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ABSTRACT: Sorghum (Sorghum bicolor L.) is a gluten-free cereal with many varieties containing greater amounts of bioactive
compounds than other grains. In this work, the phenolic composition and antioxidant capacity were compared in three sorghum
varieties grown in the Mediterranean, consisting of different pericarp colors: white, red, and black. The qualitative and quantitative
profiles of acidified aqueous methanol extracts of whole grain sorghum flours were elucidated through ultrahigh performance liquid
chromatography (UHPLC) coupled to photodiode array (PDA) and ion trap time-of-flight (IT-TOF) mass spectrometry. The
investigated sorghum varieties contained polyamines, such as spermidines, and polyphenolic compounds belonging to different
classes: hydroxycinnamic acids, flavanols, flavones, and flavanones. Pyrano-flavanone-flavanols were detected only in the black
sorghum. Precolumn and postcolumn 2,2'-diphenyl-1-picrylhydrazyl (DPPH)- radical scavenging assays to determine the main
antioxidant compounds isolated from sorghum were developed. These results will further help develop sorghum varieties containing

polyphenols relevant to the potential prevention of human diseases.
KEYWORDS: antioxidants, HPLC-DPPH, polyphenols, sorghum, UHPLC-PDA—MS/MS

1. INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is the fifth most-
produced cereal in the world, with Africa being the major
producing region (>40% of world production)." Sorghum is
well-suited for cultivation in the semiarid and subtropical
regionzsi?(f) Africa as it is one of the most drought-tolerant cereal
crops.

People with celiac disease suffer from symptoms associated
with an immune reaction to gluten/gliadin proteins found in all
Triticum species and closely related cereals such as wheat barley
and rye."" Sorghum does not contain toxic gliadin-like peptides,
making sorghum a safe food for people who suffer from celiac
disease.'”"”

Over the past decade, the potential role of sorghum in human
health and disease prevention has gained increased research
attention due to its polyphenol content.”>>*"*~'” Polyphenols
are common to most plants and have been widely investigated
for their health benefits related to their antioxidant
capacity,*™*" that is their ability to scavenge free radicals and
modulate various signaling pathways relevant to disease
prevention.21

Phenolic compounds can be divided into free, esterified, and
insoluble-bound forms, depending on whether they occur in the
free form or are covalently bound to other molecules such as
fatty acids, pectin, cellulose, arabionoxylan, and structural
proteins.”” On the basis of their chemical structure, polyphenols
can be divided into different classes, the most common of which
are (I) flavonoids/isoflavonoids, (II) phenolic acids, (III)
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lignans, and (IV) stilbenes.”” Furthermore, multiple polyphe-
nols can be combined to form larger polymers of polyphenols. A
good example in sorghum is flavan-3-ols combining to make
condensed tannins, also known as proanthocyanidins.**
Depending on the variety of sorghum, the grains can contain
high levels of various phenolic compounds such as phenolic
acids, flavonoids, and condensed tannins.>""* Polyphenols serve
an important role in natural plant defense against pathogens and
pests; for example, the presence of condensed tannins in
sorghum increases tolerance to bird predation.”® Among cereal
grains, sorghum is the most diverse in terms of the types and
amounts of the major polyphenols,”® thus providing the
intriguing opportunity to expand the role of cereal-derived
polyphenols in human health. The phenolic compounds found
in sorghum grain are more abundant and diverse compared to
other main cereals such as wheat, barley, maize, and rice.”’
Pericarp color in sorghum can be affected by polyphenol
composition, genetic variation, and environmental factors.”®
Tissue culture studies indicate that some compounds in different
classes of polyphenols can potentially prevent different
pathologies that affect humans such as cancer, aging,
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Table 1. List of Sorghum Varieties

variety color variety name source supplied by specific character
white sorghum DSM 3-410 Richardson Seeds Ltd. M. Malin food-grade
red sorghum DSM IF-41912 Richardson Seeds Ltd. M. Malin food-grade
black sorghum DSM 212-2311 Richardson Seeds Ltd. M. Malin food-grade
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Figure 1. RP-UHPLC-PDA chromatograms (purple line, A: 280 nm; black line, A: 330 nm) of hydroalcoholic extracts of (A) white, (B) red, and (C)

black sorghum.
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Table 2. UHPLC-PDA-IT-TOF Characterization of the Hydroalcoholic Extract of White Sorghum

peak Rt compound [M-H]” [MS/MS] error (ppm) molecular formula
1 4.60 N'—N*-dicaffeoyl-spermidine I 468.2142 332.1663 -1.92 C,sH3 N304
2 4.72 1-O-caffeoyl-2-O-glucosylglycerol I 415.1296 253.0715 —0.48 CsH,404;
3 521 1-O-caffeoyl-2-O-glucosylglycerol II 415.1273 253.0697 +6.26 C,sH,404,
4 5.36 N'—N*-dicaffeoyl-spermidine II 468.2159 332.1663 +1.5 C,sH3 N304
S 5.50 2-O-caffeoylglycerol 253.0719 161.0329 +0.4 C,H,,04
6 627 N'—N®-caffeoyl-feruloyl-spermidine 4822298 306.1857 +0.2 C,6H33N;04
7 6.76 1-O-coumaroylglycerol 237.0772 163.0380 +1.69 C,H,,04
8 7.34 saccharide 371.0992 249.0667 +2.16 Ci6HsO10
9 7.70 apigenin-7-O- hexoside I 431.1003 269.0461 +1.39 CyHyO10
10 10.40 apigenin-7-O- hexoside II 431.0994 269.0462 +2.6 C,1H,004o
11 10.51 7,3',4,5'-tetrahydroxy flavanone 287.0568 151.0022 +2.44 CsH,04
12 10.79 chrysoeriol hexoside 461.1099 299.0055 +2.17 C,,H,,04;
13 11.44 genkwanin 283.0622 268.0411 +3.53 C16H,,04
14 12.49 1,3-O-dicaffeoylglycerol 415.1051 253.0697 +2.89 CyyH,00,
N 13.97 1,3-0-coumaroyl-caffeoyl-glycerol 399.1094 253.0743 +2.26 C,,H,,04
16 14.32 7,3',4- trihydroxyflavone 269.0430 225.0598; 197.0626 +6.69 CsH,O5
17 14.72 chrysoeriol 299.0561 284.0344 0.00 C6H 04
18 15.47 1,3-O-dicoumaroylglycerol 383.1140 163.0429 +1.04 C,,H,,0,
19 17.43 trihydroxy-octadecenoic acid 329.2329 311.1646 —-1.21 C1sH3,05
20 19.25 dihydroxy-octadecenoic acid 313.2383 277.1823 —0.32 CsH3,04
16,23,29—32

inflammation, obesity, and other chronic diseases.
Selecting varieties of sorghum with high concentrations of those
unusually high polyphenol compounds could be an effective
strategy to confer benefits to human health.

The aim of the present study is to compare the free phenolic
profile and antioxidant activity in three different varieties of
sorghum (white, red, and black), which were grown in the
Mediterranean environment. This data can provide important
information to farmers when it comes to selecting a sorghum
variety with increased nutritional and health promoting
properties.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. Ultrapure water (H,0) was
obtained by a Milli-Q Direct 8 system (Millipore, Milan, Italy). Unless
otherwise specified, all reagents and compounds were purchased from
Sigma Chemicals Company (Sigma, Milan, Italy).

2.2. Plant Cultivars. The sorghum cultivars and seed sources
employed in this study are listed in Table 1. In 2018, full-field
cultivation was carried out in San Bartolomeo in Galdo (BN) in the
Fortore area located in the Campania Region, southern Italy (41°25'N,
15°01" E, and 597 m a.s.l.). Soil found in this region is predominantly
clay loam, deep, and with a good water holding capacity.

2.2.1. Flour Sample Preparation. Sorghum samples were milled into
flour using a two-roll mill (Chopin Moulin CD1) (Chopin S.A,
Villeneuve la Garenne, France). After milling, the samples were sieved
with a planetary sieve (Buhler AG, Uzwil, Switzerland) with a screen
size of 120 pum?.

2.2.2. Extraction of Free Polyphenols. Polyphenols were extracted
from sorghum samples following the Kang et al. protoc01,33 with slight
modifications. In brief, 2.5 g of each sorghum variety was extracted
overnight at room temperature by continuous and gentle shaking, with
15 mL of aqueous 80% v/v methanol and 0.1% v/v hydrochloric acid
solution being added. The obtained solution was centrifuged at 6000
rpm at 4 °C for 15 min. Then, the supernatant was collected and filtered
through 0.45 ym nylon membrane filters and injected for reverse-phase
(RP)-ultrahigh performance liquid chromatography (UHPLC)
coupled to diode array detection (DAD) and mass/mass spectrometry
(MS/MS) analysis.

