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Abstract: Enzyme treatment and fermentation of cereals are known processes that enhance the
release of bound bioactive compounds to make them available for bioactivity. In this study, we tested
the angiotensin converting enzyme (ACE) inhibitory ability of destarched rice, Prozyme 2000p
treated destarched rice (DP), and fermented DP samples. Prozyme 2000p treatment increased the
ACE inhibitory ability from 15 ± 5% to 45 ± 3%. Fermentation of the Prozyme 2000p treated
samples with Enterococcus faecium EBD1 significantly increased the ACE inhibitory ability to 75 ± 5%,
while captopril showed an ACE inhibition of 92 ± 4%. An untargeted metabolomics approach using
Ultra-high-performance liquid tandem chromatography quadrupole time of flight mass spectrometry
revealed the abundance of vitamins, phenolic compounds, antioxidant peptides, DPP IV inhibitory
peptides, and antihypertensive peptides in the fermented samples which may account for its strong
ACE inhibition. Although fermented DP had decreased fatty acid levels, the amount of essential
amino acid improved drastically compared to destarched rice. Our results show that fermenting
Prozyme-treated destarched rice with Enterococcus faecium EBD1 generates abundant bioactive
compounds necessary for developing antihypertensive functional foods.

Keywords: bioactive peptides; hypertension; phenolic compounds; functional food

1. Introduction

In recent years, cereal grains such as rice have attracted much scientific attention [1] because
they contain phenolic compounds such as quercetin, ferulic acid, and salicylic acid [2] which have
strong antioxidant abilities [3]. Over the years, oxidative stress has been shown to play a key
role in the pathogenesis of hypertension [4,5] since reactive oxygen species can cause endothelial
dysfunction [6] leading to arterial stiffness in humans [7,8]. One popular physiological mechanism
of hypertension is the renin-aldosterone-angiotensin system (RAAS) [9]. In the RAAS, renin cleaves
angiotensinogen to release angiotensin I which is then hydrolyzed by angiotensin 1-converting enzyme
(ACE) to generate angiotensin II (a vasoconstrictor) [10]. Interestingly, phenolic compounds have
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been shown to strongly inhibit angiotensin 1-converting enzyme (ACE) [11,12] and the strength of
inhibition is directly proportional to the number of hydroxyl groups they possess [13]. In addition
to polyphenols, rice contains proteins which when hydrolyzed, generate bioactive peptides [10].
Many potent antihypertensive peptides such as IHRF [14], VNP, and VWP [15] have been identified
in rice. These peptides may reduce hypertension by inhibiting ACE and/or renin activities [16],
triggering nitric oxide production, or blocking angiotensin II receptors [17]. Antihypertensive peptides
are usually generated in foods either by enzyme hydrolysis or fermentation of protein samples.
Lactic acid bacteria have been effective in fermenting food materials to release polyphenols [18] and to
generate antihypertensive peptides [19]. In recent years, metabolomic techniques such as 1H-NMR
(1H-nuclear magnetic resonance), GC-MS (gas chromatography-mass spectrometry), and LC-MS
(liquid chromatography-mass spectrometry) have been used to identify metabolites in foods [20].
Among the techniques commonly used, LC-MS is the most used in metabolomic studies due to its
detection sensitivity, high resolution, and nonderivatization of samples [21]. Ultra-high-performance
liquid tandem chromatography quadrupole time of flight mass spectrometry (UHPLC-QTOF/MS) is a
new approach in chromatography and was developed based on LC-MS to determine and quantify
more metabolites [22]. In this study, we determined the ACE inhibitory ability of destarched rice
before and after Prozyme 2000p treatment and after fermentation. We then used UHPLC-QTOF/MS to
analyze the metabolite changes that occurred after Prozyme 2000p treatment and after fermentation to
identify bioactive compounds generated by the processing methods.

