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Rice varieties with a high endosperm lipid content
have reduced starch digestibility and increased
γ-oryzanol bioaccessibility
Yi Shen,a,b Dianxing Wu,a,c Vincenzo Fogliano

b

and Nicoletta Pellegrini

*b,d

The amount and distribution of rice endosperm lipids can inﬂuence starch digestibility and nutritional properties of white rice. However, this aspect has been poorly investigated thus far. We investigated the digestion
properties of ﬁve rice varieties and common rice having diﬀerent lipid contents (8.1–24.2 g kg−1) showing
that the lipid content is positively correlated with the resistant starch content and negatively correlated with
digestion extent (C∞) and estimated glycemic index (eGI). After non-starch lipid (NSL) removal from selected
high-lipid mutants (ALK3 and RS4), C∞ was signiﬁcantly enhanced compared to native samples when
digested by α-amylase, while this phenomenon was not observed in low-lipid rice (GZ93). When pancreatin
was used, starch digestion was only delayed; triglycerides were gradually hydrolyzed by pancreatic lipase and
the lipids–starch complex became no longer resistant to hydrolysis by α-amylase. These results indicated
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that rice endosperm lipids inhibited starch digestion, by transforming part of the starch into a slowly digestible

DOI: 10.1039/d1fo03039f

starch fraction. High-lipid mutants also had a higher total amount of, and more bioaccessible, γ-oryzanol
than low-lipid varieties. This study indicates that high-lipid white rice has great potential in designing func-

rsc.li/food-function

tional rice-based foods, combining a relatively lower eGI and a high γ-oryzanol content.

1 Introduction
Rice is the staple food for over half of the world population: it
contains mainly starch (90%) with small amounts of proteins
(5–7%) and lipids (0.5–1%).1 Rice starch is rapidly digested in
the human digestive tract and, therefore, it is considered as a
food with a high glycemic index (GI).2 Consumption of high GI
foods could contribute to increasing the incidence of chronic
diseases, especially type 2 diabetes and cardiovascular disease.3
Every year, about 3.2 million deaths are attributed to diabetes in
the world.4 In this framework, it is the responsibility of food
scientists to design rice-based food products that have reduced
GIs. This goal can be achieved with several formulation and processing strategies. Among them, the complexation of lipids with
starch has the potential to lower the digestion rate of rice
starch. Chen et al. complexed rice starch/flour with maize oil by
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a heat–moisture treatment and found a lower content of rapidly
digestible starch as well as a higher content of resistant starch
compared to untreated samples.5 Similar results were observed
by Farooq et al., who complexed palm oil with rice starch and
reported an increase in resistant starch as well as a decrease in
rapidly and slowly digestible starch.6 Hirota et al. complexed
linoleic acids with rice starch and they also observed delayed
starch digestion.7 This inhibition is likely due to the ability of
lipids to create a coating around starch granules and thus
hamper starch hydrolysis by intestinal amylases.8
Unfortunately, rice is mostly consumed as white rice having
almost no lipids around the starch granules. Most of the lipids
are present in the germ and in the bran and are lost during
refining and thus the possibility of complexing starch with
endogenous lipids is limited. A new, smart “in plant” strategy
was pursued by breeding programs trying to lower the digestion
of white rice by enhancing the content of endosperm lipids. In
a previous study, we obtained 4 rice mutants from the parent
R7954 using the gamma irradiation approach.9 R7954 was subjected to 300 Gy irradiation and certain mutants in the next generations were selected. These mutant varieties with diﬀerential
endosperm lipids are suitable for a study aiming at investigating
the role of endosperm lipids in rice starch digestibility.
Ye et al. removed lipids from rice flour using petroleum ether
and Soxhlet extraction.8 They observed a significant increase in
starch digestibility after lipid removal.8 However, this procedure
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only removes the non-starch lipid (NSL) moiety while there is
another lipid fraction that cannot be extracted using the Soxhlet
method and it requires more vigorous extraction conditions.
This component has been named starch lipids (SLs) and it has
potentially considerable eﬀects on the physicochemical properties of starch than the NSL moiety.9 Zhang and co-workers
obtained a significant increase in pasting viscosity by removing
both SLs and NSLs but not by taking out NSL only.9
Besides their relevance in modulating starch digestibility,
rice lipids, which are abundant in bran, are of increasing
demand due to their health benefits. Rice bran oil has a good
fatty acid profile and is rich in phytochemicals, especially
γ-oryzanol which is a potent free radical scavenger.10 Many
clinical studies have shown that γ-oryzanol has health promoting functions by reducing total plasma cholesterol, increasing
high-density lipoprotein concentration, improving blood lipid
profile, and inhibiting platelet aggregation.11 However, the
presence and bioaccessibility of γ-oryzanol in white rice have
rarely been studied, because of its very low content in the
endosperm. The presence of a significant amount of endosperm lipids in our rice varieties justifies this investigation.
Therefore, the aim of this study is to elucidate the eﬀect of
endosperm lipid on starch digestibility and γ-oryzanol bioaccessibility. High-lipid mutant rice was digested following the
INFOGEST digestion protocol12 and the results were compared
to those of low-lipid varieties and common rice. NSLs and SLs
were selectively removed from three selected rice varieties and
then the starch digestion rates were measured. In addition, the
presence and bioaccessibility of γ-oryzanol after digestion were
measured to have an indication about the health beneficial
eﬀect of endosperm lipids.

