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ABSTRACT: Hibiscus sabdariﬁ(a L. (Famlly Malvaceae) is Chlorogenic acid, Neochlorogenic acid and Gallic acid Neochlorogenic acid and Rutin
believed to be domesticated by the people of western Sudan 1
sometime before 4000 BC for their nutritional and medicinal
properties. This study aimed to investigate the chemical profile,
antioxidant activity, and enzyme inhibition property of extracts
from red roselle (RR) and white roselle (WR) varieties grown in
Sudan. Three aqueous extracts obtained by maceration, infusion,
and decoction, in addition to the methanolic one, were prepared
from the two roselle varieties. Results showed that the highest total
phenolic and flavonoid contents of RR were obtained from the Red tccalle
extracts prepared by infusion (28.40 mg GAE/g) and decoction

(7.94 mg RE/g) respectively, while those from the WR were recorded from the methanolic extract (49.59 mg GAE/g and 5.81 mg
RE/g respectively). Extracts of RR were mainly characterized by high accumulation of chlorogenic acid (6502.34—9634.96 mg kg™"),
neochlorogenic acid (937.57—8949.61 mg kg™"), and gallic acid (190—4573.55 mg kg™'). On the other hand, neochlorogenic acid
(1777.05—6946.39 mg kg™") and rutin (439.29—2806.01 mg kg™') were the dominant compounds in WR. All extracts from RR had
significant (p < 0.05) higher antioxidant activity than their respective WR except in their metal chelating power, where the
methanolic extract of the latter showed the highest activity (3.87 mg EDTAE/g). RR extracts prepared by infusion recorded the
highest antioxidant values (35.09, 52.17, 65.62, and 44.92 mg TE/g) in the DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), CUPRAC (cupric ion reducing antioxidant capacity), and FRAP (ferric reducing
antioxidant power) assays, respectively. All aqueous extracts from the WR exerted significant (p < 0.05) acetylcholinesterase (AChE)
inhibitory activity (3.42—4.77 mg GALAE/g; GALAE = galantamine equivalents), while only one extract, obtained by maceration,
from RR exerted AChE inhibitory activity (4.79 mg GALAE/g). All extracts of the RR showed relatively higher BChE
(butyrylcholinesterase) inhibitory activity (3.71—4.23 mg GALAE/g) than the WR ones. Methanolic extracts of the two roselle
varieties displayed the highest Tyr (tyrosinase) inhibitory activity (RR = 48.25 mg KAE/g; WR = 42.71 mg KAE/g). The methanolic
extract of RR exhibited the highest amylase (0.59 mmol ACAE/g) and glucosidase (1.46 mmol ACAE/g) inhibitory activity.
Molecular docking analysis showed that delphinidin 3,5-diglucoside, rutin, isoquercitrin, hyperoside, and chlorogenic acid exerted
the most promising enzyme inhibitory effect. In conclusion, these findings indicated that the chemical profiles and biological activity
of roselle varied according to the variety, extraction solvent, and technique used. These two roselle varieties can serve as a valuable
source for the development of multiple formulations in food, pharmaceutical, and cosmetic industries.
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1. INTRODUCTION its resistance to harsh environmental conditions." Roselle is

Hibiscus sabdariffa L. (Family Malvaceae), commonly known grown for its calyces which varied in color as red, dark red,

as roselle and in Sudan as karkadeh, is widely distributed in

tropical and subtropical regions and thought to be domes- Received: July 19, 2023
ticated in western Sudan sometime before 4000 BC."” The Revised:  October 6, 2023
plant is considered an important economic crop in Sudan due Accepted:  October 11, 2023

to its many nutritional and pharmacological applications. It is Published: October 30, 2023

also regarded as a famine food, and when drought is expected
farmers prefer to cultivate roselle rather than cereals because of
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green, or white. Red calyces have a high content of
anthocyanins, whereas the white or green calyces have no or
scarce amount of these flavonoids.>* In Sudan, there are red-
and white-colored roselle types from which a cold or hot
beverage is prepared.” A comparative study on the red and
white calyces from Sudan showed that the red and white
calyces contained, respectively, 0.16 and 0.12% fat, 13.2 and
12% fiber, 7.88 and 7.35% protein, 57.16 and 61.55%
carbohydrates, 11 and 15.5 mg/100 g of vitamin C, and 9
and 11 mg/100 g of titratable acidity.” Calyces are combined
with the fruits of Adansonia digitata and Tamarindus indica in
traditional medicine to treat malaria.” In addition, the calyx is
used to treat hypertension, influenza, hemorrhoids, headache,
fever, snakebite, scorpion sting, as a hypotensive and
antispasmodic, and for uterine muscle relaxation.”

According to the review articles of Da-Costa-Rocha,
Bonnlaender, Sievers, Pischel and Heinrich,” and Riaz and
Chopra,'’ H. sabdariffa calyces are rich in phenols, mainly
anthocyanins like delphinidin-3-glucoside, sambubioside, and
cyanidin-3-sambubioside. Phenolic acids like neochlorogenic
acid and chlorogenic acid, in addition to organic acids such as
hydroxycitric acid, hibiscus acid, and hibiscus acid hydrox-
yethyl ester were also identified. Few phytochemical studies
were conducted on the white calyx, and phytochemical
screening showed that polyphenols, flavonoids, organic acids,
sterols, and saponins were detected.'’ Pharmacologically, H.
sabdariffa calyces have shown to possess antioxidant,"”
antiaging,12 antidiabetic,"* antih);perlipidemic,14 antiobesity,15
antihypertension,m antidiuretic,'” and antibacterial'® activities
among others.

The growing market of functional beverages and health
promoting products based on plant extracts requires an in-
depth characterization of their chemical constituents and
biological properties. Biological activities of plants are linked to
their phytochemical constituents,'® so it is essential to
determine the appropriate extraction method and extractive
solvents for a specific biological activity. Despite the facts that
Sudan is considered as one of the principal producers of H.
sabdariffa and it is frequently consumed as a hot or cold
beverage and used in traditional medicine, there has been
limited systematic study on the efficiency of different solvent
extractions on bioactive molecules. Moreover, there are few
studies on the chemical and biological activities of white roselle
(WR) variety.”"" In this context, the present study was
designed to investigate the chemical profiles, antioxidant
activity, and enzyme inhibition property of extracts from red
roselle (RR) and WR varieties obtained through maceration,
infusion, and decoction by using water and methanol as
extraction solvents.

2. MATERIALS AND METHODS

2.1. Plant Materials and Sample Preparation. In the
month of September 2022, calyces of both RR and WR
varieties were procured from a reputable local market situated
in Omdurman, Sudan. To facilitate the subsequent analysis, a
semipowdered form of each calyx type was meticulously
obtained through a grinding process. The subsequent step in
our methodology involved the extraction of bioactive
compounds from these samples using both water and methanol
(MeOH) as the extraction solvents. Precisely, an amount of
100 g from each sample was accurately weighed. To ensure an
effective extraction process, 250 mL of the appropriate solvent
was introduced to each sample, ensuring a comprehensive

coverage of the plant material. This meticulous preparation of
samples and the extraction process formed the foundation of
our subsequent analyses aimed at evaluating the chemical
constituents and potential bioactivity of these roselle calyces.

2.2. Preparation of Extracts. The extraction process was
carried out in strict adherence to the established protocols as
outlined in the methodology originally described by Abubakar
and Haque in their work, documented as ref 20.

2.2.1. Maceration Extraction. Prepared samples were
soaked in distilled water or MeOH. Subsequently, these
immersed samples were left to stand at room temperature for a
duration of 1 h.

2.2.2. Infusion Extraction. This extraction was achieved by
pouring boiling water over the samples and keeping them for §
min.

2.2.3. Decoction Extraction. In the decoction extraction
method employed, the prepared samples underwent a
meticulously controlled process. First, they were subjected to
a precise boiling procedure within a water bath, maintained for
a duration of 5 min. Following this brief heating period, the
samples were then allowed to naturally cool, thus ensuring the
extraction of desirable compounds in a controlled and
methodical manner. This extraction method was chosen for
its effectiveness in yielding bioactive constituents while
preserving the integrity of the extracted compounds.

Subsequently, all obtained extracts underwent a meticulous
filtration process using Whatman no. 4 filter paper. For
methanol (MeOH) extracts, a further concentration step was
implemented. This was achieved by utilizing a rotary
evaporator maintained at a constant temperature of 40 °C
under reduced pressure. The purpose of this concentration
step was to enhance the concentration of bioactive compounds
within the MeOH extracts, facilitating more precise analyses.
On the other hand, the aqueous extracts were subjected to a
different preservation method, namely freeze-drying. This
freeze-drying process enabled the removal of the moisture
content from the extracts while retaining their beneficial
components. Finally, after these meticulous extraction and
concentration processes, the resulting extracts were accurately
weighed and stored in a refrigerator. These storage conditions
were chosen to maintain the stability and integrity of the
extracts until they were used in subsequent analytical
procedures.

