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Abstract
Background: Rice varieties enriched with potential bioactive compounds are poised to make a significant contribution to 
global health. It is anticipated that edible medications made from rice seeds will lead to novel therapeutics.
Objectives: High-yielding popular pigmented and nonpigmented rice varieties were selected for in-depth analysis of bio-
active contents. Nutraceutical potential of high-yielding rice varieties often goes underexplored compared to low-yielding 
specialty rice varieties. This study addresses the gap by metabolomic profiling of popular rice varieties to uncover bioactive 
compounds with significant pharmaceutical and nutritional benefits.
Materials and Methods: Untargeted metabolomic profiling of the brown rice of pigmented and nonpigmented varieties 
was conducted by Orbitrap-high-resolution liquid chromatography and mass spectrometry, and primary and secondary 
metabolites were identified and annotated. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging (RS) assay was 
carried out to identify the variety with superior antioxidant activity. Correlation analysis by using Metaboanalyst software 
identified major metabolites with RS potential. Over-representation analysis was performed for the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment, and major pathways were identified for metabolites with nutraceu-
tical potential in pigmented rice.
Results: Major metabolites with antioxidant, anti-inflammatory, and anticarcinogenic properties were identified from rice 
varieties. Bioactive compounds detected from brown rice included choline, didodecyl-3,3-thiodipropionate, conjugated lin-
oleic acid, oleic acid, 13(S)-HOTrE, monoolein, nicotinic acid, pantothenic acid, isoquinoline, trigonelline, corymboside, 
ferulic acid, and 2,4-quinolinediol. The DPPH RS assay revealed superior antioxidant activity in the pigmented rice, with dif-
ferential metabolites from the pathways of phenylpropanoid biosynthesis, arginine and proline metabolism, and biosynthesis 
of unsaturated fatty acids showing a significant correlation (p < .01) with RS potential.
Conclusion: Catechin, (–)-epicatechin, (±)12(13)-DiHOME, 4-guanidinobutyric acid, and 5-methoxysalicylic acid are key 
metabolites that emphasize the antioxidant potential of red-colored rice as a functional food with significant health benefits. 
The study highlights the therapeutic promise of pigmented whole-grain rice.
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Introduction

Cultivated rice (Oryza sativa L.) stands as one of the essential 
crops worldwide, sustaining nearly half of the global popula-
tion. Recent advancements in metabolomics revealed rice’s 
potential in promoting health and preventing chronic diseases. 
Noncommunicable diseases are leading causes of global mor-
tality, and modifiable factors such as diet play a critical role in 
reducing the risk of such lifestyle diseases. Rice, especially 
pigmented varieties, has garnered attention for its chemopre-
ventive properties, owing to its bioactive phytochemicals, 
which are concentrated in the bran and pericarp layers.1,2 These 
compounds exhibit significant antioxidant, anti-inflammatory, 
and anti-proliferative properties, contributing to the rice’s func-
tional food status. Several studies have reported “rice bran as a 
food ingredient with global public health opportunities.”1 It is 
anticipated that medications made from rice seeds would lead 
to novel therapeutics. Rice varieties show substantial differ-
ences in nutrient makeup, with many of them offering higher 
medicinal values, but are often underutilized because of their 
lesser grain yields. This study seeks to bridge this gap by 
metabolomic profiling of popular pigmented and nonpig-
mented varieties to identify bioactive compounds with signifi-
cant pharmaceutical potential.

Materials and Methods

High-yielding pigmented and nonpigmented rice varieties 
were selected for in-depth analysis of bioactive contents. 
Jyothi, Jaya, and Swarna varieties are well-known for their 
adequate yield and excellent quality characteristics, making 
them popular throughout India. Jyothi is a pigmented variety 
with a red kernel, whereas Jaya and Swarna are nonpigmented 
with a white kernel color (Figure 1). The varieties were culti-
vated under the net house facility at the Regional Agricultural 
Research Station in Pattambi during Kharif 2021. The pure 

seeds were soaked overnight and kept for germination in petri 
plates. After germination, they were transferred to a nursery 
in trays. The net house facility was used to control the envi-
ronmental factors as uniformly as possible. The 15-day-old 
seedlings were transferred to pots, and uniform conditions 
were provided to all the plants with regard to soil, nutrients, 
and irrigation water in the net house. The grains were har-
vested at maturity, dried to 12% moisture, cleaned, and pure 
seeds were sorted for metabolomic analysis.

Metabolomic Profiling of Brown Rice

The untargeted or widely targeted metabolomic profiling was 
carried out to detect the metabolites present in the methanolic 
fraction of brown rice. Brown rice of the three varieties was 
prepared by manually dehusking the cleaned and dried pure 
grain samples. Ten grams of finely powdered individual 
brown rice samples were weighed out to a conical flask and 
extracted three times with 50 mL of 98% methanol by shak-
ing for 24 hours in a rotary shaker. The supernatants of each 
extraction were combined and lyophilized using a rotary 
evaporator (Heidolph®), reconstituted with methanol to 1 mL, 
and stored at –20°C. Orbitrap-high-resolution liquid chroma-
tography and mass spectrometry (HRLCMS) was conducted 
at the Indian Institute of Technology Bombay. Solvents used 
for the mobile phase were 0.1% formic acid in Milli-Q water 
(A) and methanol (B), and Hypersil Gold 3-micron 100 × 2.1 
mm column (Thermo Scientific®) was used for separation. 
The total running time was 35 minutes, at a rate of 0.3 mL/
min with an injection volume of 5 μL. The resultant chro-
matographs are presented in Figure 2. Data were processed 
using Compound Discoverer 3.2 SP1 (Thermo Fisher 
Scientific®). Relative abundance was calculated from the area 
of chromatographic peaks of each metabolite. Metabolite 
data were screened against databases, and metabolites with 
full match and high similarity scores in mzCloud, ChemSpider, 

Figure 1. Plant and Grain Characteristics of the Varieties Under Study.
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and predicted composition libraries were annotated. 
Metabolite information was collected from online databases 
such as Chemical Entities of Biological Interest (ChEBI), 
PubChem, Wikidata, and Kyoto Encyclopedia of Genes and 
Genomes (KEGG).

