 1.87 1.24

1 Treatment acronyms: BRR, brown ‘Rondo’ rice; GBR, germinated brown rice; PWM, post wet-milling; PNZ,
post enzymes; PWM-SL, post wet-milling sieving loss; PNZ-SL, post enzymes sieving loss and WR; white rice.
Measured factor acronyms: FFA, free fatty acid(s); TAG, triacylglycerols; DAG, diacylglycerols and StE, phytosterol
esters, including very nonpolar lipids. 2 n.s. indicates not sampled, whereas i.s. indicates insufficient sample
to collect.

The WR samples and CRF, in general, displayed the same trends regarding the
classes of FFAs and TAGs/DAGs having high or low concentrations. WR control sam-
ples (aside from CRF) had the lowest significant concentration of TAGs and DAGs in the
study (Table 2). This appears to be consistent with the FFAs being starch lipids. However,
when total TAGs and DAGs were expressed as a relative percentage of the total lipid
compounds recovered, the control WR, BRR and GBR contained 24.6, 92.0 and 91.0%,
respectively (Table 4). This was due to the fact that the WR had the highest significant
quantity (523.06 mg/100 g; Table 1) and relative percentage (69.6%; Table 4) of FFAs, com-
pared to the BRR and GBR. The majority of the total lipids recovered in BRR and GBR were
TAGs (92.0 and 91.0%, respectively; Table 4), which concomitantly contained relatively
low levels of total FFAs (2.0 and 2.2%, respectively). These results paralleled the above
FFA finding, indicating that the WR (as well as stored WR check flours) succumbed to
lipid oxidation. Aside from a few exceptions (linoleic acid, linolenic acid and 1,3-DAG
in GBR), there were generally significant decreases in most of the parameters measured
(FFAs, TAGs, 1,2-DAG, sterols and oryzanols) in all three beverage processes, especially in
non-germinated BRR and WR (Supplemental Tables S1 and S2).

3.5. Phytosterol Esters (StE) and Nonpolar Lipids

Similar to the other compound trends, the GBR contained significantly lower levels
of phytosterol esters (97.29 mg/100 g), compared to the original BRR starting material
(138.50 mg/100 g). Again, there was a general trend whereby the processing caused an
initial decrease (in PWM samples) and/or significant decrease in the phytosterol esters in
each PNZ beverage (Table 3). In a study looking at the compositional change of policosanols
and oils in four varieties of post-germinated brown rice oil, squalene increased 2.4 fold
and the phytosterols campesterol, stigmasterol and β-sitosterol increased by 8.3%, 31.6%
and 3.3%, respectively, whereas the cycloartenol and 24-methylcycloartanol (probably
from the hydrolysis of γ-oryzanol) decreased by 11.0 and 4.5%, respectively [33]. Herein,
the phytosterol esters were measured but the peak actually contains other very nonpolar
lipids, such as hydrocarbons (including squalene) and wax esters. For example, we re-
ported between 20.4–138.5 mg/100 g of phytosterol esters in the BRR and GBR processing
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stages, whereas others [22] reported 4.3 mg/100 mL for the rice beverage (principally
β-sitosterol, β-sitosterol-β-D-glucoside, campesterol and stigmasterol). The unstabilized
100% natural PNZ beverages delivered 19.3, 20.4 and 29.9 mg/100 g in WR, BRR and
GBR, respectively, with the GBR PNZ beverages being significantly higher than the non-
germinated beverages (Table 3). Technically, these phytosterol esters can be better classified
as “very nonpolar lipids”. Although the analytical system herein utilized did not sepa-
rate the phytosterol esters from the other non-polar lipids, we believe there is still value
demonstrating this peak since interesting trends were observed in these health-promoting
compounds [7,22]. The beverage processing loss streams (PWM-SL and PNZ-SL) contained
the highest significant levels of phytosterol esters per beverage category tested (Table 3).

3.6. Free Sterols

Brown ‘Rondo’ rice (BRR) contained 35.30 mg/100 g total free sterols, which signif-
icantly decreased upon germination to 26.92 mg/100 g in GBR. The other BRR control
that was not germinated contained 22.28 mg/100 g and the significantly lowest free sterol
level was found in the WR control (3.35 mg/100 g) (Table 3). Through processing, the total
free sterols significantly decreased to 8.74, and 3.43 and 2.03 mg/100 g in the post-enzyme
treated (PNZ) GBR, BRR and WR, respectively. The concentration in the non-germinated
WR and BRR control (PNZ) beverages were on par, compared to the 4.29 mg/100 g re-
ported [22]. However, the exact constituents of those beverages tested (e.g., BR versus
sprouted, organic, or what commercial processes were employed; [22]) was not determined.
The germinated BRR, used in the free-flowing green process to generate GBR PNZ bever-
ages, contained significantly greater concentrations of total free sterols (8.74 mg/100 g) than
the non-germinated beverages and the aforementioned well-characterize rice beverage,
with 4.29 mg/100 g [22]. This is a valuable finding regarding the health-related advan-
tages of utilizing this methodology to deliver a fully 100% natural plant-based beverage.
Due to the analogous structure of cholesterol, many phytosterols are known to compete
and interfere with the absorption and binding of cholesterol in the GI tract, ultimately
decreasing low-density lipoprotein (LDL) cholesterol levels, which can decrease the threat
of coronary heart failure [7,22]. GBR PNZ delivered the significantly highest level for all
the compounds listed in Tables 2 and 3 (TAG, DAG, sterols, oryzanol and the summation
of all lipids reported), whereas both the non-germinated BRR and WR beverage quantities
were markedly lower. These classes of compounds in the non-germinated BRR PNZ were
1.4- to 5.1-fold lower than the GBR PNZ beverage. Furthermore, the WR PNZ beverage
values were even lower, at 1.5- to 16.2-fold lower than GBR PNZ. As with the other assessed
lipid categories, the free sterol loss stream (PWM-SL and PNZ-SL) contained the highest
significant levels recovered (on a dry weight basis) in each beverage type (Supplemental
Tables S1 and S2).

3.7. Oryzanol

Significantly lower oryzanol levels were found in WR (5.66 mg/100 g), compared
to BRR (35.67 mg/100 g) and the initial BRR (51.62 mg/100 g) used to sprout the GBR
(25.10 mg/100 g) (Table 3). Oryzanol levels followed a trend whereby control BRR > GBR
> WR, with 0.8, 1.3, 1.5 and 1.2% of all lipid recovery attributed to oryzanol in WR, BRR
and BRR → GBR, respectively (Table 4). Oryzanol levels in BRR and GBR compared well
to those in 30 BR varieties grown at different sites and in different seasons that delivered
an average 26–63 mg/100 g of γ-oryzanol [35], in 16 Korean rice varieties displaying a
range of 26.7–61.6 mg/100 g [36], and in a summary of 59 whole grain BR varieties [37].
The oryzanol concentrations in BRR were 6.3- to 14.5-fold and GBR was 7.6-fold higher
than the ‘Rondo’ WR. Other BR and GBR have been found to contain roughly 5 times more
γ-oryzanol than the counterpart polished rice in “Heugkwang” (black rice) and “Keunnun”
(giant embryo) [30]. Significantly lower oryzanol concentrations were recovered in WR,
and the CRF samples had the lowest oryzanol levels recovered (1.22 and 3.28 mg/100 g)
compared to the GBR and BRR (Table 3).
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Sprouting conditions used in ‘Rondo’, resulted in a 2-fold reduction in the oryzanols
(Table 3). However, the concentration of γ-oryzanol was previously reported to increase [5],
or did not markedly change through the various germination protocols [19,30]. Total
oryzanol concentrations conveyed forward into each PNZ beverage also significantly de-
creased to 5.84, 1.14 and 0.36 mg/100 g in GBR, BRR and WR, respectively. Oryzanol
is an ester and it is therefore possible that it can be hydrolyzed by lipases, or degraded
as a consequence of the two heating steps during the beverage formation. Researchers
have already indicated that the methods to maximize the concentration of γ-oryzanol in
germinated rice needs further investigation because initial levels are variety-dependent [35]
and germination conditions (the duration and rates of water uptake) are known to affect
the metabolic mobilization and concentration changes in this class of compounds dur-
ing sprouting [5]. In the future, a time-course evaluation of γ-oryzanol and other key
phytonutrients is warranted to better optimize the germination stopping point.

All processing loss stages recovered and analyzed had significantly higher levels of
oryzanol (Table 3 and Supplemental Table S2). The PWM GBR loss was 165.86 mg/100 g.
Unfortunately, the GBR PNZ loss samples were not collected or analyzed to tally the overall
oryzanol loss. However, the 2 sieving stages in BRR resulted in 201.5 mg/100 g of lost
oryzanol, whereas only 11.42 mg/100 g of oryzanol was lost in the WR PNZ (there was
negligible WR PWM-SL and, thus, no samples). Particle size of the materials lost and
discarded from the sieves was not measured. Yet, the WR losses (principally gritty, starchy
endosperm) had the lowest relative percentage loss, whereas the losses in the BRR were
the highest while GBR losses were intermediate. This indicates that the germination and
endogenous enzymatic activity must have softened, and solubilized more constituents
in the GBR beverage stream compared to the non-germinated BRR beverage [23]. As
previously noted, the BRR and GBR materials were slightly gritty and brown, indicating that
some fiber-associated bran and aleurone materials and hard starchy endosperm constituents
were discarded. This implies that, across the board, the processing regime either failed
to sufficiently soften/wet-mill the raw materials and solubilize the majority of oryzanols
into the beverages, or sieving needs to be readdressed. For example, 25.5, 3.2 and 6.3%
of the original control oryzanol was conveyed into the GBR vs. BRR vs. WR beverages,
respectively (calculated from Table 1). Only the germinated, endogenously softened,
enzyme-activated GBR materials conveyed a significantly higher relative percentage of
the oryzanols into the beverages. This trend was observed throughout all three beverages
regarding most recovered lipid categories and compounds.

γ-Oryzanol is technically a mixture of ferulic acid esters of triterpene alcohols and
sterols. More specifically, these hydroxycinnamate sterol esters are esters of cycloartenol
and 24-methylenecycloartanol in rice and sitostanol in corn, which have also recently
been demonstrated to contain coumaric, caffeic and sinapic acids esterified to sterols in
rice and corn [7]. The ferulate part of γ-oryzanol is attributed to the antioxidant capacity
in this sterol class, according to a linoleic acid model wherein the major compounds
of γ-oryzanol (cycloartenyl ferulate, 24-methylenecycloartanyl ferulate and campestanyl
ferulate) prevented the ultraviolet-derived oxidation of linoleic acid, although the effects
were less pronounced than free ferulic acid and α-tocopherol [9], and make up about 90%
of the γ-oryzanol in GBR [30]. Hence, one can make an assertion that several additional
health-beneficial low molecular weight compounds are probably made available and
remain soluble in the GBR beverage prepared and reported herein. Subsequently, more
complete softening, particle size reduction and/or emulsification should be employed in
the general processing scheme to ameliorate these losses.

Rice bran contains ferulic acid in an insoluble bound form that is esterified with
arabinose or arabinoxylans as feruloylated arabinoxylo-oligosaccharies [38]. Excellent
functional and emulsifying oil-in-water properties have been attributed to arabinoxylans in
grains [39] due to the cross-linking of their ferulic acids [40], which have a unique capacity
to form covalent gels [41]. In this beverage production system, decreasing the starch con-
tent through native and exogenous saccharification enzymes, generating lower molecular

115



Foods 2022, 11, 220

weight oligosaccharides, would also aid to stabilize an emulsion. We previously specu-
lated how the sugars (~15%), oligosaccharides, fiber, protein and oils remaining in these
GBR beverages can lead to a natural emulsion [24]. We believe that the neutral pH, along
with endogenously generated catabolically produced polysaccharides and exogenously
delivered enzymatic oligosaccharides, interacted positively with the proteins to inhibit oil
aggregation, which can lead to undesirable feathering and sedimentation. In short-term
GBR PNZ storage, no sedimentation was observed [23,24]. Study of the rheological profiles
and particle size will continue in scaled-up pilot plant studies, including emulsification
followed by pasteurization.

4. Conclusions

A tenet of the research conducted on the rice beverages presented herein was to use
“green technologies” and rice materials that were not stabilized by any chemical or physical
treatments, prior to using a “free-flowing” natural (aside from food grade saccharification
enzymes) value-added process, using no additives, oils or salt. Older beverage patents
and technologies have included steps for the stabilization and/or rice protein, or oil
extraction methods relying heavily upon chemical (acid or base) processes that oftentimes
negatively affect the functional and nutritional properties of the proteins and remove
endogenous oils. Enzymatic methods are also available and likely well suited, yet an
enzyme cocktail is needed if the bran/germ has not been removed or germinated. Much of
the data presented herein illustrates the significant lipid losses through germination and
processing, especially attributed to sieving, which would be desirable to keep in the pipeline
through product development. Nonetheless, this report documents how preliminary GBR
PNZ beverages contained significantly greater concentrations of total lipids, TAGs, DAGs,
free sterols, phytosterol esters and oryzanols, than both non-germinated BRR and WR
PNZ beverages. These are valuable findings, considering the possible health-promoting
compounds identified and discussed. Free sterols, phytosterols and oryzanol recovered at
significantly higher concentrations in the GBR beverage are promising, concerning recently
advancing knowledge regarding both the compound characterization and relevance to
human health and well-being.

The developed GBR beverage method has low inputs, requires relatively simple and
inexpensive equipment and is applicable for both germinated brown and colored rice
varieties. Based on the observations and physicochemical data, a significant amount of
valuable endogenous lipids are retained in the GBR beverage, which appear to be incor-
porated into a natural emulsion. In this beverage process, the heat plus oligosaccharides
can provide good conditions to form emulsions with the FFA, lipids and bran-associated
fiber, protein and reactive antioxidant compounds. Both sieving steps on a 30-mesh sieve
(PWM-SL) or 140-mesh sieve (PNZ-SL) resulted in major fiber-related, lipid and protein
losses. Subsequently, the process itself needs to be refined to better soften and wet-mill the
starting materials. Future work should analyze the arabinoxylans, ferulic acid containing
compounds and ferulates, soluble fiber, and characterize better the oryzanols and phy-
tosterols through emulsification and pasteurization in these newly developed all-natural
beverages. Modified methods that capture all the previously documented sieving losses
and pilot plant scale-up, should position this advantageous green processing methodology
to deliver 100% natural, no additives, value-added germinated rice beverages. This is
important industrially and economically, considering the burgeoning plant-based beverage
market and the desire of industries to capture more non-animal protein and health-related
attributes from an agronomic and relatively inexpensive crop, such as rice. Developing
plant-based, protein- and lipid-rich functional beverages with rice that has proven health
benefits, will have a positive economic impact.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11020220/s1, Supplemental Table S1: Total lipids (weight %,
dwb) and free fatty acids (mg/100 g) in three beverages prepared from white, brown and germi-
nated brown ‘Rondo’ rice, grouped by rice beverage type (GBR, BRR, WR); Supplemental Table S2:
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Acylglycerols, phytosterol esters (nonpolar lipids), free sterols, oryzanols and summed lipids/oils
(mg/100 g) in three beverages prepared from white, brown and germinated brown ‘Rondo’ rice,
grouped by rice beverage type (GBR, BRR, WR).
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Abstract: Hypertension leads to oxidative stress, inflammation, and fibrosis. The suppression of
these indicators may be one treatment approach. Parboiled germinated brown rice (PGBR), obtained
by steaming germinated Jasmine rice, reduces oxidative stress and inflammation in vivo. PGBR
contains more bioactive compounds than brown rice (BR) and white rice (WR). Anti-hypertensive
benefits of PGBR have been predicted, but research is lacking. The anti-hypertensive effects of PGBR
were investigated in the downstream gene network of hypertension pathogenesis, including the
renin–angiotensin system, fibrosis, oxidative stress production, and antioxidant enzymes in N-nitro-
L-arginine methyl ester (L-NAME)-induced hypertensive rats. To strengthen our findings, the cardiac
structure was also studied. PGBR-exposed rats showed significant reductions in systolic blood
pressure (SBP) compared to the hypertensive group. WR did not reduce SBP because of the loss of
bioactive compounds during intensive milling. PGBR also reduced the expression of the angiotensin
type 1 receptor (AT1R), transforming growth factor-β (TGF-β), and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX4), which contribute to the renin–angiotensin system, fibrosis,
and oxidative stress production, respectively. Losartan (Los, an anti-hypertensive drug)-treated rats
also exhibited similar gene expression, implying that PGBR may reduce hypertension using the same
downstream target as Los. Our data also indicated that PGBR reduced cardiac lesions, such as the
cardiomyopathy induced by L-NAME. This is the first report on the anti-hypertensive effects of PGBR
in vivo by the suppression of the renin response, fibrosis, and improved cardiac structure.

Keywords: Khao Dawk Mali 105; blood pressure; fibrosis; Sprague-Dawley rat; renin
angiotensin system

1. Introduction

Hypertension, or high blood pressure, is a serious medical condition that leads to
vascular disease, which is the leading cause of death worldwide [1]. The molecular process
by which hypertension impacts health is complicated. Simply stated, the sympathetic
nervous system (SNS) induces the release of renin, also known as angiotensinogenase, from
the kidney, which then hydrolyzes angiotensinogen to produce angiotensin I (Ang I), which
is then hydrolyzed by lung angiotensin-converting enzymes (ACEs), yielding angiotensin
II (Ang II), a key factor in hypertension and myocardial remodeling. Ang II is a major
bioactive peptide contributing to the renin–angiotensin system (RAS) and increases blood
pressure by activating the angiotensin II type 1 receptor (AT1R), leading to vascular smooth
muscle contraction [2]. Ang II has also been reported to stimulate transforming growth
factor-β (TGF-β) into a potent stimulator of collagen-producing cardiac fibroblasts [3,4].
Hypertension provokes oxidative stress by activating a major ROS-producing enzyme,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which then activates the
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redox-sensitive transcription factor nuclear factor kappa B (NF-κB). The activated NF-κB is
then translocated to the nucleus and promotes the transcription of several inflammation-
associated genes [5]. Finally, prolonged hypertension with tissue damage may result in the
accumulation of collagen type I (Col I) and collagen type III (Col III), which are biomarkers
of changed cardiac structure and fibrosis [6]. Thus, hypertension has extensive impacts
on gene networks involving inflammation, antioxidant enzymes, and fibrosis. The low-
grade inflammation resulting from hypertension can chronically damage cells and organs
within the body, leading to other health complications such as stroke, renal failure, and
dementia [7].

Jasmine rice is Thailand’s primary export rice and is renowned for its distinctive
flavor and texture. Jasmine rice is typically consumed as white rice; however, white
Jasmine rice has a low nutritive value and bioactive compounds with a high glycemic index
due to the intensive milling, which removes the rice husk, germ, and bran. By contrast,
brown Jasmine rice with the rice germ has a high nutritive value and bioactive compounds
with a low glycemic index [8]. Parboiling germinated brown rice increases the bioactive
compounds, especially γ-aminobutyric acid (GABA) and total phenolics [9]. Previous
studies demonstrated that parboiled germinated brown rice (PGBR), produced from Khao
Dawk Mali 105 (Oryza sativa L. ssp. indica cv. KDML 105) had a higher nutritive value and
more bioactive components such as GABA, ferulic acid, γ-oryzanol, γ-tocotrienol, and fiber
than brown rice (BR) and white rice (WR) [10]. PGBR also prevented carbon tetrachloride
(CCl4)-induced liver oxidative stress and injury by enhancing the antioxidant capacities in
rats [9]. The consumption of PGBR made from KDML 105 also reduced liver inflammation
and fibrosis in vivo [11].

The modulation of oxidative stress, inflammation, and fibrosis might be a therapeutic
target for hypertension, but the efficacy of PGBR as an anti-hypertensive agent that reduces
oxidative stress and inflammation remains questionable. Therefore, this study explored
the anti-hypertensive effects of PGBR on a network of genes involved in hypertension
complications and cardiac structure. The genes were divided into four groups, including
(i) the renin–angiotensin system, such as AT1R; (ii) the TGF-β, collagen type I (Col I), and
collagen type III (Col III) genes, which are involved in fibrosis; (iii) the NADPH oxidase
(NOX4) gene, which is involved in oxidative stress production; and (iv) antioxidant en-
zymes and nitric oxide-producing enzymes (glutathione peroxidase (GPx), catalase (CAT),
superoxide dismutase (SOD), and endothelial nitric oxide synthase (eNOS)). To strengthen
the evidence of PGBR as a promising hypertensive agent, we also investigated the cardiac
structure in hypertensive rats. Our findings can be used to enhance the development of
functional foods derived from PBGR as a strategy for controlling hypertension.

2. Materials and Methods

2.1. Animals and Diet

Male Sprague-Dawley rats (200–250 g) were obtained from the National Laboratory
Animal Center, Mahidol University, Thailand. The rats were maintained in an environmen-
tally controlled room (23 ± 2 ◦C, with a 12 h light/12 h dark cycle) and given access to food
and water ad libitum. All experiments were conducted according to protocols approved
by the Siriraj Animal Care and Use Committee (SiACUC) from the Faculty of Medicine of
Siriraj Hospital, Mahidol University, and complied with international guidelines for animal
research protection, such as the International Guiding Principles for Biochemical Research
Involving Animals (SiACUP number: SI-ACAP 008/2557).

Parboiled germinated brown rice (PGBR), brown rice (BR), and white rice (WR) were
produced from a rice variety grown in Thailand, Khao Dawk Mali 105 (Oryza sativa L.
ssp. indica cv. KDML 105). PGBR was prepared according to the method developed by
Rattanadee et al. (2011) [12]. In brief, all three types of rice were cooked in an electric rice
cooker (1.8 L, Sharp KS-19ET) and then freeze-dried (Supplementary Table S1).

The freeze-dried rice powders were stored at −20 ◦C until use. The proximate compo-
sitions of the powders are presented in the Supplementary Materials. The AIN76A diet
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(basal diet) was composed of corn starch (15%, w/w), casein (20%, w/w), DL-methionine
(0.3%, w/w), sucrose (49.9%, w/w), corn oil (5%, w/w), cellulose powder (5%, w/w), min-
eral mix (3.5%, w/w), vitamin mix (1%, w/w), and choline bitartrate (0.2%, w/w). The
rice powders (PGBR, BR, and WR) replaced corn starch in the AIN76A diet (15%) with
ad libitum feeding and became the PGBR, BR and WR diets, respectively. The compo-
nents of each diet were designed based on the macronutrient compositions in the rice
(Supplementary Tables S2 and S3).