2.3. Total Phenolic and Flavonoid Contents. The
Folin—Ciocalteu and AICl; assays, respectively, were utilized to
determine the total phenolic and flavonoid contents, and the
procedures are reported in our earlier paper.”'

2.4. HPLC—ESI-MS/MS Analysis. HPLC—MS/MS anal-
yses were conducted using an Agilent 1290 Infinity series
instrument coupled with an Agilent Technology (Santa Clara,
CA) triple quadrupole 6420 mass spectrometer equipped with
an electrospray ionization (ESI) source and operated in both
negative and positive ionization modes. All analytical details
are given in our earlier paper.22

2.5. Examination of Biological Potential. To assess the
antioxidant potential of the extracts, a set of six complementary
in vitro spectrophotometric tests were performed. Those
included the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) and DPPH (2,2-diphenyl-1-picrylhydrazyl)
assays, which examine the antioxidants’ ability to neutralize
free radicals. FRAP (ferric reducing antioxidant power) and
CUPRAC (cupric ion reducing antioxidant capacity) assays,
which evaluate the extract’s reduction capabilities, as well as

https://doi.org/10.1021/acsomega.3c05217
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metal chelating ability (MCA) and phosphomolybdenum
(PBD) assays. Each of these assays, except for MCA, was
evaluated by using the Trolox standard. The comparison for
MCA was made in terms of equivalent EDTA per gram of
extract. All used procedures are given in our previous work.”
To assess the inhibitory effects of the tested extracts on various
enzymes, we employed acetylcholinesterase (AChE), butyr-
ylcholinesterase (BChE), tyrosinase (Tyr), amylase, and
glucosidase. Details of the experimental procedures can be
found in our prior publication.”> We quantified AChE and
BChE inhibition as milligrams of galantamine equivalents
(GALAE) per gram of extract, Tyr inhibition as milligrams of
Kojic acid equivalents (KAE) per gram of extract, and a-
amylase and a-glucosidase inhibition as millimoles of acarbose
equivalents (ACAE) per gram of extract. These measurements
provide a standardized assessment of the inhibitory potential of
extracts on these enzymes.

2.6. Molecular Modeling. AChE (PDB ID: 6052),** a-
amylase (PDB ID: 1B2Y),” and BChE (PDB ID: 6EQP)*°
and their prepared crystal structures were retrieved.”’ Human
Tyr and a-glucosidase homology models constructed using the
crystal structures of Tyr from Priestia megaterium (PDB ID:
6QXD)*® and a-glucosidase from Mus musculus (PDB ID:
7KBJ),” respectively, were retrieved as well.”> The ChEMBL
database (https://www.ebi.ac.uk/chembl/) was used to down-
load the 3D structures of all li%ands whose geometry was
optimized using UCSF Chimera.”’ To generate docking input
files, MGLTools 1.5.6 software was used. Within the program,
a specific molecular processing step was executed, wherein all
nonpolar hydrogen atoms were amalgamated, and Gasteiger
charges were subsequently assigned to all atoms present. The
Lamarckian genetic algorithm in AutoDock 4.2.6 (https:/ /
autodock.scripts.edu)®” was used to search for different ligand
conformations in the active site of target enzymes, adopting a
previously used protocol.”> The interaction of selected
compounds in RR and WR extracts with different target
enzymes was analyzed and visualized using Biovia DS
Visualizer, version 4.5 (BIOVIA, San Diego, CA, USA).

2.7. Statistical Analysis. Using Xl Stat, statistical analysis
was performed (version 16). All analyses were performed in
triplicate (n = 3) and presented as means and standard
deviations (mean std). The significance level for the one-way
analysis of variance (ANOVA) and Tukey’s post hoc test was
set as P 0.05 when comparing sample differences. To perform
cluster analysis based on the chemical composition and
biological abilities, SIMCA 14.0 was utilized.

3. RESULTS AND DISCUSSION

Aqueous and methanolic extracts of RR and WR were
examined for their chemical content, antioxidant activity, and
enzyme inhibition activity, and the extracts were coded as
follows: RRM and WRM are extracts prepared by maceration,
RRI and WRI by infusion, and RRD and WRD by decoction,
while RRMe and WRMe represent the methanolic extracts.
3.1. Total Phenolic and Flavonoid Contents. The total
phenolic content (TPC) in different extracts of RR was in the
range of 24.32 and 28.40 mg GAE/g, with the highest content
obtained from the RRI extract, while the TPC of WR was in
the range of 7.43—49.59 mg GAE/g, with the highest amount
recorded in the WRM extract (Table 1). The TPC in different
extracts was observed in the following decreasing order: WRM
> WRI > RRI > RRD > RRM > RRMe > WRMe > WRD.
Although the TPCs in the four extracts of RR were slightly

Table 1. TPC and TEC of RR and WR Extracts”

extract TPC (mg GAE/g dc) TFC (mg RE/g dc)
RRM 25.14 + 0.30¢ 147 + 0.07°
RRI 28.40 + 0.34° 7.32 + 0.15°
RRD 27.09 + 0.51° 7.94 + 0.48°
RRMe 24.32 + 1.04¢ 3.54 + 0.09¢
WRM 49.59 + 0.75° 1.32 + 0.04°
WRI 42.66 + 0.64° nd

WRD 7.43 + 0.15 1.22 + 0.07°
WRMe 15.73 + 0.52° 5.81 + 0.08°

“RRM, red roselle extracted by maceration; RRI, red roselle extracted
by infusion; RRD red roselle extracted by decoction; RRMe red
roselle extracted by methanol; WRM, white roselle extracted by
maceration; WRI, white roselle extracted by infusion; WRD, white
roselle extracted by decoction; WRMe, white roselle extracted by
methanol. Values are reported as mean + SD of three parallel
measurements; dc: dry calyx; GAE: gallic acid equivalents; RE: rutin
equivalents; nd: not detected; Different superscript letters in the same
column indicate a significant difference (p < 0.05, Tukey’s HSD
multiple-range post hoc test).

varied, they were far lower than those of the WR obtained by
maceration and infusion methods. In fact, the TPC in WRM
and WRI extracts were 2.0- and 1.5-fold higher than those in
their respective RR extracts. Furthermore, it was observed that
high temperature (infusion and decoction) significantly
increased (p < 0.05) the TPC of RR, supporting the finding
of Duy and co-workers who reported that extraction
temperatures exceeding 60 °C proved to be optimal for the
extraction of TPC.>* In contrast, this behavior was not
observed in WR where maceration recovered the highest TPC.

The total flavonoid content (TFC) was in the range of 1.47
to 7.94 mg RE/g in the RR extracts and between 0 and 5.81
mg RE/g in the WR extracts, and the TFC was observed in the
following decreasing order: RRD > RRI > WRMe > RRMe >
RRM > WRM > WRD > WRI (Table 1). Comparing these
results with previous studies showed some variations according
to the studied organ and solvent extraction used.”>~*’ With the
exception of the RRMe extract, all RR extracts contained a
higher TFC than their respective extracts in the WR, with the
RRD extract 6.5 times higher in TFC than that of the WRD
one. Furthermore, although the infusion method also gave a
high TFC in RR, it did not extract measurable flavonoids from
the WR. In summary, it was observed that infusion and
decoction by water recovered the highest TPC and TFC in
RR. For WR, maceration and infusion extracted the highest
TPC, while MeOH as a solvent extracted the highest TFC.
This variation in TPC and TFC could be due to variable types
of phenolics and flavonoids in both roselle varieties. In fact,
many studies have substantial evidence, highlighting the
intricate nature of the phenolic content within roselle. These
investigations have revealed that several critical factors exert a
profound influence on the phenolic composition of this
botanical specimen. Among the pivotal determinants are the
specific varieties or cultivar types of roselle utilized, the
prevailing environmental conditions during cultivation, the
methodologies employed for harvesting and postharvest
handling, and, significantly, the extraction techniques em-
ployed."™**