Evaluation of Antioxidant Potential of Rice 
Varieties

Brown rice samples were estimated for antioxidative activity 
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging (RS) assay.3 A traditional pigmented rice variety, 
Erumakari, was tested as a control along with high-yielding 
varieties for detecting RS capacity. The DPPH solution (0.1 
mM) was made by dissolving 4 mg of DPPH into 100 mL of 
methanol. Brown rice extract (5 mg/mL) was taken in appro-
priate concentrations (10, 20, 50, 100, and 200 μL) and made 
up to 3 mL with methanol. DPPH solution (1 mL) was added 
to each sample and kept in the dark for 30 minutes at room 
temperature. The absorbance was computed with a UV spec-
trophotometer at 517 nm. Ascorbic acid standard (2 g/mL 

methanol) was used as a reference. All reactions were carried 
out in triplicate. The RS percentage was calculated as:
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Statistical Analysis

The data were analyzed using one-way analysis of variance 
(ANOVA), and significant differences among means were 
determined using Duncan’s test at a significance level of p < 
0.05. Over-representation analysis was performed for path-
way enrichment and graphically presented with one-tailed p 
values. The analysis was carried out using the MetaboAnalyst 
platform (http://www.metaboanalyst.ca). A data integrity 
check was performed by the software, and any zero or miss-
ing metabolite abundance values were replaced with one-
fifth of the minimum positive value for each variable. Prior 
to conducting the correlation analysis in MetaboAnalyst 
6.0, the data were normalized through log transformation 
and range scaling. Pearson correlation coefficients were cal-
culated to investigate the relationship between bioactive 

Figure 2. Chromatogram of Rice Varieties: (a) Jyothi, (b) Jaya, and (c) Swarna.
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compounds and RS activities, with the aim of identifying 
the most significant compounds with pharmaceutical 
potential.

Results

Bioactive Compounds in Methanolic Fraction  
of Brown Rice

Metabolomic analysis by Orbitrap-HRLCMS revealed 135 
metabolites from methanolic extracts of brown rice samples 
of three varieties: Jyothi, Jaya, and Swarna. These bioactive 
compounds were classified into eight primary and eight sec-
ondary metabolite classes using in silico analyses. The pri-
mary metabolite classes included 28 derivatives of amino 
acids (JJS AA), 16 carboxylic acids (JJS CA), 22 fatty acids 
(JJS FA), 11 sugar derivatives (JJS SU), 4 vitamins (JJS VM), 
13 nucleotides (8 purines, JJS PU; and 5 pyrimidines, JJS 
PY), and 1 sphingolipid (JJS SL). The secondary metabolites 
were 4 alkaloids (JJS AL), 6 flavonoids (JJS FL), 4 indole 
derivatives (JJS IN), 12 polyphenols (JJS PP), 7 quinoline 
derivatives (JJS QL), 5 terpenoids (JJS TP), 1 heterocyclic 
compound (JJS HC), and 1 piperidine derivative (JJS PI). 
Unique metabolites were identified in Jyothi (17), Jaya (18), 
and Swarna (16).

Metabolite abundance and key metabolites with nutraceu-
tical properties were identified in each variety. Information 
from databases such as ChEBI, PubChem, and KEGG pro-
vided insights into the biological processes, functions, and 
pathways of the identified metabolites. The analysis high-
lighted the nutritional value and health-promoting properties 
of these metabolites. Many primary and secondary metabo-
lites detected were thoroughly researched for antioxidant, 
anti-inflammatory, anti-proliferative, anticancer, hepatopro-
tective, cardioprotective, and neuroprotective properties, 
which underline the potential of whole-grain rice as a source 
of nutraceuticals. The pigmented variety Jyothi exhibited a 
higher abundance of most of the major secondary metabolites 
than nonpigmented types (Supplementary Table 1 in the sup-
plemental material).

Antioxidant Capacity of Rice Varieties

DPPH is commonly used as a substrate to assess the RS 
potential of bioactive compounds in plant extracts due to the 
simplicity as well as the reliability of the assay.3 A traditional 
pigmented rice landrace, Erumakari, known for its nutraceuti-
cal potential, was used as a control for the assessment of RS 
capacity. The mean RS percentage was calculated for three 
replications at different sample concentrations (Table 1). 
Erumakari exhibited the highest RS (62.5 μg/mL) of 83.3% 
and the lowest IC50 value of 34.4 μg/mL, followed by Jyothi 
(69.3% and 50.3 μg/mL, respectively). Jaya (13.9% and 
231.6 μg/mL) and Swarna (11.4% and 393.3 μg/mL) exhib-
ited low RS capacity (Figure 3). One-way ANOVA showed 
that the RS capacity of Erumakari and Jyothi is significantly 
higher compared to Jaya and Swarna. Erumakari and Jyothi 
were on par with each other in IC50 value.