2.2. Experimental Design

The experimental design and treatment are illustrated in Figure 1. Following a one-
week acclimatization period, the rats were randomly divided into six groups with seven ani-
mals each. The hypertensive groups were given N-nitro-L-arginine methyl ester (L-NAME)
in the drinking water for a daily intake of 20 mg/kg throughout the experimental period
(12 weeks). The rats started to consume the rice diets after four weeks until the end of
the experimental period. Systolic blood pressures were measured weekly by the indirect
method of tail-cuff occlusion in conscious animals using a Niprem 645 pressure recorder
(Cibertec, Barcelona, Spain) [13].

Figure 1. A schematic of the experimental design for inducing hypertension in rats and administer-
ing PGBR. The hypertensive groups were given N-nitro-L-arginine methyl ester (L-NAME) in the
drinking water for a daily intake of 20 mg/kg throughout the experimental period (12 weeks).

The rats were divided into six groups of seven animals as follows:
Group 1: normotensive rats that received the basal diet (control);
Group 2: hypertensive rats that received the basal diet;
Group 3: hypertensive rats that received the basal diet and losartan

(an anti-hypertensive drug);
Group 4: hypertensive rats that received the WR diet;
Group 5: hypertensive rats that received the BR diet;
Group 6: hypertensive rats that received the PGBR diet.
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At the end of the treatment period of eight weeks, the animals were anesthetized by
the inhalation of CO2. The body weight was recorded, and the heart was removed intact
and weighed for each rat. The heart tissues were frozen and stored at −80 ◦C until analysis.

2.3. Gene Expression Analysis

The tissue for RNA isolation was the left ventricle, and RNA was extracted using
an RNA isolation kit (Roche Diagnostics Corp., Indianapolis, IN, USA). The purity and
quantity of the RNA were determined using a NanoDrop UV Spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). To measure the mRNA level, complementary DNA was
amplified by a quantitative real-time polymerase chain reaction (Lightcycler 96) (Roche
Diagnostics Corp., Indianapolis, IN, USA) using a SYBR Green kit (Roche Diagnostics
Corp., Indianapolis, IN, USA). The forward and reverse primers used in this study [13–16]
are shown in Supplementary Table S4. The quantitative fold changes in mRNA expression
were determined relative to beta-actin (β-actin) using the 2−ΔΔCT method [17].

2.4. Histopathological Examination

The tissue for the histology assay was the left atrium. The tissue was fixed with a 10%
formaldehyde buffer and embedded in paraffin. Samples of 5 μm thickness were stained
with hematoxylin and eosin, followed by examination under a light microscope (Olympus,
Tokyo, Japan). A cross section of the heart was evaluated from photographs of whole tissue
sections taken at 40× magnification by a pathologist at the National Laboratory Animal
Center, Mahidol University, who was blinded to the treatments.

2.5. Statistical Analysis

Data are presented as means ± standards error of the means (SEM). Statistical compar-
isons between the groups were performed using the Mann–Whitney U test. All statistical
analyses were performed using the Statistical Package for the Social Sciences for Windows
(SPSS) version 18.0. The significance level was 0.05 (α = 0.05).

3. Results

3.1. Effects of White Rice, Brown Rice, and Parboiled Germinated Brown Rice Diets on Heart and
Body Weight

At the end of the experiment, the heart and body weights of all rats were determined.
Table 1 shows that the L-NAME-exposed group (hypertensive rats) acquired considerably
more body weight than the control group (388 ± 7.64 vs. 316 ± 53.8 g; p-value < 0.05).
This observation was also found in the white rice (WR), brown rice (BR), and parboiled
germinated brown rice (PGBR)-treated groups. The L-NAME-treated rats gained body
weight, but heart weight and heart/body weight ratio remained unaffected (Table 1). The
diet consumption record of all groups is shown in Supplementary Figure S1. The rice
consumption amounts in the WR, BR, and PGBR groups were 10.5 ± 1.8, 10.5 ± 2.1, and
11.0 ± 2.3 g/kg body weight, respectively.

Table 1. Heart and body weights of rats after different treatments.

Group Body Weight (g) Heart Weight (g) NS Heart/Body Weight
Ratio (g %) NS

Control 315 ± 53.8 * 1.06 ± 0.06 0.34 ± 0.02
L-NAME 388 ± 20.2 1.10 ± 0.07 0.28 ± 0.02

L-NAME + Los 401± 10.0 1.39 ± 0.11 0.35 ± 0.03
L-NAME + WR 408 ± 9.00 * 1.29 ± 0.08 0.32 ± 0.02
L-NAME + BR 413 ± 21.3 * 1.17 ± 0.07 0.28 ± 0.01

L-NAME + PGBR 422 ± 27.3 * 1.23 ± 0.07 0.29 ± 0.02
All data are presented as means ± SEM (n = 7). The * shows significantly different weights of rats under different
treatments at p < 0.05 compared to those treated with N-nitro-L-arginine methyl ester (L-NAME) using the
Mann–Whitney U test (two-tailed). NS shows no significant difference among rat groups. Los: losartan; WR: white
rice; BR: brown rice; PGBR: parboiled germinated brown rice.
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3.2. Effects of White Rice, Brown Rice, and Parboiled Germinated Brown Rice Diets on Systolic
Blood Pressure

To observe the anti-hypertensive properties of the WR, BR, and PGBR treatments, rats
were administered L-NAME for four weeks to assure the successful elevation of the systolic
blood pressure (SBP). At week 0 in Figure 2, L-NAME significantly induced SBP in rats
compared to the control group. After the successful elevation of systolic blood pressure
(SBP), rats were exposed to losartan (Los, an anti-hypertensive drug), WR, BR, and PGBR
for an additional eight weeks, and the SBP was measured weekly using a noninvasive
tail cuff. After treatment with Los, the SBP dropped to normal within two weeks and
remained constant until the end of the experiment, confirming its potent anti-hypertensive
properties. Interestingly, BR- and PGBR-exposed rats showed a gradual decrease in SBP
over the experimental period. PGBR was more potent than BR at week 8 (Figure 2), while
the WR diet showed the smallest anti-hypertensive properties when compared with the
other rice. Both the BR and PGBR diets showed anti-hypertensive properties, with PGBR
being the most potent among the three types of rice.

Figure 2. Systolic blood pressure (SBP) of rats during N-nitro-L-arginine methyl ester
(L-NAME)-induced hypertension after hypertensive inducing for four weeks. Data are presented
as means ± SEM (n = 7). # shows significantly different SBP in rats under different treatments com-
pared to the control group (no treatment) at p < 0.05 using the Mann–Whitney U test (two-tailed),
while * shows significantly different SBP in rats under different treatments compared to those treated
with L-NAME (L-NAME group) at p < 0.05 using the Mann–Whitney U test (two-tailed). Los: losartan;
WR: white rice; BR: brown rice; PGBR: parboiled germinated brown rice.

3.3. Effects of White Rice, Brown Rice, and Parboiled Germinated Brown Rice on Gene Expression
in Heart Tissue

Figure 2 shows the promising anti-hypertensive effects of BR and PGBR. Therefore, the
heart tissues of PGBR-treated rats were further investigated for gene expression, including
(i) the renin–angiotensin system, such as AT1R; (ii) the TGF-β, collagen type I (Col I), and
collagen type III (Col III) genes, which are involved in fibrosis; (iii) the NADPH oxidase
(NOX4) gene, which is involved in oxidative stress production; and (iv) antioxidant en-
zymes and nitric oxide-producing enzymes (glutathione peroxidase (GPx), catalase (CAT),
superoxide dismutase (SOD), and endothelial nitric oxide synthase (eNOS)). Figures 3 and 4
demonstrate that L-NAME-treated rats showed significantly increased gene expression of
AT1R, TGF-β, Col I, and GPx. In the Los-exposed group, the expression of AT1R, TGF-β,
and NOX4 decreased, even though the expression of most antioxidant enzymes remained
unchanged, indicating that in our condition AT1R, TGF-β, and NOX4 might be therapeutic
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targets for Los in the treatment of hypertension. Interestingly, the PGBR-treated group
significantly suppressed AT1R and TGF-β expression at the same level as the control and
Los-treated groups (Figure 3). Although NOX4 was not statistically reduced, a clear trend
of reduction was obtained. Therefore, PGBR might lower SBP by targeting AT1R, TGF-β,
and NOX4, similar to the anti-hypertensive drug (Los), while the antioxidant enzymes may
be neglected.

Figure 3. Effects of different diets on gene expression in heart tissue of rats. Data are presented as
means ± SEM (n = 7); Gene expression of (A) AT1R; (B) TGF-β; (C) Col I; (D) Col III among rat
groups. * shows significantly different relative gene expressions of rats treated with different diets
compared with those treated with N-nitro-L-arginine methyl ester (L-NAME) at p < 0.05 using the
Mann-Whitney U test (two-tailed). AT1R: angiotensin II type 1 receptor; TGF-β: transforming growth
factor-β; Col I: collagen type I; Col III: collagen type III; Los: losartan; WR: white rice; BR: brown rice;
PGBR: parboiled germinated brown rice.
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Figure 4. Effects of different diets on gene expression in heart tissue of rats. Data are presented as
means ± SEM (n = 7); Gene expression of (A) NOX 4; (B) CAT; (C) eNOS; (D) GPx; (E) SOD among
rat groups. * shows significantly different relative gene expressions of rats treated with different diets
compared with those treated with N-nitro-L-arginine methyl ester (L-NAME) at p < 0.05 using the
Mann-Whitney U test (two-tailed). NOX4: NADPH oxidase; CAT: catalase; eNOS: endothelial nitric
oxide synthase; GPx: glutathione peroxidase; SOD: superoxide dismutase; Los: losartan; WR: white
rice; BR: brown rice; PGBR: parboiled germinated brown rice.
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3.4. Effect of PGBR on Heart Histopathological Changes

The heart wall is composed of three layers, from the inside to the outside: the en-
docardium, myocardium, and epicardium. Several types of lesions are induced during
hypertension. Thus, to ensure the anti-hypertensive properties of PGBR, we performed
a histopathological analysis using H&E staining for lesion quantification. Representative
figures of normal myocardial fibers, myocardial necrosis, inflammatory infiltration, and
myocardial fibrosis and scar formation, which were scored in the present study, are shown
in Table 2 and Figure 5. In the L-NAME group, lesions were found in all layers, with focally
endothelial hyperplasia in the epicardium. In the myocardium, cellular degeneration to
necrosis in inflammatory cells was observed. In the sub-endocardium, large focal branching
fibrosis, acute to chronic hemorrhages, and focal collagen deposits were frequently found.
The outer epicardium showed cellular hyperplasia with mimic mononuclear cell infiltration.
A cardiomyopathy analysis revealed degeneration, necrosis, inflammatory cell infiltration,
and fibrosis/collagen scar formation. Treatment with PGBR in hypertensive rats showed a
lower amount of cardiomyopathy compared with the L-NAME-induced hypertensive rat
group, indicating an improvement in cardiac histology from PGBR after hypertension.

Table 2. Microscopic findings of animals in each group, with numbers of heart lesions.

Microscopic Findings Control L-NAME
L-NAME

+ Los
L-NAME

+ WR
L-NAME

+ BR
L-NAME
+ PGBR

Fibrosis, myocardium 0 1 0 0 0 0
Degeneration to necrosis,
myocardium 1 1 0 0 1 0

Inflammation to Aschoff body cell
infiltration 0 1 2 1 0 0

Collagen deposit,
sub-endocardium 0 1 0 0 0 0

* Cardiomyopathy 1 3 2 1 1 0

* Cardiomyopathy combines degeneration, necrosis, inflammatory cell infiltration, and fibrosis/collagen scar
formation; a refers to the same animal, number 2/1 (n = 5). L-NAME: N-nitro-L-arginine methyl ester; Los:
losartan; WR: white rice; BR: brown rice; PGBR: parboiled germinated brown rice.

Figure 5. Cont.
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Figure 5. Histopathological changes in the heart tissues. H&E staining under a light microscope:
(A) a representative figure of normal myocardial fibers: 10×, (B) a representative figure of focal
myocardial necrosis and inflammatory infiltration: 40×, and (C) a representative figure of myocardial
fibrosis and scar formation: 40×. The arrows indicate cardiomyopathy in the heart tissue.

4. Discussion

This study reports the anti-hypertensive effect of parboiled germinated brown rice
(PGBR) made from the Khao Dawk Mali 105 variety on antioxidant enzymes and gene
expression associated with fibrosis in the hearts of hypertensive rats induced by N-nitro-
L-arginine-methyl ester (L-NAME). Clear beneficial results were obtained when the diet
was mixed with PGBR. The treatment with PGBR attenuated blood pressure and decreased
myocardial degeneration. In several studies, there were no effects of L-NAME on body
weight [18,19]. However, increased body weight was observed in the L-NAME group in
this study. It could be that the three rice groups of rats consumed higher amounts of food
than the control, L-NAME, and drug groups. Therefore, the weights were higher than in
the other groups (Supplementary Figure S1). Moreover, the three different rice groups
showed increases in body weight. These might be the effects of the difference in energy
from the rice diets. The corn starch in the basal diet was substituted with different rice
varieties. Therefore, the difference in energy in the rat diets came from the rice types. The
rats in the WR, BR, and PGBR groups received 40.0 ± 6.9, 40.8 ± 8.1, and 42.8 ± 9.1 kcal of
energy from rice, respectively (Supplementary Table S2).

Previous studies reported that PGBR contained high amounts of γ-aminobutyric
acid (GABA), ferulic acid, γ-oryzanol, γ-tocotrienol, and p-coumaric acid and showed
higher antioxidant abilities than white rice and brown rice [9,10]. In agreement with earlier
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reports, the anti-hypertensive effect of pregerminated brown rice was also evaluated in
spontaneously hypertensive rats (SHRs) fed a diet containing 40% pregerminated brown
rice for eight weeks. The results showed anti-hypertensive effects compared to the control
group [20]. In this study, L-NAME-induced hypertensive rats showed a significantly
increased systolic blood pressure (SBP) that significantly decreased after treatment with
PGBR. The results agreed with the anti-hypertensive effect of PGBR, which contains high
contents of bioactive ingredients [9,20], especially GABA and ferulic acid. The mechanism
of the hypotensive action of the administered GABA has not yet been fully explained, but
GABA showed an anti-hypertensive action as an inhibitory neurotransmitter in the central
nervous system [14], while a low dose of a novel cultivar of GABA-rich tomato had an
anti-hypertensive effect in SHRs by reducing SBP compared to the control group in both
single- and chronic-administration studies [21].

The administration of L-NAME, an L-arginine analog, produces hypertension, vas-
cular resistance, hypertrophy, myocardial remodeling, and vasoconstriction. Angiotensin
II (Ang II) influences the phases of the inflammatory response involved in the mecha-
nisms leading to vascular remodeling by stimulating vascular repairs such as transforming
growth factor-β1 (TGF-β1), hypertrophy, the accumulation of extracellular matrix, and
collagen deposition [17]. Thus, inflammation seems to be closely related and might mediate
Ang-II-induced vascular remodeling. Ang II and TGF-β1 stimulate the development of
cardiac hypertrophy, myocardial fibrosis, the accumulation of collagen type I (Col I) and
collagen type III (Col III), fibrosis, and the structural organization of collagen. The effects
of Ang II are either indirect by the upregulation of TGF-β1 expression or direct by Ang II
receptors: AT1R [6,20]. All these reports showed relationships among AT1R, TGF-β1, Col I,
and Col III that may contribute to myocardial fibrosis in the animal model [22]. This study
demonstrated that treatment with PGBR in L-NAME-induced hypertensive rats signifi-
cantly decreased AT1R, TGF-β1, and Col I gene expression compared to the L-NAME group.
The findings indicated that the anti-inflammatory effect of PGBR improved myocardial
fibrosis by inhibiting genes involved in the renin–angiotensin system and fibrosis.

Vasoconstriction is also a mechanism leading to hypertension, while the chronic in-
hibition of nitric oxide synthase (NOS) may lead to vasoconstriction [18,19]. Nitric oxide
(NO) is synthesized in endothelial cells from L-arginine and is converted to NO by en-
dothelial nitric oxide synthase (eNOS). Moreover, the inhibition of eNOS activity leads to
increased expression of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX4), a major source of reactive oxygen species (ROS) in vascular tissue. The accumula-
tion of reactive oxygen species decreased antioxidant defense systems and reduced NO
bioavailability [23–25]. The L-NAME treatment decreased the expression of the endothelial
nitric oxide synthase (eNOS) gene after long-term L-NAME treatment, while many studies
reported increased eNOS mRNA levels in the heart and kidney in hypertensive rats [26].
Moreover, L-NAME induced hypertension by involving the renin–angiotensin aldosterone
system (RAAS) [27]. It was observed that an L-NAME treatment raised eNOS protein
levels [26]. However, in our work, L-NAME had no effect on eNOS mRNA, which might
indicate that mRNA is dependable for early responses. Further investigation into the
eNOS protein level may be worth pursuing. In this study, treatment with PGBR tended
to increase eNOS expression and progressively decreased NOX4 gene expression in the
hearts of L-NAME-treated rats, but no significant differences were observed. Therefore, the
mechanisms of PGBR that contain bioactive ingredients may be involved in the antioxidant
activity and preserve the bioavailability of NO in hypertensive hearts.

The relationship between the development of hypertension, decreased antioxidant
capacity, and the increased bioavailability of ROS has been indicated in many experimental
models [28]. Major enzymatic antioxidant defenses include superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (CAT) as the primary lines of cellular defense
against oxidative damage [29]. In this study, only GPX expression was induced after L-
NAME treatment, while CAT and SOD expression were not different between the control
and L-NAME groups, suggesting that GPx might be the main enzyme quenching oxidative
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stress in hypertensive rats. This effect displayed a compensatory mechanism to attenuate
the excessive ROS production [30]. This result agreed with Kumar et al. (2012) [31],
who found improved GPx activity after treatment with syringic acid in L-NAME-induced
hypertensive rats. The increased activity of enzymatic antioxidants might be due to free
radical scavenging efficacy as a beneficial action against pathophysiological modifications
caused by superoxide anions and hydroxyl radicals [21]. These antioxidant genes appeared
to fluctuate without being statistically significant. For example, a recent study determined
that lead-induced hypertension had no effect on SOD, CAT, or GPx in the hearts of the
animals but increase NOX4 [32], and another study showed that SOD, CAT, and GPx were
not changed in the kidneys of hypertensive rats (measured at week 16) [33].

As the L-NAME raised the expression of NOX4 in L-NAME-treated rats, resulting in
an increase in oxidants, we hypothesized that alternative antioxidant enzymes may play an
important role in mitigating the oxidative stress caused by L-NAME.

The inflammatory response and cytokines are important components of the host
response to heart injury from hypertension and play a key role in cardiac repair [34],
ultimately leading to the replacement of dead myocardium with a collagen-based scar and
distorted architecture and function of the heart. Moreover, excess collagen deposition and
fibrosis have been linked to myocardial stiffness and systolic and diastolic abnormalities
[35,36], suggesting that interstitial myocardial fibrosis may be related to L-NAME-induced
vasoconstriction with consequent myocardial ischemia. In this study, hematoxylin and eosin
(H&E) staining was used for the test to examine rat tissue for cardiomyopathy. Some studies
reported that the histology results related to biochemical parameters and ECG results
[37–39]. In this study, rats could be induced to be hypertensive, promoting myocardium
inflammation and scar deposition. However, when comparing the microscopic findings
(Table 2), collagen involving scars, fibrosis in the myocardium, and collagen deposit in the
sub-endocardium were not observed in the three rice groups. Only one lesion was found in
the L-NAME group. It is possible that the rats had no severity in their heart pathologies, so
the markers, such as gene expression, did not show any differences among the rice groups.
Our data showed that the PGBR group seemed to have the lowest downregulation in scar
deposition gene expression, such Col I and III. Thus, the administration of PGBR not only
inhibited the renin–angiotensin system and fibrosis but also improved cardiac histology.

The results from this study suggested that the ingestion of PGBR might protect the
heart against L-NAME-induced hypertension. The molecular mechanism of how PRBR
reduced hypertension might be (i) the inhibition of the renin–angiotensin axis, (ii) the
inhibition of fibrosis, or (iii) the inhibition of oxidative-stress-generating enzymes (NOX)
and the activation of an antioxidant enzyme (GPx). Thus, the consumption of PGBR might
reduce heart damage from hypertension pathology in this hypertensive rat model. Some
study limitations were observed. The diastolic blood pressure and mean arterial pressure
were not recorded, while the protein expression for several genes was not measured. The
variations in oxidative stress and antioxidant genes were observed with no statistical
findings. A limitation in this study could be that the food was freely accessed by the
rats. The exact rice doses were difficult to calculate. Further studies should investigate
more biomarkers, such as antioxidant or anti-inflammatory markers, to further clarify the
mechanism of PGBR for the treatment of hypertension.

5. Conclusions

This is the first report demonstrating the anti-hypertensive properties of parboiled
germinated brown rice (PGBR) in N-nitro-l-arginine methyl ester (L-NAME)-induced
hypertensive rats. PGBR significantly decreased the angiotensin II type 1 receptor and
transforming growth factor-β and significantly increased glutathione peroxidase expres-
sion. The gene expression of nicotinamide adenine dinucleotide phosphate oxidase 4 and
collagen type I progressively decreased in the PGBR group. Thus, the regular consumption
of PGBR could treat hypertension as in this animal model study.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12010009/s1, Supplementary Table S1: The condition for
rice cooking; Supplementary Table S2: The compositions of cooked rice powders; Supplemen-
tary Table S3: The composition of the basal formula diet (AIN-76A); Supplementary Table S4:
Primers used for amplification in real-time PCR; Supplementary Figure S1: Diet consumption in all
animal groups.
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Abstract: As it has been reported that type 2 diabetes mellitus increases the risk of Alzheimer’s
disease, we investigated how to prevent type 2 diabetes and dementia using biofunctional boiled
rice. We adopted unpolished super-hard rice (SHBR) for diabetes and wax-free unpolished black
rice (WFBBR) for dementia and blended those with ordinary non-polished rice (KBR) (blending
ratio 4:4:2), adding 2.5% waxy black rice bran (WBB) and 0.3% rice oil after high-pressure treatment
(HPT) (WFBSK) to improve its palatability. This boiled rice is rich in dietary fiber, anthocyanin, free
ferulic acid and β-secretase inhibitory activity. A randomized, parallel-group comparison study
was conducted for 12 weeks with 24 subjects, using Cognitrax to evaluate their cognitive function
primarily. Furthermore, as the secondary purpose, we performed a single-dose test for postprandial
blood glucose and insulin secretion at the end of the human intervention test. After 12 weeks,
consumers of the WFBSK rice exhibited significant improvement in language memory by cognitive
test battery compared with those who consumed the control white rice (p < 0.05). Moreover, subjects
who consumed the WFBSK rice had lower insulin secretion levels than those who consumed the
control polished rice (p < 0.05).