2.3. LCMS-IT-TOF Parameters. UHPLC-ESI-IT-TOF analyses
were performed on a Shimadzu Nexera UHPLC system coupled online
to an ESI-IT-TOF mass spectrometer through an ESI source

(Shimadzu, Kyoto, Japan). LC—MS data elaboration was performed
by the LCMSsolution software (Version 3.50.346, Shimadzu).

The LC—MS analysis of sorghum extract was carried out on a
Kinetex C18 150 mm X 2.1 mm X 2.6 gm (100 A) column
thermostated at 45 °C (Phenomenex, Bologna, Italy), monitoring the
chromatograms at 280 and 330 nm. H,O (A) and ACN (B), both
acidified by acetic acid 0.1% v/v, were used as mobile phases, with the
flow rate set at 0.5 mL min~". The analysis was performed in gradient
elution as follows: 0.01—15.00 min, 2—30% B; 15.01—20.00 min, 30—
70% B; 20.01—21.00 min, 70—98% B; 21.01—22.50 min, isocratic to
98% B; then 4 min for column equilibration.

MS detection was operated in negative ionization mode with the
following parameters: detector voltage, 1.65 kV; curved desolvation line
(CDL) temperature, 250 °C; block heater temperature, 250 °C;
nebulizing gas flow (N,), 1.5 L/min; drying gas pressure, 95 kPa. Full
scan MS data were acquired in the range 150—1500 m/z, MS/MS
experiments were conducted in the data-dependent acquisition, and
fragments ions were acquired in the range 150—1000 m/z with
collision-induced dissociation (CID) energy set at 50%.

The identification of investigated analytes was carried out by
comparing their retention times and MS/MS data with those present in
the literature. The molecular formulas of identified compounds were
calculated by the Formula Predictor software (Version 1.12,
Shimadzu). The following online databases were also consulted:
ChemSpider (http://www.chemspider.com), SciFinder Scholar
(https://scifinder.cas.org), and Phenol-Explorer (www.phenol-
explorer.eu).

2.4. Quantitative Analysis. Instrumental calibration for the
quantitative analysis was carried out using the external standard
method. Kaempferol 3-O-glucoside, naringenin 7-O-glucoside, apige-
nin, catechin, and caffeic acid were selected as external standards.

Stock solutions were prepared in CH;OH, and the calibration curves
were obtained in concentration ranges of 10—250 g mL ™" (kaempferol
3-O-glucoside), 2.5—50 ug mL™" (naringenin 7-O-glucoside), S—100
ug mL™! (apigenin), 5—200 ug mL™" (catechin), 0.5—10 ug
mL ™! (caffeic acid), with the five concentration levels run in triplicate.
Linear regression was used to generate a calibration curve plotting the
peak areas against analyte concentrations. The quantification of
compounds was expressed as milligrams per 100 g of dried sorghum.

2.5. Method Validation. The quantification method was validated
in terms of linearity, precision, limit of detection (LOD), and limit of
quantification (LOQ). Linear regression equation and coefficient
correlation (R*) were used to evaluate the linearity of the results. LODs
and LOQs were calculated as follows:
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Table 3. List of Identified Compounds in the Red Sorghum Extract

peak Rt compound M -H]” [MS/MS] error (ppm)  molecular formula
1 0.80 caffeic acid hexoside 341.1101 179.0572; 258.0729 -1.20 CsH 30y
2 425  catechin 289.0724 2050555 +0.70 CysH,,0¢
3 430  epicatechin dimer $77.1384  407.0786; 289.0727; 425.0921 +0.53 CyoHaO1,
4 4.63 epicatechin trimer 865.2024 577.1440; 287.0568 —0.67 CysH33045

s 520  N'—N'-dicaffeoyl-spermidine 4682124 289.1522; 332.1636; 306.1817 +3.40 C,sH; N304
6 5.43 1-O-cafteoylglycerol 253.0719 161.0275 —0.01 C,H,,04
7 6.00 eriodictyol-di-O-hexoside 611.1625 287.0563; 449.1119 +0.33 C,7H;,04¢
8 649  eriodictyol-O-hexoside I 4491092 287.0582; 151.0067; 269.0482 +0.67 CyH,,0,,
9 695 eriodictyol-O-hexoside II 449.1086  287.0560; 151.0067; 269.0408 —0.67 CyH,,0y
10 7.81 naringenin hexoside I 433.1153 271.0630; 151.0069 +1.30 C,H,,049
11 8.20 naringenin hexoside II 433.1148 271.0628; 151.0061 +1.85 C,H,,0,
12 8.55 luteolin hexoside I 447.0927 285.0408 —0.60 C,1H,004;
13 8.75 dihydroluteolin hexoside 445.0780 285.0409; 447.0918 +0.40 C,H 30y,
14 9.20 luteolin hexoside II 447.0936 285.0408 +0.67 C,1H,004;
15 9.79 apigenin hexoside 431.1003 269.0461 +1.80 C,H,049
16 9.80 eriodictyol-O-hexoside III 4491091  287.1049; 151.0068 +0.45 CyHy,0y
17 1022 chrysoeriol hexoside 4611100  284.0322; 299.0544 +1.70 C,,H,,0,,
18 10.75 naringenin hexoside IIT 433.1154 271.0663; 151.0069, +1.70 C,H»,049
19 1100 eriodictyol 287.0573  151.0070 +3.83 Cy5H,,04
20 12.25 luteolin hexoside IIT 447.0927 285.0409 —0.60 C,H,,0,,
21 1242 1,3-O-dicaffeoylglycerol 4151042 253.0721; 235.0544 +2.89 CyyHyOs
22 1262 luteolin 285.0408  175.0399; 199.0393; 243.0264, 257.0442; 285.0408 +2.46 Cy5H,404
23 12.95 naringenin 271.0591 151.0023 +8.12 CsH;,04
24 13.85 1,3-0-coumaroyl-caffeoyl-glycerol 399.1080 253.0732; 235.0616 +5.76 C,,H,,054
2§ 14.20 1,3-O-feruloyl-caffeoyl-glycerol 429.1084 253.0697; 193.0515 +6.00 Cy,H,,09
26 14.30 7,3',4'- trihydroxyflavone 269.0466 225.0571; 151.0074; 197.0637 +4.09 CysH, 005
27 15.50 1,3-0-dicoumaroyl-glycerol 383.1133 163.0460; 237.0748 +7.31 C,,H,,0,
28 15.80 1,3-O- coumaroyl-feruloyl-glycerol 413.1273 177.0585; 235,0622; 193.0500 +2.66 C,,H,,04
29 17.78 dihydroxy-octadecadienoic acid 311.2224 293.2118 -1.29 CisH3,04
30 17.85 dihydroxy-octadecenoic acid I 313.2404 183.1395; 195.1323; 295.2276 +2.23 CgH;3,0,
31 17.93 dihydroxy-octadecenoic acid II 313.2404 183.1395; 195.1323; 295.2276 +2.23 CisH3,04
LOD =33 X — TEAC = ICq, of trolox (ug mL_l)/IC50 of sample (ug mL ")

(1) 3)

However, for the determination of single compounds contribution to

LOQ =10 X — the antioxidant activity, the chromatographic separation of the reaction

(2) mixture was conducted in gradient mode as reported earlier, by

where o is the standard deviation of the response and S is the slope
coefficient of the calibration curves. The precision of the method was
evaluated by assessing the relative standard deviation (RSD) intraday
and interday at three different concentrations, in triplicate.

2.6. Off-Line HPLC-DPPH Conditions. For the determination of
the total antioxidant capacity of polyphenolic compounds isolated from
sorghum samples, the acidified aqueous methanol extracts were diluted
in the appropriate ratio (white and black sorghum, 0.05—1.5 mg mL™};
red sorghum, 0.05—0.5 mg mL™"), and the solutions thus obtained were
added to DPPH (2,2-diphenyl-1-picrylhydrazyl) solution (0.75 mM) in
a 1:1 (v/v) ratio.** The mixture was briefly sonicated and then left to
react for 30 min in the dark at room temperature. The sample was
filtered and injected in the LC system with the same chromatographic
conditions reported above, except running in isocratic mode with
mobile phases (B/A) 60:40. In these conditions, all compounds eluted
at the column dead time in a single chromatographic peak, and the
DPPH peak area, monitored at 517 nm, was taken into account for the
calculation. The blank control was prepared by diluting the DPPH
solution with CH;OH in a 1:1 ratio. ICs, values were calculated
through linear regression analysis by interpolation using the Microsoft
Excel (2016) software program.