Discovery of Unique Metabolites in Pigmented Rice

Eighteen metabolites were differentially expressed in the pig-
mented Jyothi rice variety with the highest antioxidant poten-
tial (Table 2). The KEGG database identified the major 
pathways of differential metabolites as arginine and proline 
metabolism (4-guanidinobutyric acid); phenylalanine, tyro-
sine, and tryptophan biosynthesis (tryptophan, tyrosine, 
2,5-dihydroxybenzaldehyde, 2-hydroxyquinoline, 6-methoxy-
quinoline N-oxide); phenylpropanoid biosynthesis (benzoic 
acid, 5-methoxysalicylic acid, (–)-epicatechin, catechin, cate-
chol, gentisic acid); citrate cycle (methylmalonic acid); alpha-
linolenic acid metabolism (12-oxo-phytodienoic acid (OPDA); 
biosynthesis of unsaturated fatty acids (8-hydroxyoctadeca-
9,11-dienoic acid (8S-HODE), (±)12(13)-DiHOME, (±)9(10)- 
DiHOME); and amino sugar and nucleotide sugar metabolism/
neomycin, kanamycin, and gentamicin biosynthesis (acetyl-α-
d-glucosamine). A pathway enrichment of Jyothi is displayed 
in Figure 4.

A correlation analysis was conducted to examine the associa-
tion of RS with 29 significant metabolites. The correlation heat-
map (Figure 5) revealed two major clusters, clearly distinguishing 
seven metabolites with low association to RS, forming a small 

Table 1. Radical Scavenging Potential of Rice Lines in 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay.

Variety

Sample Concentration (μg/mL)

 
Radical Scavenging 
at 62.5 μg/mL (%)

IC50  
(μg/mL)12.5 25 62.5 125 250

Jyothi 20.47 33.34 69.34 91.6 94.14 y = 0.6261x + 18.474 69.34 ± 2.06b 50.30 ± 2.19c

Jaya 7.15 9.72 13.9 26.5 55.01 y = 0.2017x + 3.2961 13.90 ± 2.77c 231.63 ± 9.97b

Swarna 4.23 5.14 11.42 18.32 32.51 y = 0.1196x + 2.9606 11.42 ± 0.53c 395.29 ± 35.0a

Erumakari 27.14 45.5 83.33 94.27 93.67 y = 0.5734x + 30.278 83.29 ± 0.64a 34.38 ± 0.95c

CV 3.99 10.25

LSD (0.05) 3.35 34.34

Note: CV, coefficient of variation; LSD, least significant difference; superscripts a, b and c indicate the order of significant difference among the varieties 
for RS and IC50.
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Table 2. Differential Metabolites in Pigmented Rice Variety Jyothi.

No. Metabolites Formula KEGG Pathway
Correlation 
Coefficient

p Value  
Correlation

JJS AA3 4-Guanidinobutyric acid C5H11N3O2 Arginine and proline metabo-
lism

0.98 0.00066

JJS AA8 dl-Tryptophan (high abundance in Jyothi) C11H12N2O2 Phenylalanine, tyrosine, and 
tryptophan  
biosynthesis

0.64 0.0452

JJS AA17 l-Tyrosine (high abundance in Jyothi) C9H11NO3 0.82 0.168

JJS CA10 Methylmalonic acid C4H6O4 Citrate cycle 0.65 0.165

JJS FA3 9S,13R-12-Oxophytodienoic acid C18H28O3 alpha-Linolenic acid metabolism 0.65 0.165

JJS FA6 NP-014287 C18H32O3 Biosynthesis of  
unsaturated fatty acids

0.65 0.165

JJS FA11 (±)12(13)-DiHOME C18H34O4 0.98 0.00045

JJS FA12 (±)9(10)-DiHOME C18H34O4 0.65 0.165

JJS CA5 Benzoic acid C7H6O2 Phenylpropanoid  
biosynthesis

0.65 0.165

JJS FL1 (–)-Epicatechin C15H14O6 0.93 0.00716

JJS FL3 Catechin C15H14O6 0.99 0.000008

JJS PP4 5-Methoxysalicylic aciol C8H8O4 0.91 0.01307

JJS PP6 Catechol C6H6O2 0.65 0.165

JJS PP8 Gentisic acid (high abundance in Jyothi) C7H6O4 0.44 0.378

JJS PP1 2,5-Dihydroxybenzaldehyde C7H6O3 Tyrosine metabolism 0.65 0.165

JJS QL2 2-Hydroxyquinoline C9H7NO Tryptophan metabolism 0.65 0.165

JJS QL4 6-Methoxyquinoline N-oxide C10H9NO2 0.65 0.165

JJS IN1 4-Indolecarbaldehyde  
(high abundance in Jyothi)

C9H7NO 0.89 0.0159

JJS SU9 N-Acetyl-α-d-glucosamine C8H15NO6 Amino sugar and  
nucleotide sugar metabolism/
neomycin, kanamycin, and  
gentamicin biosynthesis

0.65 0.165
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cluster, and a large cluster including all differential metabolites 
displaying varying degrees of positive association with RS. Seven 
bioactive compounds, JJS AA3, JJS FA11, JJS FL1, JJS FL3, JJS 
IN1, JJS AA17, and JJS PP4, exhibited significant (p < .05) asso-
ciation with RS in rice, out of which JJS AA3, JJS FA11, JJS FL1, 
JJS FL3, and JJS PP4 were observed to have a very high associa-
tion (p < .01), which provides valuable evidence for the strong 
antioxidant capacity of these bioactive compounds present in the 
brown rice. Conversely, metabolites like azelaic acid, didodecyl-
3,3-thiodipropionate (DLTDP), 2,4-quinolinediol, and panto-
thenic acid exhibited low or no association. Interestingly, ferulic 
acid exhibited a negative correlation (statistically non-significant ) 
with RS (Supplementary Table 2 in the supplemental material).