3.2. Chemical Profile. From the 38 standard compounds,
the highest number of compounds in RR extracts were
identified in RRM (25), followed by RRD (23), RRI (22), and
RRMe (15) (Table 2). The number of identified compounds

https://doi.org/10.1021/acsomega.3c05217
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Table 2. Chemical Profile of RR and WR Extracts”

concentration (mg kg™ dry calyx)

no. compounds RRM RRI
1 gallic acid 2317.96 1719.57
2 neochlorogenic acid 8949.61 937.57
3 delphinidin-3-galactoside 1113.05 1522.65
4 (+)-catechin n.d. n.d.
S procyanidin B2 n.d. n.d.
6 chlorogenic acid 9219.52 9634.96
7 p-hydroxybenzoic acid 134.90 119.15
8 (—)-epicatechin n.d. n.d.
9 cyanidin-3-glucoside 757.06 1079.60
10 petunidin-3-glucoside 4.57 6.80
11 3-hydroxybenzoic acid 236.66 180.64
12 caffeic acid 1109.25 899.81
13 vanillic acid 102.62 n.d.
14 resveratrol n.d. n.d.
15 pelargonidin-3-glucoside n.d. n.d.
16 pelagonidin-3-rutinoside 10.69 16.64
17 malvidin-3-galactoside n.d. n.d.
18 syringic acid 414.54 459.51
19 procyanidin A2 n.d. n.d.
20 p-coumaric acid 108.52 109.51
21 ferulic acid n.d. n.d.
22 3,5-dicaffeoylquinic acid 9.45 n.d.
23 rutin 684.22 758.45
24 hyperoside 147.38 172.89
25 isoquercitrin 667.62 716.03
26 delphinidin-3,5-diglucoside 596.80 625.71
27 phloridzin n.d. n.d.
28 quercitrin 6.10 n.d.
29 myricetin 502.06 670.50
30 naringin n.d. n.d.
31 kaempferol-3-glucoside 101.37 123.48
32 hesperidin 86.65 95.29
33 ellagic acid 1281.31 1383.25
34 trans-cinnamic acid n.d. n.d.
35 quercetin 1250.51 1416.77
36 phloretin n.d. n.d.
37 kaempferol 65.28 69.59
38 isorhamnetin n.d. n.d.
total content 29877.71 22718.38

RRD RRMe ‘WRM ‘WRI WRD WRMe
190 4573.55 37.98 39.50 95.80 125.74
8676.59 6793.08 1777.05 2673.98 6489.45 6946.39
1152.12 n.d. n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. 914.55
8719.24 6502.34 215.60 282.46 986.01 870.63
102.10 264.62 n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d.
1005.69 n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d.
167.32 n.d. n.d. n.d. n.d. n.d.
820.38 1220.57 156.57 277.48 982.60 941.12
n.d. 218.08 n.d. n.d. n.d. n.d.

n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d.
13.23 n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d.
453.19 816.44 181.98 107.50 323.20 510.10
n.d. n.d. n.d. n.d. n.d. 131.27
127.58 188.50 14.54 19.06 51.62 81.29
n.d. n.d. n.d. n.d. n.d. n.d.
10.39 n.d. n.d. n.d. n.d. 10.56
649.18 575.69 1765.17 439.29 1309.09 2806.01
133.08 604.55 958.79 285.56 326.84 1933.27
647.28 411.45 765.23 155.34 580.42 1165.66
558.49 353.32 621.85 134.29 521.94 961.58
n.d. n.d. n.d. n.d. n.d. n.d.
5.02 n.d. n.d. n.d. n.d. n.d.
387.78 n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d.
117.29 86.58 37.09 7.32 n.d. 69.70
78.26 n.d. n.d. n.d. n.d. n.d.
1045.73 298.66 136.78 n.d. n.d. 597.72
n.d. n.d. n.d. n.d. n.d. n.d.
994.48 310.53 84.15 29.55 116.18 623.64
n.d. n.d. n.d. n.d. n.d. n.d.
49.94 n.d. 60.03 n.d. 72.28 n.d.
n.d. n.d. 1.50 n.d. n.d. n.d.
27814.36 23217.96 6814.32 4451.31 11855.45 18689.23

“RRM, red roselle extracted by maceration; RRI, red roselle extracted by infusion; RRD red roselle extracted by decoction; RRMe red roselle
extracted by methanol; WRM, white roselle extracted by maceration; WRI, white roselle extracted by infusion; WRD, white roselle extracted by
decoction; WRMe, white roselle extracted by methanol; n.d; not detected.

in WR extracts was less than those in RR extracts, with the
highest number obtained for WRMe (16), followed by WRM
(15), WRI, and WRD (12). The total content of the identified
compounds was in the following descending order: RRM
(29877.71 mg kg™') > RRD (27814.36 mg kg™') > RRMe
(23217.96 mg kg™!) > RRI (22718.38 mg kg ') > WRMe
(18689.23 mg kg™') > WRD (11855.45 mg kg™') > WRM
(6814.32 mg kg™') > WRI (4451.31 mg kg™"). Thus, it is clear
that RR extracts had a higher content of compounds than the
extracts of WR. Furthermore, aqueous extracts prepared by
maceration and decoction were the best methods to recover
the identified compounds from RR, while methanol as the
solvent as well as decoction by water were the best techniques
for the WR. For both roselle varieties, infusion was the method
that recovered the least total content. This variation indicated
that the best method for recovering phenolic compounds
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depends on the nature and structure of the target
components.” Generally, extracts of RR were characterized
by the high accumulation of chlorogenic acid (<9634.96 mg
kg™'), neochlorogenic acid (<8949.61 mg kg™'), gallic acid
(<4573.55 mg kg™'), quercetin (<1416.77 mg kg™!),
delphinidin-3-galactoside (<1522.65 mg kg™'), ellagic acid
(<1383.25 mg kg™'), and caffeic acid (<1220.57 mgkg™"'). On
the other hand, neochlorogenic acid (<6946.39 mg kg™'),
rutin (<2806.01 mg kg'), hyperoside (<1933.27 mg kg '),
and isoquercitrin (<1165.66 mg kg™') were the dominant
compounds in WR. In addition, procyanidin B2 (914.55 mg
kg™!), procyanidin A2 (131.27 mg kg™'), were present in
relatively considerable concentration in the WRMe extract and
absent in all other extracts from the two roselle varieties.
Delphinidin-3-galactoside (<1522.65 mg kg™'), p-hydroxyben-
zoic acid (<236.66 mg kg™"'), cyanidin-3-glucoside (<1079.60
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Table 3. Antioxidant Activity of RR and WR Extracts”
PBD (mmol TE/g dc)

samples DPPH (mg TE/g dc) ABTS (mg TE/g dc) CUPRAC (mg TE/gdc) FRAP (mg TE/gdc) MCA (mg EDTAE/g dc)

RRM 33.53 + 3.77° 46.89 + 0.18° 56.75 + 0.37° 40.76 + 2.75° na 0.65 + 0.02°
RRI 35.09 + 1.09° 52.17 + 0.61° 65.62 + 2.78 44.92 + 0.94° na 0.72 + 0.02%
RRD 33.69 + 0.34° 50.10 + 0.29% 64.15 + 0.27° 42.57 + 1.54° na 0.70 + 0.02°
RRMe 28.30 + 0.35° 4822 + 1.53% 60.38 + 2.09° 34.81 + 3.14° 0.78 + 0.16° 0.79 + 0.06*
WRM 6.44 + 0.20¢ 7.13 + 0.26% 17.25 + 0.43% 11.97 + 0.18¢ na 0.28 + 0.01°
WRI 7.08 + 0.47¢ 6.03 + 0.67° 15.36 + 0.56° 11.87 + 0.11¢ na 0.26 + 0.01°
WRD 10.11 + 0.44% 9.32 + 0.16° 19.35 + 0.46¢ 15.86 + 0.29¢ na 0.37 + 0.01¢
WRMe 12.95 + 0.79¢ 21.52 + 0.27¢ 35.97 + 0.49° 22.03 + 0.66° 3.87 + 0.39* 0.55 + 0.03¢

“RRM, red roselle extracted by maceration; RRI, red roselle extracted by infusion; RRD red roselle extracted by decoction; RRMe red roselle
extracted by methanol; WRM, white roselle extracted by maceration; WRI, white roselle extracted by infusion; WRD, white roselle extracted by
decoction; WRMe, white roselle extracted by methanol. Values are reported as mean + SD. DPPH: 2,2-diphenyl-1-picrylhydrazyl, ABTS: 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), CUPRAC: cupric ion reducing antioxidant capacity, FRAP: ferric reducing antioxidant power,
MCA: metal chelating activity, PBD: phosphomolybdenum. TEs, Trolox equivalents; EDTAEs, disodium edetate equivalents; dc: dry calyx; na: not
active. Different superscript letters in the same column indicate a significant difference (p < 0.05, Tukey’s HSD multiple range post hoc test).