2. Materials and Methods

2.1. Chemicals and Cultures

All chemical reagents were of analytical grade. ACE-1 Assay Kit (Fluorometric) was purchased
from Biovision (Milpitas, CA 95035, USA). All other reagents, unless specified, were purchased from
Sigma-Aldrich, Seoul, Korea. Two rice powder samples (Oriza sativa L. variety Japonica) were received
from Erom Company Limited (Chuncheon-si, Kangwon-do, Korea). One sample (destarched rice)
was composed of rice powder treated with α-amylase to hydrolyze the starch present. The second
sample (destarched rice + Prozyme (DP)) consisted of destarched rice treated with Prozyme 2000p.

Enterococcus faecium EBD1 was obtained from the Department of Food Science and Biotechnology,
Kangwon National University, Korea to be used for fermentation. This bacterium was used in the
current study because it demonstrated strong proteolytic ability in our previous study (data not shown).
The bacteria stock culture was stored at −80 ◦C in de Man, Rogosa and Sharpe (MRS) broth (Difco),
containing 20% glycerol (v/v). The bacterium was spread on MRS agar and incubated at 37 ◦C overnight
to obtain single colonies. MRS broth (10 mL) was then inoculated with a single bacteria colony and
incubated at 37 ◦C. The cells were harvested at the exponential phase of growth. The number of viable
bacterial cells was determined by the plate count on MRS agar.

2.2. Rice Fermentation

The bacteria growth medium for the lactic acid bacteria consisted of 10% (w/v) Prozyme 2000p
treated destarched rice powder in distilled water. The growth media was sterilized by autoclaving
at 121 ◦C for 15 min before inoculating with lactic acid bacteria. E. faecium EBD1 (2 × 108 cfu/mL)
was transferred from an overnight culture to a 200 mL of autoclaved growth media (pH 6). The media was
incubated at 37 ◦C with 150 rpm agitation for 48 h. The media was then centrifuged at 10,000× g for 10 min
and the supernatant was freeze-dried using TFD5505 table top freeze dryer (ilshinBioBase Co. Ltd.,
Gyeonggi-do, Korea) and the dried samples were stored at −20 ◦C for further analysis. The final
fermented product was labelled as Fermented DP.
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2.3. Determination of Angiotensin 1-Converting Enzyme Inhibitory Ability

ACE inhibitory activities of destarched rice, Prozyme treated distarched rice (DP), and fermented
Prozyme-treated rice (fermented DP) powder were measured using an ACE-1 Assay Kit according
to the manufacture’s instructing with some modifications (Table S1). Briefly, 10 µL of diluted ACE-1
solution was transferred to a 96 well plate and the volume was adjusted to 50 µL/well with ACE-1 assay
buffer. An aliquot of the rice samples (20 µL, 5 mg/mL) was added to the wells and mixed thoroughly.
Captopril (20 µL, 5 mg/mL) was used as a positive control. ACE-1 substrate (50 µL) was added to the
wells and mixed. Fluorescence (Ex/Em = 330/430 nm) was measured in a kinetic mode for 2 h at 37 ◦C.
A standard curve was prepared using the Abz-standard solution. The ACE1 activity was calculated as:

ACE1 activity = B×D/(∆T×P) = pmol/minute/mg,

where:
B = Abz in sample based on standard curve slope (pmol),

∆T = reaction time (minutes),

P = sample used into the reaction well (in mg),

D = sample dilution factor.

One unit of ACE-1 activity is the amount of enzyme that catalyzes the release of 1 nmol of Abz
per min from the substrate under the assay conditions at 37 ◦C. The extent of inhibition was calculated
as 100% × [(B − A)/B] where A is the ACE-1 activity in the presence of ACE and ACE inhibitor, B is the
ACE-1 activity without ACE inhibitory component.