Discussion

Exploring Bioactive Compounds: Unlocking 
Therapeutic Potential in Rice

Exploring the biological function of primary and secondary 
plant metabolites is crucial for understanding their potential 
implications for human health. The diverse metabolites iden-
tified with proven health benefits in managing conditions like 
inflammation, cancer, hypertension, oxidative stress, and dia-
betes, as evidenced by the pharmacological and toxicological 
studies, indicate the nutraceutical relevance of whole-grain 
rice.

Figure 4. Pathway Enrichment in Jyothi Variety.
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Amino Acid and Derivatives

Amino acids showed the highest diversity among the rice 
varieties tested. Stachydrine (proline betaine) is an anti-
inflammatory compound with anticancer properties that 
decreases inflammatory factors and induces apoptosis.4 
Nonpigmented rice showed a greater abundance of gamma-
aminobutyric acid (GABA), arginine, proline, pipecolinic 
acid, pyroglutamic acid, and diisopropylethylamine, mostly 
involved in stress signaling.5,6 GABA is a potent antioxidant 
and neurotransmitter that has a key role in reactive oxygen 
species (ROS) regulation.5

Carboxylic Acid and Derivatives

Among carboxylic acids, antioxidant DLTDP was detected in 
high abundance. Azelaic and malic acid are dicarboxylic 
acids with anti-inflammatory and antioxidant potential, 
whereas, citric acid, a tricarboxylic acid, confers stress toler-
ance.7–9 Methyl dihydrojasmonate has anti-cancer properties 

by induction of redifferentiation through mitogen-activated 
protein kinase (MAPK) activity and ROS-induced apopto-
sis.10 Jyothi exhibited the highest abundance of most of these 
metabolites.

Fatty Acid and Derivatives

Among fatty acids, conjugated linoleic acid has been inten-
sively researched because of its capacity to affect cancer, car-
diovascular disease, obesity, immune system functioning, and 
diabetes in various pharmacological clinical studies.11 Phyto-
oxylipins, formed by the oxidation of linolenic and linoleic 
acids (polyunsaturated fatty acids (PUFAs)), are important 
compounds in defense mechanisms.12 A metabolite of 
α-linolenic acid, namely, 13(S)-HOTrE (hydroxy octadecatri-
enoic acid), is anti-inflammatory in action by inactivating the 
NOD-like receptor protein 3 (NLRP3) inflammasome com-
plex via peroxisome proliferator-activated receptor-gamma 
(PPAR-γ) pathway.13

Figure 5. Correlation Heatmap of Radical Scavenging Capacity and Differential Metabolites in the Pigmented Rice.
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Sugar and Derivatives

Sorbitol and its derivatives, such as bis(4-ethylbenzylidene) 
sorbitol, function as reserve carbohydrates and accumulate in 
plant cells during abiotic stress. Sorbitol and mannitol play a 
crucial role in osmoregulation and stress tolerance mecha-
nisms.14 Acetylglucosamine is a nucleotide sugar that has a 
role in stress response and is used to treat autoimmune ill-
nesses.15 Maltol glucoside (dianthoside) is an anti-inflamma-
tory sugar derivative detected in Jyothi and Swarna.

Vitamins

Vitamins detected from brown rice mainly belonged to B 
vitamins. Nicotinic acid and niacinamide function to protect 
the cell against DNA damage by taking part in stress signal-
ing and are neuroprotective agents.16,17 Vitamin B5 (panto-
thenic acid) was detected abundantly, whose primary function 
included coenzyme-A synthesis, acyl carrier protein produc-
tion, and anti-stress mechanism.18

Alkaloids

Alkaloids were relatively higher in abundance among sec-
ondary metabolites. Trigonelline possesses neuroprotection, 
cognitive improvement, and antitumor properties by mecha-
nisms related to the modulation of β-cell regeneration and 
ROS scavenging.19

Flavonoids

Corymboside, a flavonoid glycoside and biomarker for cere-
als,20 was present profusely in all varieties. Methoxy peura-
rin, a neuroprotective isoflavone,21 and tricin-5-O-β-d- 
glucoside, functionally related to a potent anticancer com-
pound tricin,22 were found specifically in Swarna. Flavonoids 
have gained attention as possible therapeutic medication for 
treating chronic inflammation-related illnesses such as rheu-
matoid arthritis, respiratory and intestinal inflammation, heart 
disease, type 2 diabetes, and neurological disorders.23–25 The 
flavanol compounds, catechin and (–)-epicatechin, detected 
uniquely in pigmented rice Jyothi have antioxidant, antican-
cer, anti-obesity, antidiabetic, cardioprotective, neuroprotec-
tive, and hepatoprotective properties.26,27 Flavonoids have 
wide pharmacological effects as cytokine modulators and 
inhibit enzymes such as Ca2+ ATPase, cyclooxygenases 
(COXs), and lipoxygenase.24

Indole Derivatives

Indole acts as an important signaling molecule and is a pre-
cursor for tryptophan, auxins, and melatonin, which regulates 
circadian rhythms.28 Tryptophan derivative 4-indolecarbalde-
hyde has anti-proliferative and apoptotic effects on cancer 
cells.29 An indole derivative detected in nonpigmented variet-
ies, hydroxyindoleacetic acid (5-HIAA), activates auxin 

signaling and is a biomarker for Alzheimer’s disease and 
autism.30

Polyphenols

Polyphenols are a large group of secondary metabolites 
with diverse nutraceutical properties. Phenolic compounds 
detected comprised phenolic acids, stilbenes, and coumarins. 
Ferulic acid possessed cardioprotective and anticancer potential 
through the upregulation of cytoprotective enzymes such as 
heme-oxygenase-1,31 and gentisic acid owned antirheumatic 
properties through RS activity.32 Salicylamide, a phenolic acid 
amide with anti-inflammatory function,33 was detected in non-
pigmented varieties. Longistylin C, a neuroprotective stilbene 
with an antidepressant effect,34 was found in all varieties investi-
gated. Coumarin derivative, 5-methyl-coumarin-4-β-glucoside, 
is a promising anticancer agent via acting as cyclin-dependent 
kinase (CDK)-specific ATP-competitive inhibitors.35