Table 4. Enzyme Inhibitory Activity of RR and WR Extracts”

samples ~ AChE (mg GALAE/g dc) BChE (mg GALAE/g dc) Tyr (mg KAE/g dc) amylase (mmol ACAE/g dc) glucosidase (mmol ACAE/g dc)
RRM 479 + 0.00° 3.77 £ 0.38® 18.49 + 1.20° 0.30 + 0.05¢ 0.36 + 0.02¢

RRI na 423 + 0.43° 15.95 + 0.55%¢ 0.42 + 0.08™ 0.44 + 0.01¢

RRD na 3.71 + 0.45%® 18.44 + 1.17¢ 0.46 + 0.03° 0.77 + 0.02°

RRMe na 4.17 + 023° 4825 + 1.05° 0.59 + 0.03° 1.46 + 0.02°

WRM 3.42 + 0.12° 1.81 + 0.07° 13.98 + 1.19¢ 0.02 + 0.00° na

WRI 4.76 + 0.01* 2.11 + 0.02° 13.36 + 0.44¢ 0.04 + 0.01° na

WRD 477 + 0.01° 3.02 + 0.09° 15.01 + 0.33¢ 0.27 + 0.044 na

WRMe na 3.63 + 0.19% 4271 + 1.37° 0.33 + 0.03 na

“RRM, red roselle extracted by maceration; RRI, red roselle extracted by infusion; RRD red roselle extracted by decoction; RRMe red roselle
extracted by methanol; WRM, white roselle extracted by maceration; WRI, white roselle extracted by infusion; WRD, white roselle extracted by
decoction; WRMe, white roselle extracted by methanol. Values are reported as mean + SD; GALAEs, galantamine equivalents; KAEs, kojic acid
equivalents; ACEs, acarbose equivalents; dc: dry calyx; na, not active. Different superscript letters in the same column indicate significant difference
(p < 0.0, Tukey’s HSD multiple-range post hoc test).
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Figure 1. Pearson correlations between total and individual bioactive compounds and antioxidant properties.

Variation on the level of individual phenolics in different
roselle varieties could be attributed to many factors like genetic
factors, environmental conditions, postharvest processing, and

mg kg™'), 3-hydroxybenzoic acid (<£236.66 mg kg™'),
myricetin (<670.50 mg kg™'), vanillic acid (<218.08 mg

kg™"), and hesperidin (<95.29 mg kg™') were only identified in
RR extracts. Comparing these results with previous studies on
roselle samples collected from different regions in the world, it
was noted that most of these compounds were also previously
identified but with varied concentrations and mainly in
RR.7'%* On the other hand, some compounds, such as
ferulic acid, (+)-catechin, (—)-epicatechin, pelargonidin-3-
glucoside, and malvidin-3-galactoside, were commonly identi-
fied in RR but were not detected in the present study.

42515

. 1838
methods of extraction.

On the other hand, few studies reported the chemical profile
of WR. For example, El-Naeem, Abdalla, Ahmed, and
Alhassan'' identified cyanidin-3-glucoside, pelargonidin-3-
glucoside, delphinidin-3-sambubioside, cyanidin-3-rhamnoside,
and delphinidin- 3-rhamnoside in both RR and WR samples
collected from Sudan. However, the first two compounds were
used as the standard in the present study and were identified in

https://doi.org/10.1021/acsomega.3c05217
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Figure 2. Pearson correlations between total and individual bioactive compounds and enzyme inhibitory effects.
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Figure 4. Cluster analysis of the tested extracts based on chemical composition.

RR extracts but not in WR ones. This difference could be in
part due to extraction method performed; El-Naeem, Abdalla,
Ahmed and Alhassan'' prepared roselle extracts from the
Soxhlet apparatus using acidified methanol. Reyes-Luengas,
Salinas-Moreno, Ovando-Cruz, Arteaga-Garibay, and Marti-
nez-Pefia* found that the caffeic acid content was relatively
highly accumulated in WR than in the RR. This was not the
case in the present study except for WRD which recovered
slightly higher quantity of caffeic acid (982.60 mg kg™') than
that in RRD (820.38 mg kg™'). Thus, it was clear that both
roselle varieties have their characteristic chemical profile in
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terms of type and amount of individual phytoconstituents and
accordingly might influence their biological properties.

3.3. Antioxidant Activity. Antioxidants counteract the
oxidative damage of cell structures and molecules by reactive
oxygen species and ultimately contribute to the prevention
from a wide range of diseases.”’ In the present study, 6
complementary assays were performed to evaluate the
antioxidant activity of roselle extracts, and results are presented
in Table 3. All RR extracts exhibited higher antioxidant activity
than their respective WR ones with values significantly (p <
0.05) far higher in all assays except in their metal chelating

https://doi.org/10.1021/acsomega.3c05217
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Figure S. Docking score of the compounds present in large amounts in RR and WR extracts.

power where the WRMe extract showed higher activity. The
RR extracts exerted higher ABTS radical scavenging activity
than DPPH ones. The highest significant (p < 0.05) values in
the ABTS assay were recorded from the RRI (52.17 mg TE/g)
and RRD (50.10 mg TE/g) extracts, while the 3 aqueous
extracts (33.53—35.09 mg TE/g) showed the best DPPH
scavenging activity. Furthermore, all RR extracts showed
higher capacity to reduce the Cu®" ions than the Fe'™ ones
with RRI (65.62 and 44.92 mg TE/g, respectively) and RRD
(64.15 and 42.57 mg TE/g, respectively) extracts, revealing the
utmost values. All extracts either showed no or weak metal
chelating capacity. The RRMe (0.79 mmol TE/g) and RRI
(0.72 mmol TE/g) extracts exhibited the best total antioxidant
activity from the phosphomolybdenum assay. Highest
significant (p < 0.05) antioxidant activity of WR extracts was
mainly recorded in the WRMe extract in all assays. These
results supported the study of Tahir and co-workers who
reported that red varieties of roselle exerted higher ferric
reducing antioxidant power and radical scavenging activity
compared to the white variety.” Furthermore, it was reported
that roselles with a dark-red calyx color had specific
anthocyanin levels and higher antioxidant activity.”'>** In
the present study, anthocyanins like delphinidin-3-galactoside
and cyanidin-3-glucoside were not detected in the WR extracts
but were present in considerable amount in the RR extracts
and eventually might contribute to the observed higher
antioxidant activity of the latter. Additionally, other phenolics
known for their antioxidant property like phenolic acids
(chlorogenic acid, neochlorogenic acid, caffeic acid, and ellagic
acid) as well as flavonoids (quercetin, rutin and hesperidin)
were also identified in the present study.43’44 However, WR
extracts showing lower antioxidant capacity than RR ones
despite the presence of many of these antioxidant compounds
in considerable content su§gested the presence of antagonistic
phytoconstituents as well.*

3.4. Enzyme Inhibition Activity. Enzymes are readily
susceptible to inhibition by small metabolites and thus
represent a potential therapeutic alternative for some human
diseases like Alzheimer’s disease, diabetes, and some skin
disorders.*® In the present study, extracts of the two roselle
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varieties were also evaluated for their capacity to inhibit the
AChE, BChE, Tyr, a-amylase, and a-glucosidase enzymes.
Results are presented in Table 4. The aqueous extracts from
WR showed significant (p < 0.05) AChE inhibitory activity in
the range of 3.42—4.77 mg GALAE/g with the highest almost
equal inhibitory potential recorded from WRD (4.77 mg
GALAE/g) and WRI (4.76 mg GALAE/g) extracts. For RR
extracts, only one extract, namely RRM (4.79 mg GALAE/g),
showed high AChE inhibitory activity with a value comparable
to those exerted by the WRD and WRI extracts. The methanol
extracts from both roselle varieties did not exert AChE
inhibition activity. On the other hand, all extracts of the two
roselle varieties showed considerable BChE inhibitory activity
in the following decreasing order: RRI > RRMe > RRM >
RRD > WRMe > WRD > WRI > WRM. All four RR extracts
revealed almost the same (p > 0.05) BChE inhibitory activity
and higher values (3.71—4.23 mg GALAE/g) than those
displayed by the WR extracts (1.81—3.63 mg GALAE/g).
These results supported the study of Oboh, Adewuni,
Ademiluyi, Olasehinde, and Ademosun,*’ demonstrating the
in vitro effect of H. sabdariffa calyx on the AChE and BChE in
rat brain. Furthermore, the phenolic acids, p-coumaric, p-OH-
benzoic, ferulic, gallic and ellagic acids, which were identified
in the present study, were proven to act as eflicient
cholinesterase inhibitors."*** Both RR and WR methanolic
extracts displayed significantly higher (p < 0.05) Tyr inhibitory
activity (48.25 and 42.71 mg KAE/g, respectively) than their
different aqueous extracts. Previous study on the methanolic
extract of the leaves revealed weak Tyr inhibitory activity
(5%).*> Most extracts from both roselle varieties revealed
moderate @-amylase inhibition activity in the range of 0.30—
0.59 and 0.02—0.33 mmol ACAE/g in the RR and WR,
respectively. Considering the capacity of roselle extracts to
inhibit the a-glucosidase enzyme, it was observed that only the
RR extracts displayed a-glucosidase inhibitory activity with
highest significant (p < 0.05) value recorded from RRMe (1.46
mmol ACAE/ g). The antidiabetic activity of roselle extracts
was demonstrated previously, and many phenolics including
caffeic acid®® and gallic acid®" were proven to be responsible
for this activity.
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3.5. Multivariate Analysis. To understand the relation-
ship between the structure and activity, we performed
Pearson’s correlation analysis. First, we detected a possible
correlation between total/individual bioactive compounds and
antioxidant properties (Figure 1). Interestingly, no positive
correlation was observed between the total bioactive
compounds and the antioxidant property in our study. This
fact can be explained by the limitations of spectrophotometric
assays. However, some compounds were strongly correlated
with the antioxidant property. In particular, chlorogenic acid,
p-coumaric acid, and kaempferol-3-glucoside can be regarded
as the main contributors to the radical scavenging activity and
reducing ability. Regarding the metal chelating ability, the
ability can be attributed to the presence of procyanidin (A2-
B2) and hyperoside (R > 0.9). Our findings were also
confirmed by some researchers who reported the antioxidant
property of these compounds in in vitro and in vivo
systems.””>® Taken together, the obtained results can be
useful for the development of functional foods with increased
antioxidant capacity.