Keywords: wax-free brown rice; waxy black rice bran; n-6/n-3 ratio; RS; insoluble dietary fiber;
antioxidative activity; free ferulic acid; anthocyanin

1. Introduction

According to a report by the IDF (International Diabetes Federation), about 537 million
people were candidates or patients with diabetes in 2021 [1] and the number of patients
with dementia was about 46 million in the world in 2015 [2].

Dementia is a syndrome where there is deterioration in cognitive function that leads
to impairment of the activities of daily living (ADL). Dementia may be caused by a variety
of diseases and injuries that primarily or secondarily impair the brain function. Among
the dementia patients, most have Alzheimer’s disease (AD); 60–70% of the patients with
dementia suffer from AD [3]. Nowadays, dementia is ranked as the seventh main cause of
death among all diseases. Furthermore, it tends to lead to the disability and dependency of
aged people all over the world [3]. Cognitive function consists of multiple domains such as
memory, attention, language and executive function, all of which are essential for our daily
life [4]. Cognitive disabilities caused by dementia negatively affect the quality of life (QOL)
of elderly patients [5].
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It is well-recognized that the prevalence of dementia is higher in diabetic patients than
in non-diabetic subjects [6].

There are many scientific reports about the close relationship between insulin resis-
tance and lifestyle diseases, such as type 2 diabetes and dementia [7–14]. As patients
with diabetes have been markedly increasing in number worldwide, the development of
a suitable method for its treatment or prevention is very important. The World Health
Organization (WHO) and Food and Agriculture Organization of the United Nations (FAO)
recommend foods with a low glycemic index (GI) to prevent diabetes [3]. The concept of
GI was introduced by Jenkins et al. [15], and low GI and glycemic load diets have become
popular to prevent chronic diseases, such as cardiovascular disease, diabetes, cancer and
obesity [16], although they all have limited efficacy.

Early intervention for maintaining cognitive function is one of the important factors
for successful aging [17]. To investigate dementia patients, the human intervention test is
indispensable. Dubois et al. [18] described multi-component interventions targeting several
risk factors simultaneously, such as “FINGER”, might be needed for optimal preventative
effects, to improve and maintain cognitive functioning.

Many researchers reported that the progression of cognitive decline may be consid-
erably affected by various lifestyle factors, such as foods and drinks [4]. For example, it
was reported that cognitive decline was prevented by food components such as minerals,
polyphenols, flavonoids, vitamins, omega-3 PUFAs, etc. [19].

Findings from prospective studies suggest that greater adherence to the Mediterranean
diet may be associated with slower cognitive decline and reduced risk of AD [20,21].
Core et al. [22]. showed that reduced levels or intake of omega-3 fatty acids or fish are
associated with increased risk of age-related cognitive decline or dementia such as AD.

Rice (Oryza sativa L.) is one of the most important crops, cultivated in over 100 countries
around the world, and is a staple food for about half of the world population [23]. As rice
consumers, especially Asian people, eat it almost every day, it is very promising that its
biofunctionality, such as prevention of diabetes and dementia, would be very effective.
Unpolished rice grains contain more nutritional components, such as dietary fibers, phytic
acids, flavonoids, tocopherols, γ-oryzanol and E and B vitamins, than ordinary milled rice
grains [24]. The germ and bran layers (about 10% of a rice kernel) removed during the
milling procedure are rich in proteins, lipids (γ-oryzanol, ferulic acid, sterol, wax, ceramide,
phytin and inositol), fiber, minerals, tocotrienols, tocopherols and B-complex vitamins (B1
and B6) [24]. The use of rice bran as food and feed from 1970 to 1998 was recently reviewed,
concerning the control of chronic degenerative diseases such as hypercholesterolemia [25].
Juliano showed that stabilized rice bran is mildly crunchy and slightly sweet, and has a
mild toasted aroma [25].

The glycemic effect of food depends on numerous factors such as the microstructure of
starch, amylose content and amylopectin chain-length distributions [26,27]. In a previous
study, we developed a novel method for inhibiting postprandial blood glucose levels in
Sprague–Dawley rats by preparing cooked rice grains from amylose extender (ae) mutants
of rice soaked with functional food ingredients [28,29]. Several studies have reported
the development of highly resistant starch rice as well as high-amylose and high-dietary
fiber rice via physical or chemical mutation [30,31]. The cooked grains of super-hard
rice cultivars are hard and non-sticky because they lack starch branching enzyme IIb
and contain many super-long chains (SLCs) [29]. They are promising in terms of their
biofunctionality, such as diabetes prevention and reduction of obesity [32]. Pigmented rice
contains polyphenol substances, such as anthocyanins and tannins. Black or purple rice
gets its color from anthocyanin pigments, which are known to have free-radical scavenging
and antioxidant capacities [33]. Black rice may have antiatherogenic activity and may
improve certain metabolic pathways associated with diets high in fructose [34,35]. Red
rice is known to be rich in minerals, such as iron and zinc, while black and purple rice are
especially high in protein, fat and crude fiber [34].
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The cooked grains of unpolished rice are too hard and non-sticky for the consumers.
For that reason, Watanabe et al. [36] showed that wax-free brown rice (WFBR), which is
unpolished rice with only the wax layer removed, keeping other nutrients in the bran layer,
is promising for a low-GI and high dietary fibers and vitamins, and its taste is improved.
Furthermore, high-pressure treatment (HPT) is very useful in the food industry [37]. The
merits of the high pressure are to avoid the destruction of covalent bonding and to keep
the natural flavor, taste, and nutrients. HPT is the technological process that has the least
effect on heat-labile water-soluble vitamins, thus contributing to the preservation of the
nutritional quality of foodstuffs [38]. HPT was reported to be useful for improving the
texture of cooked rice without denaturation of enzyme activities, and it led to an increase
of free amino acids and change in enzyme activities [39].

The objective of this study was to develop multifunctional boiled rice, which would
be useful for preventing type 2 diabetes and dementia, using black rice and super-hard
rice with the aid of HPT and wax-free treatment. The antioxidative capacity of black
rice and low-GI of super-hard rice would contribute to preventing the onset of diabetes
and dementia.

2. Materials and Methods

2.1. Materials

The brown rice of super-hard rice cultivar Niigata 129 go (not registered), the high-
quality rice Koshihikari; (registration number in Japan; 8539), waxy black rice Shiho
(registration number in Japan; 11846) and black rice Okunomurasaki (registration number
in Japan; 11088), were cultivated by the Niigata Prefecture Agriculture Research Institute
in 2020, and red rice (Beniroman) and waxy red rice (Yuyake mochi) were purchased
from a local market. The wax-free brown rice was manufactured by Toyo Rice (Co., Ltd.,
Wakayama, Japan) in 2020.

2.2. Preparation of Waxy Black Rice Bran

The bran of waxy black rice (Shihou cultivar) was prepared by polishing using an
experimental friction-type rice milling machine (Yamamoto Seisakusyo Co., Tendo, Japan)
to a milling yield of 90%.

2.3. Food Processing of Experimental Meal

WFBSK rice (WFBBR:SHBR:KBR = 4:4:2) was combined with 2.5% (w/w) waxy black
rice bran (WBB) and 0.3% (w/w) rice oil (Tsuno Food Industrial Co., Ltd., Wakayama, Japan),
obtained by treating these at 200 MPa for 2 min in a high-pressure machine (Ishikawajima-
Harima Heavy Industries Co., Ltd., Tokyo, Japan), and cooked rice was prepared by Echigo
Seika, Co., Ltd. (Nagaoka, Japan). Commercial aseptic cooked rice (using polished rice of
high-quality rice cultivar, Koshihikari, as material) was prepared with the same condition
with the abovementioned procedure, by Echigo Seika, Co., Ltd., and subjected to the
analyses, as well as being used as a control meal in the human intervention test.

2.4. Measurement of Moisture Content of Rice Flour

The moisture content of the brown rice and cooked brown rice were measured using
an oven-dry method. Accordingly, 2 g of brown rice sample was dried for 1 h at 135 ◦C,
while 2 g cooked rice samples were dried for 3 h at 135 ◦C.

2.5. Measurement of Water Absorption Rate (WAR) of Wax-Free Brown Rice (WFBR), Brown Rice
and White Rice Grains

Each sample grain (5.0 g) was socked in 50 mL distilled water at 25 ◦C for 15 min,
30 min, 60 min, 90 min, 120 min or 180 min. After draining, the clear supernatant was
removed, and we weighed the sample grains (Wa). The water absorption rate (WAR) was
calculated as WAR (%) = (Wa − 5)/5 × 100.
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2.6. Textural Properties of Cooked Rice

The physical properties of cooked rice grains were measured based on bulk measure-
ment (10 g), using a My Boy System Tensipresser (Taketomo Electric Co., Tokyo, Japan)
according to the method described by Okadome et al. [40]. For standard samples, milled
rice (10 g) was combined with 14 g distilled water (coefficient [gross water volume/dry
matter weight]: 1.77, calculated for each sample) in an aluminum cup. After soaking for
1 h, the samples were cooked. The cooked rice samples were kept in the vessel at 25 ◦C for
2 h and subjected to the measurements. The bulk measurements were repeated five times,
and the mean value was calculated.

2.7. Measurement of the Fatty Acid Composition of Rice Bran

Measurement of the fatty acid composition of rice bran was carried out by the Food
Analysis Technology Center (using a gas chromatography method). A rice bran sample
(0.2 g) was extracted with 2 mL hexane and mixed well. After that, 2 M potassium
hydroxide−methanol solution (0.2 mL) was added and mixed.

2.8. Measurement of RS (Resistant Starch) of Cooked Rice

The resistant starch (RS) was measured according to the AOAC method (2002.02)
using an RS assay kit (Megazyme, Ltd., Wicklow, Ireland) except the enzyme reaction time.
Freeze-dried rice flours (0.1 g) were treated with a 0.1 M sodium maleate (4 mL) (pH 6.0)
buffer solution with enzymes (pancreatin and amyloglucosidase) at 36 ◦C for 6 h, and
then denatured ethanol (99%) (4 mL) was added and the solution was centrifuged. The
precipitation was mixed with denatured ethanol (99%) (6 mL) and the reaction mixture
was centrifuged, and the process was then repeated. The supernatant was removed, and
this was followed by the addition of 2 M potassium hydroxide (2 mL), stirred in ice water
for 20 min, and 1.2 M sodium acetate (pH 3.8) (8 mL) and amyloglucosidase (0.1 mL) were
added and stirred at 50 ◦C for 30 min in a water bath. After centrifugation, the supernatant
(0.1 mL) was mixed GOPOD (glucose oxidase-peroxidase-aminoantipyrine reagent) (3 mL)
and stirred at 50 ◦C for 20 min in a water bath. The glucose content was measured using a
spectrophotometer at 510 nm.

2.9. Measurement of Polyphenol Content of Cooked Rice

The polyphenol content of freeze-dried rice samples was determined using the Folin–
Ciocalteu method [41]. Each sample (0.1 g) was extracted with 80% ethanol (4 mL) and then
centrifuged. The supernatant (1 mL) was mixed with the same volume of Folin–Ciocalteu
solution (1 mL) and incubated for 3 min at room temperature, followed by the addition
sodium carbonate (5 mL) and incubation at 50 ◦C for 5 min. Finally, the sample solution
was cooled in ice water for 1 h and then centrifuged. Absorbance was measured at 765 nm.
Gallic acid was used for calibration.

2.10. Measurement of Hydrophilic and Lipophilic Oxygen Radical Absorbance Capacity (H-ORAC
and L-ORAC)

The hydrophilic and lipophilic oxygen radical absorbance capacities of freeze-dried
rice samples were measured as described by Prior et al. [42]. Trolox calibration solutions
were made to obtain a standard curve [43,44]. For the hydrophilic antioxidant assay, freeze-
dried rice flours (0.1 g) were extracted with hexane (10 mL), and the hexane layer was
removed. Residual hexane was evaporated using a water bath at 70 ◦C, and the residue was
then extracted with acetone/water/acetic acid (70:29.5:0.5, v/v/v) (10 mL). The solution
was sonicated (Ultrasonic cleaner 3510J-MTH, Branson Ultrasonics Co, Ltd., Richmond, VA,
USA) at 37 ◦C for 15 min, and then centrifuged. The supernatant was diluted to a 25-mL
total volume. For the lipophilic antioxidant assay, freeze-dried rice flours (0.1 g) were
extracted with hexane (1 mL), and then centrifuged. The hexane was evaporated using a
water bath at 70 ◦C, and the dried hexane extract was then dissolved in acetone (250 μL)
and diluted with 7% randomly methylated β-cyclodextrin (750 μL) (RMCD; 0.7 g methyl-β-
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cyclodextrin (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) dissolved in 10 mL 50% acetone).
Absorbance values were measured at 485 nm (excitation) and 530 nm (emission) using a
fluorescent microplate reader (Grating Based Multimode Reader SH-9000, Corona Electric
Co, Ltd., Hitachinaka-shi, Japan).

2.11. Measurement of the Ferulic Acid Composition of Cooked Rice

Measurement of the ferulic acid composition of rice bran was carried out by the Japan
Food Research Laboratories (using microbiological assays and high-performance liquid
chromatography–mass spectrometry).

2.12. β-Secretase Inhibitory Activity

The β-secretase (BACE1) inhibitory activity of freeze-dried cooked rice was measured
using a BACE1 activity detection kit (Fluorescent; Sigma-Aldrich Co. LLC.). Freeze-dried
rice flour (0.1 g) was extracted with 10 mM acetate buffer solution (0.5 mL) (pH 5.0, includ-
ing 0.1% Triton and 0.05% CHAPS) for 1 h, and then centrifuged. The absorbance values
were measured at 320 nm (excitation) and 405 nm (emission) using a fluorescent microplate
reader (Grating Based Multimode Reader SH-9000, Corona Electric Co, Ltd.) [45].

2.13. Measurement of the Dietary Fiber of Cooked Rice

Measurement of the dietary fiber of cooked rice was carried out by the Japan
Food Research Laboratories (using microbiological assays and high-performance liquid
chromatography–mass spectrometry).

2.14. Measurement of the Anthocyanin Content of Cooked Rice

The anthocyanin content of cooked rice flour was measured based on the pH dif-
ferent method [46]. Freeze-dried rice flours samples (1.0 g) were extracted with 9 mL
methanol/deionized water/trifluoroacetic acid (2:3:0.025, v/v/v) at room temperature
for 2 min by strong vortexing. The solution was then sonicated (Ultrasonic cleaner 3510J-
MTH, Branson Ultrasonics Co, Ltd.) at 37 ◦C for 5 min and soaked in a water bath at
37 ◦C for 10 min, then centrifuged for 2 min at 3000× g. The supernatant was removed
and transferred to a 25-mL volumetric flask. The precipitate was extracted with 8 mL
methanol/deionized water/trifluoroacetic acid (2:3:0.025, v/v/v) and the process repeated
two times. The supernatant was removed to a volumetric flask and diluted to a 25-mL
total volume, and the solution was twofold diluted with pH 1.0 buffer (0.025 M potassium
chloride) and another pH 4.5 buffer (0.4 M sodium acetate). The absorbance was measured
at 520 nm and 700 nm. The anthocyanin content was expressed as the cyanidin 3-glucoside.

2.15. Sensory Evaluation

The sensory test was carried out by the method reported in our previous paper [47].
Seven-grade ranking was used to evaluate the six attributes, such as appearance, aroma,
hardness, taste, stickiness, and overall evaluation by 10 trained taste panelists.

2.16. Study Design of Human Intervention Test

The study protocol for human test subjects was approved by Niigata Bio-Research
Park Inc (Niigata, Japan). and approved by the ethics committee for human tests of the
Niigata Bio-Research Park and Niigata University of Pharmacy and Applied Life Sciences,
and according to the 2014 guidelines issued by the Ministry of Education, Culture, Sports,
Science and Technology and the Ministry of Health, Labor and Welfare, Japan. Informed
consent was obtained for experimentation with human subjects, and the test was registered
as UMIN000044767.

A randomized, parallel-group comparison study was conducted to examine the effect
of WFBSK rice. Inclusion criteria were as follows: (1) subjects aged from 50 to 75 years,
(2) not diagnosed as having dementia or diabetes, (3) no consumption of supplements
that may affect cognition or blood glucose. We recruited 24 healthy subjects for the study.
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The effect of WFBSK rice on cognitive performance was the primary endpoint. Secondary
endpoints included inhibition of abrupt increase in postprandial blood glucose level and
change in plasma amyloid-β (Aβ) 42/40 ratio.

Components of the test and control meals are shown in Table S1. Participants were
randomly assigned to one of two groups. Subjects of each block-consumed the assigned
test sample meal (one package of boiled rice) containing 64 g (test meal) or 67 g (control
meal) carbohydrate once every day for 12 weeks consecutively. After 12 weeks, test subjects
got the single-dose test for BGL measurements, where they consumed the assigned meals
within 10 min with frequent mastication (30 times was the guideline) and 200 mL of water.

2.17. Evaluation of Cognitive Function

The Mini-Mental State Examination Japanese version (Nihon Bunka Kagakusha, Tokyo,
Japan) was evaluated at the baseline. The Cognitrax test (Health Solution, Inc., Tokyo,
Japan) was utilized to assess the cognitive change by intervention. Cognitrax consists
of a computerized test battery, which evaluates multiple cognitive domains, including
composite memory, verbal memory, visual memory, processing speed, psychomotor speed,
executive function, reaction time, complex attention, simple attention, cognitive flexibility
and motor speed. Cognitrax scores have been standardized according to the results from
large populations of subjects aged from 7 to 90 years [48].

2.18. Measurement of Plasma Concentrations of Aβ1-42 and Aβ1-40

Plasma concentrations of Aβ1-42 and Aβ1-40 were analyzed using a V-PLEX Aβ

Peptide Panel 1 (6 × 1010) Kit (Meso Scale Discovery, Rockville, MD, USA) with MESO
QuickPlex SQ 120 (Meso Scale Diagnostics, LLC, Rockville, MD, USA) according to the
manufacturer’s instructions. The intra-assay and inter-assay coefficients of variation were
less than 20% for all assays.

2.19. Blood Examination

Blood was drawn (in November 2021) under fasting conditions from each subject for
analysis of Aβ40, Aβ42, HDL cholesterol, LDL cholesterol, insulin sensitivity and HbA1c.
Plasma concentrations of Aβ1-42 and Aβ1-40 were analyzed using a V-PLEX Aβ Peptide
Panel 1 (6 × 1010) Kit (Meso Scale Discovery, Rockville, MD, USA) with MESO QuickPlex
SQ 120 (Meso Scale Diagnostics, LLC, Rockville, MD, USA) according to the manufacturer’s
instructions. The intra-assay and inter-assay coefficients of variation were less than 20%
for all assays. BGL and insulin levels were measured at 0, 30, 60, 90 and 120 min after two
groups of 12 subjects who had eaten two different test meals.

2.20. Statistical Analyses

All results were subjected to t-tests and Dunnett’s test using Excel Statistics (version 6,
Microsoft Corporation, Tokyo, Japan) and GraphPad Prism V8.4.3 (GraphPad Software,
Inc., San Diego, CA, USA). A value of 0.05 < p < 0.10 was considered to show the tendency,
and a value of p < 0.05 was considered to be statistically significant.

3. Results and Discussion

3.1. Water Absorption Rate (WAR) of WFBR and Brown Rice

The water absorption rates (WARs) of WFBR and brown rice are shown in Figure 1.
The WAR of polished Koshihikari rice is shown as a control. As shown in Figure 1, the
WFBRs of Koshihikari, Okunomurasaki (black rice) and Niigata 129 go (super-hard rice)
were significantly higher than those of brown rice at every soaking time. Moreover, the
WAR of Koshihikari WFBR showed almost the same value as the control polished rice for
1 h soaking. Furthermore, the WAR of Okunomurasaki WFBR was significantly higher than
that of control polished rice for 2 h soaking, and that of Niigata 129 go (super-hard rice)
showed a similar tendency. Kuwada et al. [49] showed that the WAR of brown rice had
almost the same value as polished rice for 17 h soaking, because the wax layer of brown rice
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interferes with water absorption. In a previous study, we reported that the WAR of brown
rice becomes higher due to damage of the cell wall by high-pressure treatment (HPT) [39].
As a result, WFBR could be cooked after 1 h soaking, the same as with white rice.

Figure 1. Water absorption rates of three kinds of wax-free brown rice and brown rice. Among the
water absorption rates after in same soaking time, different letters (a, b, etc.) denote a statistically
significant difference. Water absorption of polished Koshihikari rice is shown as a control (blue
line) (A); water absorption rates of brown Koshihikari rice and wax-free brown Koshihikari rice (B);
water absorption rates of brown Okunomurasaki (black) rice and wax-free brown Okunomurasaki
rice (C); water absorption rates of brown Niigata 129 go (super hard) rice and wax-free brown Niigata
129 go rice.

3.2. Textural Properties of Cooked Grains of WFBR and Non-Wax-Free Rice

Hardness (force) and toughness (work) are parameters for rigidness, while adhesive-
ness (work) and stickiness (force) are indicators of tackiness in the textural measurement.

As shown in Table 1, the hardness of Koshihikari and Niigata 129 go WFBR were
significantly lower than those of ordinary brown rice, and toughness showed a similar
tendency. Moreover, the stickiness of Koshihikari, Okunomurasaki and Niigata 129 go
WFBR were significantly higher than those of ordinary brown rice, and adhesion showed a
similar tendency. The cooked rice grains after wax-free treatment were softer and stickier
than those of non-wax-free brown rice, while their hardness and toughness were lower.
Moreover, the ratio of stickiness and hardness of cooked rice with the wax-free treatment
were increased 1.4~1.6 times than with the non-wax-free treatment. We estimate that the
reason why WFBR was softer and stickier than non-wax-free brown rice is that the former
rice grains absorbed water more rapidly and thoroughly. As a result, wax-free treatment
markedly improved the textural properties of cooked brown rice. It is now possible to
produce palatable cooked rice grains by wax-free treatment. Furthermore, in terms of the
whiteness and brightness of cooked rice, WFBR showed significantly higher values than
ordinary brown rice, and on the other hand, in terms of a yellowish color, WFBR showed
significantly lower values than brown rice (Table S2). In previous studies, we reported
that high-pressure treatment (HPT) improved the physical properties of brown rice [39].
Therefore, wax-free treatment and HPT improved the textural properties of cooked brown
rice so that consumers accept them as the table rice they eat every day.
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Table 1. Textural properties of various cooked brown rice and wax-free brown rice.