Quinoline Derivatives

Quinoline was detected mainly in Jyothi and Swarna. All vari-
eties contained 2,4-quinolinediol, known for its anti-inflamma-
tory, antioxidant, and anticancer properties,36 as well as 
quinolin-2-ol (2-hydroxyquinoline), which has antidiabetic 
effects by inhibiting α-glucosidase and α-amylase.37 Two quin-
oline derivatives with anticancer properties detected in Jyothi 
were 6-methoxyquinoline N-oxide and 8-hydroxyquinoline 
(oxine), with the latter having identified with anti-neurodegen-
erative, antioxidant, antimicrobial, anti-inflammatory, and 
antidiabetic properties.38 Kynurenic acid and xanthurenic acid 
are metabolites of the kynurenine pathway with a major role in 
neuropsychiatric disorders. Anticonvulsant kynurenic acid was 
detected in Jyothi and Swarna, whereas xanthurenic acid was 
uniquely detected in Swarna. The kynurenine pathway has 
been widely accepted as being the main mechanism in major 
depressive disorder.39

Terpenoids

Swarna was uniquely identified with monoterpene citral and 
kaurene diterpenoid 6,18,19-trihydroxytrachyloban-2-one, 
with antioxidant, anticancer, anti-inflammatory, antimicro-
bial, and antidiabetic properties.40,41 Ursolic acid is a pentacy-
clic triterpenoid with anticancer properties, detected uniquely 
in Swarna. These five-membered ring triterpenoids have a 
wide spectrum of medicinal actions by modulating pathways 
of transcription factors [nuclear factor-kappa B (NF-κB)], 
inflammatory cytokines, and growth factors.42

Antioxidant Potential: Comparative Study of 
Pigmented and Nonpigmented Rice Varieties

The comparison of different varieties highlighted the superior 
antioxidant activity of pigmented varieties Erumakari, a 
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traditionally used medicinal rice variety for respiratory disor-
ders,43 and Jyothi, a popular high-yielding variety in India. The 
radical scavenging potential of rice varieties was observed as 
Erumakari > Jyothi > Jaya > Swarna. The findings indicate that 
the pigmented varieties exhibit a clear superiority in antioxi-
dant capacity through RS when compared to the nonpigmented 
varieties, as also observed in earlier studies.44,45 The in-depth 
untargeted metabolomic study revealed that the differential 
metabolites in the pigmented variety Jyothi span a wide range 
of chemical classes, each contributing uniquely to the nutri-
tional and health-promoting properties.

Metabolomic Insights into Pigmented Rice

The high antioxidant potential of the Jyothi variety was 
reported earlier,46 yet a deeper insight into its metabolome 
was unavailable. Jyothi was detected to have numerous bio-
active compounds with considerable nutraceutical potential 
in its metabolome. The health advantages of brown rice, par-
ticularly pigmented rice, can be credited mainly to phenolic 
compounds, which are gaining popularity due to their high 
antioxidant qualities and are related to a lower incidence of 
chronic illnesses.47 Several phenolic compounds with signifi-
cant nutraceutical value were noted in Jyothi under the pres-
ent investigation. The observations on pathway enrichment 
analysis (Figure 4) highlighted the relevance of the phenyl-
alanine pathway in Jyothi. Jyothi was detected with the high-
est levels of the antimicrobial gentisaldehyde, the 
allelochemical 5-methoxysalicylic acid,48 and the antibacte-
rial allelochemical catechol.49 Gentisic acid is abundant in 
antioxidant, antirheumatic, anti-inflammatory, hepatoprotec-
tive, neuroprotective, and antibacterial activities.32 The fla-
van-3-ol compounds (–)-epicatechin and catechin, detected 
uniquely from Jyothi, are potent antioxidants that help reduce 
oxidative stress and inflammation.50 Flavonoids have excel-
lent antioxidant properties that make them suitable for use in 
antioxidant therapy through nanoformulations, and catechins 
have been shown to be among the finest antioxidants 
investigated.50

Pigmented Rice as Bioactive Resource for 
Pharmaceutical Innovation

Significant correlations suggested that catechin, (–)-epicate-
chin, (±)12(13)-DiHOME, 4-guanidinobutyric acid, and 
5-methoxysalicylic acid are the key metabolites that contrib-
ute to the antioxidant properties of red-colored Jyothi, with 
most of these compounds associated with the phenylpro-
panoid pathway. Proanthocyanidins, particularly the mono-
mer units—catechin and epicatechin, are recognized as potent 
natural antioxidants, especially in red-hulled rice, due to their 
high degree of polymerization and galloylation.51–53 
Epicatechin has been shown to lower blood glucose levels in 
diabetic patients and exhibit anticancer effects attributed to 
its antioxidant and antiangiogenic activity.54 Additionally, 

catechins enhance the absorption and efficacy of bio-cosmet-
ics and functional foods,55 while potentially interacting syner-
gistically with other natural antioxidants.50 Flavonoids inhibit 
inflammatory mediators such as nitric oxide (NO) and ROS 
by modulating the arachidonic acid pathway. They also regu-
late the activity of key inflammatory enzymes COXs and 
inducible nitric oxide synthase (iNOS).24

The presence of these metabolites in Jyothi highlights its 
potential as a functional food with significant health benefits, 
warranting further targeted metabolite profiling of each of 
these potential bioactive compounds. Targeted metabolomic 
profiling (HPLC-DAD) of the flavanol compounds (cate-
chins) in rice varieties was attempted to validate these find-
ings (Supplementary Figure 1 in the supplemental material). 
Future research should focus on unraveling the precise mech-
anisms of action, optimizing bioactive compound extraction, 
and exploring their therapeutic applications in clinical 
settings.