Figure 2 shows the correlation values between the total and
individual bioactive compounds and the enzyme inhibitory

effects. No correlation was observed between the total
bioactive compounds and enzyme inhibitory potentials in
our study. Furthermore, no correlation was reported for AChE
inhibition, and the observed ability can be explained by the
presence of nonphenolic inhibitors such as terpenes. However,
some compounds were linked to BChE inhibitory effects. For
example, caffeic, syringic, and p-coumaric acids showed high
correlation values for the BChE effect. Syringic acid strongly
correlated with the Tyr inhibitory effect. In addition to syringic
acid, some compounds (vanillic acid, hyperoside, p-coumaric
acid, etc.) moderately correlated with Tyr inhibition. For the
antidiabetic enzymes, syringic and p-coumaric acids exhibited a
linear correlation between these enzyme inhibitions. In general,
p-coumaric and syringic acids were main contributors to the
tested enzyme inhibition and have reported as potent
inhibitors in previous studies.”’ ™'

In addition to Pearson’s correlation, we performed
hierarchical cluster analysis for biological activities and
chemical profiles. The results are shown in Figures 3 and 4.
Based on the chemical composition and biological activity
results, the tested samples were divided into three groups.
First, the samples were separated based on the colors of calyx

https://doi.org/10.1021/acsomega.3c05217
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(white or red). Maceration, decoction, and infusion were
distributed in the same plots. But the methanolic extracts of
white and red calyces were very different from others. Based on
the chemical profiles, the macerated, infused, and decocted
samples were very tightly distributed in both calyces. From this
point, we concluded that the choice of solvent is a crucial step
in preparing functional applications from H. sabdariffa.

3.6. Molecular Docking. This study analyzed the binding
mode and interaction of selected compounds in RR and WR
extracts against different potential target enzymes. The
predicted binding propensity in terms of the calculated binding
energy for each ligand against different proteins is given in
Figure S. The resulting protein—ligand interaction was
visualized for some selected docking complexes (Figure 6).
Delphinidin 3,5-diglucoside exhibited strong binding to the
AChE active site mainly via H-bonds and n—n stacked
interactions and supporting van der Waals interactions (Figure
6A). Similar patterns of interaction were observed between
rutin and BChE (Figure 6B). This is consistent with the
findings of a previous study on this compound.®” Isoquercitrin
appeared to bind to the active site of Tyr via H-bonding, 7-
sigma, and multiple van der Waals interactions all over the
channel (Figure 6C). The key interactions between hyperoside
and amylase appeared to be H-bonds and z—n-stacked
interactions with amino acid residues located deep in the
active site of the enzyme (Figure 6D). Chlorogenic acid was
buried in the catalytic site of glucosidase via mainly multiple
H-bonds and van der Waals interactions (Figure 6E).
Together, these may be binding mechanisms by which the
selected compounds in RR and WR extracts inhibit the
biological activity of the target enzymes.

4. CONCLUSIONS

The present study provides better insight into the influence of
the type of solvent extraction and technique on the chemical
profile in terms of type and amount of individual
phytoconstituents in red and white H. sabdariffa calyces and
their impact on their antioxidant and enzyme inhibition
properties. It was observed that the chemical profiles and
biological activities varied according to the variety, extraction
solvent, and technique used. Extracts of WR obtained by
maceration and infusion recorded the highest content in TPC,
while those from RR obtained by infusion and decoction had
the highest content of TFC. Both varieties varied in their
chemical profiles and accordingly their antioxidant and enzyme
inhibition capacities. Maceration and decoction were the best
methods to extract the standard compounds from RR, while
methanol as the solvent as well as decoction by water were the
best techniques for the WR. Generally, RR extracts contained
higher concentrations of chlorogenic acid, neochlorogenic acid,
and gallic acid, while WR accumulated higher contents of
neochlorogenic acid and rutin. Extracts of RR had higher
antioxidant activity (5/6 assays) than their respective WR
ones. Methanolic extracts displayed better enzyme inhibition
activity against BChE, Tyr, and a-amylase enzymes than
different aqueous extracts with extracts obtained from the RR,
showing significantly highest inhibition activity. The three
aqueous extracts of WR exerted significantly high AChE
activity in contrast to only one extract from RR obtained by
maceration (RRM). Only the RR extracts inhibited the a-
glucosidase enzyme. Therefore, RR and WR can serve as
potential sources for varied pharmaceutical and nutraceutical
applications. The extraction solvent methods used in this study

could be adopted for producing phenolic-rich roselle extracts
with interesting biological activity. Further in vivo and clinical
studies are highly needed to examine the potential of these two
roselle varieties.

B AUTHOR INFORMATION

Corresponding Author
Sakina Yagi — Department of Botany, Faculty of Science,
University of Khartoum, Khartoum 0001, Sudan;
orcid.org/0000-0002-5165-6013; Email: sakinayagi@
gmail.com

Authors

Abdullahi Ibrahim Uba — Department of Molecular Biology
and Genetics, Istanbul AREL University, Istanbul 34537,
Turkey

Kouadio Ibrahime Sinan — Physiology and Biochemistry
Laboratory, Department of Biology, Science Faculty, Selcuk
University, Konya 42130, Turkey

Diletta Piatti — Department of Botany, Faculty of Science,
University of Khartoum, Khartoum 0001, Sudan

Gianni Sagratini — Department of Botany, Faculty of Science,
University of Khartoum, Khartoum 0001, Sudan

Giovanni Caprioli — Department of Botany, Faculty of
Science, University of Khartoum, Khartoum 0001, Sudan;

orcid.org/0000-0002-5530-877X

Sayadat M. Eltigani — Department of Botany, Faculty of
Science, University of Khartoum, Khartoum 0001, Sudan

Irina Lazarova — Department of Chemistry, Faculty of
Pharmacy, Medical University-Sofia, Sofia 1000, Bulgaria

Gokhan Zengin — Physiology and Biochemistry Laboratory,
Department of Biology, Science Faculty, Selcuk University,
Konya 42130, Turkey

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c05217

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Mohamed, B. B. Roselle (Hibiscus sabdariffa L.) in Sudan:
Production and Uses. Roselle; Elsevier, 2021; pp 121-127.

(2) Riaz, G;; Naik, S. N;; Garg, M; Chopra, R. Phytochemical
composition of an underutilized plant sorrel/roselle (Hibiscus
Sabdariffa L.) cultivated in India. Lett. Appl. NanoBioScience 2021,
10, 2138—2147.

(3) Christian, K. R;; Jackson, J. C. Changes in total phenolic and
monomeric anthocyanin composition and antioxidant activity of three
varieties of sorrel (Hibiscus sabdariffa) during maturity. J. Food
Compos. Anal. 2009, 22 (7—8), 663—667.

(4) Reyes-Luengas, A.; Salinas-Moreno, Y.; Ovando-Cruz, M. E;
Arteaga-Garibay, R. 1; Martinez-Pefia, M. D. Analisis de acidos
fendlicos y actividad antioxidante de extractos acuosos de variedades
de jamaica (Hibiscus sabdariffa L.) con calices de colores diversos.
Agrociencia 2015, 49 (3), 277—-290.

(5) Tahir, H. E.; Xiaobo, Z.; Mariod, A. A; Mahunu, G. K;
Abdualrahman, M. A.; Tchabo, W. Assessment of antioxidant
properties, instrumental and sensory aroma profile of red and white
Karkade/Roselle (Hibiscus sabdariffa L.). J. Food Meas. Charact. 2017,
11, 1559—1568.