The total DPPH radical scavenging activity of each sorghum extract
was expressed as the trolox equivalent antioxidant capacity (TEAC).*
The TEAC was calculated as follows:

incubating the sample with radical solution. The radical scavenging
contribution of single compounds isolated from sorghum samples was
calculated with the following equation:

radical scavenging (RS%) = {(PA, = PAied) /PAonuat} X 100%

(4)
where PA_,.,1 is referring to the sample peak area solution diluted with
methanol, whereas PA,;.q4 is referring to the sample peak area resulting
from mixing DPPH with the different extracts.

2.7. Online HPLC-DPPH Conditions. After chromatographic
separation, the effluent of the UHPLC column was mixed online by a
stainless steel tee union with the DPPH- solution and allowed into a coil
reactor (standard stainless steel tubing 1.6 mm X 0.3 mm X 6.0 m, O.D.
X ID. X L). The column oven and reactor coil temperatures were both
set to 45 °C. The radical solution was eluted by a LC-20 AT pump
(Shimadzu, Milan, Italy) using as mobile phase 0.1 mM DPPH-
solution and setting the flow rate to 0.5 mL min™".

In order to optimize the online postcolumn derivatization HPLC-
DPPH assay, a standard mixture of polyphenolic compounds (catechin,
chlorogenic acid, caffeic acid, epicatechin, and ferulic acid) and negative
(phloridzin) and positive (trolox, 6-hydroxy-2,S,7,8-tetramethylchro-
man-2-carboxylic acid) controls was employed (Figure S2).

The chromatograms of all sorghum varieties were acquired by setting
the same instrumental parameters above-described and were monitored
at 280 and 517 nm. The compounds that were able to quench the
radical caused the signal to deviate from the baseline and were observed

control
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Table 4. RP-UHPLC-PDA-ESI-IT-TOF Identification of Polyphenols Isolated from Black Sorghum

error molecular
peak Rt compound (M - H]™ [MS/MS] (ppm) formula
1 533 N'-N*dicaffeoyl-spermidine 468.2167  306.1812; 332.1614 +5.77 C,sH31N;04
2 547  2-O-caffeoylglycerol 253.0733  161.0329 +5.03 C,H,04
3 6.14  quercetin-3,4'-O-di-B-glucopyranoside 625.1757  301.0704 -1.7 C,7H;300,,
4 627  N'—NP-caffeoyl-feruloyl-spermidine 4822313 306.1795; 332.1600 —0.67  CyH33N;04
S 6.48  7,3',4'- trihydroxyflavone 269.0452  225.0597 -112 CsH,,05
6 6.68  1-O-coumaroylglycerol 237.0768  163.0378 +0.01 C,H 1,05
7 6.88  luteolin hexoside 447.0926  285.0399 +2.1 C,H0y,
8 691 eriodictyol-O-hexoside 449.1113  287.0578; 151.0062 +534  CyHy0y,
9 7.39  saccharide 371.1049  231.0609; 249.0667 +0.27 C16H30010
10 791  pyrano-3',4',5',5,7-pentahydroxyflavone-(3 — 4)- 881.2201  432.0884; 594.1516; 746.1696 +2.5 CysH3509
catechin-7-O-glucoside
11 8.17  naringenin hexoside 433.1164  271.0612 +2.31 C,H,,049
12 834  pyrano-3',4,5',5,7-pentahydroxyflavanone-(3 — 4)- 883.2328  287.0648; 297.0637; 405.0628, 433.0970; +0.45 Cy4sHy4O10
catechin-7-O-glucoside 541.1080; 595.1401; 721.1801
13 9.25  pyrano-eriodictyol-(3 — 4)-catechin-7-O-glucoside I 867.2330  271.0671; 389.0776; 417.0997; 431.0624; +1.39 CysH40O15
§79.1625; 705.1798
14 9.53  pyrano-eriodictyol-(3 — 4)-catechin-7-O-glucoside II 8672370  417.0974; 431.0624; 525.133S, 551.1191; +4.04 CysHy4O14
§79.1501; 705.1826
15 975 7-O-methyl catechin 303.0863  193.0603 +3.63  CuHyO6
16 10.53  pyrano-naringenin-(3 — 4)-catechin-7-O-glucoside 851.2400  389.0685; 401.1034; 551.1230; 563.1576; +1.53 CysHyO47
689.1249
17 11.58  7,3',4,5'-tetrahydroxy flavanone 287.0952  151.0486 +2.21 C15sH,0¢
18 1249  1,3-dicaffeoylglycerol 415.1051  161.0278; 253.0697 +5.06 C,,H,09
19 14.24  1,3-O-feruloyl-caffeoyl-glicerol 429.1248  193.0603; 253.0697 +1.13 C,,H,,04
20 1549  1,3-dicoumaroylglicerol 383.1133  163.0369; 219.0664 +4.96 C,,H,,0,
21 1582  1,3-coumaroyl-feruloyl-glicerol 413.1273  161.0329; 177.0599; 235.0616 +048  CpHpOs
22 16.12  1,3-O-diferuloylglicerol 443.1412  193.0472; 207.0718; 235.0616; 249.0667 +1.65 Cy3H,,04

as negative peaks. The change in peak area was proportional to the
antioxidant activity of the analyzed compounds.

3. RESULTS

3.1. Qualitative Profiles of Sorghum Extracts. Figure 1
shows the chromatographic profiles of polyphenolic compounds
isolated from white, red, and black sorghum varieties as
indicated in Table 1. All tentatively identified compounds are
listed in Tables 2—4.

The LC—MS/MS analyses highlighted that phenolamides
and some classes of free polyphenols, such as phenolic acids,
flavones, and flavanones, were present in the three investigated
sorghum varieties. Proanthocyanidins have only been detected
in red sorghum, while pyrano-flavanone-flavanol dimers have
only been detected in black sorghum (Table §).

In the white sorghum extract (Figure 1A and Table 2), the
chromatographic peak 4 at m/z 468 showed a fragment ion at
m/z 332 [M — H — 136]~, which suggests the presence of a
caffeoyl group in the structure; therefore, it was tentatively
proposed as N'—N*-dicaffeoyl-spermidine.***’

Compound $ showed at m/z 253 [M — H]™ a fragmentation
ion at m/z 161 [M — H — 92]~ produced by a loss of glycerol
residue and was identified as 2-O-caffeoylglycerol.”

The peaks 9 and 10 were observed at different retention times
in the chromatogram but all gave ions at m/z 431 [M — H] ™~ with
a MS/MS fragmentation pattern characterized by a base peak at
m/z 269, corresponding to the loss of moiety of O-linked
hexoside; thus, this compound was tentatively identified as
isomers of apigenin hexoside.

Compound 14 showed a precursor ion at m/z 415 [M — H]~
and provided fragment ions at m/z 253 [M — H — 162]7,
deriving from the loss of a caffeoyl moiety. Chromatographic
peak 14 was identified as 1,3-O-dicaffeoylglycerol.*

Compound 16 identified in the white sorghum hydro-
methanolic extract produced a precursor ion at m/z 269,
fragments at m/z 225 [M — H — CO,]”, and a secondary
fragment at m/z 197 [M — H — CO, — CO]". This compound
could be attributed to 7,3',4'-trihydroxyflavone.™

Moreover, in the red sorghum extract (Figure 1B and Table
3), chromatographic peak 9 exhibited the precursor ion at m/z
449, but the loss of hexose moiety [M — H — 162] and the
relative loss of water [M — H — 162 — 18]~ produced fragments
at m/z 287 and 269, leading to its tentative identification as
eriodictyol-O-hexoside.*’

Finally, in the black sorghum extract (Figure 1C and Table 4),
the compounds 10, 12, 13, and 14 presented similar MS/MS
fragmentation patterns, characterized by the loss of sugar moiety
[M — H — 162] and catechin glucoside unit [M — H — 162 —
288]7, leading to their tentative identification as pyrano-
flavonoid derivatives.*' Moreover, we found that, in the black
sorghum profile, 3-deoxyanthocyanidins derivates were also
present, as they have a typical maximum absorbance of 486 nm
(Section 1, Figure Sl).42’43

3.2. Method Validation. The linear regression equations,
R, % RSD, LODs, and LOQs values are shown in Table S2. For
each standard, a linear relationship was obtained over the tested
concentrations and the peak areas. In all cases, the correlation
coeflicients were equal or greater than 0.9994. The % RSD
values ranged from 0.04 to 1.96, which indicate good method
precision intraday and interday. Furthermore, good values of
LOD and LOQ were observed.