2

Materials and methods

2.1

Materials

Five rice varieties were used in this study; the parent R7954
and four mutants, i.e., one normal lipid mutant (GZ93) and
three high-lipid mutants (GZ1, ALK3, and RS4) which were
obtained by inducing mutations in parent R7954 as previously
described.9 Briefly, dry grains of R7954 were irradiated by
60-Cobalt gamma rays with 300 Gy. Mutants with the targeted
high-lipid traits were selected from the M2 generation and verified in the subsequent M3–6 generations. The highly advanced
generation mutants with stable high endosperm lipid contents
were chosen for the current study.
All varieties were grown in 2019 in Hainan (110°2′1″E, 18°
31′36″N), China. After being harvested and dried to a moisture
content of 10–11% in an air-conditioned room, the grains were
stored at 4 °C in darkness. Prior to analysis, the grains were
dehulled using a paddy husker (Satake Co., Tokyo, Japan).
Then the outer layer (15% of the total weight) of brown rice was
removed using a rice whitener machine (Satake Corp., Tokyo,
Japan) to get white rice. The white rice samples were freeze-dried
and stored at 4 °C in darkness. To produce rice flour, the endosperm was milled using a cryogenic grinder (6875D, Metuchen,
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USA) and sieved to get particles of size 90–160 µm. Then the rice
flour (RF) was freeze-dried and stored at 4 °C in darkness.
D-Methionine, pepsin (P6887), α-amylase (A3176), pancreatin (P1750, 4× USP specifications), and amyloglucosidase
(10 113) were purchased from Sigma-Aldrich (St Louis, MO,
USA). n-Propanol, n-hexane, methanol, formic acid, isopropanol and isooctane were of HPLC grade. All other chemicals
were of analytical grade. Common rice (Pandan rice) and white
bread flour were purchased from a local supermarket (Jumbo,
Wageningen, Netherlands).
2.2

Measurement of starch fractions and protein content

Starch fractions and protein content were analyzed in the five
rice varieties and in the common rice.
Total starch content was measured using a Megazyme Inc.
kit (Bray, Ireland) following the procedure provided by the
manufacturer. The apparent amylose content was measured
using the iodine colorimetric method.13 Rapidly digestible
starch (RDS) and slowly digestible starch (SDS) were measured
on cooked rice flours by the Englyst method14 and presented
as the percentage to total amount of rice flour. Resistant
starch (RS) was calculated as the diﬀerence between total
starch and digestible starch.
Protein content was measured by Dumas (Thermo Quest
NA 2100 Nitrogen and Protein Analyzer, Interscience, Breda,
the Netherlands) using a protein-to-nitrogen conversion factor
of 6.25. D-Methionine was used as a standard.
2.3

Extraction and measurement of endosperm lipids

Lipids of ALK3, RS4, and GZ93 were partially and totally
removed by the method reported by Zhang et al.9 For partial
removal, 3.0 g of freeze-dried RF was soaked in petroleum
ether (30–60 °C) for 1 h and then refluxed for 6 h to recover
NSLs and produce rice flour with NSL removed (RF-NSL).
For total lipid removal, the RF-NSL was further extracted with
a n-propanol : water (3 : 1, v/v) mixture at 37 °C for 24 h with
continuous shaking at 200 rpm to produce SL and rice flour
with both NSL and SL removed (RF-NSL-SL). The solvent used to
extract NSL and SL was carefully collected and dried by using a
rotary evaporator, re-dissolved in 1000 µL of n-hexane, and then
stored at −20 °C. The RF-NSL and RF-NSL-SL were washed twice
with ethanol and water, freeze-dried and then stored at 4 °C.
The lipid contents of RF, RF-NSL, and RF-NSL-SL were
measured by the method reported by Zhang et al. with some
modifications.9 Briefly, 2 g of the sample (M0) was hydrolyzed
by 6 M HCl at 70–80 °C and then the lipids in the mixture were
extracted with diethyl ester and petroleum-diethyl ester. The
extract was transferred into a beaker with constant weight (M1)
and dried to a constant weight (M2). The lipid content (LC)
was calculated with the eqn (1):
LCð%Þ ¼

M2  M1
 100
M0

ð1Þ

2.3.1 Diﬀerential scanning calorimetry (DSC). The thermal
properties of the RF, RF-NSL and RF-NSL-SL samples were
measured with a diﬀerential scanning calorimeter DSC Q200

This journal is © The Royal Society of Chemistry 2021

View Article Online

Published on 28 October 2021. Downloaded by Wageningen University and Research - Library on 1/7/2022 10:57:29 AM.

