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Abstract: Red mature calyces of Hibiscus sabdariffa were collected from 16 different locations in
Meghalaya, India. Samples were processed using shade drying (SD) and tray drying (TD). NMR
spectroscopy was used to assess the metabolic composition of the calyces. In this study, 18 polar
metabolites were assigned using 1D and 2D NMR spectra, and 10 of them were quantified. Proximate
analysis showed that the TD method is more efficient at reducing moisture and maintaining the
ash content of the Hibiscus biomass. NMR metabolomics indicates that the metabolite composition
significantly differs between SD and TD samples and is more stable in TD plant processing. The
differences in post-harvest drying has a greater impact on the metabolite composition of Hibiscus
than the plant location.

Keywords: Hibiscus; herbal processing; metabolic profiling; antioxidant; metabolites; NMR; Hibis-
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1. Introduction

Herbal products and their extracts contain several classes of bioactive compounds and
are widely used as drugs, cosmetics, and food additives [1]. Hibiscus sabdariffa, also known
as Roselle or Sorrel, is an annual, herbaceous, medicinal plant from the Malvaceae family. It
is one of the most important fiber crops in India, where its consumption exceeds 600 million
tons of dry weight per year [2,3]. The food industry uses Hibiscus calyces in the production
of beverages such as teas or infusions, juices, jams, jellies, and syrups [4-6]. In folk or
traditional medicine, the water infusion of the H. sabdariffa calyx is considered to have
diuretic and choleretic properties, act as a mild laxative, aid in bilious conditions, reduce the
risk of heart and nerve diseases, and have anti-hypertensive [7,8] and anti-atherosclerotic
activity [9]. The calyces contain a wide spectrum of several groups of bioactive compounds,
namely organic acids, anthocyanins, polysaccharides, and flavonoids. This composition
explains the versatility of H. sabdariffa not only as food, but also in the preparation of
herbal medicines [6,10-12]. Drying of a plant material can be accomplished by different
methods. The shade dry method is a traditional method that is often used for drying
plant materials. For the drying of flowers, fruits, and roots, a tray dryer is predominantly
used [13]. There is no detailed information in the literature that describes the effect of
different processing methods on the final nutritional quality of the calyces’ biomass. In this
regard, the study by Tham et al. [14] where four drying methods were compared is very
relevant. Among the four drying methods, heat pump drying (HP) achieved the highest
drying rate, while solar greenhouse drying (SGD) had the lowest drying rate. This study
shows that drying is one of the most important factors affecting the color and protocatechuic
acid and catechin content. Today, metabolomics is an important field in plant sciences and

Molecules 2021, 26, 1675. https:/ /doi.org/10.3390/molecules26061675

https:/ /www.mdpi.com/journal/molecules


https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules26061675
https://doi.org/10.3390/molecules26061675
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26061675
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules26061675?type=check_update&version=1

Molecules 2021, 26, 1675

20f 17

natural product chemistry [15]. Nuclear Magnetic Resonance (NMR) is one of the main
analytical tools for metabolomics. NMR spectroscopy allows the simultaneous detection
and quantification of compounds belonging to different chemical classes: sugars, organic
and amino acids, flavonoids, alkaloids, terpenoids, and others. This method was applied
to the classification and characterization of different medicinal plants, as well as to the
detection of the adulteration of plant materials [16-19]. The objective of this study is to
assess the differences in proximate and metabolic compositions of H. sabdariffa calyces
using NMR metabolomics from plants collected in different locations in India and dried
using the shade drying (SD) and tray drying (TD) techniques. The study of phenolic acids,
anthocyanins, and carotenoids, which are also found in the H. sabdariffa calyx [20-24], was
outside the scope of this study.