3.3. Quantitative Profile of Polyphenolic Extracts of
Sorghum Varieties. The quantitative profile of polyphenolic
compounds isolated from the three investigated varieties of
sorghum is shown in Table 6.
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Table S. Chemical Classification of Biomolecules Identified in Hydroalcoholic Sorghum Extracts

class sublclass

phenolic acid hydroxycinnamic acids caffeic acid hexoside

1-O-caffeoylglycerol

1,3-O-dicaffeoylglycerol
1,3-O-coumaroyl-caffeoyl-glycerol
1,3-O-feruloyl-caffeoyl-glycerol
1,3-0-dicoumaroyl-glycerol

1,3-0- coumaroyl-feruloyl-glycerol

sorghum varieties

black

compounds red white

+ o+ 4+ o+ o+ o+ o+

1-O-cafteoyl-2-O-glucosylglycerol

2-O-caffeoylglycerol
1-O-coumaroylglycerol

1,3-O-feruloylglicerol

1,3-coumaroyl-feruloyl-glicerol

catechin
7-O-methyl catechin

flavonoids flavanols

pyrano-3’,4,5',5,7-pentahydroxyflavone-(3 — 4)-catechin-7-O-glucoside
pyrano-3',4',5',5,7-pentahydroxyflavanone-(3 — 4)-catechin-7-O-glucoside
pyrano-eriodictyol-(3 — 4)-catechin-7-O-glucoside

pyrano-naringenin-(3 — 4)-catechin-7-O-glucoside

flavonols
flavanones naringenin hexoside
eriodictyol

eriodictyol hexoside

eriodictyol-di-O-hexoside

naringenin

quercetin-3,4’-O-dibeta-glucopyranoside

+ o+ o+ o+ o+ o+ o+ + o+ o+

+ o+ 4+ o+ o+
+

7,3',4,5'-tetrahydroxy flavanone . .

flavones luteolin hexoside

dihydroluteolin hexoside

apigenin glucoside
chrysoeriol hexoside

luteolin

7,3' 4 -trihydroxyflavone

apigenin 7-O-hexoside

genkwanin

chrysoeriol
proanthocyanidin epicatechin dimer
epicatechin trimer

polyamines phenolamides

+ o+ 4+ o+ o+ o+
+

+ o+ o+ o+

N'—N*-dicaffeoyl-spermidine + + +

N'-N¥-caffeoyl-feruloyl-spermidine + +

octadecanoids other octadecanoids

dihydroxy-octadecadienoic acid

dihydroxy-octadecenoic acid

trihydroxy-octadecenoic acid

carbohydrate saccharide

+

The quantitative analysis highlighted that the white sorghum
sample was rich in phenolamides (N'—N*-dicaffeoyl-spermi-
dine, 7.86 & 0.02 mg per 100 g of dried sorghum) and flavones
compounds (apigenin-7-O-hexoside, 20.36 + 0.15 mg/100 g;
7,3’ 4’ -trihydroxyflavone, 25.47 & 0.13 mg/100 g), while in the
black sorghum extract, three abundant pyrano-flavonoid
derivatives were quantified (pyrano-3',4,5',5,7-pentahydroxy-
flavanone-(3 — 4)-catechin-7-O-glucoside, 23.04 + 1.25 mg/
100 g pyrano-eriodictyol-(3 — 4)-catechin-7-O-glucoside,
13.67 = 1.17 mg/100 g; pyrano-naringenin-(3 — 4)-catechin-
7-O-glucoside, 20.75 + 0.09 mg/100 g). Among the 3-
deoxyanthocyanidins, luteolinidin was the most abundant
compound (Table S1).

Finally, the main compound identified in the red sorghum
hydroalcoholic extract was eriodictyol-O-hexoside (260.05 +
5.59 mg/100 g).

3.4. Antioxidant Activity Screening of Sorghum Grains
by Off-Line and Online HPLC-DPPH Assays. In this work, to
determine the total antioxidant activity of polyphenolic
compounds isolated from sorghum samples, we carried out a
DPPH free radical assay.

In detail, different amounts of acidified aqueous methanol
were incubated with a 0.75 mM DPPH solution. The DPPH
radical scavenging activity of each investigated sample was
expressed as the Trolox equivalent antioxidant activity (TEAC),
as reported in Table 7. Our results showed a greater antioxidant
activity of red sorghum (TEAC value: 0.19) than the white
(TEAC value: 0.07) and black sorghum (TEAC value: 0.06)
samples.

In order to identify compounds responsible of antioxidant
activity observed for the total extracts, we coupled the DPPH
assay with a separation technique, such as liquid chromatog-
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Table 6. Quantitative Analysis of the Hydroalcoholic Extracts
of the Three Sorghum Varieties

quantity (mg per

sorghum 100 g of dried
variety  peak compound sorghum)
white 1 N'-N*-dicaffeoyl-spermidine” 7.86 + 0.02
2 1-O-caffeoyl-2-O-glucosylglycerol 4.12 + 0.06
10  apigenin-7-O- hexoside I1” 20.36 + 0.15
14 1,3-O-dicaffeoylglycerol” 3.09 +0.01
15 1,3-O-coumaroyl-caffeoyl-glycerol” 1.62 + 0.04
16 7,3 4'- trihydroxyflavone” 2547 £0.13
red 8 eriodictyol hexoside® 32.03 +2.71
9 eriodictyol hexoside II° 260.0S + 5.59
11 naringenin hexoside? 32.14 £ 2.32
black 1 N'—N*-dycaffeoyl-spermidine” 7.42 +£0.10
2 2-O-caffeoylglycerol” 3.67 £0.39
12 pyrano-3'4',5',5,7- 23.04 +1.25
pentahydroxyflavanone-(3 — 4)-
catechin-7-O-glucoside®
13 pyrano-eriodictyol-(3 — 4)-catechin- 13.67 + 1.17
7-O-glucoside®
16  pyrano-naringenin-(3 — 4)-catechin- 20.75 + 0.09

7-O-glucoside®

“Caffeic acid. “Apigenin. “Kaempferol 3-o-glucoside. dNaringenin 7-0-
glucoside and. “Catechin was used an as external standard.

Table 7. Trolox Equivalent Antioxidant Capacity (TEAC) of
Sorghum Extracts

sorghum

varieties TEAC (ICs, of Trolox ug mL™" /ICg, of sample yg mL™")
red 0.19
white 0.07
black 0.06

raphy.** In this case, after reaction with the radical solution for
30 min at dark, the sample was analyzed by RP-UHPLC-PDA.
The presence of potential antioxidants was indicated by a
decrease in peak areas (UV/vis) compared to untreated sample.

In this contest, the crucial aspect is the ratio between the
concentration of DPPH and the investigated extract. If an excess
of DPPH is employed, every peak is reduced below detection
limits; on the contrary, with an inadequate concentration of
DPPH, no significant differences can be observed between
treated and untreated samples. After several tests, we found that
the best final conditions were obtained with 0.75 mM DPPH
and (0.5 mg mL™") 1 mg mL™" sample.

As can be observed in the Figure 2, our data showed that, in
the red sorghum, the chromatographic peak area of eriodictyol-
O-hexoside was significantly reduced by DPPH radical solution
(RS value: 58.5%) as well as peak areas of pyrano-flavanone-
flavanol dimers derivates and 7,3’,4'- trihydroxyflavone isolated
from black (RS: 77.5% and 70.5%) and white sorghum (RS:
18.2%), respectively.

With the aim to rapidly assess the antioxidant potential of
these polyphenolic compounds, we carried out a fast screening
approach based on the coupling of chromatographic separation
with postcolumn DPPH radical reaction, in which eluting
compounds react with the radical solution in a reaction coil.
Thus, antioxidants were detected as negative peaks by
monitoring the decrease in the absorbance of the DPPH- trace
at 517 nm, as it was reduced to the corresponding pale-yellow
hydrazine derivative.

The reaction coil length, temperature, reaction time, and
DPPH radical concentration were optimized to study the
formation of negative peaks (data not shown). In brief, the
analytical platform was optimized by employing a mixture of
standard compounds and using trolox and phloridizin as positive
and negative controls, respectively. Negative peaks were
observed for all compounds except phloridzin. Phloridzin was
the only compound in the mixture that did not possess any
radical scavenging ability in agreement with data in the literature
(Figure S2). As shown in Figure 3, our results highlighted that
eriodictyol-O-hexoside isolated from the red sorghum sample is
able to significantly quench the DPPH radical, generating a
negative peak with an abundant area directly proportional to its
antioxidant activity.
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Figure 2. PDA chromatogram relative to the polyphenols isolated from red sorghum extract untreated (black line) and spiked with DPPH radical

solution (red line).
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Figure 3. UV (black line, A: 280 nm) and DPPH radical quenching (red
line, A: 517 nm) chromatogram of red sorghum extract.