Food & Function

Paper

(TA Instruments, New Castle, USA) according to Sun et al.13 A
sample of 2.5 mg was weighed in an aluminum DSC pan to
which 7.5 µL of deionized water was added. The pan was hermetically sealed and kept at room temperature for equilibration for 12 h. Then, the sample was heated at a heating rate
of 4 °C min−1 from 30 to 130 °C using a hermetically sealed
empty pan as the reference. The onset temperature (To), peak
gelatinization temperature (Tp), and heat of gelatinization (ΔH)
were determined using the analysis tool available in the
Universal Analysis software (TA instruments, New Castle, USA).
2.4

In vitro digestion study

2.4.1 Cooking method. One gram of a flour sample was
weighed and cooked in excess boiling water (20 mL) for
20 min. Then the excess water was poured into a beaker and
the weight of the remaining sediment was recorded as M0.
Five grams of the remaining sediment were taken into a new
50 mL tube and used for in vitro starch digestion. The excess water
poured into the beaker was dried at 105 °C until constant weight.
The amount of the dry matter was recorded as M1. The exact
amount of flour used in digestion (M) was calculated by taking
into account the loss in the boiling water using this eqn (2):
M¼

5
 ð1  M1 Þ
M0

ð2Þ

2.4.2 In vitro digestion procedure. The INFOGEST experimental protocol was followed for in vitro digestion12 of the five
rice varieties and the common rice. Briefly, the simulated oral
phase (SOP), simulated gastric phase (SGP), and simulated
intestinal phase (SIP) with specific conditions (i.e. temperature, electrolytes, pH and enzymes) were used to simulate the
entire digestion process. In the SIP, either α-amylase or pancreatin was used. In pancreatin, α-amylase units were controlled the same as those of α-amylase alone. When the SIP
started, 100 μL of the samples were taken out at 0, 10, 20, 30,
45, 60, 90, 120, 150, and 180 min and mixed with 0.4 mL of
ethanol to stop the digestion. Then the samples taken out at
each time point were centrifuged at 4000g for 15 min.
2.4.3 Calculation of the percentage of digested starch.
100 µL of the supernatant was combined with 500 µL of amyloglucosidase solution (27.16 U mL−1) in acetate buﬀer (0.1 M
and pH 4.8) and incubated at 37 °C for 1 h to complete the
starch digestion. Then the tubes were boiled for 5 min to inactivate the enzyme. The samples were centrifuged at 4000g for
15 min. The supernatant was collected for the analysis of
glucose. Glucose quantity was measured by the D-glucose assay
procedure (Megazyme Inc., Bray, Ireland) and the digested
amount of starch was calculated by the glucose quantity with a
conversion factor of 0.9.
The starch digestion data were fitted to a first-order eqn (3):
Ct ¼ C1 ð1  ekt Þ

ð3Þ

where Ct and C∞ are the concentrations of the percentage of
digested starch at a certain time (t ) and infinite time and k is
the digestibility rate constant. The Box Lucas model as the
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nonlinear curve fit model in OriginPro 9 (OriginLab
Corporation, Northampton, MA, USA) was used for estimating
the k and C∞ values.
In addition, the initial reaction rate in the first 20 min
(IRR20) was used to suggest the digestion rate in the early stage
based on the method reported by Kan et al.15 with some modifications. IRR20 was calculated by eqn (4):
IRR20 ¼

C20  C0
20

ð4Þ

where C20 and C0 are the concentrations of the percentage of
digested starch at 20 min and 0 min.15
The hydrolysis index (HI) was used to measure the hydrolysis rate of the tested samples by comparing with a reference
food. In this study, white bread flour was used. The flour was
cooked as reported in paragraph 2.4.1, and was digested by following the same procedure for the test samples. HI was calculated by eqn (5):16
HI ¼

iAUC90test
 100
iAUC90ref

ð5Þ

where iAUC90test and iAUC90ref are the areas under the digestion curve up to 90 min of the test sample and the reference
sample, respectively.
Estimated glycemic index (eGI) was calculated by eqn (6):16
eGI ¼ 39:71 þ 0:549  HI
2.5