(6) Suliman, A. M.; Ali, A. O.; AA Idris, S. E.; Abdualrahm, M. A. A
comparative study on red and white karkade (Hibiscus sabdariffa L.)
calyces, extracts and their products. Pak. J. Nut. 2011, 10 (7), 680—
683.

https://doi.org/10.1021/acsomega.3c05217
ACS Omega 2023, 8, 42511-42521


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sakina+Yagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5165-6013
https://orcid.org/0000-0002-5165-6013
mailto:sakinayagi@gmail.com
mailto:sakinayagi@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdullahi+Ibrahim+Uba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kouadio+Ibrahime+Sinan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diletta+Piatti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianni+Sagratini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanni+Caprioli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5530-877X
https://orcid.org/0000-0002-5530-877X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayadat+M.+Eltigani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irina+Lazarova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Go%CC%88khan+Zengin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05217?ref=pdf
https://doi.org/10.33263/LIANBS102.21382147
https://doi.org/10.33263/LIANBS102.21382147
https://doi.org/10.33263/LIANBS102.21382147
https://doi.org/10.1016/j.jfca.2009.05.007
https://doi.org/10.1016/j.jfca.2009.05.007
https://doi.org/10.1016/j.jfca.2009.05.007
https://doi.org/10.1007/s11694-017-9535-0
https://doi.org/10.1007/s11694-017-9535-0
https://doi.org/10.1007/s11694-017-9535-0
https://doi.org/10.3923/pjn.2011.680.683
https://doi.org/10.3923/pjn.2011.680.683
https://doi.org/10.3923/pjn.2011.680.683
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(7) Musa, M. S.; Abdelrasool, F. E.; Elsheikh, E. A,; Ahmed, L.;
Mahmoud, A. L. E.; Yagi, S. M. Ethnobotanical study of medicinal
plants in the Blue Nile State, South-eastern Sudan. J. Med. Plant Res.
2011, 5 (17), 4287—4297.

(8) (a) Issa, T. O.; Mohamed, Y. S.; Yagi, S.; Ahmed, R. H.; Najeeb,
T. M.; Makhawi, A. M.; Khider, T. O. Ethnobotanical investigation on
medicinal plants in Algoz area (South Kordofan), Sudan. J. Ethnobiol.
Ethnomed. 2018, 14 (1), 31. (b) Khalid, H.; Abdalla, W. E;
Abdelgadir, H.; Opatz, T.; Efferth, T. Gems from traditional north-
African medicine: medicinal and aromatic plants from Sudan. Nat.
Prod. Bioprospect. 2012, 2, 92—103. (c) Suleiman, M. H. A. An
ethnobotanical survey of medicinal plants used by communities of
Northern Kordofan region, Sudan. J. Ethnopharmacol. 2018, 176,
232-242.

(9) Da-Costa-Rocha, I; Bonnlaender, B.; Sievers, H.; Pischel, L;
Heinrich, M. Hibiscus sabdariffa L.-A phytochemical and pharmaco-
logical review. Food Chem. 2014, 165, 424—443.

(10) Riaz, G.; Chopra, R. A review on phytochemistry and
therapeutic uses of Hibiscus sabdariffa L. Biomed. Pharmacother.
2018, 102, 575—586.

(11) El-Naeem, A.; Abdalla, S.; Ahmed, I; Alhassan, G.
Phytochemicals and in silico investigations of Sudanese roselle. S.
Afr. J. Sci. 2022, 118 (1/2), 1-7.

(12) Widowati, W.; Rani, A. P.; Hamzah, R. A.; Arumwardana, S.;
Afifah, E.; Kusuma, H. S. W,; Rihibiha, D. D.; Nufus, H.; Amalia, A.
Antioxidant and antiaging assays of Hibiscus sabdariffa extract and its
compounds. Nat. Prod. Sci. 2017, 23 (3), 192—200.

(13) Mohamed, A. L; Salau, V. F.; Erukainure, O. L.; Islam, M. S.
Hibiscus sabdariffa L. polyphenolic-rich extract promotes muscle
glucose uptake and inhibits intestinal glucose absorption with
concomitant amelioration of Fe2+-induced hepatic oxidative injury.
J. Food Biochem. 2022, 46 (12), No. e14399.

(14) Bule, M.; Albelbeisi, A. H.; Nikfar, S.; Amini, M.; Abdollahi, M.
The antidiabetic and antilipidemic effects of Hibiscus sabdariffa: A
systematic review and meta-analysis of randomized clinical trials. Food
Res. Int. 2020, 130, 108980.

(15) Rasheed, D. M.; Porzel, A; Frolov, A; El Seedi, H. R;
Wessjohann, L. A.; Farag, M. A. Comparative analysis of Hibiscus
sabdariffa (roselle) hot and cold extracts in respect to their potential
for a-glucosidase inhibition. Food Chem. 2018, 250, 236—244.

(16) Serban, C.; Sahebkar, A.; Ursoniu, S.; Andrica, F.; Banach, M.
Effect of sour tea (Hibiscus sabdariffa L.) on arterial hypertension: a
systematic review and meta-analysis of randomized controlled trials. J.
Hypertens. 2015, 33 (6), 1119—1127.

(17) Alarcén-Alonso, J.; Zamilpa, A.; Aguilar, F. A.; Herrera-Ruiz,
M,; Tortoriello, J.; Jimenez-Ferrer, E. Pharmacological character-
ization of the diuretic effect of Hibiscus sabdariffa Linn (Malvaceae)
extract. J. Ethnopharmacol. 2012, 139 (3), 751—756.

(18) Alam, G.; Alfath, A. Comparison of microwave assisted
extraction (MAE) with variations of power and infusion extraction
method on antibacterial activity of rosella calyx extract (Hibiscus
sabdariffa). J. Phys.: Conference Series; IOP Publishing, 2019; Vol.
1341, p 072002.

(19) Duy, N. Q.; Pham, T. N.; Binh, M. L. T.; Thuan, M.; Van, N. T.
T.; Lam, T. D.; Nguyen, P. T. N. Effects of extraction conditions on
antioxidant activities of Roselle (Hibiscus sabdariffa L.) extracts.
Mater. Sci. Forum; Trans Tech Publ, 2020; Vol. 977, pp 201—-206.

(20) Abubakar, A. R;; Haque, M. Preparation of medicinal plants:
Basic extraction and fractionation procedures for experimental
purposes. J. Pharm. BioAllied Sci. 2020, 12 (1), 1.

(21) Slinkard, K; Singleton, V. L. Total phenol analysis: automation
and comparison with manual methods. Am. J. Enol. Vitic. 1977, 28
(1), 49-55.

(22) Mustafa, A. M.; Angeloni, S.; Abouelenein, D.; Acquaticci, L.;
Xiao, J; Sagratini, G.; Maggi, F.; Vittori, S.; Caprioli, G. A new
HPLC-MS/MS method for the simultaneous determination of 36
polyphenols in blueberry, strawberry and their commercial products
and determination of antioxidant activity. Food Chem. 2022, 367,
130743.

(23) Nedi¢, N.; Nesovic, M.; Radisi¢, P.; Gasi¢, U,; Baosi¢, R;
Joksimovi¢, K; Pezo, L.; Tesic, 7.; Vovk, L Polyphenolic and
Chemical Profiles of Honey From the Tara Mountain in Serbia. Front.
Nutr. 2022, 9, 941463.

(24) Gerlits, O.; Ho, K.-Y.; Cheng, X,; Blumenthal, D.; Taylor, P.;
Kovalevsky, A.; Radic, Z. A new crystal form of human
acetylcholinesterase for exploratory room-temperature crystallography
studies. Chem. Biol. Interact. 2019, 309, 108698.

(25) Maurus, R; Begum, A; Williams, L. K; Fredriksen, J. R;
Zhang, R,; Withers, S. G.; Brayer, G. D. Alternative Catalytic Anions
Differentially Modulate Human a-Amylase Activity and Specificity'.
Biochemistry 2008, 47 (11), 3332—3344.

(26) Rosenberry, T.; Brazzolotto, X.; Macdonald, I.; Wandhammer,
M.; Trovaslet-Leroy, M.; Darvesh, S.; Nachon, F. Comparison of the
Binding of Reversible Inhibitors to Human Butyrylcholinesterase and
Acetylcholinesterase: A Crystallographic, Kinetic and Calorimetric
Study. Molecules 2017, 22 (12), 2098.

(27) Fahmy, N. M,; Fayez, S.; Uba, A. L; Shariati, M. A.; Aljohani, A.
S. M,; El-Ashmawy, I. M; Batiha, G. E.-S.; Eldahshan, O. A.; Singab,
A. N,; Zengin, G. Comparative GC-MS Analysis of Fresh and Dried
Curcuma Essential Oils with Insights into Their Antioxidant and
Enzyme Inhibitory Activities. Plants 2023, 12 (9), 1785.

(28) Ielo, L.; Deri, B.; Germano, M. P.; Vittorio, S.; Mirabile, S.;
Gitto, R.; Rapisarda, A.; Ronsisvalle, S.; Floris, S.; Pazy, Y.; et al.
Exploiting the 1-(4-fluorobenzyl)piperazine fragment for the develop-
ment of novel tyrosinase inhibitors as anti-melanogenic agents:
Design, synthesis, structural insights and biological profile. Eur. J. Med.
Chem. 2019, 178, 380—389.