4. DISCUSSION

The increase of sorghum consumption as a gluten-free food has
potential health benefits in both the US'” and the Mediterranean

ion,”* ™" suggesting that sorghum is a viable high nutrition
crop that could be used as an alternative to gluten containing
grains by a greater population.”® Sorghum is unique among
major cereal grains in that it has high levels of a diverse array of
bioactive components not common to other cereals, with
potential benefit to human health.’>**** The phenolic
compounds are the main bioactive compounds of sorghum
and are present in all varieties of this cereal.”* The most
prominent group of beneficial sorghum bioactive components
are the polyphenols, especially the flavonoids.*®

In this work, we analyzed the content of free polyphenolic
compounds and antioxidant activity in three distinct varieties of
sorghum: a white-colored variety, a red-colored variety, and a
black-colored variety grown in the Mediterranean environment.

As shown in Table 5, hydroxycinnamic acids and polyamines
are present in all the varieties of analyzed sorghum. Major
differences were found in the distribution of flavonoids. In fact,
while flavones and flavanones are present in all three varieties of
sorghum, proanthocyanidins, such as epicatechin dimer and
epicatechin trimer, have been identified only in red sorghum and
glycosides of pyrano-flavanone-flavanol dimers have been
detected only in black sorghum.

After the analytical characterization of polyphenols isolated
from three sorghum varieties, in the next step of this study, we
evaluated their antioxidant activity.

Numerous spectrophotometric assays have been developed
for the determination of the antioxidant properties of
polyphenolic compounds isolated from sorghum such as radical
scavenging effects on nitric oxide (NO), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radicals, the oxygen radical

absorbance capacity (ORAC), and 2,2'-azinobis (3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) assays.

In detail, Hong et al.>’ compared the phenolic composition
and the antioxidant activity of novel sorghum black-seeded
germplasms by different spectrophotometric cell-free assays and
suggested that sorghum extracts are better antioxidants against
less stable radicals, such as DPPH, then to more stable radicals
like NO.

Awika et al.”' used three different screening methods to
measure the antioxidant activity of sorghum (Sorghum bicolor),
highlighting that the ABTS and DPPH assays have a similar
predictive power as ORAC on sorghum antioxidant activity but
they are more cost-effective and simpler than ORAC assay.

Furthermore, the DPPH method, in addition to being faster, is
characterized by less steps and reagents to prepare compared to
the ABTS assay.

For these reasons, the DPPH radical scavenging assay was
utilized to evaluate the antioxidant properties of the investigated
vegetable samples. Our results showed that the acidified aqueous
methanol extract of red sorghum presents a greater antioxidant
activity in comparison to both white sorghum and black
sorghum (Table 7), highlighting how eriodictyol-O-hexoside
possesses considerable radical scavenging activity (>50%).

Regarding complex multianalyte samples, one of the DPPH
assay limitations is represented from its inability to provide
information regarding the individual antioxidant potential of
different analytes. Contrariwise, if the assay is coupled with a
separation technique, such as UHPLC, the method can be useful
for the evaluation of individual contributions to the antioxidant
activity of natural extracts. For this purpose, in this study, we
have developed a precolumn DPPH assay for the identification
of antioxidant compounds in three aforementioned sorghum
varieties. In this analytical platform, after the reaction with the
radical, the sample is injected, and if the compound possesses
antioxidant activity, its UV/vis peak area would decrease.

The HPLC-DPPH assay showed that the compounds with
greater radical scavenging activity were eriodictyol-O-hexoside
(Figure 2), pyrano-flavanone-flavanol dimers derivates, and
7,3',/4'- trihydroxyflavone. These compounds are characterized
by a catechol (3',4’-dihydroxy) structure in the B-ring, a crucial
element responsible for their high antioxidant activity.>*

The most abundant polyphenolic compounds in sorghum
belong to the class of flavonoids that can give the white, red, and
black colors to the different varieties of sorghum depending on
the genotype of the variety and the environment in which they
are growing."" It has been shown that flavonoids, polyphenolic
compounds present in all plants, are able to eliminate free
radicals relevant to human disease.”"** Thus, it is appropriate to
study the polyphenol content in cultivated sorghum varieties in
the Mediterranean environment.

The starting point for establishing the health benefits of a food
is the food’s nutritional and chemical properties. In the case of
sorghum, as with plant foods generally, the phytochemical
component is of interest and reflects recent developments in the
nutritional sciences.”"”** As previously mentioned, the type of
phytochemicals in some sorghum varieties has the capacity to
neutralize free radicals. This antioxidant activity has been
correlated to potential health beneficial properties such as
antimicrobial,” reduced oxidative stress,”* anti-inflammatory
activity,55 sprotection against cardiovascular disease, obesity, and
diabetes,"” and anticancer activity.”">*>%>

The identification of new polyphenolic compounds in high
quantities in sorghum varieties grown in the Mediterranean
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environment will help to determine the benefits of sorghum
grains and bioactive phenolic compounds relevant to human
health. Several studies have shown the health benefits of
phenolic compounds contained in the sorghum grain such as
anti-inflammatory activity and anticancer properties.57_62

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00115.

Discussion of identification of anthocyanins in the black
sorghum extract, figures of chromatographic profile and
UV and DPPH radical quenching chromatograms, and
tables of RP-UHPLC-UV-ESI" identification and method
validation parameters (PDF)

B AUTHOR INFORMATION

Corresponding Author

Paola Pontieri — Istituto di Bioscienze e BioRisorse-UOS
Napoli-CNR c¢/o Dipartimento di Biologia, Sezione di Igiene,
Napoli 80134, Italy; © orcid.org/0000-0003-3468-0748;
Email: paola.pontieri@ibbr.cnr.it

Authors

Giacomo Pepe — Department of Pharmacy, University of
Salerno, 84084 Fisciano, Italy; ® orcid.org/0000-0002-
7561-2023

Pietro Campiglia — Department of Pharmacy, University of
Salerno, 84084 Fisciano, Italy; European Biomedical Research
Institute of Salerno, 84125 Salerno, Italy; © orcid.org/0000-
0002-1069-2181

Fabrizio Merciai — Department of Pharmacy and PhD Program
in Drug Discovery and Development, University of Salerno,
84084 Fisciano, Italy

Manuela Giovanna Basilicata — Department of Pharmacy,
University of Salerno, 84084 Fisciano, Italy

Dmitriy Smolensky — USDA-ARS, CGAHR, Manhattan,
Kansas 66502, United States

Matteo Calcagnile — Dipartimento di Scienze e Tecnologie
Biologiche e Ambientali, Universita del Salento, Lecce 73100,
Italy; ® orcid.org/0000-0001-9745-4583

Jacopo Troisi — Theoreosrl - Spin off of the University of
Salerno, Pugliano, SA 84090, Italy; ® orcid.org/0000-0003-
2962-7379

Roberta Romano — Dipartimento di Ingegneria Civile,
Chimica, Ambientale e dei Materiali (DICAM), Universita di
Bologna, Bologna 40131, Italy

Fabio Del Giudice — Bioteam Laboratory, Napoli 80129, Italy

Mariarosaria Aletta — DCSRSI SPR BIBLIOTECA, Napoli
80131, Italy

Marco Guida — Department of Biology, University of Naples
Federico II, Naples 80126, Italy

Pietro Alifano — Dipartimento di Scienze e Tecnologie
Biologiche e Ambientali, Universita del Salento, Lecce 73100,
Italy; ® orcid.org/0000-0003-3768-7275

Luigi Del Giudice — Istituto di Bioscienze e BioRisorse-UOS
Napoli-CNR ¢/o Dipartimento di Biologia, Sezione di Igiene,
Napoli 80134, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsfoodscitech.1c00115

Author Contributions
Up.P. and G.P. contributed equally to this work.

Funding

The research was supported by both MIUR-
PONO3PE_00060_2, Decreto di Concessione del 27/06/
2014, Progetto 2 “Progettazione, sviluppo e produzione di cibi
funzionali e/o arricchiti”, (OR4: Farine funzionali e prodotti da
forno per celiaci ed intolleranti al glutine) to P.P. and by both
CNR-DISBA project NutrAge” (project nr. 7022) and CNR
project FOE-2019 DBA.AD003.139. Part of this work was
supported by USDA-ARS.

Notes

Mention of trade names or commercial products in this
publication is solely for the purpose of providing specific
information and does not imply recommendation or endorse-
ment by the U.S. Department of Agriculture. USDA is an equal
opportunity provider and employer.

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank Matthew Malin for a generous
gift of the food-grade white, red, and black colored sorghum
varieties. The technical assistance of both Federico Gomez
Paloma and Concetta Porzio is acknowledged. Names are
necessary to report factually on available data; however, the U.S.
Department of Agriculture neither guarantees nor warrants the
standard of the product and use of the name by the U.S.
Department of Agriculture implies no approval of the product to
the exclusion of others that may also be suitable.