Hardness Toughness Adhesion Stickiness

×105 [N/cm2] ×105 [N/cm2] ×105 [N/cm2] ×105 [N/cm2]

Cooked Koshihikari rice (BR) 0.014 ± 0.002 a 0.032 ± 0.004 a 0.020 ± 0.007 a 0.020 ± 0.003 a
Cooked Koshihikari rice (WFR) 0.009 ± 0.002 b 0.027 ± 0.004 a 0.029 ± 0.005 a 0.024 ± 0.003 b

Cooked black rice (BR) 0.021 ± 0.005 a 0.039 ± 0.005 a 0.015 ± 0.003 a 0.016 ± 0.001 a
Cooked black rice (WFR) 0.020 ± 0.005 a 0.036 ± 0.003 a 0.019 ± 0.004 a 0.022 ± 0.002 b

Cooked super-hard rice (BR) 0.047 ± 0.007 a 0.040 ± 0.004 a 0.000 ± 0.000 a 0.000 ± 0.000 a
Cooked super-hard rice (WFR) 0.025 ± 0.005 b 0.033 ± 0.008 b 0.001 ± 0.000 a 0.005 ± 0.006 b

Brown rice, BR; wax-free brown rice, WFR; within each measure (hardness, toughness, adhesion and stickiness) in
the same column and each sample, different letters (a, b, etc.) denote statistically significant differences.

3.3. Fatty Acid Compositions of Six Kinds of Rice Bran

In a previous study, we reported the fatty acid compositions of 30 japonica rice
cultivars [50]. We found that a low DP (degree of polymerization) of amylopectin culti-
vars more easily bonded to linolenic acid (18:3n-3) than linoleic acid (18:2n-6) [50]. As
shown in Table 2, the fatty acid compositions of six kinds of rice bran were palmitic
acid (16.3–18.2%, mean = 17.3%), oleic acid (39.3–46.0%, mean = 42.7%) and linoleic acid
(30.6–36.6%, mean = 34.0%), and the n-6/n-3 ratio was 24.4–40.0 (mean = 29.9). The oleic
acid contents of Okunomurasaki (black rice) (46.0%) and Niigata 129 go (super-hard rice)
(45.3%) were high; that of Shiho (waxy black rice) (43.9%) was intermediate; those of Koshi-
hikari (41.2%), Yuyake mochi (waxy red rice) (40.5%) and Beniroman (red rice) (39.3%)
were low. In contrast, the linoleic acid contents of Koshihikari (36.7%), Beniroman (36.6%)
and Yuyake mochi (36.1%) were high, and those of Okunomurasaki (32.0%), Shiho (31.7%)
and Niigata 129 go (30.6%) were low. Furthermore, the n-6/n-3 ratios of Okunomurasaki
(40.0) and Koshihikari (33.4) were high; those of Niigata 129 go (27.8), Yuyake mochi (27.8)
and Beniroman (26.1) were intermediate; that of Shihou (24.4), a waxy black rice cultivar,
was very low. Simopoulos [51] showed that increased levels of omega-3 PUFA (a low
n-6/n-3 ratio) exert suppressive effects against the pathogenesis of several diseases. Waxy
rice lipids tend to be richer in palmitic acid but poorer in oleic, and to a lesser extent, in
linoleic acids [52]. Our results showed that the n-6/n-3 ratio was negatively correlated
with palmitic acid (r = −0.85, p < 0.05) (data not shown). As shown in Figure S1, the
n-6/n-3 ratios of super-hard rice, waxy black rice, waxy red rice and red rice were low;
therefore, they would be biofunctional rice cultivars. As an example of the effects of fatty
acid to prevent disease through the diet, eicosapentaenoic acid (EPA) prevented thrombosis
and atherosclerosis [53]. Ikemoto and Naganuma [54] reported that the n-6/n-3 ratio of
PUFAs would make a very important dietary index because n-3 fatty acids, such as linolenic
acid, lead to the generation of eicosapentaenoic acid and docosahexaenoic acid (DHA) in
the body.

3.4. Nutrient Intake and Structural Components of Three Kinds of Rice Blends

Shown in Table 3A is a diet of blending super-hard brown rice (SHBR), wax-free black
rice (WFBBR) and ordinary brown rice (KBR) (4:4:2) with 2.5% waxy black rice bran (WBB)
and 0.3% rice oil added after high-pressure treatment (HPT) (WFBSK). In Table 3B, there is
a diet of blending super-hard brown rice (SHBR), black/brown rice (BBR) and ordinary
brown rice (KBR) (4:4:2) with 2.5% waxy black rice bran (WBB) and 0.3% rice oil added
after high-pressure treatment (HPT) (BSK). In Table 3C, there is a diet of control polished
Koshihikari rice. The insoluble dietary fiber (ISDF) of WFBSK (9.5 ± 0.6) (g/100 g) was
significantly higher than BSK (7.8 ± 0.2) (g/100 g) and the control diet (0.4 ± 0.4) (g/100 g),
whereas the water-soluble dietary fiber (SDF) of BSK (0.8 ± 0.1) (g/100 g) was significantly
higher than WFBSK (0.3 ± 0.1) (g/100 g) and the control diet (0.1 ± 0.1) (g/100 g). The
protein, lipid and ash contents of WFBSK and BSK showed almost the same values, and
those values were significantly higher than the control Koshihikari diet. The effect of the
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β-glucan and dietary fiber contents on the LDL cholesterol and postprandial blood glucose
of the subjects were very similar. Several recent studies, in both hypercholesterolemic and
healthy subjects, found that the daily consumption of 5 g of β-glucan significantly lowered
the total and LDL cholesterol in serum [55–57]. As a result, it was shown that the ISDF
and total dietary fiber contents were significantly higher, by 1.1 times in the case of both
wax-free processing and HPT (Table 3A) versus the case of only HPT (Table 3B).

Table 2. Fatty acid compositions of six kinds of japonica rice bran.

Koshihikari Black Rice Waxy Black Rice Super-Hard Rice Red Rice Waxy Red Rice

14:0 Myristic acid (%) 0.3 ± 0.0 a 0.4 ± 0.0 b 0.5 ± 0.0 b 0.3 ± 0.0 a 0.3 ± 0.0 a 0.3 ± 0.0 a

16:0 Palmitic acid (%) 16.7± 0.0 a 16.3 ± 0.0 a 17.6 ± 0.0 b 18.2 ± 0.0 b 17.7 ± 0.0 b 17.3 ± 0.0 b

16:1 Palmitoleic acid (%) 0.1 ± 0.0 a 0.1 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.0 a 0.2 ± 0.0 a

18:0 Stearic acid (%) 1.5 ± 0.0 a 2.0 ± 0.0 b 1.9 ± 0.0 b 2.0 ± 0.0 b 1.7 ± 0.0 b 1.8 ± 0.0 b

18:1 Oleic acid (%) 41.2 ± 0.1 b 46.0 ± 0.0 a 43.9 ± 0.1 a 45.3 ± 0.1 a 39.3 ± 0.0 b 40.5 ± 0.0 b

18:2n-6 Linoleic acid (%) 36.7 ± 0.1 a 32.0 ± 0.0 b 31.7 ± 0.0 b 30.6 ± 0.1 b 36.6 ± 0.0 a 36.1 ± 0.0 a

18:3n-3 α- linolenic acid (%) 1.1 ± 0.0 a 0.8 ± 0.0 b 1.3 ± 0.0 a 1.1 ± 0.0 a 1.4 ± 0.0 a 1.3 ± 0.0 a

20:0 Arachidic acid (%) 0.7 ± 0.0 a 0.8 ± 0.0 a 0.8 ± 0.0 a 0.7 ± 0.0 a 0.6 ± 0.0 a 0.7 ± 0.0 a

20:1 Icosenoic acid (%) 0.5 ± 0.0 a 0.5 ± 0.0 a 0.6 ± 0.0 a 0.5 ± 0.0 a 0.5 ± 0.0 a 0.5 ± 0.0 a

22:0 Behenic acid (%) 0.4 ± 0.0 a 0.4 ± 0.0 a 0.4 ± 0.0 a 0.3 ± 0.0 a 0.4 ± 0.0 a 0.4 ± 0.0 a

24:0 Lignoceric acid (%) 0.8 ± 0.0 a 0.7 ± 0.0 a 0.9 ± 0.0 a 0.7 ± 0.0 a 0.7 ± 0.0 a 0.7 ± 0.0 a

Within each measure (myristic acid, palmitic acid, etc.) in the same column and each cultivar, different letters (a, b,
c, etc.) denote statistically significant differences.

Table 3. The principal compositions of three kinds of cooked rice for the human test.

A B C

Energy (kcal/100 g) 143.0 ± 2.8 a 148 ± 1.2 a 147 ± 1.1 a

Protein (g/100 g) 3.5 ± 0.2 a 3.1 ± 0.2 a 2.4 ± 0.1 b

Lipid (g/100 g) 1.5 ± 0.1 a 1.4 ± 0.1 a 0.5 ± 0.1 b

Carbohydrates (g/100 g) 34.0 ± 0.4 a 35.0 ± 0.2 a 33.4 ± 0.1 a

Sugar (g/100 g) 24.2 ±1.1 a 26.4 ± 1.0 a 33.0 ± 1.0 b

Insoluble dietary fiber (g/100 g) 9.5 ± 0.6 a 7.8 ± 0.2 b 0.4 ± 0.4 c

Water soluble dietary fiber (g/100 g) 0.3 ± 0.1 a 0.8 ± 0.1 b 0.1 ± 0.1 c

Moisture (g/100 g) 60.6 ± 0.5 a 59.9 ± 0.4 a 63.6 ± 0.3 a

Ash (g/100 g) 0.6 ± 0.0 a 0.6 ± 0.0 a 0.1 ± 0.0 b
A: Cooked WFBSK rice with 2.5% WBB and 0.3% rice oil added by HPT. B: Cooked BSK rice with 2.5% WBB
and 0.3% rice oil added by HPT. C: Cooked polished Koshihikari rice. Waxy black rice bran, WBB; high-pressure
treatment, HPT. Blend with wax-free black/brown rice, super-hard brown rice and Koshihikari brown rice (4:4:2),
WFBSK. Blend with black/brown rice, super-hard brown rice and Koshihikari brown rice (4:4:2), BSK. Within each
measure (energy, protein, etc.) in the same column, different letters (a, b, c, etc.) denote statistically significant
differences. Dietary fiber: enzymatic-gravimetric method (Prosky variant). Protein: Kjeldahi method. Lipid: Gas
chromatography. Ash: Inductively coupled plasma atomic emission spectrometry. Moisture: Drying method
by heating.

3.5. Measurement of Biofunctinal Properties of Three Kinds of Cooked Rice

Many dietary compounds have been proposed to be important antioxidants, and
although there is credible evidence that vitamins E and C are important antioxidants, the
evidence is weaker for carotenoids and related plant pigment [58]. The H-ORAC values
of WFBSK (77.5 ± 3.4) (μmol TE/100 g FW) and BSK (78.0 ± 1.3) (μmol TE/100 g FW)
were significantly higher than the control diet (0.0 ± 0.0) (μmol TE/100 g FW), and the
L-ORAC values trended in similar directions to the H-ORAC values. As a result, the total
ORAC values of WFBSK and BSK proved to be higher than the control diet by about
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80 times, and similarly, the anthocyanin and polyphenol contents of WFBSK and BSK were
significantly higher than the control diet, by about eight times. Pigmented rice contains
naturally occurring pigmented flavonoids known as anthocyanins. Positive health effects
have been reported for the pigments in the bran layer of rice [50]. In a previous study,
we reported that the H-ORAC values and available polyphenol content of black rice were
increased by HPT [39].

RS is starch that eludes digestion in the small intestine and may ferment in the large
intestine. Several studies have reported that long-term consumption of RS might reduce the
fasting cholesterol and triglyceride concentrations [59,60]. Yang et al. reported the starch
properties of mutant rice, which is rich in resistant starch [30]. Furthermore, Noro et al.
showed that Niigata 129 go (Chou 2418) contains long-chain glucans of amylopectin and
that the RS content is higher than in high-amylose rice cultivars [61]. Maeda et al. [62]
showed that the RS content of mutant rice became slightly higher than in that untreated
by HPT, although their physical properties were improved. As shown in Table 4, the RS
contents of WFBSK (5.1 ± 0.1%) and BSK (5.1 ± 0.1%) were significantly higher than with
the control diet (0.7 ± 0.0%).

Table 4. Biofunctional properties of three kinds of cooked rice for human test.

H-ORAC L-ORAC Total ORAC Anthocyanin Polyphenol RS Free β-Secretase
μmol μmol μmol GAEmg/ Ferulic Acid Inhibition Rate (%)

TE/100 gFW TE/100 gFW TE/100 gFW (mg/g) 100 gFW (%) (mg/100 g) (0.27μg-eq/μL)

A 77.5 ± 3.4 b 5.2 ± 0.4 b 82.7 ± 3.8 b 8.03 ± 0.03 b 8.30 ± 0.20 b 5.1 ± 0.1 b 0.60 ± 0.00 b 9.2 ± 0.3 b
B 78.0 ± 1.3 b 4.9 ±0.0 b 82.9 ± 1.3 b 5.84 ± 0.02 b 7.87 ± 0.20 b 5.1 ± 0.1 b 0.57 ± 0.01 b 8.8 ± 0.3 b
C 0.0 ± 0.0 a 1.1 ± 0.1 a 1.1 ± 0.2 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.7 ± 0.0 a 0.30 ± 0.00 a 0.0 ± 0.0 a

A: Cooked WFBSK rice with 2.5% WBB and 0.3% rice oil added by HPT. B: Cooked BSK rice with 2.5% WBB
and 0.3% rice oil added by HPT. C: Cooked polished Koshihikari rice. Waxy black rice bran, WBB; high-pressure
treatment, HPT. Blend with wax-free black/brown rice, super-hard brown rice and Koshihikari brown rice (4:4:2),
WFBSK. Blend with black/brown rice, super-hard brown rice and Koshihikari brown rice (4:4:2), BSK. Within
each measure (H-ORAC, L-ORAC, etc.) in the same column, different letters (a, b, c, etc.) denote statistically
significant differences.

BACE1 is the first protease involved in the process of converting APP to Aβ in the
brain. As shown in Table 4, the BACE1 inhibitory activities for WFBSK (9.2 ± 0.3%) and
BSK (8.8 ± 0.3%) were significantly higher than for the control diet (0.0%). The BACE1
inhibitory activity of pigmented rice bran is much stronger than the inhibitory activities of
ordinary rice bran, as reported in our previous paper [45].

Ferulic acid is used as an antioxidant and antimicrobial agent. It is also recognized
that ferulic acid exhibits a preventive effect on discoloration in various food products, and
a variety of physiological functions such as suppression of Alzheimer’s disease, prevention
of muscular fatigue, improvement of hypertension and antitumor activity in the breast,
liver and colon [24]. As shown in Table 4, the free ferulic acid levels of WFBSK (0.60 ± 0.00)
(mg/100 g) and BSK (0.57 ± 0.01) (mg/100 g) were significantly higher than for the control
diet (0.30 ± 0.00) (mg/100 g). These results were presumed to be due to HPT.

As a result, the biofunctional properties of WFBSK tended to be slightly higher than
the BSK ones. Therefore, we selected WFBSK as the test diet for the human intervention test.

3.6. Textural Properties of Three Kinds of Cooked Rice

As shown in Table 5, the hardness and adhesion of three kinds of cooked rice showed
similar values, but the toughness and stickiness of WFBSK and BSK were significantly
higher than those of the control diet. As a result, the textures of the cooked WFBSK and
BSK rice became acceptable for consumers, in terms of palatability, by HPT.

The biofunctional and physical properties of WFBSK and BSK showed a similar ten-
dency. Therefore, we evaluated the palatability of blended meals by sensory evaluation.
We found the “taste” and “overall evaluation”, in sensory analysis of WFBSK meal, were
significantly higher than those of BSK meal at the level of 5%, as shown in Table 6. Further-
more, the “taste” and “overall evaluation” of WFBSK meal were improved by adding 0.3%
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rice oil according to the method for improving the eating quality of cooked rice by adding
rice oil [63].

Table 5. Textural properties of three kinds of cooked rice for human test.

Hardness Toughness Adhesion Stickiness

×105 [N/cm2] ×105 [N/cm2] ×105 [N/cm2] ×105 [N/cm2]

A 0.002 ± 0.00 a 0.025 ± 0.00 b 0.007 ± 0.00 a 0.010 ± 0.00 b
B 0.002 ± 0.00 a 0.024 ± 0.01 b 0.008 ± 0.00 a 0.012 ± 0.01 b
C 0.002 ± 0.00 a 0.018 ± 0.00 a 0.007 ± 0.00 a 0.006 ± 0.00 a

A: Cooked WFBSK rice with 2.5% WBB and 0.3% rice oil added by HPT. B: Cooked BSK rice with 2.5% WBB
and 0.3% rice oil added by HPT. C: Cooked polished Koshihikari rice. Waxy black rice bran, WBB; high-pressure
treatment, HPT. Blend with wax-free black/brown rice, super-hard brown rice and Koshihikari brown rice (4:4:2),
WFBSK. Blend with black/brown rice, super-hard brown rice and Koshihikari brown rice (4:4:2), BSK. Within
each measure (hardness, toughness, etc.) in the same column, different letters (a, b, c, etc.) denote statistically
significant differences.

Table 6. Result of sensory test of three kinds of the blended meals.

Appearance Aroma Hardness Taste Stickiness
Overall

Evaluation

A 3.13 ± 0.85 a 3.13 ± 0.25 a 2.38 ± 0.48 a 3.85 ± 0.02 a 3.35 ± 0.02 a 3.85 ± 0.01 a
B 3.25 ± 0.29 a 3.13 ± 0.25 a 2.88 ± 0.48 a 3.30 ± 0.01 b 3.25 ± 0.01 a 3.31 ± 0.02 b
C 3.00 ± 0.00 a 3.00 ± 0.00 a 3.00 ± 0.00 a 3.00 ± 0.00 b 3.00 ± 0.00 a 3.00 ± 0.00 b

A: Cooked WFBSK rice with 2.5% WBB and 0.3% rice oil added by HPT. B: Cooked BSK rice with 2.5% WBB and
0.3% rice oil added by HPT. C: Cooked WFBSK rice with 2.5% WBB added by HPT. Waxy black rice bran, WBB;
high-pressure treatment, HPT. Blend with wax-free black/brown rice, super-hard brown rice and Koshihikari
brown rice (4:4:2), WFBSK. Blend with black/brown rice, super-hard brown rice and Koshihikari brown rice
(4:4:2), BSK. Within each measure (appearance, aroma, etc.) in the same column, different letters (a, b, c, etc.)
denote statistically significant differences. a, b < 0.05, n = 10.

3.7. Human Intervention Test for Cognitive Function

We examined the effects of WFBSK meal on the cognitive function of healthy Japanese
adults. Twenty-four subjects were randomly assigned to the WFBSK meal or control
meal based on the MMSE score. There was no significant difference in subject age, BMI,
MMSE score, fasting blood glucose or HbA1c between the WFBSK and control meal groups
(Table 7). One pack of WFBSK or the control of white rice was taken every day for a
12-week intervention period (Table S1). No adverse effects were observed for 12 weeks and
all 24 subjects completed the intervention test in good health (Figure S2). Cognitrax was
used as a test battery to assess the cognitive function of the participants. Evaluation was
performed before and after 12 weeks of intervention. At the baseline, none of the cognitive
domains showed significantly different scores between the WFBSK and control meal.
As shown in Table 8 and Figure 2, Cognitrax demonstrated that subjects taking WFSFK
meal showed significant improvement in the cognitive domain of language memory after
12 weeks (p < 0.05).

As biofunctional components to improve the cognitive ability, astaxanthin and sesamin [64],
green tea catechins [65], rosemary extracts [66], chlorogenic acids [4], L-theanine [67],
astaxanthin and tocotrienol [68] have been reported. It seems that the main component in
our sample meal to improve cognitive ability would be anthocyanin because many papers
reported the important role of its anti-oxidative capacity, the same as with propolis [69,70],
astaxanthin [67,68], green tea catechins [65] and chlorogenic acids [4]. In the present
paper, we showed that the WFSFK meal contained a high amount of anthocyanin, a kind
of polyphenol.

Although other components, such as gamma-oryzanol, ferulic acid, and tocopherol, in
the brown rice and rice oil, could be the candidates for the improvement of cognitive ability,
we consider that anthocyanin would be most important because of the stronger ORAC
values in the black/brown rice, as shown in Table 4. We will continue our investigation to
clarify this it in the next report.
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It seems that our results are one of the first examples of effects shown for a foodstuff
itself like cooked rice, not for a specified functional component or its extracts.

Table 7. Comparison between test and control meals for human intervention test items.

Test Meal
SD

Control Meal
SD

Paired-t
(n = 12) (n = 12) p-Value

Age 60.1 6.3 58.0 4.8 0.4345
BMI (kg/m2) 21.9 2.4 21.0 2.3 0.6763

FBG (mg/mL) 94.9 5.2 95.2 9.3 0.9306
HbA1c 5.6 0.2 5.6 0.3 0.7525
MMSE 29.0 1.0 29.3 0.8 0.4649

BMI, body mass index; FBG, fasting blood glucose; HbA1c, hemoglobin A1c; MMSE, mini-mental state examination.

Table 8. Results of Cognitrax.