2.4. Metabolomics Analysis

Each rice sample (1 g) was extracted with 20 mL of 50% methanol and placed on a mini rocker
(Clinical Diagnostics, Gangnam, Korea) overnight. The samples were mixed completely for 30 s using a
vortex and subsequently centrifuged at 12,000× g for 12 min at 4 ◦C. Aliquots (1 mL) of the supernatants
were filtered through 0.25 µm pore size Millex syringe filters (Merck KGaA, Darmstadt, Germany)
and transferred into LC-MS vials. LC-MS/MS analysis was carried out using a UHPLC (SCIEX ExionLC
AD system, Framingham, MA, USA) connected to a controller, a pump, a degasser, an autosampler,
column oven, and a photodiode array detector (ExionLC) coupled to a quadrupole time-of-flight mass
spectrometer (Q-TOF-MS) (X500R QTOF). The analytical column used was a 100 × 3 mm, Accucore
C18 column (Thermo Fisher Scientific, Waltham, MA, USA). Solvent A consisted of water with 0.1%
formic acid and solvent B was methanol. The chromatography was carried at a flow rate of 0.4 mL/min.
A linear gradient was programmed for 25 min as follows: 0–3.81 min, 9% to 14% B; 3.81–4.85 min,
14% to 15% B; 4.85–5.89 min, 15% B; 5.89–8.32 min, 15% to 17% B; 8.32–9.71 min, 17% to 19% B;
9.71–10.40 min, 19% B; 10.40–12.48 min, 19% to 26% B; 12.48–13.17 min, 26% to 28% B; 13.17–14.21
min, 28% to 35% B; 14.21–15.95 min, 35% to 40% B; 15.95–16.64 min, 40% to 48% B; 16.64–18.37 min,
48% to 53% B; 18.37–22.53 min, 53% to 70% B; 22.53–22.88 min, 70% to 9% B; 22.88–25.00 min, 9% B.
The injection volume was 5 µL. The Q-TOF-MS was set for the negative mode through a mass range of
100–1000 and a resolution of 5000. The capillary and cone voltages used to record full mass spectra
were 1.45 kV and 30 V, respectively. The flow rate of Helium (the cone gas) was 45 L/h, while the
flow rate of the desolvation gas (N2) was 900 L/h. The temperature of N2 was 250 ◦C, the ion source
temperature was 120 ◦C, while the collision energies needed to obtain the MS/MS spectra were set at
15, 20, and 30 V.

2.5. Data Analysis

All data were obtained and processed using SCIEX OS 1.0 software. A non-target algorithm was
used for peak finding. Matrix and sample specific signals were separated from true contaminations
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using an automatic sample-control comparison algorithm. Compound identification was done by using
empirical formula finding, MS/MS library searching, and online database searching. Compound names,
peak area, retention time, similarity to metabolites in the database, and mass (m/z) were ultimately
imported into Microsoft Excel.

2.6. Statistical Analysis

For ACE inhibitory ability tests, all experiments were carried out in triplicates and the results were
expressed as mean± standard deviation. The statistical analysis of data was performed using GraphPad
Prism 5.0 (2007) statistical software system (GraphPad Software Inc., San Diego, CA 92037 USA).
p < 0.05 was considered significant as evaluated by Student’s t-test.

ClustVis software (http://biit.cs.ut.ee/clustvis/) was used in multivariate statistical analyses,
including principal component analysis (PCA) and heat maps [23]. PCA was performed to visualize
the changes in metabolite composition in destarched rice, Prozyme treated destarched rice (DP),
and fermented DP. Heat maps and PCA plots were drawn by using identified compounds and their
peak area. We used peak areas because it is widely accepted that the peak area of an analyte in a
chromatograph is directly proportional to its concentration [24–26].

3. Results and Discussion

Rice consists of about 90% carbohydrate, up to 8% protein, and about 2% fat [27]. These major
components are bound together in the food matrix and hence, hydrolyzing rice starch with α-amylase
enables the release of bound proteins and other biomolecules from the food matrix, making them
available for subsequent reactions.