B REFERENCES

(1) FAO. FAOSTAT. www.fao.org/faostat/en/#data/QC (accessed
on 2019-03-30).

(2) Anglani, C. Sorghum for human food: a review. Plant Foods Hum.
Nutr. 1998, 52 (1), 85—89.

(3) Ashok-Kumar, A;; Reddy, B. V. S; Sahrawat, K. L.; Ramaiah, B.
Combating micronutrient malnutrition: Identification of commercial
sorghum cultivars with high grain iron and zinc. J. SAT. Agric. Res. 2010,
8, 1-5.

(4) Awika, J. M.; Rooney, L. W. Sorghum phytochemicals and their
potential aspects on human health. Phytochemistry 2004, 65, 1199—
1221.

(S) Dendy, D. A. V. Sorghum and the millets: production and
importance. In Sorghum and Millets: Chemistry and Technology; Dendy,
D. A. V., Ed.,; American Association of Cereal Chemists: St. Paul, MN,
1995; pp 11-26.

(6) Dicko, M. H,; Gruppen, H.; Traoré, A. S.; Voragen, A. G. ].; van
Barkel, W. J. H. Sorghum grain as human food in Africa: relevance of
content of starch and amylase activities. Afr. ]. Biotechno. 2006, S, 384—
39s.

(7) Elhassan, M. S. M.; Emmambux, M. N.; Hays, D. B.; Peterson, G.
C.; Taylor, J. R. N. Novel biofortified sorghum lines with combined
waxy (high amylopectin) starch and high protein digestibility traits:
Effects on endosperm and flour properties. J. Cereal Sci. 2018, 65, 132—
139.

(8) Kresovich, S.; Barbazuk, B.; Bedell, J. A. Toward sequencing the
sorghum genome. A US National Science Foundation-sponsored Work
Report. Plant Physiol. 2005, 138, 1898—1902.

(9) Pontieri, P.; Del Giudice, L. Sorghum: a novel and healthy food. In
The Encyclopedia of Food and Health; Caballero, B., Finglas, P., Toldra,
F., Eds; Academic Press: Oxford UK, 2016; pp 33—42.

(10) Reddy, B. V. S.; Ramesh, S.; Reddy, P. S.; Kumar, A. A. Genetic
enhancement for drought tolerance in sorghum. In Plant Breeding
Reviews; Janick, J., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, 2009;
Vol. 31, pp 189—-222.

https://doi.org/10.1021/acsfoodscitech.1c00115
ACS Food Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00115?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.1c00115/suppl_file/fs1c00115_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paola+Pontieri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3468-0748
mailto:paola.pontieri@ibbr.cnr.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Pepe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7561-2023
https://orcid.org/0000-0002-7561-2023
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pietro+Campiglia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1069-2181
https://orcid.org/0000-0002-1069-2181
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizio+Merciai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuela+Giovanna+Basilicata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitriy+Smolensky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Calcagnile"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9745-4583
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacopo+Troisi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2962-7379
https://orcid.org/0000-0003-2962-7379
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberta+Romano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+Del+Giudice"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariarosaria+Aletta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Guida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pietro+Alifano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3768-7275
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luigi+Del+Giudice"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.1c00115?ref=pdf
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1023/A:1008065519820
https://doi.org/10.1016/j.phytochem.2004.04.001
https://doi.org/10.1016/j.phytochem.2004.04.001
https://doi.org/10.1016/j.jcs.2015.06.017
https://doi.org/10.1016/j.jcs.2015.06.017
https://doi.org/10.1016/j.jcs.2015.06.017
https://doi.org/10.1104/pp.105.065136
https://doi.org/10.1104/pp.105.065136
https://doi.org/10.1104/pp.105.065136
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.1c00115?rel=cite-as&ref=PDF&jav=VoR

ACS Food Science & Technology

pubs.acs.org/acsfoodscitech

(11) Kasarda, D. D. Grains in relation to celiac diseases. Cereal Foods
World 2001, 46 (5), 209—210.

(12) Ciacci, C.; Maiuri, L.; Caporaso, N.; Bucci, C.; Del Giudice, L;
Massardo, D. R.; Pontieri, P.; Di Fonzo, N.; Bean, S. R.; Ioerger, B.;
Londei, M. Celiac disease: in vitro and in vivo safety and palatability of
wheat-free sorghum food products. Clin. Nutr. 2007, 26 (6), 799—80S.

(13) Pontieri, P.; Mamone, G.; De Caro, S.; Tuinstra, M. R.; Roemer,
E,; Okot, J.; De Vita, P,; Ficco, D. B,; Alifano, P.; Pignone, D,;
Massardo, D. R,; Del Giudice, L. Sorghum, a healthy and gluten-free
food for celiac patients as demonstrated by genome, biochemical and
immunochemical analyses. J. Agric. Food Chem. 2013, 61, 2565—2571.

(14) Cox, S.; Noronha, L.; Herald, T.; Bean, S.; Lee, S.; Perumal, R.;
Wang, W.; Smolensky, D. Evaluation of ethanol-based extraction
conditions of sorghum bran bioactive compounds with downstream
anti-proliferative properties in human cancer cells. Heliyon 2019, S,
No. e01589.

(15) Stefoska-Needham, A.; Beck, E. J.; Johnson, S. K; Tapsell, L. C.
Sorghum: An underutilized cereal whole grain with the potential to
assist in the prevention of chronic disease. Food Rev. Int. 2015, 31, 401—
437.

(16) Smolensky, D.; Rhodes, D.; McVey, D. S.; Fawver, Z.; Perumal,
R;; Herald, T.; Noronha, L. High-polyphenol sorghum bran extract
inhibits cancer cell growth through ROS induction, cell cycle arrest, and
apoptosis. J. Med. Food 2018, 21, 990—998.

(17) Taylor, J. R. N.; Schober, T. J.; Bean, S. R. Novel food and non-
food uses for sorghum and millets. J. Cereal Sci. 2006, 44, 252—271.

(18) Quideau, S.; Deffieux, D.; Douat-Casassus, C.; Pouysegu, L.
Plant polyphenols: chemical properties, biological activities, and
synthesis. Angew. Chem., Int. Ed. 2011, 50, 586—621.

(19) Saxena, M,; Saxena, J.; Nema, R; Singh, D.; Gupta, A.
Phytochemistry of medicinal plants. J. Pharm. Phytochem. 2013, 1
(6), 168—182.

(20) Choi, S. C.; Kim, J. M.; Lee, Y. G.; Kim, C. Antioxidant Activity
and Contents of Total Phenolic Compounds and Anthocyanins
According to Grain Colour in Several Varieties of Sorghum bicolor
(L.) Moench. Cereal Res. Commun. 2019, 47, 228—238.

(21) Girard, A. L; Awika, J. M. Sorghum polyphenols and other
bioactive components as functional and health promoting food
ingredients. J. Cereal Sci. 2018, 84, 112—124.

(22) Shahidi, F.; Yeo, J. D. Insoluble-Bound Phenolics in Food.
Molecules 2016, 21 (9), 1216.

(23) Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L.
Polyphenols: food sources and bioavailability. Am. J. Clin. Nutr. 2004,
79 (), 727-747.

(24) Dykes, L.; Rooney, L. W. Sorghum and millet phenols and
antioxidants. J. Cereal Sci. 2006, 44, 236—251.

(25) de Morais Cardoso, L.; Pinheiro, S. S.; Martino, H. S. D.;
Pinheiro-Sant’Ana, H. M. Sorghum (Sorghum bicolor L.): nutrients,
bioactive compounds, and potential impact on human health. Crit. Rev.
Food Sci. Nutr. 2017, 57, 372—390.

(26) Awika, J. M. Chapter 3 - Sorghum: its unique nutritional and
health-promoting attributes. In Gluten-free Ancient Grains; Taylor, J. R.
N., Awika, J., Eds.; Woodhead Publishing, 2017; pp 21—54.

(27) Ragaee, S.; Abdel-Aal, E-S.M.; Noaman, M. Antioxidant activity
and nutrient composition of selected cereals for food use. Food Chem.
2006, 98, 32—38.

(28) Sedghi, M.; Golian, A.; Soleimani-Roodi, P.; Ahmadi, A.; Aami-
Azghadi, M. Relationship Between Color and Tannin Content in
Sorghum Grain: Application of Image Analysis and Artificial Neural
Network. Braz. J. Poult. Sci. 2012, 14, 57—62.

(29) Arulselvan, P; Fard, M. T.; Tan, W. S.; Gothai, S.; Fakurazi, S.;
Norhaizan, M. E.; Kumar, S. S. Role of antioxidants and natural
products in inflammation. Oxid. Med. Cell. Longevity 2016, 2016,
5276130.

(30) Pooja, V.; Sunita, M. Antioxidants and disease prevention.
IJASTR 2014, 2, 903—911.