Test Meal Control Meal

Comprehensive memory 7.25 ± 13.87 a −0.83 ± 12.19 a

Language memory 16.00 ± 18.35 a 1.00 ± 15.08 b

Visual memory −3.67 ± 12.28 a −2.75 ± 14.05 a

Cognitive function speed 4.08 ± 7.18 a 0.17 ± 7.33 a

Reaction time 1.83 ± 7.90 a 7.33 ± 8.90 a

Comprehensive attention 6.42 ± 11.98 a 1.17 ± 17.83 a

Cognitive flexibility 7.17 ± 13.07 a 4.50 ± 17.48 a

Processing speed 5.50 ± 12.90 a 5.33 ± 5.77 a

Execution mechanism 7.33 ± 12.76 a 4.75 ± 15.71 a

Simple attention 2.75 ± 13.80 a −8.50 ± 41.58 a

Movement speed 1.25 ± 6.54 a −2.92 ± 7.91 a

Finger tapping (left hand) 0.50 ± 4.06 a −6.00 ± 9.72 b

Symbol digit coding −7.50 ± 18.30 a 2.83 ± 8.39 a

Stroop test −6.70 ± 27.2 a 11.42 ± 18.58 a
Within each measure (comprehensive memory, language memory, etc.) in the same column, different letters (a, b,
etc.) denote statistically significant differences. a, b < 0.05.

p n 

Figure 2. Language memory test.
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3.8. Changes in Plasma Aβ42/40 Ratio

Blood samples were taken from the 24 subjects after meals before the diets began
(baseline) and after 12 weeks. Plasma Aβ40 and Aβ42 were measured, and Aβ42/40 ratio
was evaluated as a secondary endpoint. A change in Aβ42/40 ratio from the baseline to the
end of the test (after 12 weeks) did not show a significant difference between the subjects
who consumed the WFBSK and those who consumed the control meal (Figure 3).

Aβ spices are important components of plaque in the AD brain. The Aβ42/40 ratios
in plasma may decline early in the course of AD [71]. High plasma concentrations of Aβ40,
especially when combined with low concentrations of Aβ42, indicate an increased risk of
dementia [71,72]. The reason why the Aβ 42/40 ratios did not change with the WFBSK
meal may be explained by the relatively short period of intervention in this study.

n 

Figure 3. Changes of variation of amyloid β-42/4 peptide ratio by ELISA after 12 weeks.

3.9. Results of Postprandial Blood Glucose and Insulin Secretion

Panlasigui and Thompson [73] showed that unpolished rice is healthier and more
beneficial than polished rice for diabetics and hyperglycemic individuals, and that the
glycemic area and GI were 35.4% lower in unpolished rice than in polished rice.

Jung et al. [74] showed that ferulic acid might be beneficial in the treatment of type 2
diabetes because it regulates blood glucose levels (BGLs) by elevating glucokinase activity
and producing glycogen in the liver.

The BGL of test subjects at 90 min and 120 min after ingesting the WFBSK meal
showed no significantly lower tendency after 12 weeks on the diets than that in subjects
who consumed the control meal, as shown in Figure 4A.

Tokutake et al. [10] reported that the disturbed insulin signaling cascade may be
implicated in the pathways through which soluble Aβ induces Tau phosphorylation, and
lent further support to the notion that correcting the insulin signal dysregulation in AD
may offer a potential therapeutic approach.

After 12 weeks on treatment meals, the insulin levels of test subjects that ingested the
WFBSK meal were significantly lower at 120 min after the meal than the insulin levels in
subjects consuming the control meal (p < 0.05) (Figure 4B).

Test meal: wax-free black/brown rice, “Okunomurasaki”, super-hard brown rice
“Niigata 129 gou” and ordinary brown rice “Koshihikari” blended in a ratio of 4:4:2 with
2.5% waxy black rice bran (WBB) “Shihou” and 0.3% rice oil added, cooked after high-
pressure-treatment (HPT) by Echigo Seika, Co., Ltd. Control meal: “Koshihikari” cooked
polished rice was prepared by Echigo Seika, Co., Ltd.
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Although we measured HDL cholesterol, LDL cholesterol, insulin sensitivity and
HbA1c, they did not show significant differences between subjects who consumed the test
meal or the control meal.

n n

Figure 4. Variation in the BGL and insulin in 24 subjects after eating blending cooked rice of test meal
(WFBSK) and polished rice of control after 12 weeks. (A) variation in postprandial BGL. (B) variation
in postprandial insulin secretion. * means significant difference (p < 0.05).

4. Conclusions

In this study, as the texture of cooked brown rice is too hard and non-sticky to be
table rice, we adopted novel processing technology to create “wax-free brown rice” (WFBR)
and compared it with ordinary brown rice in terms of textural properties and functional
ingredients. A human intervention test, in a randomized, parallel-group comparison
study, was conducted by using the abovementioned meals as samples for 12 weeks, to be
consumed by 24 subjects.

(1) Wax-free unpolished rice showed higher water absorption, which led to the improve-
ment of eating quality and hydrophilic ORAC of black unpolished rice.

(2) In addition to the wax-free processing, HPT (high-pressure treatment) and the addition
of rice oil were effective at improving the eating quality of our test meal, which led to
the completion of the human intervention test without dropout in terms of palatability.

(3) Wax-free processing, HPT and addition of WBB (waxy black rice bran) strengthened
the biofunctionality of our test meal, WFBSK.

(4) After 12 weeks of human intervention testing, the postprandial blood insulin levels
of the test subjects were significantly lower at 120 min than those of subjects who
consumed the control diet (p < 0.05), which would prevent hyperinsulinemia, one of
the causes of the shortage of insulin in the brain, and contribute to improvement in
the cognitive domain of language memory.

(5) The results of Cognitrax demonstrated that consuming WFSFK meal was significantly
effective at improving the cognitive domain of “language memory” after 12 weeks
(p < 0.05).

In conclusion, our test meal showed the possibility of controlling dementia and type
2 diabetes mellitus in the 12-week human intervention test. This result would lead to
the prevention of dementia through a diet based on boiled rice. As rice is a staple food
for many people in the world, this would support not only satiety but also a healthy life
without dementia.
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Gastroesophageal Reflux (GER) Symptoms in Patients with
Overlapping GERD-Irritable Bowel Syndrome (IBS)

Tanisa Patcharatrakul 1,2, Sittikorn Linlawan 3, Suppawatsa Plaidum 1 and Sutep Gonlachanvit 1,2,*

1 Division of Gastroenterology, Department of Medicine, King Chulalongkorn Memorial Hospital, The Thai
Red Cross Society, Bangkok 10330, Thailand; dr_tanisa@yahoo.com (T.P.); vavai_vv@hotmail.com (S.P.)

2 Center of Excellence on Neurogastroenterology and Motility, Faculty of Medicine, Chulalongkorn University,
Bangkok 10330, Thailand

3 Department of Medicine, Phrachomklao Hospital, Phetchaburi 76000, Thailand; sittilin@yahoo.com
* Correspondence: sutep.g@chula.ac.th; Tel.: +66-2256-4265

Abstract: A randomized crossover study in twenty-one patients (18F, age 50 ± 13 years) with over-
lapping GERD-IBS was conducted to evaluate the effects of rice noodles (low FODMAPs) vs. wheat
noodles (high FODMAPs) on typical GER symptoms, and the correlation between GERD symptoms
and intestinal gas production. Results: Heartburn and regurgitation scores were highest in most
patients (19/21) during the first 15 min after meals. At 15 min after lunch, wheat was significantly
associated with more regurgitation and heartburn than rice. Also, at 15 min after breakfast, wheat
aggravated more regurgitation than rice. Wheat ingestion was significantly associated with higher H2

and CH4 levels after lunch compared to rice, whereas gas levels before lunch were similar (p > 0.05).
The area under the curve of H2 and CH4 concentration 15 min after a lunch of wheat moderately
correlated with the regurgitation severity at 15-min (r = 0.56, p < 0.05). Conclusion: Wheat induced
more GERD symptoms than rice in patients with overlapping GERD-IBS. This effect, immediately de-
veloped after lunch, was associated with more intestinal gas production. Thus, a low FODMAPs diet
may relieve postprandial GERD symptoms in GERD patients with overlapping IBS. Wheat inducing
more regurgitation than rice after breakfast suggests other mechanism(s) besides gut fermentation.

Keywords: rice; wheat; fermentable oligosaccharides, disaccharides, monosaccharides, and polyols
(FODMAPs); irritable bowel syndrome; GERD; intestinal gas; fermentation

1. Introduction

Food can exacerbate gastrointestinal (GI) symptoms in patients with functional gas-
trointestinal disorders as a consequence of several mechanisms, such as changes in intestinal
motility, visceral sensations, microbiome, intestinal permeability, immune activation, and
brain–gut interactions [1,2]. Carbohydrates, a major component of each meal, may cause
bloating, flatulence, abdominal pain and discomfort, and diarrhea if the small intestine′s
absorption process is not complete. The products of bacterial fermentation in the colon,
such as hydrogen (H2), methane (CH4), and short-chain fatty acids (SCFAs), can modulate
colonic propagated contraction, and colonic transit [3,4]. Studies showed that colonic infu-
sion of SCFAs affects upper GI tract motor functions, including relaxation of the proximal
stomach [5], and induces transient lower esophageal sphincter relaxations (TLESRs) [6] in
healthy individuals. Research in animals also suggested the role of SCFAs on gut–brain
communication and brain function directly or indirectly through immune, endocrine, vagal,
and other humoral pathways [7].

Overlapping functional gastrointestinal disorders are common, and associated with
poor treatment outcomes and lower quality of life [8]. IBS and GERD have been reported
in about one-third of patients with each disease [9,10]. Meta-analysis of randomized
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controlled studies supported the benefit of consuming a low FODMAPs diet on gastroin-
testinal symptoms and quality of life in patients with IBS [11,12]. However, the role of
carbohydrates on GERD has not been well understood.

Rice and wheat are the common food staples for humans worldwide. Besides starch,
wheat also contains different proteins, such as gluten, albumin, globulin, and polypep-
tides [13]. Among them, gluten is the major protein component. In contrast, albumin,
globulin, and glutelin are the major protein in rice [14]. Likewise, starch components in
rice and wheat are also different. Rice and wheat are representative of a low and high
FODMAPs diet, respectively. Rice has been proposed as a good carbohydrate source for
patients with functional gastrointestinal disorders [15]. Studies showed that hydrogen
gas, a colonic bacterial fermentation product, in breath samples after rice ingestion is not
significantly increased from the fasting period. In contrast, wheat ingestion produced more
breath hydrogen gas in healthy humans [16] and patients with IBS who had negative tests
for celiac disease [17]. This suggests that wheat is not completely absorbed in the small
intestine, and it may produce GI symptoms independent of gluten hypersensitivity.

Therefore, this study aimed to evaluate the effects of low vs. high FODMAPs meals
on typical GER symptoms using rice vs. wheat noodles, and the correlation between
GERD symptoms and intestinal gas production in patients with overlapping GERD-IBS.
We hypothesized that ingestion of wheat, a high FODMAP food, will increase colonic
fermentation, intestinal gas, and SCFAs, leading to more TLESRs and GERD symptoms
than rice, a low FODMAP food.

2. Materials and Methods

2.1. Study Subjects

Adult patients (aged 18–65 years old) who had typical GERD symptoms (bothersome
heartburn and/or regurgitation) and non-constipation type IBS according to the Rome III
criteria were recruited from the gastroenterology clinic in King Chulalongkorn Memorial
Hospital, The Thai Red Cross Society, Bangkok, Thailand. A symptom questionnaire with a
Bristol Stool Form Scale (BSFS) was used to exclude the IBS constipation-predominant type.
We excluded patients with a history of allergies to the test meals; history of abdominal
surgery, except for appendectomy and hemorrhoidectomy; pregnancy; major psychological
disorders; and comorbid pulmonary conditions, such as chronic obstructive pulmonary
disease (COPD). A serologic test for celiac disease (serum immunoglobulin A, anti-tissue
transglutaminase; tTG antibody), and a specific skin prick test for gluten and wheat allergy
(ALK Abello Pharm., Inc., Mississauga, ON, Canada) were performed. All participants
needed to have stable medical treatment at least four weeks before the study enrollment;
stop probiotics, antibiotics, prokinetics, laxatives, or medications that affect GI functions
and symptoms during a 2-week run-in and the study period; and record their food diary for
three days before the study. Patients who still had overall GI symptoms severity during the
last week of a run-in period more than 5 of 10 cm of visual analog scale (VAS) were enrolled.

2.2. Study Design

All subjects were randomly assigned by block randomization to the different test
meals (rice noodles or wheat noodles), then crossover with a one-week washout period.
This period was judged as a sufficient time for the meals in the previous period to have
washed out, as the participants had a stool frequency of at least three times per week.
After at least 8 h fasting, baseline GI symptom scores and BSFS were assessed. All subjects
ingested a standard 250 g rice noodles or 250 g wheat noodles at 8.00 AM (breakfast) and
noon (lunch). Exhaled breath hydrogen (H2) and methane (CH4) gas were acquired from
all subjects at fasting and after breakfast every 15 min for 8 h. Although the rice and wheat
noodles looked different, all patients were not informed about the major component of the
noodles, and the term “FODMAPs” was not mentioned in the patient’s information sheet.
The investigators who evaluated GI symptoms and measured the breath H2 and CH4 gas
levels were blinded to the test meals. The postprandial GI symptoms, including typical
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GERD symptoms (heartburn, regurgitation), gas-related symptoms (bloating, belching,
flatulence), satiety, nausea, abdominal pain, and stool urgency, were evaluated using 10 cm
visual analog scales (VAS), in which 0 indicated no symptom and 10 indicated the most
severe symptoms. All subjects gave their informed consent before they participated in the
study. The study was conducted following the Declaration of Helsinki, and the protocol
was approved by the Institutional Review Board of Faculty of Medicine, Chulalongkorn
University (project identification code 027/56 and 678/62).

2.3. Interventional Meals

The study meals were made from 90-g-dry weight of rice or wheat noodles, and cooked
as 250-g-cooked weight, as described in our previous study [17]. No vegetable or other
fermentable ingredients, such as garlic or soy sauce, were added, to avoid intestinal gas
production from other sources. In each study, participants took the test meal for breakfast
and lunch. A glass of water (250 mL) was allowed with the test meals, and subjects were
asked to finish their meal within 15 min. No food, drink, or medication were allowed during
the study. We recorded the amount of food taken in every meal. According to the USDA
Food Composition Database (https://ndb.nal.usda.gov/ndb/search/list (accessed on 30
November 2021)) [18], the total energy in each serving size for wheat and rice noodles in
this study was 440 kcal and 450 kcal, respectively. The carbohydrate, protein, fat, and fiber
contents in wheat and rice noodles serving were 42:32:14:2 g and 50:30:14:<1 g, respectively.
The oligosaccharides (fructans and galacto-oligosaccharides) for a grain cutoff value of less
than 0.3 g per serving was classified as a low FODMAPs diet, which was well tolerated and
did not trigger symptoms in patients with IBS in clinical studies [19–21]. A study reported
a serving size (cooked, 165 g) of wheat-based pasta containing 2.5 g fructans, which is
considerably high in FODMAPs content [22]. In contrast, 100 g cooked rice noodles did
not contain fructans and short-chain carbohydrates [23]. In this study, we used 250 g rice
noodles, representing a low FODMAPs meal; and 250 g wheat noodles, representing a high
FODMAPs meal.

2.4. Breath Tests

In the evening before the study day, we advised all subjects to avoid poorly absorbable
carbohydrates affecting intestinal gas production on the study day. Patients ensured their
good oral hygiene during the breath testing by brushing their teeth before taking the first
breath sample [24]. The baseline gas sample was a fasting sample taken before breakfast,
then every 15 min for 8 h. Each breath sample was collected using a 250 mL sample holding
bag (Quintron Instrument Co., Inc., Milwaukee, WI, USA). We used a Quintron Microlyzer
Model DP Plus (Quintron Instrument Co., Inc., Milwaukee, WI, USA) for measuring H2
and CH4, and reported in parts per million (ppm).

2.5. Statistical Analysis

The primary outcome was the postprandial typical GERD symptoms (heartburn,
regurgitation) severity scores compared between the test meals. Secondary outcomes were
the gas-related symptoms (bloating, belching, flatulence) and other GI symptom scores
after breakfast and lunch, and exhaled H2 and CH4 over an 8 h study comparing the
interventional meals. The sample size was calculated to determine at least a 30% difference
of GERD symptom severity score between rice and wheat [25] with 90% power at α = 0.05,
and at least 20 subjects were needed.

A comparison of GI symptoms, H2, and CH4 gas levels between two groups were ana-
lyzed using the paired T-test and Wilcoxon sign rank test, depending on data distribution.
A p-value of less than 0.05 was defined as statistical significance. Data were expressed as
mean ± SD or median (interquartile range) as appropriate. The repeated measures analysis
of variance was also performed to determine whether period, sequence, and carryover
effects can arose in a crossover trial. The data were analyzed using SPSS software version
26.0 for Windows.
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3. Results

Twenty-one patients (18F, age 50 ± 13 years, BMI 24.1 ± 4.3 kg/m2) with bothersome
typical GERD symptoms overlapping non-constipation type IBS were included. The
duration of GERD and IBS symptoms was 6 (5–12) and 8 (6–13) months, respectively.
Baseline global symptoms severity (VAS 0–10) was 7.6 ± 1.5, with a typical GERD symptoms
severity score of 6.1 ± 2.3 at the study enrollment. The median BSFS during the past month
before study enrollment was 5(4–5), with a stool frequency of 7(6–10) times per week.
Thirteen patients had serologic tests for celiac disease (serum immunoglobulin A, anti-
tissue transglutaminase; tTG antibody), and a specific skin prick test for gluten and wheat
allergy, and all the results were negative. Nineteen patients underwent upper endoscopy
after GERD onset, and all of them had no reflux esophagitis. The other two patients did
not undergo upper endoscopy as they were under 50 years and had no alarm features.
Three-day food diaries before the study day showed comparable food items between arms.
The fasting GI symptom scores in the morning before each study meal ingestion were not
significantly different compared between test meals (p > 0.05) (Table 1).

Table 1. Fasting gastrointestinal symptom scores in the morning before each study meal ingestion.

Wheat Noodles
(n = 21)

Rice Noodles
(n = 21)

GERD symptoms (Visual analog scale 0–10)

Heartburn 0(0–0) 0(0–0)

Regurgitation 1(0–2.5) 0(0–0)

Other GI symptoms (Visual analog scale 0–10)

Bloating 3(0–5.5) 3(0–3.5)

Belching 2(0–6) 2(0–3.5)

Flatulence 2(0–6) 1(0–4)

Nausea 0(0–1.5) 0(0–1)

Satiety 5(3.5–5.5) 5(2–6)

Chest discomfort 0(0–0) 0(0–0)

Abdominal pain 0(0–2.5) 0(0–3)

Abdominal burn 0(0–2.5) 0(0–2.5)

Stool urgency 0(0–0) 0(0–0)
Data expressed as median (interquartile ranges; p > 0.05, wheat noodles vs. rice noodle for all symptoms.

3.1. Effects of Wheat vs. Rice Ingestion on Typical GERD Symptoms

All patients finished the assigned wheat and rice noodles at a similar amount, and
completed the studies without serious adverse events. Regarding the symptoms after
breakfast, regurgitation severity after the wheat noodles arm was significantly higher than
rice noodles only at 15 min (p < 0.05). Then, the symptom gradually decreased, and was
not significantly different between wheat and rice noodles after that. Heartburn symptoms
2 h after wheat noodles for breakfast were not significantly different from rice noodles
(p > 0.05). In contrast, at 15 min after lunch, heartburn and regurgitation severity in the
wheat noodles arm were significantly higher than the rice noodles arm (p < 0.05). Also, at
2 h after lunch, regurgitation severity in the wheat noodles arm was significantly higher
than the rice noodles arm (p < 0.05) (Figure 1A,B).
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Figure 1. The typical gastroesophageal reflux disease (GERD) symptoms scores at postprandial
period comparing between wheat and rice noodles ingestion. (A) shows symptoms after breakfast,
and (B) shows symptoms after lunch. Heartburn and regurgitation were evaluated by visual analog
scale (VAS) 0–10. * p < 0.05 wheat noodles vs. rice noodles. Data expressed as mean and SEM.

3.2. Effects of Wheat vs. Rice Ingestion on Other GI Symptoms

During 2 h after breakfast, wheat noodles ingestion was significantly associated with
higher maximal satiety symptom scores than rice noodles ingestion (p < 0.05), whereas
bloating, belching, flatulence, nausea, chest discomfort, abdominal pain, abdominal burn,
and stool urgency severity scores were not significantly different compared to rice noodles
(p > 0.05). In contrast, wheat noodles ingestion significantly aggravated more severe
bloating, satiety, and chest discomfort than rice noodles ingestion during 2 h after lunch
(p < 0.05). Belching, flatulence, nausea, abdominal pain, abdominal burn, and stool urgency
severity scores were not significantly different after the wheat and rice test meals. Wheat
noodles for lunch were associated with more 2 h postprandial bloating symptoms than
wheat noodles for breakfast (p < 0.05) (Figure 2).

156



Foods 2022, 11, 26

Figure 2. The maximal gastrointestinal symptom scores during 4 h after breakfast (A) and lunch (B),
comparing between wheat and rice noodles ingestion. Symptoms were evaluated by visual analog
scale (VAS) 0–10. A box and whisker plot represents the median, interquartile range, minimal, and
maximal values of symptom severity. * p < 0.05 wheat noodles vs. rice noodles.

3.3. H2 and CH4 Production after Rice vs. Wheat Ingestion

The area under the curve (AUC) of H2 and CH4 concentration over 8 h after wheat
noodles ingestion were significantly greater than the levels after rice noodles ingestion (wheat
vs. rice; AUC: H2 = 2925(1710–5334) vs. 1523(944–2446) ppm-min; CH4 = 833(581–1628)
ppm-min, p < 0.001). During 4 h after lunch, the AUC of H2 and CH4 concentration in the
wheat study arm were significantly higher than the rice study arm (AUC: H2 = 1208(300–2145)
vs. 600(278–840) ppm-min; CH4 = 390(296–1050) vs. 330(214–566) ppm-min, p < 0.05). In the
wheat noodles arm, the AUC of H2 and CH4 concentrations after lunch were significantly
higher than the concentrations after breakfast (p < 0.05), but not rice (p > 0.05). This effect
was demonstrated immediately after lunchtime (Figure 3). During 4 h after breakfast, the
AUC of H2 and CH4 concentration were not significantly different between wheat and rice
noodles ingestion (AUC: H2 = 533(266–999) vs. 485(248–739) ppm-min; CH4 = 350(243–494)
ppm-min, p > 0.05). Also, H2 and CH4 concentration levels at every time point during this
period were similar.
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Figure 3. Exhaled hydrogen gas concentrations after ingestion of different test meals. * p < 0.05 wheat
noodles vs. rice noodles.