3.1. ACE Inhibitory Activity of Rice Samples

Prozyme treatment significantly (p < 0.05) increased the ACE inhibitory ability of destarched rice
from 15 ± 5% to 45 ± 3% (Figure 1). This could be due to the release of ACE inhibitory compounds
from the rice proteins during Prozyme proteolysis. Our observation agrees with earlier studies that
showed that hydrolysis of rice proteins enhances the generation of ACE inhibitory hydrolysates [28].
Subsequent fermentation of the Prozyme hydrolysate with E. faecium EBD1 further increased the
inhibitory effect up to 75 ± 5%, while Captopril (a standard ACE inhibitory peptide) demonstrated a
92 ± 4% inhibitory ability.
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Figure 1. ACE inhibitory activities of destarched rice, Prozyme treated destarched rice (DP),
and fermented DP. Data show mean SD (n = 3). Each bar represents the means of three replicates ± S.D.
* denotes a significant difference between the ACE inhibitory ability of the samples.

During lactic acid bacteria fermentation, a number of organic acids are generated from the sugars
and lipids available in the growth media and this affects the flavor and pH of the final product [29].

http://biit.cs.ut.ee/clustvis/
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ACE activity is best at a pH of ~8.3 [11] and hence, the increased acidity of fermented food may
contribute to inhibition of the enzyme. In this study, a total of twenty organic acids were detected in all
the rice samples (Figure 2A). Ten organic acids were detected in destarched rice, 14 in DP, and 19 in
fermented DP (Table S2). Only the fermented samples contained homocitric acid, citric acid, binicotinic
acid, dioxoheptanoic acid, oxobutyric acid, and hydroxybutanoic acid. Meanwhile, butyric acid [30],
nicotinic acid [31], and citric acid are known antihypertensive compounds and hence, their enrichment
in the fermentate makes it a potential antihypertensive functional food. Although the types and levels
of organic acids in the three samples were different (Figure 2B), organic acid profiles of destarched rice
and DP were similar (Figure 2C).
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(DP), and green represents destarched rice samples.

3.2. Amino Acid Levels in the Rice Samples

A total of sixteen amino acids were detected in the analyzed samples (Figure 3A, Table S3).
In this study, destarched rice contained the least free amino acids contents since most of the amino
acids might have remained bound to their parent proteins. Hydrolysis of rice proteins with Prozyme
resulted in the cleavage and release of high amounts of essential amino acids such as phenylalanine,
threonine, methionine, histidine, and tryptophan (Figure 3). The levels of these essential amino acids
reduced drastically after fermentation except for histidine and methionine. Glutamine, cysteic acid,
tryptophan, and pyroglutamic acid, though present in the Prozyme treated sample, were not detected
in the fermented sample (Table S3) probably because they were consumed by the bacteria to meet their
nitrogen requirements during the fermentation process. Meanwhile, the level of leucine (an essential
amino acid) and some conditionally essential amino acids such as ornithine, arginine, and serine were
increased after fermentation (Figure 3). As shown in the PCA plot (Figure 3B), the amino acid profiles
of DP were similar to those of fermented DP but different from destarched rice (Figure 3C).