(31) Zhang, Y.J.; Gan,R.Y; Li, S.; Zhou, Y.; Li, A.N,; Xu, D. P; Li, H.
B. Antioxidant phytochemicals for the prevention and treatment of
chronic diseases. Molecules 2015, 20, 21138—21156.

(32) Rao, S.; Chinkwo, K; Santhakumar, A.; Johnson, S.; Blanchard,
C. Apoptosis Induction Pathway in Human Colorectal Cancer Cell
Line SW480 Exposed to Cereal Phenolic Extracts. Molecules 2019, 24,
2465.

(33) Kang, J.; Price, W. E.; Ashton, J.; Tapsell, L. C.; Johnson, S.
Identification and characterization of phenolic compounds in hydro-
methanolic extracts of sorghum wholegrains by LC-ESI-MS". Food
Chem. 2016, 211, 215-226.

(34) Sommella, E.; Pepe, G.; Pagano, F.; Conte, G.; Carimi, F.;
Tenore, G. C; Novellino, E.; Manfra, M.; Russo, M.; Campiglia, P.
Rapid Screening of Antioxidant Anthocyanins in Autochthonous Nero
d’Avola Grape Clones by Pre-column DPPH Reaction Coupled to
UHPLC-UV/Vis-IT-TOF: A Strategy to Combine Chemical data and
Genetic Diversity. Food Anal. Methods 2016, 9, 2780—2790.

(35) Shimamura, T.; Sumikura, Y.; Yamazaki, T.; Tada, A.; Kashiwagi,
T.; Ishikawa, H.; Matsui, T.; Sugimoto, N.; Akiyama, H.; Ukeda, H.
Applicability of the DPPH assay for evaluating the antioxidant capacity
of food additives - inter-laboratory evaluation study. Anal. Sci. 2014, 30,
717=721.

(36) Gancel, A. L.; Alter, P.; Dhuique-Mayer, C.; Ruales, J.; Vaillant, F.
Identifying carotenoids and phenolic 368 compounds in naranjilla
(Solanum quitoense Lam. var. puyo hybrid), an andean fruit. J. Agric.
Food Chem. 2008, 56, 11890—11899.

(37) Helmja, K.; Vaher, M.; Piissa, T.; Kaljurand, M. Analysis of the
stable free radical scavenging capability of 373 artificial polyphenol
mixtures and plant extracts by capillary electrophoresis and liquid
chromatography-diode 374 array detection-tandem mass spectrometry.
J. Chromatogr. A 2009, 1216 (12), 2417—2423.

(38) Ma, C.; Xiao, S.-y.; Li, Z.-g.; Wang, W.; Du, L.-j. Characterization
of active phenolic components in the ethanolic extract of Ananas
comosus L. leaves using high-performance liquid chromatography with
diode array detection and tandem mass spectrometry. J. Chromatogr. A
2007, 1165 (1-2), 39—44.

(39) Svensson, L.; Sekwati-Monang, B.; Lutz, D. L.; Schieber, A,;
Ganzle, M. G. Phenolic acids and flavonoids in nonfermented and
fermented red sorghum (Sorghum bicolor (L.) Moench). J. Agric. Food
Chem. 2010, 58 (16), 9214—9220.

(40) Silva, N. A. D.; Rodrigues, E.; Mercadante, A. Z.; de Rosso, V. V.
Phenolic Compounds and Carotenoids from Four Fruits Native from
the Brazilian Atlantic Forest. J. Agric. Food Chem. 2014, 62, 5072—5084.

(41) Rao, S.; Santhakumar, A. B.; Chinkwo, K. A.; Wu, G.; Johnson, S.
K,; Blanchard, C. L. Characterization of phenolic compounds and
antioxidant activity in sorghum grains. J. Cereal Sci. 2018, 84, 103—111.

(42) Awika, J. M.; Rooney, L. W.; Waniska, R. D. Properties of 3-
Deoxyanthocyanins from Sorghum. J. Agric. Food Chem. 2004, S2,
4388—4394.

(43) Su, X.; Rhodes, D. H; Xu, J.; Chen, X.; Davis, H; Wang, D.;
Herald, T. J.; Wang, W. Phenotypic diversity of anthocyanins in
sorghum accessions with various pericarp pigments. J. Nutr. Food Sci.
2017, 07, 2155—9600.

(44) Tang, D.; Li, H. J.; Chen, J.; Guo, C. W.; Li, P. Rapid and simple
method for screening of natural antioxidants from Chinese herb Flos
Lonicerae Japonicae by DPPH-HPLC-DAD-TOE/MS. J. Sep. Sci.
2008, 31, 3519—3526.

(45) Pontieri, P.; De Vita, P.; Boffa, A.; Tuinstra, M. R.; Bean, S. R;
Krishnamoorthy, G.; Miller, C.; Roemer, E.; Alifano, P.; Pignone, D.;
Massardo, D. R.; Del Giudice, L. Yield and morpho-agronomical
evaluation of food-grade white sorghum hybrids grown in Southern
Italy. J. Plant Interact. 2012, 3, 49—5S5.

(46) Pontieri, P.; Troisi, J.; Di Fiore, R;; Di Maro, A.; Bean, S. R;
Tuinstra, M. R.; Roemer, E.; Boffa, A.; Del Giudice, A.; Pizzolante, G.;
Alifano, P.; Del Giudice, L. Mineral content in grains of seven food
grade sorghum hybrids grown in a Mediterranean environment. Aust J.
Crop Sci. 2014, 8 (11), 1550—1559.

(47) Pontieri, P.; Del Giudice, F.; Dimitrov, M. D.; Pesheva, M. G.;
Venkov, P. V,; Di Maro, A.; Pacifico, S.; Gadgil, P.; Herald, T. J;
Tuinstra, M. R.; Pizzolante, G.; Romano, R.; Alifano, P.; Del Giudice, L.
Measurement of biological antioxidant activity of seven food-grade

https://doi.org/10.1021/acsfoodscitech.1c00115
ACS Food Sci. Technol. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/j.clnu.2007.05.006
https://doi.org/10.1016/j.clnu.2007.05.006
https://doi.org/10.1021/jf304882k?ref=pdf
https://doi.org/10.1021/jf304882k?ref=pdf
https://doi.org/10.1021/jf304882k?ref=pdf
https://doi.org/10.1016/j.heliyon.2019.e01589
https://doi.org/10.1016/j.heliyon.2019.e01589
https://doi.org/10.1016/j.heliyon.2019.e01589
https://doi.org/10.1080/87559129.2015.1022832
https://doi.org/10.1080/87559129.2015.1022832
https://doi.org/10.1089/jmf.2018.0008
https://doi.org/10.1089/jmf.2018.0008
https://doi.org/10.1089/jmf.2018.0008
https://doi.org/10.1016/j.jcs.2006.06.009
https://doi.org/10.1016/j.jcs.2006.06.009
https://doi.org/10.1002/anie.201000044
https://doi.org/10.1002/anie.201000044
https://doi.org/10.1556/0806.47.2019.14
https://doi.org/10.1556/0806.47.2019.14
https://doi.org/10.1556/0806.47.2019.14
https://doi.org/10.1556/0806.47.2019.14
https://doi.org/10.1016/j.jcs.2018.10.009
https://doi.org/10.1016/j.jcs.2018.10.009
https://doi.org/10.1016/j.jcs.2018.10.009
https://doi.org/10.3390/molecules21091216
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1016/j.jcs.2006.06.007
https://doi.org/10.1016/j.jcs.2006.06.007
https://doi.org/10.1080/10408398.2014.887057
https://doi.org/10.1080/10408398.2014.887057
https://doi.org/10.1016/j.foodchem.2005.04.039
https://doi.org/10.1016/j.foodchem.2005.04.039
https://doi.org/10.1590/S1516-635X2012000100010
https://doi.org/10.1590/S1516-635X2012000100010
https://doi.org/10.1590/S1516-635X2012000100010
https://doi.org/10.1155/2016/5276130
https://doi.org/10.1155/2016/5276130
https://doi.org/10.3390/molecules201219753
https://doi.org/10.3390/molecules201219753
https://doi.org/10.3390/molecules24132465
https://doi.org/10.3390/molecules24132465
https://doi.org/10.1016/j.foodchem.2016.05.052
https://doi.org/10.1016/j.foodchem.2016.05.052
https://doi.org/10.1007/s12161-016-0472-z
https://doi.org/10.1007/s12161-016-0472-z
https://doi.org/10.1007/s12161-016-0472-z
https://doi.org/10.1007/s12161-016-0472-z
https://doi.org/10.2116/analsci.30.717
https://doi.org/10.2116/analsci.30.717
https://doi.org/10.1021/jf801515p?ref=pdf
https://doi.org/10.1021/jf801515p?ref=pdf
https://doi.org/10.1016/j.chroma.2009.01.040
https://doi.org/10.1016/j.chroma.2009.01.040
https://doi.org/10.1016/j.chroma.2009.01.040
https://doi.org/10.1016/j.chroma.2009.01.040
https://doi.org/10.1016/j.chroma.2007.07.060
https://doi.org/10.1016/j.chroma.2007.07.060
https://doi.org/10.1016/j.chroma.2007.07.060
https://doi.org/10.1016/j.chroma.2007.07.060
https://doi.org/10.1021/jf101504v?ref=pdf
https://doi.org/10.1021/jf101504v?ref=pdf
https://doi.org/10.1021/jf501211p?ref=pdf
https://doi.org/10.1021/jf501211p?ref=pdf
https://doi.org/10.1016/j.jcs.2018.07.013
https://doi.org/10.1016/j.jcs.2018.07.013
https://doi.org/10.1021/jf049653f?ref=pdf
https://doi.org/10.1021/jf049653f?ref=pdf
https://doi.org/10.4172/2155-9600.1000610
https://doi.org/10.4172/2155-9600.1000610
https://doi.org/10.1002/jssc.200800173
https://doi.org/10.1002/jssc.200800173
https://doi.org/10.1002/jssc.200800173
https://doi.org/10.1080/17429145.2012.705340
https://doi.org/10.1080/17429145.2012.705340
https://doi.org/10.1080/17429145.2012.705340
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.1c00115?rel=cite-as&ref=PDF&jav=VoR