ð6Þ

Bioaccessibility of γ-oryzanol

The analysis of γ-oryzanol content and its bioaccessibility was
performed with the ALK3, RS4 and GZ93 samples.
2.5.1 Measurement of the content of γ-oryzanol.
γ-Oryzanol was extracted by soaking 0.5 g of rice flour in 5 mL
of dichloromethane with vortex for three times as reported by
Insuan et al.17 The extracted samples were combined, dried
under nitrogen flow, redissolved in 0.5 mL of methanol and filtered through a 0.22 µm membrane filter (Phenomenex,
Netherlands). The γ-oryzanol content was measured by an
HPLC system using the method reported by Calvo-Castro et al.
with some modifications.18 The separation was carried out
using a Vydac C18 201TP (250 × 4.6 mm, AllTech) column with
a guard column. The mobile phase for γ-oryzanol was methanol containing 1% formic acid at a flow rate of 1 mL min−1
and the fluorescence detection wavelength was set at 320 nm.
Twenty µL of the samples was injected for measurement. A
γ-oryzanol standard was purchased from FUJIFILM Wako Pure
Chemical Corporation (Tokyo, Japan).
2.5.2 Measurement of the bioaccessibility of γ-oryzanol.
The bioaccessibility of γ-oryzanol was measured based on the
method reported by Yang et al. with some modifications.19
The fraction of lipophilic compounds solubilized in the supernatant (mixed micellar fraction) that escaped from the matrix
was considered as the bioaccessible part.19 The digestion mixtures after digestion were centrifuged for 70 min at 20 000g
(4 °C). The whole supernatant was taken out and extracted
with isopropanol : isooctane (1 : 3, v/v). The solvent was then
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evaporated under nitrogen and the extract was redissolved in
methanol. Then the samples were filtered through a 0.22 µm
membrane filter (Phenomenex, Netherlands) and analyzed
using the method described above.
The bioaccessibility (%) of γ-oryzanol was calculated by the
following eqn (7):
Bð%Þ ¼

A0
 100
A1

ð7Þ

where A0 is the amount of γ-oryzanol in the digesta supernatant per gram rice flour and A1 is the amount of γ-oryzanol
per gram rice flour.
2.6

Statistical analysis

All tests were carried out in triplicate (except thermal analysis).
One-way ANOVA and Duncan factorial scheme (significance
level at p < 0.05) were performed for statistical analysis by SPSS
26 (SPSS Inc., Chicago, IL, USA). The normality of data distribution among six rice samples was tested using the Shapiro–
Wilk test ( p > 0.05) by SPSS 26 (SPSS Inc., Chicago, IL, USA).
The Pearson correlation coeﬃcient (significance level at p <
0.05) was calculated to analyze the linear correlation between
the parameters by SPSS 26 (SPSS Inc., Chicago, IL, USA).

3

Results and discussion

3.1

Proximal compositions of the studied rice samples

Total starch, amylose, protein and lipid contents of the five rice
varieties and common rice investigated are shown in Table 1.
Total starch ranged from 690 to 761 g kg−1 and was significantly
lower in the GZ1 variety compared to the other rice samples.
Amylose content varied from 137 to 530 g kg−1 and was significantly diﬀerent among the 6 rice samples (except ALK3 and
GZ1). GZ1, RS4 and ALK3 had high amylose content >440 g kg−1
while parent R7954, GZ93 and common rice had low amylose
content <310 g kg−1. The lipid content varied a lot from 8.1 to
24.2 g kg−1: GZ1, RS4 and ALK3 had significantly higher lipid
content than GZ93, common rice and parent R7954. Regarding
the protein content, the common rice had the lowest content of
71.0 g kg−1, while all the other five samples had a higher protein
content that ranged from 78.8 to 98.0 g kg−1.

Table 1

Starch amylose content influences the structural and functional properties of rice starch in pastes and gels,20 and it was
regarded as the most important determinant of the sensorial
experience of rice.21 Thus, it was expected that the five rice varieties had large diﬀerences in their physicochemical properties
as their amylose contents were in a wide range. Amylose can
also form a single left-handed helical structure with a hydrophobic cavity and can react with several hydrophobic
ligands.22 In this vein, rice varieties with higher amounts of
amylose and lipids should be able to form more complexes.
The contents of RDS, SDS and RS fractions were also
reported in Table 1. The RDS of the six rice samples ranged
from 546 to 676 g kg−1, among which R7954, GZ93 and
common rice had the highest values while ALK3 and GZ1 had
the lowest values. Looking at the RS concentration, ALK3 and
GZ1 had values of over 91 g kg−1, which were very high for
rice, with the RS content in cooked wild rice cultivars typically
ranging from 6 to 12.1 g kg−1.23 RS4, the intermediate variety,
had an RS concentration of 77 g kg−1, while the three low-lipid
rice samples had an RS concentration lower than 11 g kg−1. As
expected, RDS content was negatively correlated with amylose
content (r = −0.86, p < 0.05) and total lipid content (r = −0.89,
p < 0.05), while RS was positively correlated with amylose
content (r = 0.93, p < 0.05) and total lipid content (r = 0.99, p <
0.05). This result suggested that a high lipid content may lead
to a high RS content. This is consistent with the result
observed by Tang et al., who found a significant decrease of RS
in naked oat flour after lipid removal.24
3.2