(29) Karade, S. S.; Hill, M. L.; Kiappes, J. L.; Manne, R.; Aakula, B.;
Zitzmann, N.; Warfield, K. L.; Treston, A. M.; Mariuzza, R. A. N-
Substituted Valiolamine Derivatives as Potent Inhibitors of
Endoplasmic Reticulum a-Glucosidases I and II with Antiviral
Activity. J. Med. Chem. 2021, 64 (24), 18010—18024.

(30) Kurumbail, R. G.; Stevens, A. M.; Gierse, J. K.; McDonald, J. J.;
Stegeman, R. A; Pak, J. Y.; Gildehaus, D.; iyashiro, J. M.; Penning, T.
D.; Seibert, K; et al. Structural basis for selective inhibition of
cyclooxygenase-2 by anti-inflammatory agents. Nature 1996, 384
(6610), 644—648.

(31) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S;
Greenblatt, D. M.; Meng, E. C; Ferrin, T. E. UCSF Chimera? A
visualization system for exploratory research and analysis. . Comput.
Chem. 2004, 25 (13), 1605—1612.

(32) Morris, G. M.; Huey, R.; Lindstrom, W.; Sanner, M. F.; Belew,
R. K;; Goodsell, D. S.; Olson, A. J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput.
Chem. 2009, 30 (16), 2785—2791.

(33) Llorent-Martinez, E. J.; Ruiz-Medina, A,; Zengin, G,; Ak, G;
Jugreet, S.; Mahomoodally, M. F.; Emre, G.; Orlando, G.; Libero, M.
L. New Biological and Chemical Evidences of Two Lamiaceae Species
(Thymbra capitata and Thymus sipyleus subsp. rosulans): In Vitro, In
Silico and Ex Vivo Approaches. Molecules 2022, 27 (24), 9029.

(34) Duy, N. Q; Binh, M. L. T.; Thuan, M.; Van, N. T. T.; Lam, T.
D.; Tran, T. H.; Nhan, P. N. T. Effects of Extraction Conditions on
Total Phenolic Content and Total Flavonoid Content of Roselle
(<i>Hibiscus sabdariffa</i> L.) Extracts. Key Eng. Mater. 2019, 814,
469—474.

(35) Wong, S. K; Lim, Y. Y,; Chan, E. W. C. Evaluation of
antioxidant, antityrosinase and antibacterial activities of selected
Hibiscus species. Ethnobot. leafl. 2010, 14, 781-796.

(36) Formagio, A. S.; Ramos, D. D.; Vieira, M. C; Ramalho, S. R;;
Silva, M. M.,; Zarate, N.; Foglio, M. A,; Carvalho, J. E. Phenolic
compounds of Hibiscus sabdariffa and influence of organic residues
on its antioxidant and antitumoral properties. Braz. J. Biol. 2018, 75
(1), 69-76.

(37) Zhen, J; Villani, T. S.; Guo, Y,; Qi, Y.; Chin, K.; Pan, M.; Ho,
C.; Simon, J. E;; Wu, Q. Phytochemistry, antioxidant capacity, total
phenolic content and anti-inflammatory activity of Hibiscus sabdariffa
leaves. Food Chem. 2016, 190, 673—680.

https://doi.org/10.1021/acsomega.3c05217
ACS Omega 2023, 8, 42511-42521


https://doi.org/10.1186/s13002-018-0230-y
https://doi.org/10.1186/s13002-018-0230-y
https://doi.org/10.1007/s13659-012-0015-2
https://doi.org/10.1007/s13659-012-0015-2
https://doi.org/10.1016/j.jep.2015.10.039
https://doi.org/10.1016/j.jep.2015.10.039
https://doi.org/10.1016/j.jep.2015.10.039
https://doi.org/10.1016/j.foodchem.2014.05.002
https://doi.org/10.1016/j.foodchem.2014.05.002
https://doi.org/10.1016/j.biopha.2018.03.023
https://doi.org/10.1016/j.biopha.2018.03.023
https://doi.org/10.17159/sajs.2022/10383
https://doi.org/10.20307/nps.2017.23.3.192
https://doi.org/10.20307/nps.2017.23.3.192
https://doi.org/10.1111/jfbc.14399
https://doi.org/10.1111/jfbc.14399
https://doi.org/10.1111/jfbc.14399
https://doi.org/10.1016/j.foodres.2020.108980
https://doi.org/10.1016/j.foodres.2020.108980
https://doi.org/10.1016/j.foodchem.2018.01.020
https://doi.org/10.1016/j.foodchem.2018.01.020
https://doi.org/10.1016/j.foodchem.2018.01.020
https://doi.org/10.1097/HJH.0000000000000585
https://doi.org/10.1097/HJH.0000000000000585
https://doi.org/10.1016/j.jep.2011.12.005
https://doi.org/10.1016/j.jep.2011.12.005
https://doi.org/10.1016/j.jep.2011.12.005
https://doi.org/10.4103/jpbs.JPBS_175_19
https://doi.org/10.4103/jpbs.JPBS_175_19
https://doi.org/10.4103/jpbs.JPBS_175_19
https://doi.org/10.5344/ajev.1977.28.1.49
https://doi.org/10.5344/ajev.1977.28.1.49
https://doi.org/10.1016/j.foodchem.2021.130743
https://doi.org/10.1016/j.foodchem.2021.130743
https://doi.org/10.1016/j.foodchem.2021.130743
https://doi.org/10.1016/j.foodchem.2021.130743
https://doi.org/10.3389/fnut.2022.941463
https://doi.org/10.3389/fnut.2022.941463
https://doi.org/10.1016/j.cbi.2019.06.011
https://doi.org/10.1016/j.cbi.2019.06.011
https://doi.org/10.1016/j.cbi.2019.06.011
https://doi.org/10.1021/bi701652t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi701652t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules22122098
https://doi.org/10.3390/molecules22122098
https://doi.org/10.3390/molecules22122098
https://doi.org/10.3390/molecules22122098
https://doi.org/10.3390/plants12091785
https://doi.org/10.3390/plants12091785
https://doi.org/10.3390/plants12091785
https://doi.org/10.1016/j.ejmech.2019.06.019
https://doi.org/10.1016/j.ejmech.2019.06.019
https://doi.org/10.1016/j.ejmech.2019.06.019
https://doi.org/10.1021/acs.jmedchem.1c01377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/384644a0
https://doi.org/10.1038/384644a0
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.3390/molecules27249029
https://doi.org/10.3390/molecules27249029
https://doi.org/10.3390/molecules27249029
https://doi.org/10.4028/www.scientific.net/KEM.814.469
https://doi.org/10.4028/www.scientific.net/KEM.814.469
https://doi.org/10.4028/www.scientific.net/KEM.814.469
https://doi.org/10.1590/1519-6984.07413
https://doi.org/10.1590/1519-6984.07413
https://doi.org/10.1590/1519-6984.07413
https://doi.org/10.1016/j.foodchem.2015.06.006
https://doi.org/10.1016/j.foodchem.2015.06.006
https://doi.org/10.1016/j.foodchem.2015.06.006
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(38) Geja Woliso, W.; Kassahun Mengesha, B. Performance of
Roselle (Hibiscus sabdariffa L.) in different agro-ecologies of Ethiopia.
Med. Aromat. Plants 2020, 9, 352.

(39) Shi, L.; Zhao, W.; Yang, Z.; Subbiah, V.; Suleria, H. A. R.
Extraction and characterization of phenolic compounds and their
potential antioxidant activities. Environ. Sci. Pollut. Res. 2022, 29 (54),
81112—81129.

(40) Hapsari, B. W.; Setyaningsih, W.; Setyaningsih, W. Method-
ologies in the analysis of phenolic compounds in roselle (Hibiscus
sabdariffa L.): Composition, biological activity, and beneficial effects
on human health. Horticulturae 2021, 7 (2), 3S.

(41) Vona, R;; Pallotta, L.; Cappelletti, M.; Severi, C.; Matarrese, P.
The impact of oxidative stress in human pathology: Focus on
gastrointestinal disorders. Antioxidants 2021, 10 (2), 201.

(42) Chin, K, Zhen, J, Qi, Y., Chin, S., Breithaupt, M., Wu, Q,,
Simon, J., Henson, J, Ferchaud, V. A comparative evaluation:
Phytochemical composition and antioxidant capacity of three roselle
(Hibiscus sabdariffa L.) accessions. XXIX International Horticultural
Congress on Horticulture: Sustaining Lives, Livelihoods and Landscapes
(IHC2014): V World 1125, 2016, pp 99—108.

(43) Brewer, M. Natural antioxidants: sources, compounds,
mechanisms of action, and potential applications. Compr. Rev. Food
Sci. Food Saf. 2011, 10 (4), 221-247.