3.4. The Correlation between Postprandial Symptoms and H2 and CH4 Production

The maximum regurgitation symptom was developed at the first 15 min after lunch in
nearly all (19/21) patients. Thus, we correlated the regurgitation severity scores with H2 and
CH4 concentrations during 15 min after lunch. The regurgitation severity score at 15 min after
wheat noodles for lunch significantly correlated with the area under the curve of exhaled H2
concentration during 15 min after lunch (r = 0.56, p = 0.009) and the area under the curve of
exhaled CH4 concentration during 15 min after lunch (r = 0.55, p = 0.009).

In the analysis of variance, there was no indication of a sequence effect, a period effect,
or a carryover effect on the GI symptoms, and gas production (p > 0.05)

4. Discussion

This study demonstrated wheat noodles, a high FODMAPs meal, were significantly
associated with higher postprandial heartburn and regurgitation than rice noodles, a low
FODMAPs meal, in patients with GERD overlapping non-constipation type IBS. This effect
was clearly observed after lunch. In addition, wheat produced higher exhaled H2 and
CH4 concentrations than rice noodles, demonstrated immediately after lunchtime onward,
but not after breakfast. Moreover, after lunch, the amount of H2 and CH4 production
with wheat noodles significantly correlated with postprandial GERD symptom severity.
This finding suggests that intestinal gas production, or colonic fermentation of incomplete
carbohydrate absorption might play roles in the postprandial GERD symptoms after lunch.
This study also demonstrated that regurgitation symptom scores, but not heartburn scores,
after wheat noodles for breakfast were significantly higher than rice noodles, independent
of intestinal gas production. All thirteen patients who underwent serologic tests for celiac
disease, and specific skin prick tests for gluten and wheat allergy had negative results.
Wheat noodles still have different components than rice noodles, such as gluten [13,14], and
may trigger more regurgitation symptoms without increased intestinal gas in the morning.
Furthermore, this effect was augmented by gas production in the afternoon, as both
heartburn and regurgitation symptoms scores after wheat noodles were significantly higher
than rice noodles. This finding suggests that mechanisms other than colonic fermentation
might also play a role in the pathogenesis of wheat-induced regurgitation symptoms.

The rising rate of exhaled intestinal gas being the highest at the first 15 min after
wheat lunch suggests a clearance of incomplete absorbed carbohydrates from the ileum
into the large bowel stimulated by lunch ingestion. Studies showed that the bacterial
fermentation products in the colon not only stimulate colonic propagated contraction, and
accelerate colonic transit [3,4], but also decrease proximal gastric tone in a dose-dependent
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manner [5], and induce transient lower esophageal sphincter relaxations (TLESRs) [6], and
TLESR-associated acid reflux episodes in healthy individuals [6]. The maximal difference in
regurgitation and heartburn severity scores between wheat and rice in this study occurred at
the first 15 min after lunch. As a randomized crossover design, wheat-induced regurgitation
and heartburn symptoms after lunch likely link to TLESRs via colonic fermentation.

The participants in our study also had a more increased regurgitation after breakfast
with wheat noodles than rice noodles, which were not associated with the intestinal gas
production amount. After breakfast, the difference in GERD symptoms was only regurgita-
tion, but not heartburn, and symptoms were rapidly improved rather than prolonged, and
associated with other gas-related symptoms in the afternoon. The mechanisms independent
of colonic fermentation that explain wheat-induced regurgitation symptoms in the morning
remain elusive. One hypothesis is the impact of different diets on reflux perception. A
recent randomized study comparing between a 4-week low FODMAPs diet (< 3 g/d) and a
diet following usual dietary advice (low-fat diet; avoid alcohol, caffeine, and overeating)
in the PPI-refractory GERD patients who had normal total acid exposure time ((AET),
(median AET 1.1% (0.2–2.6)) demonstrated a similar GERD symptoms improvement [26].
Almost all patients in both groups displayed unchanged pH-impedance parameters (reflux
number, acid exposure, bolus exposure time) at the end of the diet. In contrast, the number
of patients with positive symptom association numerically decreased. So, different food
components or dietary modifications might affect GERD symptoms perception in patients
with PPI-refractory GERD. A physiologic study in healthy subjects showed that food could
activate gastric accommodation, an underlying mechanism of GER [27], since it is in the
mouth without swallowing (oropharyngeal phase) to the duodenal phase [28]. A study in
NERD patients from our center showed that capsaicin, a TRPV1 receptor agonist, enhanced
gastric accommodation more than placebo in GERD patients, and this effect appeared at
20 min postprandial period [29]. Whether different chemical stimuli from wheat, rice, or
their components may enhance gastric accommodation in GERD patients differently is
not known. A pre-clinical study showed that hexane extract of wheat flour could activate
capsaicin (TRPV1) receptors, but do not have a pungency effect [30]. This finding may
explain why only regurgitation, but not heartburn, symptoms were triggered after wheat
ingestion in the morning in the present study.

Most starch in the western diet usually comes from refined wheat grains. The Monash
University FODMAPs Diet Application® classified wheat as a high FODMAPs food, and
rice as a low FODMAPs food. This study uses 250 g rice noodles, representing a low
FODMAPs meal; and 250 g wheat noodles, representing a high FODMAPs meal. Although,
this study suggests the possible role of a low FODMAPs diet as a non-pharmacologic
treatment for GERD with overlapping IBS patients. It is impossible to exclude the effect
of gluten or other components in wheat noodles on GI symptoms and intestinal gas
production. Previous studies in healthy volunteers showed that gluten-containing wheat
meals produce a significantly higher cumulative breath H2 excretion than gluten-free
wheat meals and gluten-free wheat meals with added gluten [31,32]. A previous study
from our group also showed that mung bean noodles, considered as gluten-free noodles,
produce intestinal gas comparable to rice noodles, although mung beans are classified as
a high FODMAPs food [17]. It is possible that the procedures for gluten extraction from
the flour altered the carbohydrates, making them more absorbable. Further studies are
needed to elucidate whether FODMAPs, gluten, or other components in wheat induce
GERD symptoms.

The effectiveness of a gluten-free diet and low FODMAPs for GERD management
has been reported [26,33–35]. A prospective study in untreated celiac disease patients
showed that GERD is six-fold more common than healthy individuals. After treatment
with a gluten-free diet, GERD symptoms rapidly improved during the first three months,
and there was a persistent improvement, despite PPIs being discontinued [33]. Thus, the
mechanism of GERD in celiac disease patients might be different from GERD in the general
population, and diet might play an important role. A linkage between GERD symptoms
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and gluten/wheat ingestion has been reported in non-celiac disease patients. A study
among 498 patients without celiac disease who were referred to a digestive endoscopy
showed that 20% of them reported GERD symptoms after gluten/wheat ingestion at least
once per week, and symptom disappearance on a gluten/wheat-free diet. The GERD
prevalence in patients with self-reported wheat sensitivity was more than in the control
group [36]. The beneficial effect of a low FODMAPs diet other than a gluten-free diet on
GERD has yet to be explored.

Limitations of our study are: (1) We did not perform an esophageal pH study in all
patients. Although almost all the participants had no esophagitis, the study results could
not be generalized to all GERD phenotypes and GERD patients without IBS. Future studies
on GERD patients with esophagitis or significant esophageal acid exposure may provide
different results. (2) Although the enrolled patients reported bothersome heartburn and/or
regurgitation during the last week of a run-in period, the postprandial GERD symptoms
severity after tested meals was low. The tested food may be different from patients’ usual
food. It may not induce GERD symptoms as severe as the patients’ previous experience,
even though the difference in symptom severity was statistically significant between study
arms. (3) It is difficult to make two different study meals identical looking. We tried to
minimize these limitations by avoiding informing the patients about the carbohydrates
sources and FODMAPs. Previous experience of the patients with food might cause an
expected symptoms bias. However, we demonstrated the impact not only on the patient
symptoms, but on objective parameters, which are the intestinal gases and blinding the
study meals to the assessors. (4) Other high FODMAP starch might cause different effects
from wheat noodles. A longer period of ingestion might also cause different effects from
the two meals ingestion in this study. So, this needs to be evaluated before a universal
recommendation of low FODMAPs diets in overlapping GERD-IBS to treat GERD and
upper GI symptoms.

5. Conclusions

This study demonstrated that wheat noodles, a high FODMAP meal, produce more
typical GERD symptom scores postprandially, especially early or the first 15 min after
lunch, than rice noodles, a low FODMAPs meal. The effect of wheat noodles on GERD
symptoms is associated with increased intestinal gas production after lunch, confirming
the linkage between GERD symptoms and colonic fermentation. Other mechanisms of
wheat-induced GERD symptoms after breakfast independent of gas production must be
further explored. This study suggests that rice is a better source of carbohydrates for
patients with overlapping GERD and non-constipation type IBS than wheat, and provides
insight into the role of a FODMAPs dietary modification for treating these patients.
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Abstract: One of the major problems in food science is meeting the demand of the world’s growing
population, despite environmental limitations such as climate change, water scarcity, land degra-
dation, marine pollution, and desertification. Preventing food from going to waste and utilizing
nutritive by-products as food rather than feed are easy and powerful strategies for overcoming this
problem. Rice is an important staple food crop for more than half of the world’s population and
substantial quantities of rice bran emerge as the main by-product of rice grain milling. Usually, rice
bran is used as animal feed or discarded as waste. Although it is highly nutritious and comprises
many bioactive compounds with considerable health benefits, the rapid deterioration of bran limits
the exploitation of the full potential of rice bran. Hydrolytic rancidity is the main obstacle to using
rice bran as food, and the enzyme inactivation process, which is termed stabilization, is the only
way to prevent it. This study reviews the methods of stabilizing rice bran and other rice-milling
by-products comprising rice bran in the context of the efficiency of the process upon storage. The
effect of the process on the components of rice bran is also discussed.

Keywords: rice bran; stabilization; by-product; utilization; sustainability; extrusion; microwave;
infrared; lipase activity; free fatty acid

1. Introduction

Scientists are searching for innovative strategies to increase food production with-
out jeopardizing food security and biodiversity. Within the framework of sustainability,
reducing food waste and utilizing by-products generated during processing are among
the main objectives, considering population growth and limited resources. Rice is a major
crop worldwide and rice bran (RB) is one of the most underutilized by-products of the rice
milling process, despite its high nutritive, functional, and bioactive properties.

The hulled form of rice harvested from the field is called paddy. Milling of paddy
yields around 60% white rice as the main product and approximately 10% broken rice,
20% husk, and 10% RB as the by-products [1]. The first step in rice milling is the removal
of the hull or husk (Figure 1). Rice husk or hull is the coating on the seed and contains
approximately 50% cellulose, 25–30% lignin, and 15–20% silica [2]. Therefore, it has no
value as food. It is mostly used for energy production. Biochar from carbonized rice husk
is also used as a soil amendment, activated carbon, processing fertilizer, etc. [3].

Brown rice, also called cargo, is unpolished whole-grain rice with the inedible rice
husk or hull removed. The second step in milling involves removing bran layers to obtain
white rice. Although it is known that the nutritional quality of brown rice is higher, white
rice consumption is preferred all over the world. Brown rice is not well accepted mainly
because of its flavor and taste. Moreover, brown rice has a coarse texture and a “dirty” look,
requires longer cooking time, is more expensive, is not conveniently available, has a shorter
shelf life, and gets rancid in the long term if it is not processed using a suitable stabilization
process [4–6].

RB is the by-product produced as a result of milling brown rice into white rice. This
is a multi-stage process employed by sophisticated milling systems at industrial scale
(Figure 1). Multi-stage milling reduces the mechanical stress and heat buildup in the grain,
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thereby minimizing grain breakage and increasing head rice yield. The yield of head
rice, unbroken white rice, is the basis for grading rice quality and establishing the market
value. The bran layer is removed by whitening and polishing mills. Whitening machines
remove the bran layers and rice germ and polishing machines remove the remaining bran
by polishing the exterior of the milled kernel, which improves the appearance of milled or
white rice. Composite RB consists of coarse bran fraction from the whitening steps and fine
bran fraction or polish (the part of the bran fractions containing the most endosperm) from
the polishing step. Composite RB may also contain rice germ and tiny fractions of rice hull
(Figure 1) [7].

Figure 1. A typical multi-stage commercial rice milling system.

Fresh RB has great potential as a food product. It is highly nutritious and has a
characteristic bland flavor and fine texture. However, unprocessed RB becomes rancid
very quickly after the milling process, which limits its use as food. The rancidity of RB is
predominantly triggered by lipophilic enzymes, mainly lipases. In intact paddy, lipases are
primarily found in the seed coat and most of the oil is localized in the aleurone layer and
rice germ. In other words, lipolytic enzymes and their substrates are physically separated
in unmilled paddy rice. However, the milling process disrupts this individual localization
and lipase enzymes come into contact with fat, causing hydrolysis of fat into free fatty acids
(FFA) and glycerol [8]. High concentration of FFA causes a rancid soapy taste and induces
oxidation and even lipotoxicity.

RB contains several types of lipases as well as glycolipases, phospholipases, and
esterases [9]. So far, two types of lipases have been purified from RB. Lipase I has a
molecular mass of 40 kD and an optimum pH of about 7.5. Lipase I preferentially cleaves
fatty acids from the sn–1 and sn–3 positions of triacylglycerols and is activated by calcium.
On the other hand, lipase II has a molecular mass of 32 kD, a pI of 9.1, and an optimum
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pH of about 7.5 [10]. In addition to endogenous lipases, lipases of microbial origin can
also initiate hydrolytic deterioration. Dehulling causes surface damage and disrupts the
aleurone and germ (RB-oil-concentrated parts of the kernel), and lipase-producing mold
and bacteria found on kernel surfaces interact with bran oil, which results in an increase in
FFA [9].

The world production of rice was 787 million metric tons in 2021 [11]. Considering
rice production worldwide, approximately 80 million tons of RB is produced as a by-
product and is mainly utilized as feed as many food by-products. However, processed
RB has great potential as a value-added commodity in the food industry. RB has been
used in bakery products such as bread [12–16], noodles or pasta [14,17], crackers [18],
biscuits [19,20], extruded snacks [21], breakfast cereals, muffins, pancakes, cookies, cakes,
pies, and wafers [14,19,22], as well as a protein supplement [20,22], a binder or fat substi-
tute in meats and sausages [22,23], ingredient in plant-based meat analogs [24], and as a
beverage base [25]. RB also has great potential in applications as an ingredient in infant
formulas and gluten-free products due to it being highly soluble, hypoallergenic, and
gluten-free [26,27]. In addition to direct utilization, RB is also used as a source of RB protein
concentrate [26–31], RB oil [32,33], RB fiber [34–36], RB wax [37,38], γ-oryzanol [39], and a
phytochemical-rich ingredient [40]. Furthermore, RB is not only used for culinary purposes
but also in the pharmaceutical and cosmetic industries. RB-derived ingredients are used in
hair or skin care products, sunscreen formulations (due to natural sun protection factors),
shampoos, bath oils, foundations, and various cosmetics [41].

2. Rice Bran Stabilization Methods

In order to utilize RB as food instead of feed, it is essential to apply a process that
will stop lipolytic activity, which is called “stabilization”. In other words, stabilization is
an enzyme inactivation process that enables RB to be incorporated into the human diet.
Stabilization refers to the prevention of hydrolytic degradation. Therefore, oxidative deteri-
oration was not covered in the context of stabilization. Lipase activity and FFA formation
are the main measures of hydrolytic degradation in RB. To a lesser extent, lipoxygenase
and peroxidase activities were also used as RB deterioration indicators. However, FFA
is the most widely used indicator due to its ease of determination. In general, RB with
an excess of 10% FFA is accepted as unsuitable for human consumption [42]. An increase
in FFA occurs very rapidly in freshly milled RB without proper stabilization treatment
and FFA levels can reach 10% within hours depending on the post-harvest conditions.
Hydrolytic rancidity development can also be avoided by rapid oil extraction soon after the
rice milling process [43,44]. However, in practice, milling of rice and extraction of RB oil
are not performed consecutively and the time lapse between milling and extraction results
in excess amounts of FFA. However, delaying hydrolytic degradation using a stabilization
process may save time for good-quality oil extraction economically from RB.

A review of the literature on methods whose main objective is RB stabilization, clearly
defined stabilization conditions, and studies of storage following stabilization is presented
in Table 1. Stabilization studies carried out using chemicals, acids, or similar substances
that are not edible or may be inconvenient for human and animal consumption, and studies
with plant-derived extracts of unknown purity are excluded. Although they have the effect
of delaying rancidity to a certain extent, studies employing physical stabilization strategies
such as low-temperature storage or refrigeration were also excluded since these methods
have serious limitations such as restoration of enzyme activity at room temperature and
oxidative rancidity.

It was observed that extrusion, microwave (MW) heating, hot air heating, autoclav-
ing, infrared (IR) heating, ohmic heating, radio frequency (RF) heating, ultraviolet (UV)
treatment, ultrasound treatment, γ-irradiation, antioxidant addition, enzyme addition,
phenolics addition, parboiling, toasting, roasting, and steaming are the RB methods for
stabilization studied in the literature.
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Some of the studies on RB stabilization examined solely the effect of the stabilization
process on nutritional and/or bioactive components, and did not examine the effectiveness
of the stabilization itself, nor did they analyze any of the stabilization markers such as FFA
or lipase activity [45–48].

Table 1. Studies on rice bran stabilization (2000–2023) following the effect of stabilization during storage.

Method and Conditions of
Stabilization

Measure of
Stabilization

Effect of Stabilization
upon Storage

Co-Effect of Stabilization Reference

Hot air drying at 110 ◦C for 2 h,
Solar drying (8 h per day, max
42 ◦C),
Steaming at 100 ◦C for 30 min

FFA

FFA levels of hot-air-dried,
solar-dried, and steamed-RB
were 9%, 39%, and 6%,
respectively, while the FFA
content of unstabilized RB was
78% at the end of 50 days.

Steaming showed the best
results, with only 3%
reduction in oil yield after
50 days in comparison with
89% oil reduction
forunstabilized bran.

[49]

Extrusion
at 125–130 ◦C for 30 s and held in
the auger at 97–99 ◦C for 3 min

FFA

FFA levels of extruded rice bran
increased from 2.8% to 3.2% and
3.3% in vacuum packs and
zipper-top bags, respectively, at
the end of 8 weeks when stored
at 4–5 ◦C.

Water absorption capacity
increased while fat absorption
capacity decreased after the
treatment compared with
untreated raw bran.
Emulsification and foaming
capacities of extruded brans
were significantly lower than
that of raw bran.

[9]

Extrusion
with a co-rotating twin-screw
extruder (screw speed 140 rpm)
at 130 ◦C for 20 s

Acid value
No significant change in the acid
value of extruded RB for at least
20 days of storage at 25 ◦C.

Extrusion reduced the
extractability of phytic acid. [50]

Dry heat stabilization at 120 ◦C
for 30 min
Extrusion under the
following conditions:
Water flow rate: 0.000038 m3/s,
feed rate: 27 kg/h, steam supply:
275.80 kPa, die opening:
0.0078 m, temperature:
135–140 ◦C.
Extrudates were air dried at
50 ◦C for 24 h and then ground

FFA

FFA content of raw bran
increased from 4.05% to 64.60%,
while FFA content of dry-heated
RB increased from 3.66% to
9.15%. Variation in FFA content
(from 3.85% to 4.10%) of
extruded bran during storage at
ambient temperature in
polyethylene bags for 60 days
was insignificant (p > 0.05).

Slight increase in crude fat
content, no significant change
in protein content and calorific
value, reducing, non-reducing,
and total sugar contents,
significant loss of lysine
bioavailability, significant
reduction in phytic acid
content, significant increase in
bulk density, water absorption,
damaged starch content,
significant decrease in fat
absorption, protein solubility,
and darker color were
observed in stabilized brans
compared with raw bran.

[51]

Extrusion
(at 135 ◦C, 6% moisture addition,
5 s)
Roasting
(RB heated to 70, 90, 100, and
105 ◦C in a steam jacket roaster
with four chambers)
Pelleting
(RB was conditioned with steam
to increase the temperature to
90 ◦C, passed through a die of
5 mm, and cooled)
Antioxidant addition
(at 125, 250, and 375 ppm levels)

FFA
Peroxide value
Iodine value

Raw and pelleted RB behaved
similarly in terms of storage
stability. Addition of antioxidant
to rice bran was not effective for
stabilizing FFA, peroxide, and
iodine values at any level.
Extrusion was partly effective,
resulting in 49.5% FFA as an
average over 345 days of storage
under ambient conditions.

[52]

Extrusion
with pH modification (addition
of HCI or Ca(OH)2 at the levels
of 1, 5, and 10%; extrusion
temperature 110–140 ◦C; feed
moisture 20, 30, and 40%

Spectrophotometric
determination of FFA and
copper acetate complex

10% of HCI addition provided
the lowest FFA increase at the
end of 98 days of storage at
room temperature (25 ± 3 ◦C).

[53]
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Table 1. Cont.

Method and Conditions of
Stabilization

Measure of
Stabilization

Effect of Stabilization
upon Storage

Co-Effect of Stabilization Reference

Extrusion (four zones: 70 ◦C,
90 ◦C, 110 ◦C and 130 ◦C, with
screw speed set at 300 rpm)
Microwave heating (800 W, 75 s)
Dry heating (130 ◦C, 120 min)
Steaming (30 min)
High-pressure steam (121 ◦C,
0.1 MPa, 15 min)

Lipase activity
Lipoxygenase activity
Acid value
Peroxide value

After 28 days of accelerated
storage at 37 ◦C, the acid value
of untreated RB was about 6 mg
KOH/100 g, while the acid
values of stabilized samples
were around 1.7 KOH/100 g,
except for atmospheric
steam-treated RB.

High-pressure steam-treated,
steam-treated, and extruded
RB samples were more
suitable for long-term storage
and better maintained the
stability of flavor.

[54]

Microwave heating
at 850 W for 3 min (moisture
content was adjusted to 21%
before the treatment)

FFA
No significant change in FFA
content of MW-treated RB stored
at 4–5 ◦C at the end of 16 weeks.

No dramatic change in
proximate composition and
fatty acid composition as a
result of MW stabilization.

[55,56]

Microwave heating
at 550 W, 2450 MHz for 3 min
(moisture content was adjusted
to 21% before the treatment).
The temperature of the bran was
107 ◦C after the process.