Starch digestibility of the studied rice varieties

In this study, the standardized INFOGEST protocol was followed
to further study the starch digestibility of the 5 rice varieties and
common rice.12 For all samples, the digestion data were well fitted
to a first-order equation (R2 > 0.95) and are presented in Fig. 1.
The low-lipid varieties had higher digestion rates and
extent compared to the high-lipid varieties: R7954 and
GZ93 had significantly higher C∞ (75.9 and 72.7%, respectively) compared to ALK3 and GZ1 (58.9 and 50.9%, respectively); R7954 and GZ93 also had significantly higher IRR20
(3.07 and 2.47, respectively) compared to ALK3 and GZ1 (1.16
and 1.56, respectively). RS4, as the intermediate variety, had
medium values of C∞ and IRR20 (64.6% and 1.70, respectively).

Proximate composition and diﬀerent fractions of the starch of studied rice samplesa

R7954
ALK3
RS4
GZ93
GZ1
Common rice

Total
starch
(%)

Amylose
(%)

Total
lipids
(%)

Protein
(%)

Rapidly
digestible
starch (%)

Slowly
digestible
starch (%)

Resistant
starch (%)

Hydrolysis
index

Estimated
glycemic
index

74.7 ± 0.2ab
72.8 ± 0.8b
75.5 ± 0.2a
75.9 ± 0.5a
69.0 ± 0.4c
76.1 ± 1.1a

30.2 ± 0.3c
51.9 ± 0.5a
44.7 ± 0.6b
16.4 ± 0.1d
53.0 ± 0.4a
13.7 ± 0.2e

0.91 ± 0.06b
2.32 ± 0.15a
2.36 ± 0.07a
0.81 ± 0.07b
2.42 ± 0.07a
0.84 ± 0.09b

7.88 ± 0.03d
9.77 ± 0.07a
9.80 ± 0.02a
8.25 ± 0.15c
8.97 ± 0.00b
7.10 ± 0.00e

67.6 ± 1.5a
54.7 ± 2.6c
61.5 ± 0.7b
65.5 ± 0.4ab
54.6 ± 1.5c
65.5 ± 1.1ab

6.7 ± 2.1ab
9.1 ± 2.2a
6.3 ± 0.8ab
9.7 ± 1.9a
4.6 ± 1.6b
9.5 ± 1.4a

0.4 ± 0.2b
9.1 ± 1.7a
7.7 ± 1.4a
0.7 ± 0.4b
9.8 ± 1.4a
1.1 ± 0.3b

94.8 ± 3.0a
53.5 ± 0.2d
69.0 ± 1.1c
84.2 ± 3.9b
54.2 ± 4.8d
79.1 ± 1.9b

91.8 ± 2.1a
69.1 ± 0.1d
77.6 ± 0.6c
85.9 ± 2.1b
69.4 ± 2.5d
83.1 ± 1.0b

a
The data are expressed as the means ± SD, n = 3. Diﬀerent letters in the column indicate significant diﬀerences among the diﬀerent rice
samples at the 0.05 level.
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Fig. 1 In vitro starch hydrolysis proﬁles of the ﬁve rice varieties and common rice. Error bars represent the standard deviation of the mean for triplicate digestions. Abbreviations: C∞, concentration of the percentage of digested starch at inﬁnite time; k, digestibility rate constant; IRR20, initial reaction rate in ﬁrst 20 min. The data are expressed as the means ± SD, n = 3. Diﬀerent letters in the column indicate signiﬁcant diﬀerences among the
diﬀerent rice samples at the 0.05 level.