(44) Rababah, T. M,; Ereifej, K. L; Esoh, R. B,; Al-u’datt, M. H,;
Alrababah, M. A.; Yang, W. Antioxidant activities, total phenolics and
HPLC analyses of the phenolic compounds of extracts from common
Mediterranean plants. Nat. Prod. Res. 2011, 2S5 (6), 596—605.

(45) Caesar, L. K; Cech, N. B. Synergy and antagonism in natural
product extracts: when 1+ 1 does not equal 2. Nat. Prod. Rep. 2019,
36 (6), 869—888.

(46) Orhan, L. E. Enzyme inhibitors as the attractive targets for the
treatment of various diseases. Curr. Med. Chem. 2019, 26 (18), 3206—
3207.

(47) Oboh, G.; Adewuni, T. M.; Ademiluyi, A. O.; Olasehinde, T.
A.; Ademosun, A. O. Phenolic constituents and inhibitory effects of
Hibiscus sabdariffa L.(Sorrel) calyx on cholinergic, monoaminergic,
and purinergic enzyme activities. J. Diet. Suppl. 2018, 15 (6), 910—
922.

(48) Nag, G.; De, B. Acetylcholinesterase inhibitory activity of
Terminalia chebula, Terminalia bellerica and Emblica officinalis and
some phenolic compounds. Int. J. Pharm. Pharm. Sci. 2011, 3, 121—
124.

(49) Szwajgier, D.; Borowiec, K. Phenolic acids from malt are
efficient acetylcholinesterase and butyrylcholinesterase inhibitors. J.
Inst. Brew. 2012, 118, 40—48.

(50) Wongsa, P.; Chaiwarit, J.; Zamaludien, A. In vitro screening of
phenolic compounds, potential inhibition against a-amylase and a-
glucosidase of culinary herbs in Thailand. Food Chem. 2012, 131 (3),
964—971.

(51) Alegbe, E. O.; Terali, K; Olofinsan, K. A.; Surgun, S.; Ogbaga,
C. C; Ajiboye, T. O. Antidiabetic activity-guided isolation of gallic
and protocatechuic acids from Hibiscus sabdariffa calyxes. J. Food
Biochem. 2019, 43 (7), No. e12927.

(52) Tomac, L; Seruga, M.; Labuda, J. Evaluation of antioxidant
activity of chlorogenic acids and coffee extracts by an electrochemical
DNA-based biosensor. Food Chem. 2020, 325, 126787.

(53) Kilig, I; Yesiloglu, Y. Spectroscopic studies on the antioxidant
activity of p-coumaric acid. Spectrochim. Acta, Part A 2013, 115, 719—
724.

(54) Babiaka, S. B.; Nia, R.; Abuga, K. O.; Mbah, J. A;; Nziko, V. d.
P. N,; Paper, D. H,; Ntie-Kang, F. Antioxidant potential of flavonoid
glycosides from Manniophyton fulvum Miill. (Euphorbiaceae):
Identification and molecular modeling. Sci. Afr. 2020, 8, No. e00423.

(55) Gao, Y; Fang, L.; Wang, X,; Lan, R.; Wang, M.; Du, G.; Guan,
W,; Liu, J; Brennan, M,; Guo, H. et al. Antioxidant Activity
Evaluation of Dietary Flavonoid Hyperoside Using Saccharomyces
Cerevisiae as a Model. Molecules 2019, 24 (4), 788.

(56) Rauf, A.; Imran, M.; Abu-Izneid, T.; Iahtisham Ul, H.; Patel, S.;
Pan, X,; Naz, S.; Sanches Silva, A.; Saeed, F.; Rasul Suleria, H. A.

42521

Proanthocyanidins: A comprehensive review. Biomed. Pharmacother.
2019, 116, 108999.

(57) Huang, Y,; Condict, L; Richardson, S. J; Brennan, C. S;
Kasapis, S. Exploring the inhibitory mechanism of p-coumaric acid on
a-amylase via multi-spectroscopic analysis, enzymatic inhibition assay
and molecular docking. Food Hydrocolloids 2023, 139, 108524.

(58) Jiang, S.; Penner, M. H. The Effect of p-Coumaric Acid on
Browning Inhibition in Potato Polyphenol Oxidase-Catalyzed
Reaction Mixtures. Foods 2022, 11 (4), 577.

(59) Jabir, N. R; Khan, F. R;; Tabrez, S. Cholinesterase targeting by
polyphenols: A therapeutic approach for the treatment of Alzheimer’s
disease. CNS Neurosci. Ther. 2018, 24 (9), 753—762.

(60) Aleixandre, A.; Gil, J. V.; Sineiro, J.; Rosell, C. M.
Understanding phenolic acids inhibition of a-amylase and a-
glucosidase and influence of reaction conditions. Food Chem. 2022,
372, 131231.

(61) Jeong, Y. J; Lee, J. Y; Park, J; Park, S. N. An inhibitory
mechanism of action of a novel syringic-acid derivative on a-
melanocyte—stimulating hormone (a-MSH)-induced melanogenesis.
Life Sci. 2017, 191, 52—358.

(62) Chiavaroli, A.; Libero, M. L.; Di Simone, S. C.; Acquaviva, A.;
Nilofar Recinella, L.; Recinella, L.; Leone, S.; Brunetti, L.; Cicia, D.;
Izzo, A. A, et al. Adding New Scientific Evidences on the
Pharmaceutical Properties of Pelargonium quercetorum Agnew
Extracts by Using In Vitro and In Silico Approaches. Plants 2023,
12 (5), 1132.

https://doi.org/10.1021/acsomega.3c05217
ACS Omega 2023, 8, 42511-42521


https://doi.org/10.35248/2167-0412.20.9.352
https://doi.org/10.35248/2167-0412.20.9.352
https://doi.org/10.1007/s11356-022-23337-6
https://doi.org/10.1007/s11356-022-23337-6
https://doi.org/10.3390/horticulturae7020035
https://doi.org/10.3390/horticulturae7020035
https://doi.org/10.3390/horticulturae7020035
https://doi.org/10.3390/horticulturae7020035
https://doi.org/10.3390/antiox10020201
https://doi.org/10.3390/antiox10020201
https://doi.org/10.1111/j.1541-4337.2011.00156.x
https://doi.org/10.1111/j.1541-4337.2011.00156.x
https://doi.org/10.1080/14786419.2010.488232
https://doi.org/10.1080/14786419.2010.488232
https://doi.org/10.1080/14786419.2010.488232
https://doi.org/10.1039/C9NP00011A
https://doi.org/10.1039/C9NP00011A
https://doi.org/10.2174/092986732618190821115641
https://doi.org/10.2174/092986732618190821115641
https://doi.org/10.1080/19390211.2017.1406426
https://doi.org/10.1080/19390211.2017.1406426
https://doi.org/10.1080/19390211.2017.1406426
https://doi.org/10.1002/jib.5
https://doi.org/10.1002/jib.5
https://doi.org/10.1016/j.foodchem.2011.09.088
https://doi.org/10.1016/j.foodchem.2011.09.088
https://doi.org/10.1016/j.foodchem.2011.09.088
https://doi.org/10.1111/jfbc.12927
https://doi.org/10.1111/jfbc.12927
https://doi.org/10.1016/j.foodchem.2020.126787
https://doi.org/10.1016/j.foodchem.2020.126787
https://doi.org/10.1016/j.foodchem.2020.126787
https://doi.org/10.1016/j.saa.2013.06.110
https://doi.org/10.1016/j.saa.2013.06.110
https://doi.org/10.1016/j.sciaf.2020.e00423
https://doi.org/10.1016/j.sciaf.2020.e00423
https://doi.org/10.1016/j.sciaf.2020.e00423
https://doi.org/10.3390/molecules24040788
https://doi.org/10.3390/molecules24040788
https://doi.org/10.3390/molecules24040788
https://doi.org/10.1016/j.biopha.2019.108999
https://doi.org/10.1016/j.foodhyd.2023.108524
https://doi.org/10.1016/j.foodhyd.2023.108524
https://doi.org/10.1016/j.foodhyd.2023.108524
https://doi.org/10.3390/foods11040577
https://doi.org/10.3390/foods11040577
https://doi.org/10.3390/foods11040577
https://doi.org/10.1111/cns.12971
https://doi.org/10.1111/cns.12971
https://doi.org/10.1111/cns.12971
https://doi.org/10.1016/j.foodchem.2021.131231
https://doi.org/10.1016/j.foodchem.2021.131231
https://doi.org/10.1016/j.lfs.2017.10.009
https://doi.org/10.1016/j.lfs.2017.10.009
https://doi.org/10.1016/j.lfs.2017.10.009
https://doi.org/10.3390/plants12051132
https://doi.org/10.3390/plants12051132
https://doi.org/10.3390/plants12051132
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