Conclusion

The comprehensive profiling highlights the rich diversity of 
bioactive compounds in whole-grain rice and underlines its 
potential as a source of nutraceuticals. Extensive research has 
conclusively proved the pharmaceutical potential of these 
metabolites as antioxidant, anticancer, anti-inflammatory, 
antidiabetic, and neuroprotective properties, emphasizing 
their health-promoting roles. The pigmented variety Jyothi 
exhibited superior RS activity, largely attributed to key 
metabolites such as catechin, epicatechin, (±)12(13)-DiHOME, 
4-guanidinobutyric acid, and 5-methoxysalicylic acid. These 
findings highlight the potential of pigmented rice varieties as 
functional foods, offering a promising avenue for nutraceuti-
cal innovation and the prevention of chronic diseases.

Abbreviations

HRLCMS: High-resolution liquid chromatography and mass 
spectrometry; DLTDP: Didodecyl-3,3-thiodipropionate; DiHOME: 
Dihydroxy-9Z-octadecenoic acid; MAPK: Mitogen-activated 
protein kinase; NLRP3: NOD-like receptor protein 3; PPAR-γ: 
Peroxisome proliferator-activated receptor-gamma; NF-κB: Nuclear 
factor-kappa B; CDK: Cyclin-dependent kinase.

Acknowledgments

The authors acknowledge the assistance of the technical staff of 
Pesticide Residue Testing Lab, KAU and RARS, and Pattambi for 
the study’s lab field works.

Authors’ Contribution

Faseela K. V.: Data collection, analysis and interpretation of results, 
and manuscript preparation; Berin Pathrose: Study conception and 
design; Jaydeep A.: Interpretation of result; Biju S. and Jiji Joseph: 
Study conception and supervision; Abida P. S. and Deepu Mathew: 
Supervision.



Faseela et al.	 431

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to 
the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support for 
the research, authorship, and/or publication of this article: The PhD 
research funding of KAU is greatly acknowledged.

Supplemental Material

Supplemental material for this article is available online.

References

1.	 Borresen EC and Ryan EP. Rice bran: a food ingredient with 
global public health opportunities. In: Watson RR, Preedy VR, 
and Zibadi S, editors. Wheat and rice in disease prevention and 
health. Academic Press; 2014. pp. 301–310.

2.	 Mohanlal S, Parvathy R, Shalini V, et al. Chemical indices, anti-
oxidant activity and anti-inflammatory effect of extracts of the 
medicinal rice “njavara” and staple varieties: a comparative 
study. J Food Biochem 2013; 37(3): 369–380. doi: 10.1111/j.1745- 
4514.2011.00646.x

3.	 Chang ST, Wu JH, Wang SY, et al. Antioxidant activity of 
extracts from Acacia confusa bark and heartwood. J Agric Food 
Chem 2001; 49(7): 3420–3424. doi: 10.1021/jf0100907

4.	 Liao L, Tang Y, Li B, et al. Stachydrine, a potential drug for the 
treatment of cardiovascular system and central nervous system 
diseases. Biomed Pharmacother 2023; 161: 114489.  
doi: 10.1016/j.biopha.2023.114489

5.	 Ramos-Ruiz R, Martinez F and Knauf-Beiter G. The effects of 
GABA in plants. Cogent Food Agric 2019; 5(1): 1670553.  
doi: 10.1080/23311932.2019.1670553

6.	 Hayat S, Hayat Q, Alyemeni MN, et al. Role of proline under 
changing environments: a review. Plant Signal Behav 2012; 
7(11): 1456–1466. doi: 10.4161/psb.21949

7.	 Kumar A, Rao R and Yadav P. Azelaic acid: a promising agent 
for dermatological applications. Curr Drug Ther 2020; 15(3): 
181–193. doi: 10.2174/1574885514666190904160228

8.	 Sun X, Han G and Meng Z, et al. Roles of malic enzymes in 
plant development and stress responses. Plant Signal Behav 
2019; 14(10): e1644596. doi: 10.1080/15592324.2019.1644596

9.	 Tahjib-Ul-Arif M, Zahan MI, Karim MM, et al. Citric acid-
mediated abiotic stress tolerance in plants. Int J Mol Sci 2021; 
22(13): 7235. doi: 10.3390/ijms22137235

10.	 Jarocka-Karpowicz I and Markowska A. Therapeutic potential 
of jasmonic acid and its derivatives. Int J Mol Sci 2021; 22(16): 
8437. doi: 10.3390/ijms22168437

11.	 den Hartigh LJ. Conjugated linoleic acid effects on cancer, obe-
sity, and atherosclerosis: a review of pre-clinical and human tri-
als with current perspectives. Nutrients 2019; 11(2): 370.  
doi: 10.3390/nu11020370

12.	 Adigun OA, Pham TH, Grapov D, et al. Phyto-oxylipin medi-
ated plant immune response to colonization and infection in the 
soybean-Phytophthora sojae pathosystem. Front Plant Sci 
2023; 14: 1141823. doi: 10.3389/fpls.2023.1141823