Compared to the common rice, R7954 and GZ93 had similar
digestibility, while RS4, ALK3 and GZ1 had lower digestibility.
Looking at the starch fractions, the IRR20 and C∞ values of the
six rice varieties were positively correlated with RDS (r = 0.88, r
= 0.97, and p < 0.05, respectively) and negatively correlated
with RS (r = −0.86, r = −0.94, and p < 0.05, respectively). The
HI and eGI values of the low-lipid varieties were also higher
than those of the high-lipid mutants: R7954 and GZ93 had an
eGI higher than 85, common rice and RS4 had an eGI of 83.1
and 77.6, respectively, while ALK3 and GZ1 had an eGI lower
than 70. Foods with low (<55) and medium GI (56–69) are
slowly digested and absorbed by the gut and maintain a more
stable blood sugar level over the 2 h compared to high GI (>70)
foods.25 As white rice is generally regarded as a high GI food,
medium GI rice varieties (ALK3 and GZ1) are quite valuable
for consumers, especially for diabetics.
The easy-to-digest property of the starch in R7954 and GZ93
was well in line with their low amylose content. Pearson correlation analysis showed that C∞ was negatively correlated with
amylose content (r = −0.85, p < 0.05). The rice starch digestion
kinetics mainly depend on amylose content and molecularorder stability.26 It has been hypothesized that more amylose
leads to a higher chain packing density in starch structure,
making starch less available for enzyme attack.27 As amylose is
able to complex with lipids forming a V-type amylose-lipid
crystalline structure (which is classified as a form of RS), the
higher content of lipids inhibited starch digestion.28 In this
study, the lipid content was positively correlated with amylose
content (r = 0.94 and p < 0.05) and negatively correlated with

This journal is © The Royal Society of Chemistry 2021

C∞ and eGI (r = −0.89 and r = −0.88, respectively, p < 0.05)
which confirms our main working hypothesis: endosperm
lipids can lower the starch digestibility.6,29
The starch digestion rate is aﬀected by many factors. The
intrinsic factors include starch grain size, amylose content,
amylopectin chain length distribution and the external factors
include particle size and protein and lipid content.30,31 To
better elucidate the mechanisms underpinning the eﬀect of
lipids on starch digestion, three of the five varieties used in
this study were selected for further investigations. GZ93 with
low lipid content and high eGI was compared with two varieties having high lipid content but diﬀerent ratios of NSL and
SL (i.e., ALK3 and RS4). The digestion behavior of these varieties before and after partial or total removal of endosperm
lipids was measured. The results obtained for these three varieties are described in the section.
3.3 Lipid composition and thermal properties of the three
selected rice varieties
The composition of the three rice samples after the selective
lipid extractions is shown in Table 2. In all three varieties, the
major part of lipids was non-starch lipids. After extraction with
petroleum ether, 77% total lipids for ALK3, 63% for RS4, and
68% for GZ93 were removed. After the two-step removal, most
of the endosperm lipids was removed in ALK3, RS4 and GZ93
(91%, 93%, and 89%, respectively), confirming the high removal
eﬃciency of the adopted protocol.9 It is worth noting that the
total starch content was not aﬀected by the lipid removal procedure and also the protein content was slightly changed.
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Table 2 Composition of native and lipid-removed rice samples from
the selected rice mutants (ALK3, RS4, and GZ93)a

ALK3
ALK3-NSL
ALK3-NSL-SL
RS4
RS4-NSL
RS4-NSL-SL
GZ93
GZ93-NSL
GZ93-NSL-SL

Lipid content
(%)

Protein content
(%)

Total starch
(%)

2.32 ± 0.15a
0.54 ± 0.20cd
0.21 ± 0.05e
2.36 ± 0.07a
0.88 ± 0.08b
0.17± 0.03e
0.81 ± 0.07bc
0.26 ± 0.08de
0.09 ± 0.04e

9.7 ± 0.07c
10.46 ± 0.05b
11.48 ± 0.04a
9.80 ± 0.02c
10.49 ± 0.03b
10.61 ± 0.08b
8.25 ± 0.15d
8.30 ± 0.04d
8.35 ± 0.08d

72.8 ± 0.8bc
71.2 ± 0.7cd
69.8 ± 1.6d
75.5 ± 0.2ab
74.0 ± 0.6bc
74.2 ± 1.2b
75.9 ± 0.5ab
77.3 ± 0.3a
77.4 ± 1.9a

a
The data are expressed as the means ± SD, n = 3. Diﬀerent letters in
the column indicate significant diﬀerences among the diﬀerent
samples at the 0.05 level. Abbreviations: NSL, removal of non-starch
lipids; NSL-SL, removal of both non-starch lipids and starch lipids

DSC analysis was used to study the changes in the starch–
lipid complex after lipid removal by measuring the endothermic characteristics during starch gelatinization. The lower

temperature endotherm is due to the breakdown of the crystallinity of amylose, whereas the endotherm at higher temperatures accounted for the melting processes of the starch–lipid
complex.9 As shown in Fig. 2, after NSL removal, the enthalpy
of the second endothermic peak (86–106 °C) in ALK3 and RS4
drastically decreased, and further decreased after SL was
removed. Looking at the low-lipid variety GZ93, the second
endothermic peak (89–106 °C) disappeared when NSL or SL
was removed, suggesting no obvious starch–lipid complex
remaining. Kar et al. also observed that the endothermic peak
of the lipid–starch complex decreased after NSL removal and
the peak disappeared after SL removal.32 On the other hand, it
was widely reported that after complexing with lipids, an
endothermic peak over 105 °C appeared indicating the formation of the lipid–starch complex.33,34