FFA

FFA content of MW-treated RB
increased from 3.2% to 3.9% in
both vacuum and zipper-top
packs at the end of 8 weeks
when stored at 4–5 ◦C.

Fat absorption, emulsification,
and foaming capacities of
MW-treated RB were
significantly lower than that of
raw bran. However, MW
treatment increased water
absorption capacity.

[9]

Microwave heating
at 700 W, 2450 MHz for 1, 3, and
5 min (moisture content was
adjusted to 21% before the
treatment). MW power densities
were 2, 4, and 6 W/g

FFA
Peroxide value

FFA content of RB treated with
MW at a power density of 6 W/g
for 5 min was 1.12%, while FFA
of untreated control was 58.5%
at the end of 28 days of storage
at ambient temperature.

Protein content and oil yield
significantly decreased under
the noted effective MW
stabilization condition.

[57]

Microwave heating
Flowing MW drum heater with a
max power of 6 kW
(6 magnetrons × 1000 W,
2450 MHz)

Lipase activity
Lipoxygenase activity
FFA
Peroxide value

Residual lipase activity was
13.21 U/kg for untreated control
and only 1.25 U/kg for
MW-treated RB at 5 kW for
13 min. Lipoxygenase activity
was completely destroyed after
7 min of MW processing.

No significant decrease
in fatty acid, tocopherols, and
γ-oryzanol content of bran
treated under optimum
conditions (4 kW, 10 min).

[58]

Microwave heating
at 850, 925, and 1000 W for 3, 4.5,
and 6 min

FFA
Acid value
Peroxide value

Stabilization was investigated in
3 RB milling fractions and
composite RB. Stabilization at
925 W for 3 min was
recommended as the suitable
condition for stabilization of RB
milling fractions.

– [59]

Infrared heating
Short-wave IR radiation at 200,
300, 400, 500, 600, 700, 800, and
900 W for 1, 2, 3, 4, 5.2, 6.3, 7.2,
8.3, and 10 min

FFA

No significant increase was
observed in FFA content of RB
treated at IR powers of 600 W
(for 4 and 5 min) and 700 W (for
2 and 3 min), while FFA content
of raw RB increased from 4.32%
to 43.08% at the end of 6 months
at 25 ◦C.

The effect of IR stabilization
was insignificant on
γ-oryzanol content and fatty
acid composition of RB.
However, a significant
decrease in tocopherol content
of RB of up to 50%
was determined.

[60]

Infrared heating
Medium wave IR radiation at
500, 600, and 700 W IR power for
3.0, 5.5, and 7.0 min

FFA

Stabilization was investigated in
3 RB milling fractions.
Stabilization at
700 W IR power for 7.0 min
provided 90 days of shelf life
without a notable change in FFA
content of RB fraction obtained
from the first whitening step.

Total tocopherol
and γ-oryzanol contents of
stabilized RB fractions were
higher than in their
crude counterparts.

[61]
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Table 1. Cont.

Method and Conditions of
Stabilization

Measure of
Stabilization

Effect of Stabilization
upon Storage

Co-Effect of Stabilization Reference

Infrared heating
(Simultaneous drying
and stabilization)
RB was heated for 55s to reach a
surface temperature of 60 ◦C
during each drying pass and
tempered in an incubator set at
60 ◦C for various durations (1, 2,
3, 4, and 5 h).

FFA

It took 7 days for the FFA level
of control RB to reach 10%. This
period has been extended to
38 days for IR-treated RB.

IR heating at the employed
conditions did not have a
negative effect on
milling quality.

[62]

Infrared heating
with a max power of 2400 W,
unspecified radiation intensity at
100, 120, and 140 ◦C for 5, 10, 15,
and 20 min.

FFA
Peroxide value

FFA content of raw RB increased
from 4.4% to 62.8% after 6
months of storage at 25–30 ◦C,
while RB treated with IR at
140 ◦C for 15 and 20 min
maintained FFA content at
around 7%.

IR stabilization at 140 ◦C for
15 min did not cause a
significant decrease in
γ-oryzanol content and fatty
acid composition, but
significantly decreased
E vitamins.

[63]

Infrared heating
with a laboratory-scale ceramic
infrared drying device until the
surface temperature of the rice
bran reached 85 ◦C.

Lipase activity
Lipoxygenase activity
Peroxidase activity
FFA
Peroxide value

FFA content of untreated RB
increased from 5.41% to 49.87%,
and from 5.21% to 14.11% for
IR-treated RB at the end of
20 days of storage at 20 ◦C.
Lipase, lipoxygenase, and
peroxidase activities in
IR-treated samples were
significantly higher at the end of
the storage.

The contents of palmitic acid
(C16:0), oleic acid (C18:1), and
linoleic acid (C18:2) were well
maintained by IR treatment
during the whole storage
period. The aroma of fresh RB
was preserved.

[64]

Infrared heating
either with medium or
shortwave IR emitters at 700 W
for 3 min

FFA

Hydrolytic lipid degradation
occurred more likely in samples
stored in bran form; however,
samples stored in oil form were
more prone to oxidative
degradation. Medium-wave IR
radiation was more effective in
terms of retarding FFA increase
compared with short-wave
IR radiation.

Peroxide values of either raw
or IR stabilized samples were
<10 meq/kg at the end of
6 months of storage at 25 ◦C.
Conjugated dienoic acids and
p-anisidine values increased in
all samples during storage.
Storage in oil form resulted in
a higher loss of total
tocopherol and γ-oryzanol
compared with storage in
bran form.

[43]

Ohmic heating
using an alternating current of 1
or 60 Hz and an electric field
strength of 100 V/cm.

FFA

FFA content of RB (moisture
content adjusted to 21%)
stabilized with ohmic heating at
60 Hz increased from 3.25% to
5.47%, while FFA content of raw
RB increased from 3.96% to
18.03% when stored in Ziploc
bags at 4 ◦C for 6 weeks. The
moisture content of the sample
had a very decisive effect.

Increase in rice bran oil
extraction yield. [65]

Ohmic heating
Using an alternating current of
50 Hz and an electric field
strength of 75, 150, and
225 V.cm–1. Moisture content of
RB was adjusted to 20, 30,
and 40%.

FFA
Lipase activity

Lower FFA levels and lipase
activity were observed in
ohmically treated RB compared
with raw RB stored at 4 ◦C for
21 days. The moisture content of
the sample had a very
decisive effect.

A very slight increase was
observed in total phenolic,
α-tocopherol, and γ-oryzanol
levels of ohmic-heated RB
compared with raw RB.

[66]

Ohmic heating
at 20, 30, and 40% initial
moisture content, 132, 150, 168,
189, 216 V, and 50 Hz. Electrical
field strengths were 44, 50, 56, 63,
and 72 V/cm.

FFA
Peroxide value

FFA of ohmically heated bran
was 4.77% after 75 days of
storage, whereas it was 41.84%
for raw RB.

The peroxide value of
ohmically heated samples after
75 days of storage was
4.7 meq/kg.

[67]
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Table 1. Cont.

Method and Conditions of
Stabilization

Measure of
Stabilization

Effect of Stabilization
upon Storage

Co-Effect of Stabilization Reference

Hot air-assisted radio frequency
(HA-RF) heating
using a 6 kW, 27.12 MHz
pilot-scale free-running oscillator
RF system combined with a hot
air oven

FFA
Peroxide value
Lipase activity
Lipoxygenase activity

RB treated by HA-RF heating to
100 ◦C with 15 min holding can
be stored at 35 ◦C and remain
below acceptable thresholds for
a period of 60 days without
adverse effects on
product quality.

Optimum HA-RF heating
treatment led to a significant
increase in tocopherol content,
but had no significant effect
on γ-oryzanol.

[68]

Radiofrequency heating at
5 kW, 40.68 MHz for 2 min

FFA
Acid value
Peroxide value
Lipase activity

Lipase activity retention was
close to zero after 2 min of RF
heating. FFA content of
untreated bran stored at 37 ◦C
was almost 4-fold higher than
that of RF-treated bran after 8
weeks. Peroxide values of either
raw or processed brans were
below 10 meq O2/kg for 8 weeks
and at all storage temperatures
(4, 25, 37 ◦C).

No significant difference in
total phenolic and flavonoid
contents, DPPH scavenging
activity, reducing power, and
color between the untreated
control and radio
frequency-treated RB (p > 0.05)

[69]

2.1. Extrusion

Extrusion is one of the oldest and possibly the most widespread method of RB sta-
bilization. Generally, temperatures between 120 and 130 ◦C were sufficient to inactivate
RB lipase. Randall et al. (1985) reported that no notable increase was observed in FFA
content of RB extruded at 130 ◦C during storage at 32 ◦C and 85% relative humidity (RH)
for 28 days [70]. The authors stated that although a consistent temperature of 120 ◦C was
usually suitable, stabilization was always sufficient at 130 ◦C. However, FFA content of raw
bran that was stored at 32 ◦C increased to over 80% [70]. Additionally, Kim et al. (1987)
reported a complete inactivation in lipase activity at temperatures above 128 ◦C regardless
of the moisture content of the RB fed to a single screw extruder [71]. Similarly, Fuh and
Chiang (2001) indicated that extrusion at 130 ◦C for 20 s with a screw speed of 140 rpm
was sufficient to inactivate lipase [50]. Shin et al. (1997) extruded RB at 110, 120, 130, and
140 ◦C with post-extrusion times of 0, 3, and 6 min and stored RB at ambient temperature
for 375 days [72]. FFA content of raw RB reached over 70% at the end of the year. Although
the FFA level of the processed RB was below 7% at all extrusion temperatures after 1 year,
it was observed that the amount of FFA content increased as the extrusion temperature
decreased during storage. In addition, it was reported that post-extrusion holding time
had no effect on FFA levels in extruded RB [72].

Malekian et al. (2000) carried out extrusion (125–130 ◦C for 30 s) with the aim of RB
stabilization. FFA levels of raw (untreated) and extruded RB samples were 26.7% and
3.2% when stored in vacuum packs, and 22.2% and 3.3% when stored in zipper-top packs,
respectively, at the end of 8 weeks of storage at 4–5 ◦C [9]. It was observed that for untreated
RB, vacuum-packed samples had a higher increase in FFA levels compared with samples in
zipper-top bags. The authors attributed this result to anaerobic microorganisms present in
RB [9]. Sharma et al. (2004) stabilized RB using dry heating (120 ◦C for 30 min) and extrusion
cooking (135–140 ◦C) [51]. The authors stated that they observed an incomplete destruction
of lipase in dry heat-treated RB since FFA content increased from 3.66% to 9.15% at the end
of 60 days of storage at ambient temperature. However, extruded RB showed no significant
increase during storage under the noted conditions [51]. Escamillo–Castillo et al. (2005)
also studied extrusion stabilization of RB with pH modification [53]. The authors added
HCI or Ca(OH)2 to the RB samples at the levels of 1, 5, and 10% before extrusion. Although
extrusion alone or in combination with any of the chemicals resulted in lower FFA when
compared with the unprocessed RB, the authors concluded that the addition of Ca(OH)2
promoted the activity of lipases and led to higher FFA concentrations during storage. The
lowest FFA increase was observed in RB samples treated with 10% HCI, regardless of
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the initial moisture content of the bran [53]. Rafe and Sadeghian (2017) extruded RB at
temperatures between 100 and 130 ◦C and the lowest lipase and peroxidase activities
were obtained at 123 ◦C die temperature, 354 rpm screw speed, and 10.8% initial moisture
content [73].

2.2. Microwave Heating

Many researchers proposed MW heating as an efficient RB stabilization
process [42,55–59,74,75]. However, it should be noted that household MW ovens were
used in almost all these studies. Although attempts to increase homogeneity are made
by rotating the sample, it is well recognized that domestic scale MW ovens can suffer
from non-uniform heating, resulting in cold and hot spots. However, industrial scale MW
ovens may provide more uniform heating since they can have different designs, magnetron
placements, modes, and dimensions of cavity.

Tao et al. (1993) stabilized RB with MW heating at 2450 MHz for 3 min and found
that the FFA content of MW-treated long grain RB increased from 4.0% to 4.9% and
that of medium grain RB increased from 4.6% to 6.25% at the end of 4 weeks of stor-
age at 33 ◦C and 75% RH. On the other hand, FFA content of untreated raw RB ranged
from 4.6% to 56.8% and 4.0% to 68.3% in medium and long-grain bran, respectively [42].
Ramezanzadeh et al. (1999) adjusted the moisture content of RB (150 g per batch) to 21%
and heated the moistened RB in plastic zipper-top bags at 850 W for 3 min in a household
MW oven [55]. The temperature of the heated RB was 107 ± 2 ◦C after the process. The FFA
content of raw RB increased from 2.5% to 54.9% and 48.1% at 25 ◦C to 25.4% and 19.5% at
4–5 ◦C at the end of 16 weeks of storage in vacuum bags and zipper-top bags, respectively.
However, FFA content of MW-heated RB increased from 2.8% to 6.9% and 5.2% at the end
of the storage period when stored in vacuum and zipper-top bags, respectively, at 25 ◦C,
while no significant change was observed in FFA content of MW-heated RB when stored at
4–5 ◦C [55].

Patil et al. (2016) reported that the FFA content of RB treated with MW at a power
density of 6 W/g for 5 min was 1.12%, while the FFA content of untreated control was
58.5% at the end of 28 days of storage at ambient temperature [57]. Ertürk and Meral (2019)
compared MW and conventional heating with regard to RB stabilization [75]. Although
the researchers did not conduct a storage study, it was reported that lipase activity was
significantly decreased by both processing methods in proportion to MW power or oven
temperature, although MW treatment had a greater effect [75]. Li et al. (2018) stabilized RB
using a flowing MW drum heater under different conditions of MW power, duration time,
and ventilation rate [58]. FFA contents of RB samples treated with MW at 4 and 5 kW for
10 min were below 3% at the end of 60 days of storage at 35 ◦C. Significant and negative
correlations were reported either between lipase activity and final bran temperature at the
end of the process or between lipase activity and process time. Researchers stated that
LOX activity was completely destroyed after 7 min of the MW process, even at 3 kW, and
residual lipase activity was only 1.25 U/kg in RB treated with MW at 5 kW for 13 min,
while it was 13.21 U/kg for the untreated control [58]. Process durations were notably
longer than those reported in RB stabilization studies carried out using household MW
ovens and it was clearly shown that longer process time is more effective for stabilization.
Therefore, it can be interpreted that even with the same method, different results may be
obtained in studies where the processing equipment is different.

2.3. Dry or Moist Heat Treatments

Stabilization of RB using dry or moist heat treatments such as hot air heating, toasting,
roasting, steaming, and autoclaving is also one of the most widely employed techniques.
Thanonkaew et al. (2012) reported that hot air heating at 150 ◦C for 10 min, roasting at
150 ◦C for 2 min, and steaming at 130 ◦C for 2 min with domestic kitchen equipments
resulted in lower FFA, acid value, and peroxide value compared with raw RB [76]. However,
the researchers did not perform any storage study and measured the noted parameters only
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after the process [76]. Amarashinge et al. (2009) reported that FFA contents of unstabilized,
solar-dried (8 h per day, max temperature 42 ◦C), hot-air-dried (110 ◦C, 2 h), and steamed
(100 ◦C, 30 min) RB were 78%, 39%, 9%, and 6%, respectively, at the end of 50 days of
storage [49]. The researchers concluded that steaming showed the best results, with only
3% reduction in oil yield and the lowest FFA content after 50 days. Many studies have
reported that moist heating treatments (i.e., steaming or pre-moisturization) provide a
more effective stabilization than dry heating [49,77,78]. Brunschwiler et al. (2013) showed
that heating RB with a moisture content of 20% at 110 ◦C for 5 min almost completely
inactivated lipase/esterase activity (0.3% of the activity in raw RB). However, the treatment
conditions required to achieve the same inactivation rate in RB with 10% moisture content
was heating at 120 ◦C for nearly 40 min [78].

Li et al. (2023) analyzed the efficiency of different stabilization treatments and their
effects on the flavor of RB based on GC–MS, E-nose, and E-tongue analyses [54]. The
researchers reported that MW and high-pressure steam treatments were effective in terms
of retarding FFA increase and passivating lipase activity, while atmospheric steaming had
the worst effect. The content of total volatile compounds in extruded and MW-treated
RB was lower than that of untreated RB, whereas untreated and steam-treated RB had
almost the same content of total volatile compounds. Bitterness increased slightly during
storage. It was concluded that flavors of high-pressure steam-treated, steam-treated, and
extruded RB were similar and can better maintain the stability of flavor, which makes these
stabilization methods more suitable for long term RB storage [54].

2.4. Infrared Heating

The first study on infrared stabilization of RB was reported by Yılmaz et al. (2014) [60].
The researchers found no significant increase in the FFA content of RB treated with IR
radiation (using short-wave IR emitters) at 600 W IR power for 4 and 5 min and 700 W IR
power for 2 and 3 min at 25 ◦C over 6 months, while the FFA content of raw RB increased
from 4.32% to 43.08% at the end of storage [60]. Irakli et al. (2018), who also employed IR
radiation (unspecified radiation intensity), reported very similar results [63]. It was found
that the FFA content of RB treated with IR radiation at 140 ◦C for 15 and 20 min was around
6–7%, while FFA concentration in raw RB increased from 4.4% to 62.8% during 6 months of
storage at 25–30 ◦C [63].

Yan et al. (2020) used a laboratory-scale ceramic IR drying device to stabilize RB [64].
The researchers employed IR heating until the temperature of the bran surface reached
85 ◦C; however, they did not justify why they chose this temperature. It was found that
lipase activity of the IR-treated RB was lower than that of the untreated RB. Nonetheless,
lipase activity of the IR-treated bran also significantly increased during the storage period
(20 days at 20 ◦C). Although they showed a fluctuating trend, both lipoxygenase and
peroxidase activities of the IR-treated RB significantly increased during the storage period.
Additionally, FFA content of the IR-treated samples significantly increased during storage,
albeit with a lower acceleration compared with control samples [64]. Wang et al. (2017) car-
ried out a simultaneous rough rice drying and RB stabilization study using IR radiation [62].
The authors used a catalytic IR emitter and reached a rice surface temperature of 60 ◦C
and then tempered the samples in an incubator at 60 ◦C for different durations ranging
from 1 to 5 h. Although FFA levels increased during the course of storage (38 days at a
temperature of 20 ± 1 ◦C and RH of 46 ± 3%) under all tested conditions, it was reported
that the time until the FFA reached 10% was extended to 38 days compared with 7 days for
the untreated control sample [62].

It should be noted that the intensity and penetration power of IR radiation is strongly
dependent on the IR emitter used. Yılmaz Tuncel and Yılmaz Korkmaz (2021) reported that
medium-wave IR heating was more effective at retarding the increase in FFA compared
with short-wave IR heating when employed at the same IR emitter power and process
time (700 W, 3 min) [43]. It was found that the FFA content of short-wave IR-stabilized
samples was significantly higher than that of medium-wave IR-stabilized counterparts
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during 6 months of storage at ambient temperature [43]. Similar findings were also reported
by Atungulu and Pan (2011) who indicated that foodstuffs absorb medium-wave IR energy
more efficiently; however, absorptivity decreases and transmissivity increases in short-wave
IR processes, especially for thin materials [79].

2.5. Ohmic Heating

Ohmic heating generates heat through passage of electrical current through food which re-
sists the flow of electricity and can be used in enzyme inactivation [80]. Lakkakula et al. (2004)
used ohmic heating to stabilize RB and to improve the yield of RB oil [65]. It was noted that
FFA contents of raw and electrically heated RB were 18.0% and 5.5%, respectively, at the
end of 6 weeks when stored at 4 ◦C. Researchers reported that although the process had a
limited effect on FFA levels—probably due to the electroporation phenomenon—ohmically
heating RB without moisture adjustment (adding water) was not effective due to the low
electrical conductivity of the bran, which has an intial moisture content of around 10% [65].

Stabilization of RB with ohmic heating was also studied by Loypimai et al. (2009) [66].
The authors used an alternating current of 50 Hz and applied 75, 150, and 225 V.cm–1

electrical field strengths to RB with moisture contents of 20, 30, and 40%. Although it
was shown that ohmically heated RB had a lower FFA level and lipase activity, the effect
of different ohmic processing conditions on these parameters was not so clear since the
authors stored samples at 4 ◦C for only 21 days. However, it was shown that lipase activity
of ohmically treated samples with a moisture content of 20% was higher than that of
samples with 30% and 40% moisture content [66]. Dhingra et al. (2012) also stated that the
FFA content of ohmically heated RB was 4.77% after 75 days of storage, whereas it was
41.84% for raw bran [67]. However, the authors did not indicate the conditions of storage.
In all the aforementioned studies, it was observed that the moisture content of the sample
had a critical effect on the efficiency of the process.

2.6. Radio Frequency Heating

Ling et al. (2018) used hot air-assisted RF heating (6 kW, 27.12 MHz) combined with a
hot air oven to stabilize RB [68]. In this study, significant decreases in residual lipase and
lipoxygenase activities after treatment under specific conditions were observed; however, it
was found that the activities of the noted enzymes increased again during storage, probably
due to water absorption. The researchers concluded that stabilization methods using dry
heating may not be successful at irreversibly inactivating lipase and lipoxygenase activities,
especially when the moisture content of the bran increased to atmospheric equilibrium
during storage. Nevertheless, hot air-assisted RF heating at 90 ◦C for 30 min resulted in
4.01% of FFA, while the FFA content of the untreated control sample was 50.67% at the end
of 60 days of storage at 35 ◦C and 70% RH [68].

Chen et al. (2021) also employed RF heating (5 kW, 40.68 MHz) to stabilize RB and
reported that lipase activity retention was close to zero after 2 min [69]. However, the
increase in FFA content during storage could also not be prevented, even at 4 ◦C [69].
Liao et al. (2020) did not perform FFA analysis or storage study; however, they showed
that relative lipase, polyphenol oxidase, and peroxidase activities of RB treated with high-
temperature hot air-assisted radio frequency (110–115 ◦C, 6 min) were 20.1%, 22.9%, and
7.6% that of raw bran, respectively [81].