13.	 Kumar N, Gupta G, Anilkumar K, et al. 15-Lipoxygenase metabo-
lites of α-linolenic acid, [13-(S)-HPOTrE and 13-(S)- 

HOTrE], mediate anti-inflammatory effects by inactivating NLRP3 
inflammasome. Sci Rep 2016; 6: 31649. doi: 10.1038/srep31649

14.	 Loescher WH. Physiology and metabolism of sugar alcohols in 
higher plants. Physiol Plant 1987; 70(3): 553–557. doi: 10.1111/
j.1399-3054.1987.tb02857.x

15.	 Sy M, Newton BL, Pawling J, et al. N-Acetylglucosamine 
inhibits inflammation and neurodegeneration markers in multi-
ple sclerosis: a mechanistic trial. J Neuroinflammation 2023; 
20(1): 209. doi: 10.1186/s12974-023-02893-9

16.	 Berglund T, Wallström A, Nguyen TV, et al. Nicotinamide; anti-
oxidative and DNA hypomethylation effects in plant cells. Plant 
Physiol Biochem 2017; 118: 551–560. doi: 10.1016/j.plaphy. 
2017.07.023

17.	 Wuerch E, Urgoiti GR and Yong VW. The promise of niacin in 
neurology. Neurotherapeutics 2023; 20(4): 1037–1054.  
doi: 10.1007/s13311-023-01376-2

18.	 Coxon KM, Chakauya E, Ottenhof HH, et al. Pantothenate bio-
synthesis in higher plants. Biochem Soc Trans 2005; 33(4): 
743–746. doi: 10.1042/BST0330743

19.	 Zhou J, Chan L and Zhou S. Trigonelline: a plant alkaloid with 
therapeutic potential for diabetes and central nervous system 
disease. Curr Med Chem 2012; 19(21): 3523–3531.  
doi: 10.2174/092986712801323171

20.	 Chen H, Xu Y, Chen H, et al. Isolation and identification of 
polyphenols from fresh sweet sorghum stems and their antibac-
terial mechanism against foodborne pathogens. Front Bioeng 
Biotechnol 2021; 9: 770726. doi: 10.3389/fbioe.2021.770726

21.	 Zhang YB, Du GY, Xiong YL, et al. Protective effects of 
3′-methoxy-puerarin on rat brain suffering from ischemia. 
Zhongguo Zhong Yao Za Zhi 2008; 33(5): 537–540.

22.	 Jiang B, Song J and Jin Y. A flavonoid monomer tricin in 
Gramineous plants: metabolism, bio/chemosynthesis, biologi-
cal properties, and toxicology. Food Chem 2020; 320: 126617. 
doi: 10.1016/j.foodchem.2020.126617

23.	 Nunes CD, Barreto Arantes M, Menezes de Faria Pereira S, 
et al. Plants as sources of anti-inflammatory agents. Molecules 
2020; 25(16): 3726. doi: 10.3390/molecules25163726

24.	 Shukla R, Pandey V, Vadnere GP, et al. Role of flavonoids in 
management of inflammatory disorders. In: Bioactive food as 
dietary interventions for arthritis and related inflammatory dis-
eases. Academic Press; 2019. pp. 293–322.

25.	 Dias MC, Pinto DC and Silva AM. Plant flavonoids: chemical 
characteristics and biological activity. Molecules 2021; 26(17): 
5377. doi: 10.3390/molecules26175377

26.	 Shay J, Elbaz HA, Lee I, et al. Molecular mechanisms and ther-
apeutic effects of (−)-epicatechin and other polyphenols in can-
cer, inflammation, diabetes, and neurodegeneration. Oxid Med 
Cell Longev 2015; 2015: 181260. doi: 10.1155/2015/181260

27.	 Bernatoniene J and Kopustinskiene DM. The role of catechins 
in cellular responses to oxidative stress. Molecules 2018; 23(4): 
965. doi: 10.3390/molecules23040965

28.	 Sun P, Huang Y, Yang X, et al. The role of indole derivative in 
the growth of plants: a review. Front Plant Sci 2022; 13: 
1120613. doi: 10.3389/fpls.2022.1120613

29.	 Böttcher C, Chapman A, Fellermeier F, et al. The biosynthetic 
pathway of indole-3-carbaldehyde and indole-3-carboxylic acid 
derivatives in Arabidopsis. Plant Physiol 2014; 165(2): 841–
853. doi: 10.1104/pp.114.235630

30.	 Jayamohananan H, Manoj Kumar MK and Aneesh TP. 5-HIAA 
as a potential biological marker for neurological and psychiatric 



432	 Journal of Pharmacology and Pharmacotherapeutics 16(4)

disorders. Adv Pharm Bull 2019; 9(3): 374–381. doi: 10.15171/
apb.2019.044

31.	 Barone E, Calabrese V and Mancuso C. Ferulic acid and its 
therapeutic potential as a hormetin for age-related diseases. 
Biogerontology 2009; 10(2): 97–108. doi: 10.1007/s10522-008- 
9160-8

32.	 Mardani-Ghahfarokhi A and Farhoosh R. Antioxidant activity 
and mechanism of inhibitory action of gentisic and α-resorcylic 
acids. Sci Rep 2020; 10(1): 19487. doi: 10.1038/s41598-020- 
76620-2

33.	 Batterman RC and Grossman AJ. Effectiveness of salicylamide 
as an analgesic and antirheumatic agent: evaluation of the 
double blindfold technique for studying analgesic drugs. 
JAMA 1955; 159(17): 1619–1622. doi: 10.1001/jama.1955. 
02960340039009