ACS Food Science & Technology

pubs.acs.org/acsfoodscitech

sorghum hybrids grown in a Mediterranean environment. Australian J.
Crop Science 2016, 10, 904—910.

(48) Althwab, S.; Carr, T. P.; Weller, C. L.; Dweikat, I. M.; Schlegel, V.
Advances in grainsorghum and its co-products as a human health
promoting dietary system. Food Res. Int. 20185, 77, 349—359.

(49) Awika, J. M.; Rose, D. J.; Simsek, S. Complementary effects of
cereal and pulse polyphenols and dietary fiber on chronic inflammation
and gut health. Food Funct. 2018, 9 (3), 1389—1409.

(50) Hong, S.; Pangloli, P.; Perumal, R;; Cox, S.; Noronha, L. E.; Dia,
V. P.; Smolensky, D. A. Comparative Study on Phenolic Content,
Antioxidant Activity and Anti-Inflammatory Capacity of Aqueous and
Ethanolic Extracts of Sorghum in Lipopolysaccharide-Induced RAW
264.7 Macrophages. Antioxidants 2020, 9, 1297.

(51) Awika, J. M,; Rooney, L. W.; Wu, X,; Prior, R. L.; Cisneros-
Zevallos, L. Screening Methods To Measure Antioxidant Activity of
Sorghum (Sorghum bicolor) and Sorghum Products. J. Agric. Food
Chem. 2003, 51, 6657—6662.

(52) Bendary, E.; Francis, R. R; Ali, H. M. G; Sarwat, M. L; El Hady,
S. Antioxidant and structure-activity relationships (SARs) of some
phenolic and anilines compounds. Ann. Agric. Sci. 2013, 58 (2), 173—
181.

(583) Kil, H. Y.; Seong, E. S.; Ghimire, B. K.; Chung, I. M.; Kwon, S. S ;
Goh, E.J.; Heo, K; Kim, M. J.; Lim, J. D.; Lee, D.; Yu, C. Y. Antioxidant
and antimicrobial activities of crude sorghum extract. Food Chem. 2009,
115, 1234—1239.

(54) Khan, L; Yousif, A. M.; Johnson, S. K.; Gamlath, S. Acute effect of
sorghum flourcontaining pasta on plasma total polyphenols, anti-
oxidant capacity and oxidative stress markers in healthy subjects: a
randomised controlled trial. Clin. Nutr. 20185, 34, 415—421.

(55) Burdette, A.; Garner, P. L.; Mayer, E. P.; Hargrove, J. L.; Hartle,
D. K; Greenspan, P. Anti-inflammatory activity of select sorghum
(sorghum bicolor) brans. J. Med. Food 2010, 13, 879—887.

(56) Wy, L.; Huang, Z. H.; Qin, P. Y,; Yao, Y.; Meng, X.J.; Zou, J. Q;
Zhu, K; Ren, G. X. Chemical characterization of a procyanidin-rich
extract from sorghum bran and its effect on oxidative stress and tumor
inhibition in vivo. J. Agric. Food Chem. 2011, 59, 8609—8615.

(57) Agah, S; Kim, H; Mertens-Talcott, S. U; Awika, J. M.
Complementary cereals and legumes for health: Synergistic interaction
of sorghum flavones and cowpea flavonols against LPS-induced
inflammation in colonic myofibroblasts. Mol. Nutr. Food Res. 2017,
61, 1600625.

(58) Kang, J. H.; Lee, J.; Moon, M.; Yim, M. 3'4'7-Trihydroxyflavone
inhibits RANKL-induced osteoclast formation via NFATc1. Pharmazie
2018, 70 (10), 661—667.

(59) Ravisankar, S.; Agah, S.; Kim, H.; Talcott, S.; Wu, C.; Awika, J.
Combined cereal and pulse flavonoids show enhanced bioavailability by
downregulating phase ii metabolism and ABC membrane transporter
function in Caco-2 model. Food Chem. 2019, 279, 88—97.

(60) Xiong, Y.; Zhang, P.; Warner, R. D.; Fang, Z. Sorghum grain:
from genotype, nutrition, and phenolic profile to its health benefits and
food applications. Compr. Rev. Food Sci. Food Saf. 2019, 18,2025—2046.

(61) Yang, L.; Allred, K. F.; Dykes, L.; Allred, C. D.; Awika, J. M.
Enhanced action of apigenin and naringenin combination on estrogen
receptor activation in non-malignant colonocytes: Implications on
sorghum-derived phytoestrogens. Food Funct. 2015, 6, 749—75S5.

(62) Yang, L.; Allred, K. F,; Geera, B.; Allred, C. D.; Awika, J. M.
Sorghum phenolics demonstrate estrogenic action and induce
apoptosis in nonmalignant colonocytes. Nutr. Cancer 2012, 64, 419—
427.

https://doi.org/10.1021/acsfoodscitech.1c00115
ACS Food Sci. Technol. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/j.foodres.2015.08.011
https://doi.org/10.1016/j.foodres.2015.08.011
https://doi.org/10.1039/C7FO02011B
https://doi.org/10.1039/C7FO02011B
https://doi.org/10.1039/C7FO02011B
https://doi.org/10.3390/antiox9121297
https://doi.org/10.3390/antiox9121297
https://doi.org/10.3390/antiox9121297
https://doi.org/10.3390/antiox9121297
https://doi.org/10.1021/jf034790i?ref=pdf
https://doi.org/10.1021/jf034790i?ref=pdf
https://doi.org/10.1016/j.aoas.2013.07.002
https://doi.org/10.1016/j.aoas.2013.07.002
https://doi.org/10.1016/j.foodchem.2009.01.032
https://doi.org/10.1016/j.foodchem.2009.01.032
https://doi.org/10.1016/j.clnu.2014.08.005
https://doi.org/10.1016/j.clnu.2014.08.005
https://doi.org/10.1016/j.clnu.2014.08.005
https://doi.org/10.1016/j.clnu.2014.08.005
https://doi.org/10.1089/jmf.2009.0147
https://doi.org/10.1089/jmf.2009.0147
https://doi.org/10.1021/jf2015528?ref=pdf
https://doi.org/10.1021/jf2015528?ref=pdf
https://doi.org/10.1021/jf2015528?ref=pdf
https://doi.org/10.1002/mnfr.201600625
https://doi.org/10.1002/mnfr.201600625
https://doi.org/10.1002/mnfr.201600625
https://doi.org/10.1016/j.foodchem.2018.12.006
https://doi.org/10.1016/j.foodchem.2018.12.006
https://doi.org/10.1016/j.foodchem.2018.12.006
https://doi.org/10.1111/1541-4337.12506
https://doi.org/10.1111/1541-4337.12506
https://doi.org/10.1111/1541-4337.12506
https://doi.org/10.1039/C4FO00300D
https://doi.org/10.1039/C4FO00300D
https://doi.org/10.1039/C4FO00300D
https://doi.org/10.1080/01635581.2012.657333
https://doi.org/10.1080/01635581.2012.657333
pubs.acs.org/acsfoodscitech?ref=pdf
https://doi.org/10.1021/acsfoodscitech.1c00115?rel=cite-as&ref=PDF&jav=VoR