2.7. Irradiation

Shin and Godber (1996) irradiated RB at 5, 10, and 15 kGy doses using a Cobalt-60
source [82]. The authors found higher levels of FFA in irradiated RB compared with
untreated bran after the process, and FFA levels reached almost 90% at the end of 52 weeks
of storage at ambient temperature (22–26 ◦C). It was concluded that γ-irradiation of RB
did not decrease lipolytic enzyme activity in the range used. Significant losses were also
reported for E vitamins and γ-oryzanol in irradiated RB [82]. However, positive effects
of γ-irradiation have also been reported in other studies whose aim was not stabilization.
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For instance, Masamran et al. (2023) applied γ-irradiation to defatted RB before protein
extraction and reported that the extraction yield and protein recovery increased with the
treatment. The authors also concluded that γ-irradiation changed the structure of RB and
increased the release of bioactive compounds such as phenolic compounds and resulted in
enhanced antioxidant activity in irradiated extracts [83].

2.8. Other Stabilization Approaches

Pourali et al. (2009) employed subcritical water extraction as an environmentally
friendly technique to stabilize and extract RB oil simultaneously [84]. Researchers also
conducted conventional solid–liquid extraction (hexane–bran, hexane–water–bran, and
ethanol–bran) for comparison. No increase was observed in the content of FFA in subcritical-
water-extracted and ethanol-extracted (60 ◦C) RB oil, while FFA concentration increased
from 5.0% to 5.6% and from 6.5% to 7.0% in hexane-extracted (25 ◦C) and hexane–water-
extracted (25 ◦C) RB oils, respectively, after 12 weeks of storage [84]. Another interesting
approach was performed by Raghavendra et al. (2017) [85]. It is known that polyphenols
can bind proteins and enzymes and alter their structural properties and biological activities.
Raghavendra et al. (2017) showed that the activity of isolated and purified RB lipase
decreased in the presence of chlorogenic and prominently caffeic acids. Researchers found
56% loss of lipase activity at 60 μM caffeic acid concentration. The loss of enzymatic activity
increased with increasing concentration of the noted ligands [85].

Gopinger et al. (2015) treated RB with a mixture of acetic and propionic acids (1:1,
m/m) with the aim of stabilization. The organic acid mixture (2% based on bran weight)
was applied via spraying and the bran samples were stored at +18 ◦C for 120 days. Al-
though the authors did not analyze typical stabilization indicators such as lipase activity
and FFA content, lower lipid acidity (titratable acidity) increase and less lipid oxidation
product formation were reported in organic acid-treated RB [86]. Yu et al. (2020) compared
various stabilization methods such as MW (700 W for 2, 4, 6 min), steam heating (for 20, 40,
60 min), dry heating (at 105 ◦C for 30, 60, 90 min), IR heating (at 105 ◦C for 30, 60, 90 min),
autoclaving (at 121 ◦C for 20 min), extrusion (at 60, 65, 115, 120 ◦C subsequent heating,
400–500 rpm screw speed), enzyme treatment (pepsin and papain), low-temperature stor-
age (at 4, −18, and −80 ◦C for 72 h), ultraviolet irradiation (at 254 nm for 6, 12, 18 h), and
ultrasound (28 kHz and 300 W for 30, 60, 90 min) for acid value, lipase, and peroxidase
activities [87]. The authors reported that autoclaving is the most effective method for
lipase inactivation at the noted conditions. Significant decreases in acid values were found
after MW, autoclaving, steam heating, low-temperature storage, IR heating, and extrusion
treatments (p < 0.05). However, non-thermal methods were not effective in terms of lipase
inactivation. Residual lipase activities of RB treated with UV radiation even for 18 h and
RB stored at extreme low temperature (−80 ◦C for 72 h) were 57% and 58%, respectively.
Moreover, ultrasound markedly increased the peroxide value of RB oil [87].

Parboiling is another practice employed for RB stabilization. Although the term
“parboiling” does not define a specific condition, it generally refers to soaking the paddy in
water (at varying temperatures) followed by a short steaming procedure and drying (solar
drying in most cases). In general, the bran obtained from milling of parboiled paddy is
used for extraction of RB oil [49].

3. Stabilization of Individual Rice Bran Fractions

In sophisticated multi-brake systems, brown rice is whitened in several stages in order
to avoid heat generation, which causes higher rates of cracking and broken grains. There-
fore, RB is obtained step-by-step and all of these fractions are accumulated as composite
RB at the end of the process. These fractions do not directly represent the outer, middle,
and inner bran layers of the grain, since RB is not removed layer-by-layer, but rather, more
like scraped away piece-by-piece. Nevertheless, it is not incorrect to indicate that these
fractions contain more pieces from the outermost to innermost layers of the bran as the
milling progresses.
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Yılmaz (2016) showed that the FFA content of the unprocessed bran fraction obtained
from the last whitening machine and water-mist polisher (BF3), which contain mostly the
innermost bran layer, was significantly higher than that of the unprocessed bran fractions
obtained from the first (BF1) and second (BF2) whitening machines, which contain mostly
the outer layers of the bran (p < 0.05) [61]. This result was attributed to the water-mist
polishing which may have favored the lipolytic enzyme activity due to the addition of a
small amount of water and an increase in temperature due to the friction forces during this
milling step. Moreover, it was found that the lowest increase in the FFA content (from 4.88%
to 6.00%) was observed in IR-treated (at 700 W for 3 min) BF1 during 3 months of storage
at ambient temperature [61]. Similarly, Lavanya et al. (2019) found that the rancidity levels
were significantly different in bran fractions, and FFA, acid value, and peroxide values
significantly increased from the first fraction to the third fraction (from outer to inner RB
layers) [59]. This trend continued throughout the storage of MW-stabilized fractions as well.
The increase in FFA was also greater in the BF3 sample compared with the BF1 sample,
which was exposed to the same MW power for the same process time [59]. Yu et al. (2022)
classified RB into four fractions using a specific surface abrasion apparatus and indicated
that fractions one and two mainly consisted of pericarp, testa, and nucellus, while fractions
three and four mainly consisted of aleurone layer. Controversially, the researchers found
that lipase activity decreased significantly from the outer fractions to the inner fractions [88].

4. Stabilization of Other Rice Milling by–Products Comprising Rice Bran

Brown rice or cargo is a whole grain and can be defined as the unpolished version of
the rice grain consisting of RB, rice germ, and endosperm. Immature rice is also a whole
grain and a form of brown rice. Immature rice is defined as either chalky, thin kernels
or kernels that have green seed coats. Immature rice is produced as a by-product during
the rice milling process in around 5% of the paddy milled [89]. Like the RB itself, brown
rice and immature rice are also unstable in nature due to the presence of RB and require a
stabilization process for long-term storage.

A very recent study investigated the effect of cold plasma, an innovative non-thermal
processing technology, on the storage stability of brown rice [90]. Researchers found that
peroxidase activity was completely inactivated when cold plasma (at 160 kV for 15 min)
was applied to brown rice in the form of brown rice powder. However, 61% of residual
peroxidase activity was found after treatment under the same conditions when cold plasma
was applied to whole brown rice grain [90]. In other words, cold plasma had a very limited
effect on peroxidase activity when applied to the grain itself instead of the powder form,
probably due to the low depth of penetration.

Qian et al. (2014) applied pulsed electric field (PEF) treatment to monolayer brown
rice grains and reported that lipase activity could be significantly inactivated by PEF [91].
The authors found that the voltage was the most important parameter for the inactivation
efficiency of the process, followed by frequency and pulse width [91].

Bergonio et al. (2016) investigated the effect of dry heating (at 60 ◦C for 15, 20, and
25 min), MW heating (800 W, 2450 MHz, for 30, 60, and 90 s), and steam (for 30, 60, and
90 s) on lipase activity and FFA content of brown rice and found that all treated brown
rice samples showed significantly lower FFA content and lipase activity after the process.
However, a steady and significant increase in FFA content of each treated and untreated
brown rice sample was noted during storage, while the increase was significantly lower for
treated samples [92].

Yılmaz et al. (2018) stabilized immature rice grain using either medium or short-wave
IR radiation at 1000–1600 W for various process times and showed that the FFA content of
untreated immature rice increased from 5.59% to 35.71% at the end of 3 months of storage
at room temperature, while the increase in FFA was statistically insignificant in the samples
treated with both medium and short-wave IR radiation at 1600 W for longer than 4 min [89].
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5. Factors Affecting Hydrolytic Stability of Unprocessed Rice Bran

Hydrolytic stability of raw RB is affected by various factors, including variety, milling
conditions, storage conditions, and the analytical procedure employed for the stability markers.

Rice variety remarkably affects the hydrolytic stability of RB and therefore, it is hard to
propose a single condition for effective stabilization. Different rice varieties milled within
the same milling system under the same conditions and stored at the same temperature
and RH may have different levels of FFA [43]. Considering the remarkable effect of variety,
the use of breeding techniques is reported to have a potential to increase RB stability
against lipid hydrolysis [93,94]. Goffman and Bergman (2003a) stated that hydrolytic
rancidity was highly and significantly correlated with esterase activity but not with RB oil
concentration [93]. The authors reported about two-fold higher hydrolytic rancidity and
esterase activity in RB samples with low oil content (16–20%) compared with samples with
high oil content (24–28%). Researchers found 58% higher FFA content in the Cypress variety,
which had 26% higher lipase activity than the Earl variety at the end of 5 months of storage
at room temperature [94]. It was concluded that the intensity of the hydrolytic rancidity is
primarily related to lipase activity of RB and, therefore, selection of varieties with low lipase
activity could be useful for increasing RB stability. Rattanathanan et al. (2022) investigated
the hydrolytic stability of either regular non-pigmented RB or black RB and reported
similar lipase activities (269 and 241 U/kg, respectively) [95]. Controversially, Goffman
and Bergman (2003a) reported that red RB had lower values for both hydrolytic rancidity
and esterase activity and attributed this result to the high tannin content that may inhibit
the lipase activity [93].

Higher rates of FFA accumulation in the first stages of storage were reported in many
studies [43,55,60]. Goffman and Bergman (2003b) indicated that depletion of RB triacyl-
glycerols is concentration-dependent. The lipolytic activity is maximal at the beginning of
storage when the triacylglycerol content is highest and decreases gradually with decreasing
concentration [94]. Additionally, it was clearly shown that the food matrix is considerably
decisive with regard to RB oil degradation mechanism [43]. Almost 4-fold higher FFA
occurred in raw RB when stored in bran matrix (68.27%) compared with oil matrix (17.94%)
at the end of 6 months of storage at 25 ◦C. This result was attributed to the fact that lipase
exhibited enzyme activity when the substrate oil is dispersed in a medium containing
considerable amounts of water [43]. Similarly, Pourali et al. (2009) showed that the FFA
content of stored (at 25 ◦C) raw RB increased from 5.6% to 36.0%, while the FFA content of
RBO extracted using hexane increased from 5.0% to 5.6% at the end of 12 weeks [84].

Determination of FFA content using different analytical procedures is another factor that
complicates the comparison of hydrolytic stability of RB. For instance, Escamilla–Castillo et al.
reported 5.25% increase in FFA (from 0.14% to 5.39%) at the end of 98 days (spectropho-
tometric determination), while Mujahid et al. found 87.3% increase in FFA (from 9.5%
to 96.8%) after 345 days (titrimetric determination) in raw RB stored at room tempera-
ture [52,53].

Degree of milling, which defines the amount of bran removed from brown rice, affects
the composition of the bran since it affects the bran layers or fractions included in the
composite RB. Thus, the hydrolytic stabilities of RB obtained from rice grains that were
milled to different degrees may be different. Moreover, some studies obtained the RB
sample using laboratory-scale portable rice debranners that have completely different
milling dynamics and therefore, it should be noted that studies using this type of sampling
may not reflect the behavior of the commercial RB sample.

6. Nutritive Value of Rice Bran and the Effect of Stabilization

RB contains significant amounts of macronutrients such as proteins, fats, and fiber
and bioactive micronutrients such as vitamins, especially B group vitamins and tocols,
minerals, γ-oryzanol, phytosterols, and squalene [96]. The composition of RB is presented
in Table 2. Although the amount of nutrients can vary depending on factors such as rice
variety, climatic conditions, agricultural practices, rice milling system, maturity level of the
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grain, method of analysis, type of solvents used, etc., Table 2 presents an average range of
values in the literature. Stabilization methods also affect the nutritional attributes of RB, as
discussed in a recent review [97].

Crude protein content of RB ranged between 11% and 16% [50,51,53,68,73,98,99]. The
potential of RB as a protein source should be emphasized since plant-based protein sources
are one of the largest growing product groups in the food market. Studies on RB protein
concentrates and their properties have dramatically increased in recent years. RB protein
has high nutritional value and is efficiently digested; it has a protein efficiency ratio of
1.6 [1]. Although there are discrepancies in the amino acid composition of RB protein
in the literature, probably due to the variation in rice cultivars, all essential amino acids
are present in varying proportions in RB protein [22,40]. It has been reported that the
concentrates of RB protein have an efficiency ratio of 2.0–2.2, which is comparable to milk
protein casein (2.5) [1,22]. Prakash and Ramaswamy (1996) found that threonine and
isoleucine are limiting amino acids in RB protein concentrates [22]. On the other hand,
Wang et al. (2015) reported that the contents of essential amino acids such as phenylalanine,
valine, methionine, leucine, and histidine were higher in RB protein concentrates compared
with soy protein isolates [100]. Moreover, antioxidant, anti-inflammatory, antimicrobial,
antihypertensive, antidiabetic, and anticancer activities were reported for hydrolysates and
peptides derived from RB protein [27].

Table 2. Nutritional composition of rice bran.

Component Average Range Reference

Crude fat (%) 18–23 [50,68,73,98,99,101]

Crude protein (%) 11–16 [50,51,53,68,73,98,99]

Ash (%) 8–12 [50,68,73,98,99]

Soluble dietary fiber (%) 2–5

[50,73,98,99]Insoluble dietary fiber (%) 20–27

Total dietary fiber (%) 22–32

γ-oryzanol (g/kg) 0.5–5.5 [46,50,60,82,95]

Vitamins

Total Tocopherols (mg/kg) 100–150

[60,82,101]

α-T (mg/kg) 50–130

β-T (mg/kg) 2–10

γ-T (mg/kg) 10–50

δ-T (mg/kg) 0–2

Total Tocotrienols (mg/kg) 130–170

[82,101]

α-T3 (mg/kg) 38

β-T3 (mg/kg) –

γ-T3 (mg/kg) 120–140

δ-T3 (mg/kg) 0–10

Vitamin B1 (Thiamin) (mg/kg) 12–40 [5,50,99,102]

Vitamin B2 (Riboflavin) (mg/kg) 1–4 [5,50,99,102]

Vitamin B3 (Niacin) (mg/kg) 300–800 [5,50,99,102]

Vitamin B5 (Pantothenic acid) (mg/kg) 74 [102]

Vitamin B6 (mg/kg)
(Pyridoxamine, pyridoxal, pyridoxine) 20–40 [99,102]
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Table 2. Cont.

Component Average Range Reference

Minerals

Ca (mg/kg) 300–1200 [5,16]

K (mg/kg) 5992 [16]

Fe (mg/kg) 86–430 [5,16]

Zn (mg/kg) 50–250 [5,16]

P (mg/kg) 6278 [16]

Although the crude fat content of RB has been found to be in the range of 18–23% in
many studies [50,68,73,99,101], very low values such as 9% [53] and very high values such
as 30% [1] have also been reported. Goffman et al. (2003) investigated the lipid content
and fatty acid profiles of RB obtained from 204 genetically diverse rice accessions and
found that genotype effects were highly statistically significant (p < 0.001) [103]. It was
stated that the effect of season (year) on oil content and fatty acids was also significant,
except for palmitic acid. In general, saturated and unsaturated fatty acid contents of RB
oil ranged between 15 and 30% and 70 and 85%, respectively. Palmitic acid is the most
abundant saturated fatty acid, while oleic and linoleic acids are the dominant fatty acids
among unsaturated fatty acids [1,60,82,104]. Similar fatty acid distributions were reported
for RB oil in the literature. Besides, it was reported that stabilization processes such as IR
and MW did not significantly alter the fatty acid composition of RB [56,60].

RB oil contains over 4% unsaponifiable matter mainly consisting of plant sterols
(mostly campesterol, stigmasterol, and β–sitosterol), triterpene alcohols (24–methylene cy-
cloartenol and cycloartenol), tocopherols, and tocotrienols [105]. Among them, γ-oryzanol,
which is a mixture of ferulic acid esters of triterpenoid alcohols, composes 20–30% of
the unsaponifiable matter and 1–3% of RB oil and is one of the most important bioactive
components of RB oil [1]. Gamma-oryzanol has great potential in nutraceutical, phar-
maceutical, and cosmeceutical applications due to its numerous health benefits. It has
been reported that γ-oryzanol has notable antioxidant (at least four times higher than toco-
pherols), anti–inflammatory, anticancer, and cholesterol-lowering properties. In addition, it
helps to reduce platelet aggregation, fight menopausal distress, increase bile acid excretion,
inhibit and tumor growth, and also has protective effects against UV light [105–111]. Fur-
thermore, γ-oryzanol is a very stable compound. It has been demonstrated in many studies
that there is no decrease in the amount of γ-oryzanol as a result of various stabilization
processes such as IR heating [60,61,63,87], MW heating [46,58,87], ohmic heating [66], hot
air heating [76] RF heating [68], autoclaving, extrusion, steam heating, ultrasound, and UV
radiation [87].

Tocopherols are another important bioactive component found in RB oil. Among the
tocopherol analogues, α-tocopherol is the most abundant analogue in RB oil, followed
by γ-tocopherol [46,58,60,61,82,112]. Unlike γ-oryzanol, tocopherols are more susceptible
to heat and showed significant decreases as a result of stabilization processes such as
extrusion [72], IR [60,113], MW [58,113], and steaming [95].

The contents of both γ-oryzanol and tocopherols are affected by both variety and
environmental factors. However, Bergman and Xu (2003) showed that growing envi-
ronment has a greater effect on γ-oryzanol and tocopherol levels than genotype [112].
Many researchers found that the γ-oryzanol content of RB is many times higher than toco-
pherols [60,61,112]. Moreover, individual RB fractions have different levels of γ-oryzanol
and tocopherols [61,114]. Yılmaz (2016) reported that the fraction obtained from the first
mill, which contains mostly the outermost bran layer, is the richest in γ-oryzanol and
this amount decreases towards the inner layers. However, tocopherols show the opposite
trend [61]. Similarly, Britz et al. (2007) stated that γ-oryzanol is concentrated in the outer-
most pericarp and seed coat, while tocols are well presented in the deeper aleurone [114].
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Furthermore, RB oil is the only readily available oil that contains significant levels of
tocotrienols, with the exception of palm oil [41].

In addition, RB is a notable source of B group vitamins, especially niacin. Yılmaz
and Tuncel (2015) found 36.92 mg/kg of thiamin (B1), 0.91 mg/kg of riboflavin (B2),
338.50 mg/kg of niacin (B3), 8.46 mg/kg of pyridoxamine, 1.90 mg/kg of pyridoxal,
and 12.86 mg/kg of pyridoxine (23.23 mg/kg Vitamin B6 in total) in raw RB [99]. The
authors observed a significant decrease of up to 42% in thiamin content, while no changes
in the contents of riboflavin, niacin, and total B6 vitamin were observed as a result of
IR stabilization [99]. Moreover, Rafe and Sadeghian (2017) reported that the content of
vitamins B2, B3, B5, and folic acid remained unchanged as a result of extrusion [73].

Other important micronutrients in RB are phospholipids or lecithin (one of the major
classes of lipid in RB oil), phytosterols, squalene, and phenolic acids. The main phytosterols
are β–sitosterol (c. 50%), campesterol (c. 20%), stigmasterol (c. 15%), and isofucosterol
(c. 5%) [115]. Phytosterols are known for their cholesterol-lowering properties due to the
inhibition of cholesterol absorption in the small intestines. Squalene, which is a triterpene
and intermediate metabolite of cholesterol synthesis, is found in shark fish liver oil and
vegetable sources such as olive oil, palm oil, wheat-germ oil, and amaranth oil. RB oil
has higher squalene content compared with commercial vegetable squalene derived from
olive oil [115]. Pokkanta et al. (2022) found 1252 mg/kg of total phytosterols (stigmasterol,
campesterol, β-stigmasterol), 99.55 mg/kg of squalene, 3 mg/kg of cholecalciferol, and
2.45 mg/kg of phylloquinone in RB [46].

RB is also a notable source of phenolics, especially in bound form. Ferulic (1863 μg/g)
and p-coumaric (647 μg/g) acids are the most abundant phenolic acids in RB [99]. The
presence of gallic acid, protocatechuic acid, 4-hydroxybenzoic acid, catechin, vanillic acid,
chlorogenic acid, caffeic acid, kaempferol, epigallocatechin, trans–p–coumaric acid, syringic
acid, and sinapic acid was also reported [46,99,116]. In general, pigmented RB extracts
have higher contents of phenolic compounds and antioxidant activity [117].

RB contains about 50% carbohydrates, mainly starch [118]. Total dietary fiber (TDF) con-
tent of RB ranges from 22 to 32%, with less than 5–6% as soluble dietary fiber (SDF) [50,73,98,99].
Sharma et al. (2004) reported 10–20% starch, 3–8% reducing sugars, 8–11% hemicelluloses,
and 10–12% celluloses in RB [51]. Parboiling may also notably affect the properties of starch
in rice grain.

Antinutrients in RB are not widely studied. The phytic acid content of raw RB was
23–93 mg/g, depending on rice cultivar, and significant decreases in phytate content were
reported following extrusion [50,73,102,119,120] and IR stabilization [94]. Kaur et al. (2015)
reported 53.82 TIU/g of trypsin inhibitor activity in raw RB and found a significant decrease
following extrusion treatment [102].

7. Conclusions

In conclusion, RB is a highly nutritious and technologically functional by-product with
remarkable health-promoting effects. Due to all these mentioned properties, it deserves
much more than simply being used as feed. RB forms about 10% of the paddy milled,
which corresponds to a very high quantity, since rice is one of the main crops produced
worldwide. Reusing such valuable by-products is a key sustainability strategy. RB should
either be stabilized or exposed to a process suitable for the end product to which it will
be transformed as soon as possible since it deteriorates very rapidly. Although each
stabilization method has unique advantages and disadvantages, most of the stabilization
methods reported in the literature failed to irreversibly prevent hydrolytic degradation over
a long time. Among the stabilization approaches, extrusion, MW, and IR heating seem more
promising with regard to industrial scale processing. In addition, steaming and drying
(parboiling) is a common and useful process for the RB oil industry. It is critically important
to take measures to keep the moisture content of the stabilized RB low throughout storage
to prevent reactivation of lipases.
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