3.4 Digestion properties of the three selected rice varieties
after lipid removal
The digestion properties of native samples, partial lipidremoved samples, and total lipid-removed samples are pre-

Fig. 2 Thermal properties of the three rice mutants (ALK3, RS4, and GZ93) after diﬀerential lipid removal obtained by DSC. Abbreviations: NSL,
removal of non-starch lipids and NSL-SL, removal of both non-starch lipids and starch lipids.
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Fig. 3 In vitro starch hydrolysis proﬁles of the three rice mutants (ALK3, RS4, and GZ93) obtained with pancreatin or amylase after diﬀerential lipid
removal. Error bars on the curve represent the standard deviation of the mean for triplicate. NSL, removal of non-starch lipids; NSL-SL, removal of
both non-starch lipids and starch lipids. α-Amylase/pancreatin in brackets refers to the enzyme used in digestion. C∞, concentration of the percentage of digested starch at inﬁnite time; k, digestibility rate constant; and IRR20, initial reaction rate in ﬁrst 20 min. The data are expressed as the
means ± SD, n = 3. Diﬀerent letters in the column indicate signiﬁcant diﬀerences among diﬀerent samples at the 0.05 level.
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sented in Fig. 3. Pancreatin is the most commonly used
enzyme for in vitro digestion studies.12 Pancreatin preparation
also contains pancreatic lipase that is able to hydrolyze rice
endosperm triglycerides (about 80.5% triglycerides in the rice
lipid fraction).35 It was expected that in the sample digested
using pancreatin, the inhibitory eﬀect of lipids on starch digestion may gradually disappear while triglycerides were hydrolyzed by lipase. Therefore, the digestion experiments were performed in parallel with pancreatin and purified α-amylase.
Digestion data of all samples were well fitted by a first-order
equation (R2 > 0.95), except native GZ93 that was digested by
α-amylase (R2 = 0.88).
Looking at the RS4 variety, when α-amylase was used, both
the NSL-removed and SL-removed samples had a larger digestion extent (C∞) than the native sample. In the case of ALK3,
the digestion extent was higher in ALK3-NSL, but not in ALK3NSL-SL, although in this case the high standard deviation of
the measures might have shadowed the eﬀect. As expected, for
the low-lipid variety GZ93, no significant diﬀerence between
native samples and lipid-removed samples was observed. This
means that rice endosperm lipids might complex with starch
forming α-amylase-resistant structures in high lipid varieties.
In GZ93, the low content of both amylose and lipids did not
allow much formation of this kind of complex.
When pancreatin instead of α-amylase was used, the C∞ of
native flour increased becoming like the one of lipid removed
samples. However, the pancreatin-digested native samples had
a lower initial digestion rate, although not significant, compared to the lipid removed samples, as suggested by the IRR20
values. This phenomenon can be understood by looking at the
digestion curves of the high-lipid varieties. When the endosperm lipids were accessed and gradually digested by the
lipase present in pancreatin, the starch released from the
starch–lipid complex was longer resistant to the hydrolysis by
α-amylase. As this process took some time, the digestion rate
of native samples gradually increased as the lipids were hydrolyzed and finally reached a digestion rate similar to those of
the lipid-removed samples. Thus, except for a higher initial
digestion rate (IRR20), the lipid-removed samples still had a
higher whole-process digestion rate (k), although not significant, compared to the pancreatin-digested native samples. The
higher k value means the lipid-removed samples had a relatively higher speed reaching the digestion limitation. It can be
concluded that this kind of complex plays a role in the formation of slowly digestible starch, which can lead to a slower
release of glucose.
SLs have a larger influence on starch physiochemical properties than NSLs as they combine with starch and inhibit
starch swelling.9 We expected SLs would have had a higher
inhibitory eﬀect on starch digestion than NSLs but this was
not observed in the study. Samples with only NSL removed or
both NSL & SL removed had almost the same digestion behavior. This might be explained by the lower proportion of SL
(23–27% of total lipids in three studied varieties) compared to
NSL, which in turn resulted in a small eﬀect on starch
digestion.
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Bioaccessibility of γ-oryzanol