3.3. E. faecium EBD1fermentation Increases the Amount of Phenolic Compounds in Rice

Recent studies have shown that a strong hydrophobic interaction exists between phenolic
compounds and other rice components [32]. In this study, 10 out of the 17 detected phenolic compounds
were present in destarched rice, while 9 were detected after Prozyme treatment (Figure 4, Table S4).
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In the fermented samples however, 16 phenolic compounds were present and this implies that the
fermentation process effectively enhanced the liberation of phenolic compounds that remained bound to
the rice matrix even after α-amylase and Prozyme treatments. Fermentation resulted in the enrichment
of strong antioxidant and antihypertensive phenolic compounds such as vanillic acid [33], eugenol [34],
veratric acid [35], ethyl gallate [36], epigallocatechin [37], apigenin [38], and chrysophanol [39].
Our observation agrees with an earlier study that demonstrated that microbial fermentation increases
the polyphenol contents of cereals [40,41].Foods 2020, 9, x FOR PEER REVIEW 6 of 13 
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Figure 4. Relative levels of phenolic compounds in destarched rice, Prozyme treated destarched (DP),
and fermented DP. (A) Heat map shows the different levels of phenolic compounds present in the three
samples. The color range from blue to white represents higher to lower levels of phenolic compounds.
(B,C) are principal component analysis (PCA) plots. (B) consists of PC1 and PC2, while (C) consists of
PC1 and PC3. Red circles represent fermented DP, black represents Prozyme treated destarched rice
(DP), and green represents destarched rice samples.
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3.4. E. faecium EBD1fermentation Reduces Lipid Levels in Rice

Oxidation of lipids during fermentation results in the generation volatile compounds such as
aldehydes and alcohols which contribute to flavor [42]. In this study, E. faecium EBD1fermentation
caused a general reduction in the fatty acid levels in the rice sample (Figure 5). The levels of stearic acid
(an antioxidant fatty acid) [43] slightly increased, while lauric acid (an antihypertensive fatty acid) [44]
was still detectable in the fermentate. Our results are different from an earlier study which found no
significant changes in lipid content during millet fermentation [45].
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3.5. E. faecium EBD1fermented Rice Is Enriched with Antihypertensive Peptides

Lactic acid bacteria possess cell envelop proteinases that hydrolyze proteins in media into
oligopeptides after which they are absorbed to meet their nutritional needs [9]. For this reason,
we analyzed the peptides generated in the fermented samples and determined their potential functions
by comparing them with similar peptides already reported in literature (Table 1). In all, 32 peptides were
identified in the fermented rice samples among which 16 are reported in literature as antihypertensive
peptides. Nine peptides had their carboxyl or amino-terminal amino acid sequences similar to reported
antihypertensive peptides, while 3 peptides, namely VPL [46], MV, and HR [47] were found to be
dipeptidyl peptidase-4 (DPP IV) inhibitors. Many studies have shown the ability of DPP IV inhibitors
to reduce hypertension [48,49]. One antioxidative peptide EL, was also found in the peptide profile
of the fermented samples. The presence of these bioactive peptides in the fermented sample may
contribute to the strong ACE inhibitory activity observed in this study. Meanwhile, functional analysis
is required to confirm the antihypertensive activity of peptides in the fermented sample that contain
sequences of already known antihypertensive peptides at their C and N terminals. Our findings are
similar to other studies that reported that phenolic compounds [50,51] and bioactive peptides [52]
in food can inhibit ACE activity.
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Table 1. Peptides identified in Enterococcus faecium EBD1 fermented DP.

Retention Time Peak Area Adduct/Charge Precursor Mass Found at Mass Formula Finder
Results Peptides Similar Peptides

Reported in Literature * Peptide Function Reference

0.93 221,600 [M-H]- 227.116 227.115 C9H16N4O3 GPG GPG Antihypertensive [53]

0.97 1,227,000 [M-H]- 516.206 516.2053 C19H31N7O10 QQQD LQQQ Antihypertensive [54]

1.31 506,800 [M-H]- 185.058 185.0572 C7H10N2O4 EG EG Antihypertensive [55]

3.16 501,500 [M-H]- 419.121 419.1206 C18H20N4O8 GGG GGG Antihypertensive [56]

8.22 292,200 [M-H]- 442.232 442.2311 C19H33N5O7 PKEA VDKEA Antihypertensive [57]

8.4 219,500 [M-H]- 426.237 426.2363 C19H33N5O6 GVGVP Not found - -

8.63 2,611,000 [M-H]- 227.105 227.1039 C10H16N2O4 EV EV Antihypertensive [58]

9.23 1,306,000 [M-H]- 291.1 291.0989 C14H16N2O5 EY EY Antihypertensive [59]