34.	 Duta-Bratu CG, Nitulescu GM, Mihai DP, et al. Resveratrol and 
other natural oligomeric stilbenoid compounds and their thera-
peutic applications. Plants (Basel) 2023; 12(16): 2935.  
doi: 10.3390/plants12162935

35.	 Abubakar B, Alhassan AM, Malami I, et al. Evaluation of acute 
and sub-acute toxicity profile of 5-methylcoumarin-4β-glucoside 
in mice. Toxicol Rep 2022; 9: 366–372. doi: 10.1016/j.toxrep. 
2022.03.013

36.	 Refouvelet B, Guyon C, Jacquot Y, et al. Synthesis of 4-hydroxy-
coumarin and 2, 4-quinolinediol derivatives and evaluation of 
their effects on the viability of HepG2 cells and human hepato-
cytes culture. Eur J Med Chem 2004; 39(11): 931–937.  
doi: 10.1016/j.ejmech.2004.07.006

37.	 Lee HW and Lee HS. 2-Hydroxyquinoline and its structural 
analogs show antidiabetic effects against α-amylase and 
α-glucosidase. J Appl Biol Chem 2015; 58(1): 1–3. doi: 10.3839/
jabc.2015.001

38.	 Prachayasittikul V, Prachayasittikul S, Ruchirawat S, et al. 
8-Hydroxyquinolines: a review of their metal chelating proper-
ties and medicinal applications. Drug Des Dev Ther 2013; 7: 
1157–1178. doi: 10.2147/DDDT.S49763

39.	 Erabi H, Okada G, Shibasaki C, et al. Kynurenic acid is a poten-
tial overlapped biomarker between diagnosis and treatment 
response for depression from metabolome analysis. Sci Rep 
2020; 10(1): 16822. doi: 10.1038/s41598-020-73918-z

40.	 Sharma S, Habib S, Sahu D, et al. Chemical properties and ther-
apeutic potential of citral, a monoterpene isolated from lemon-
grass. Med Chem 2021; 17(1): 2–12. doi: 10.2174/1573406416
666191227111106

41.	 Donadio G, Chini MG, Parisi V, et al. Diterpenoid constituents 
of Psiadia punctulata and evaluation of their antimicrobial 
activity. J Nat Prod 2022; 85(7): 1667–1680. doi: 10.1021/acs.
jnatprod.1c01093

42.	 Khwaza V, Oyedeji OO and Aderibigbe BA. Ursolic acid-based 
derivatives as potential anti-cancer agents: an update. Int J Mol 
Sci 2020; 21(16): 5920. doi: 10.3390/ijms21165920

43.	 Gopi G and Manjula M. Speciality rice biodiversity of Kerala: 
need for incentivising conservation in the era of changing cli-
mate. Curr Sci 2018; 114(10): 997–1006.

44.	 Ray S, Deb D and Sarkar M. Colour based nutraceutical poten-
tial of some traditional rice (Oryza sativa L. ssp. indica) variet-
ies of India. Indian J Nat Prod Resour 2021; 12: 153–157.

45.	 Tyagi A, Shabbir U, Chen X, et al. Phytochemical profiling 
and cellular antioxidant efficacy of different rice varieties in 
colorectal adenocarcinoma cells exposed to oxidative stress. 
PLoS One 2022; 17(6): e0269403. doi: 10.1371/journal.
pone.0269403

46.	 Rao AS, Reddy SG, Babu PP, et al. The antioxidant and antipro-
liferative activities of methanolic extracts from Njavara rice 
bran. BMC Complement Altern Med 2010; 10: 4. doi: 10.1186/ 
1472-6882-10-4

47.	 Gunaratne A, Wu K, Li D, et al. Antioxidant activity and nutri-
tional quality of traditional red-grained rice varieties containing 
proanthocyanidins. Food Chem 2013; 138(2–3): 1153–1161. 
doi: 10.1016/j.foodchem.2012.11.129

48.	 Ho TL, Nguyen TT, Vu DC, et al. Allelopathic potential of rice 
and identification of published allelochemicals by cloud-based 
metabolomics platform. Metabolites 2020; 10(6): 244. doi: 
10.3390/metabo10060244

49.	 Vishakha K, Das S, Banerjee S, et al. Allelochemical catechol 
comprehensively impedes bacterial blight of rice caused by 
Xanthomonas oryzae pv. oryzae. Microb Pathog 2020; 149: 
104559. doi: 10.1016/j.micpath.2020.104559

50.	 Grzesik M, Naparło K, Bartosz G, et al. Antioxidant properties 
of catechins: comparison with other antioxidants. Food Chem 
2018; 241: 480–492. doi: 10.1016/j.foodchem.2017.08.117

51.	 Oki T, Masuda M, Kobayashi M, et al. Polymeric procyani-
dins as radical-scavenging components in red-hulled rice. J 
Agric Food Chem 2002; 50(26): 7524–7529. doi: 10.1021/
jf025841z

52.	 Limtrakul P, Semmarath W and Mapoung S. Anthocyanins 
and proanthocyanidins in natural pigmented rice and their bio-
activities. Phytochem Hum Health 2019; 1: 1–24.

53.	 Shao Y and Bao J. Polyphenols in whole rice grain: genetic 
diversity and health benefits. Food Chem 2015; 180: 86–97. 
doi: 10.1016/j.foodchem.2015.02.027

54.	 Abdulkhaleq LA, Assi MA, Noor MH, et al. Therapeutic uses 
of epicatechin in diabetes and cancer. Vet World 2017; 10(8): 
869–872. doi: 10.14202/vetworld.2017.869–872

55.	 Bae J, Kim N, Shin Y, et al. Activity of catechins and their 
applications. Biomed Dermatol 2020; 4: 8.