The high lipid content in rice endosperm can not only lower
the digestibility of starch but also has the potential to enhance
the nutritional quality of white rice, as rice (bran) lipids
contain abundant bioactive compounds (i.e. γ-oryzanol).
γ-Oryzanol is especially abundant in rice compared to other
cereals and its concentration and release during digestion
(bioaccessibility) can provide useful information about the
nutritional quality of endosperm lipids.36 As shown in Table 3,
ALK3 had the significantly highest concentration of total
γ-oryzanol (127.2 µg g−1), followed by RS4 (81.6 µg g−1), while
GZ93 had a much lower content (3.8 µg g−1). By following the
INFOGEST digestion protocol and collecting the γ-oryzanol
present in digesta supernatant, we measured the bioaccessible
fraction that can be absorbed by the human body. As reported
in Table 3, ALK3 had the highest content in the digesta supernatant (80.6 µg g−1), while RS4 and GZ93 had lower contents
(7.9 and 1.7 µg g−1, respectively). These data indicated that
ALK3 had the highest γ-oryzanol bioaccessibility (about 63.4%
of the total amount), while GZ93 and RS4 had lower γ-oryzanol
bioaccessibilities.
γ-Oryzanol is abundant in rice bran but it was not often
measured in rice endosperm. γ-Oryzanol in brown rice was
reported varying from 163–979 μg g−1 in diﬀerent rice varieties,
while in white rice it ranges from 6.11 to 120.7 μg g−1.37
Pereira-Caro found that the total γ-oryzanol content was only
8.2 μg g−1 in white rice.38 Compared to the reported values,
the endosperm of low-lipid variety GZ93 contained a low
γ-oryzanol content, while the endosperms of ALK3 and
RS4 had relatively high γ-oryzanol content. Bergman and Xu
reported that the content of γ-oryzanol was correlated with the
surface lipid content.39 In our study, the two high-lipid varieties also had higher γ-oryzanol content in their endosperm.
ALK3 had a lower NSL content but higher γ-oryzanol content
than RS4, which means γ-oryzanol was not linked to NSL in
endosperm content and may be diﬀerent with varieties.
Among the analyzed rice varieties, those with higher
γ-oryzanol also presented higher bioaccessible γ-oryzanol
content after digestion. The bioaccessible amount of
γ-oryzanol per gram rice in ALK3 and RS4 reaches about 47
and 5 fold that in GZ93. Few reports looked at the bioaccessibility of γ-oryzanol. Tuntipopipat et al. in vitro digested par-

Table 3 Total content and bioaccessible γ-oryzanol in the selected rice
mutants (ALK3, RS4, and GZ93)a

ALK3
RS4
GZ93

Total γ-oryzanol (µg g−1)

Bioaccessible γ-oryzanol (µg g−1)

127.2 ± 5.2a
81.6 ± 0.8b
3.8 ± 0.1c

80.6 ± 4.7a (63.4%)
7.9 ± 0.6b (9.7%)
1.7 ± 0.4b (44.7%)

a
The data are expressed as the means ± SD, n = 3. Diﬀerent letters in
the column indicate significant diﬀerences among the diﬀerent rice
mutants at the 0.05 level. Bioaccessible γ-oryzanol represents the
content measured in the digesta supernatant, the values in brackets
represent the percentage of bioaccessibility.
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boiled germinated brown rice (PGBR) and brown rice (BR) and
found that the bioaccessibility of γ-oryzanol was 50% and 52%
for PGBR and BR, respectively.40 The bioaccessibility of
γ-oryzanol we found in ALK3 and GZ93 was in line with this
figure, while RS4 had a lower bioaccessibility. These results
indicated that the bioaccessibility of γ-oryzanol was not correlated with its total content but defined by other factors (i.e.
breakdown of food matrix during digestion).
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4

4 Conclusion
In this study, rice varieties having diﬀerent amounts of endosperm lipids were used to investigate the eﬀect of endosperm
lipids on starch digestion. Results showed that endosperm
lipids can inhibit starch digestion. The eﬀect depends on the
formation of amylose–lipid complexes. Therefore, it is determined by the content of both amylose and lipids. In the high
lipid mutants, the existence of more amylose–lipid complexes
makes the starch harder to digest by α-amylase. When pancreatin was used to mimic the physiological conditions, the endosperm lipids were gradually hydrolyzed by the lipase activity
present in pancreatin. In this case, the presence of endosperm
lipids delays starch digestion, transforming part of starch into
“slowly digestible starch”. However, the final starch digestion
rate is similar as starch is fully digested after the triglyceride
hydrolysis by pancreatic lipase. The high-lipid mutants had
much higher total content and bioaccessible content of
γ-oryzanol than the low-lipid variety. Thus, the white rice
obtained from these high-lipid rice varieties has good health
potential having both a relatively lower eGI and abundant
γ-oryzanol.
These types of breeding programs aimed at obtaining final
products with improved nutritional and health benefits have
great potential and can be regarded as a smart “in plant” food
design strategy which can be well accepted by farmers and
consumers.
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