9.48 192,900 [M-H]- 544.228 544.2266 C23H31N9O7 WGGGGGG GGG Antihypertensive [56]

9.87 10,460 [M-H]- 293.116 293.1143 C14H18N2O5 DF DF Antihypertensive [60]

10.29 210,900 [M-H]- 326.209 326.2087 C16H29N3O4 VPL VPL DPP IV inhibitor [46]

10.6 1,264,000 [M-H]- 383.231 383.2305 C18H32N4O5 PLG PLG Antihypertensive [61]

11.56 195,100 [M-H]- 453.201 453.1996 C20H30N4O8 PDGA Not found - -

11.61 3,821,000 [M-H]- 241.121 241.1196 C11H18N2O4 EL EL Antioxidative [62]

11.81 432,500 [M-H]- 489.273 489.2725 C25H38N4O6 VLPY VLPYP Antihypertensive [63]

11.84 243,600 [M-H]- 518.227 518.2263 C24H33N5O8 DISW ISW Antihypertensive [64]

11.91 478,100 [M-H]- 395.195 395.1941 C18H28N4O6 YLS YL Antihypertensive [65]

11.92 267,600 [M-H]- 319.135 319.1335 C13H24N2O5S MG MG Antihypertensive [66]

12.12 249,800 [M-H]- 473.209 473.2079 C20H34N4O7S EMVP MMVPI Antihypertensive [67]

12.94 1,020,000 [M-H]- 489.237 489.2361 C24H34N4O7 GPLA GPL Antihypertensive [68]

13.0 471,200 [M-H]- 774.334 774.3331 C44H49N5O6S AW AW Antihypertensive [69]

13.3 187,800 [M-H]- 180.974 180.9733 C2H2N2O8 GG GG Antihypertensive [58]

13.41 1,627,000 [M-H]- 496.316 496.3145 C24H43N5O6 IVPVA KPVAL Antihypertensive [70]

13.42 1,415,000 [M-H]- 528.284 528.2836 C27H39N5O6 FPIV GPFPIIV Antihypertensive [70]

14.17 1,171,000 [M-H]- 510.331 510.3303 C25H45N5O6 GGGGG GGG Antihypertensive [56]

14.24 409,400 [M-H]- 482.263 482.2627 C22H37N5O7 VVPQ VPQ Antihypertensive [71]



Foods 2020, 9, 1007 9 of 14

Table 1. Cont.

Retention Time Peak Area Adduct/Charge Precursor Mass Found at Mass Formula Finder
Results Peptides Similar Peptides

Reported in Literature * Peptide Function Reference

15.88 153.2 [M-H]- 743.35 743.3477 C33H56N6O9S2 VMV MV DPP IV inhibitor [47]

17.11 14,500 [M-H]- 267.067 267.0646 C8H16N2O6S CE Not found - -

17.22 1,126,000 [M-H]- 310.165 310.1637 C12H21N7O3 HR HR DPP IV inhibitor [47]

17.8 360,400 [M-H]- 457.169 457.1688 C17H34N2O8S2 CC CCD Antihypertensive [72]

21.12 43,240 [M-H]- 474.264 474.2634 C22H41N3O6S ML RML Antihypertensive [73]

22.19 29,960 [M-H]- 473.284 473.2837 C19H38N8O6 KTAR KTAP Antihypertensive [63]

* Boldened alphabets represent amino acids sequences identified in this study and previous studies.
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4. Conclusions

Using untargeted metabolomics, we found that Prozyme treatment and subsequent fermentation
enhanced the generation of organic acids (flavor compounds) and essential amino acids. The fermented
DP samples also contained known antihypertensive phenolic compounds as well as antihypertensive
peptides which make the sample a promising material for developing cheap antihypertensive foods.
Despite the antihypertensive potential of the fermented product, further studies regarding the ability
of Enterococcus faecium EBD1 fermented Prozyme-treated destarched rice to reduce high blood pressure
in vivo is warranted.
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