2. Results and Discussion
2.1. Proximate Analysis

The proximate composition of the dry Hibiscus calyces (SD and TD) is presented in
Table 1 and results are discussed further here. Drying reduced the moisture content of
the Hibiscus calyces. TD samples had the lowest average moisture content of 7.91%, while
SD samples had an average moisture content of 10.47%. The higher moisture content in
the SD sample was probably due to the high and controlled temperature of the tray drier.
Likewise, TD resulted in a higher ash and lipid content of 6.09% and 5.75%, respectively,
while SD had contents of 4.44% and 3.34%, respectively. However, the different drying
methods did not have any significant variation (p > 0.05) in protein content within samples
from the same location. Hibiscus calyces processed by SD resulted in a higher crude fiber
content (16.67%) than TD processing (15.43%). The lower fiber content in TD samples could
be due to the degradation of the sample due to high temperature [25]. The results were in
good agreement with [26], who reported that oven drying was more efficient than solar
and sun in reducing the moisture and increasing fat and ash content.

2.2. Assignment of Resonance Signals of the Metabolites

NMR spectra of thirty-two water extracts from the H. sabdariffa calyx were acquired
and analyzed in this study. Normalized 'H NMR spectra of the same sample dried using the
two different techniques are shown in Figure 1. Resonance signals of 18 polar metabolites
were identified based on the available metabolomics databases and 1D 'H and 2D spectra
(see Materials and Methods). In addition, two metabolites were tentatively assigned to
2-oxoglutarate and maltol or its derivatives (metabolites 9* and 18*, Table 2), as shown in
Figure 1. The resonance assignment is reported in Table 2.

The most intense signals in the 'H NMR spectrum were assigned as follows. The
signals at 5.33/87.9 (1H, s), 3.21/44.9 (*H, d, ] = 17.86), and 2.77/44.9 (‘H, d, ] = 17.86)
were assigned to the resonance of hibiscus acid in accordance with the assignment by [27].
Signals at 3.27/56.3 and 3.9/68.8 ppm belong to the three CH3 groups and the CH; group
of betaine, respectively. The region from 3.3 to 4.3 ppm contains the resonances of glucose
and fructose. Succinic and acetic acids (2.41/37 and 1.92/26.6 ppm, respectively) are also
considered to be main metabolites. Water extracts of hibiscus samples dried differently
generally contain the same set of polar metabolites. A comparison of the absolute integral
values of the total spectra from the two drying methods shows that the 'H NMR spectra of
the TD processed samples are on average 18% larger than the values of the SD processed
samples. Therefore, more compounds were extracted from the TD samples.
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Table 1. Proximate composition of H. sabdariffa calyx. SD: shade dried; T.D: tray dried.
) Moisture Content (%) Ash Content (%) Crude Fiber (%) Crude Protein (%) Lipid Content (%)
Location SD D SD TD SD TD SD TD SD D
1 9.10 £1.50 6.11 £ 0.19 4.88 = 0.38 5.10 £ 0.38 6.29 £ 0.28 4.82£0.31 8.33 £0.45 8.18 £ 0.60 2.32 £0.36 3.99 £ 0.55
2 593 £1.55 299 £0.52 5.16 £ 0.53 6.29 £ 0.05 11.87 + 0.49 10.51 £ 0.10 8.21 £0.36 7.65 £ 0.17 3.33 £0.44 6.77 £1.08
3 8.34 £ 0.90 4.65 £ 0.66 4.50 £ 0.05 5.44 £ 0.87 16.38 + 0.04 15.07 £ 0.04 7.73 £0.07 8.70 £ 0.58 4.79 £0.76 7.84 £1.09
4 7.57 £1.44 4724+0.77 4.60 &= 0.04 6.33 £0.40 19.53 + 0.01 19.02 £ 0.20 7.88 £0.20 6.96 £+ 0.48 4.57 +0.88 7.54 £ 0.01
5 14.0 £2.01 8.66 £ 0.57 4.36 £ 0.38 6.43 £ 0.40 17.65 + 0.03 16.25 £ 0.03 8.24 £ 0.04 8.41 £0.71 219 £0.27 378 £0.21
6 9.10 £1.50 720 £1.09 433 £0.57 5.66 £ 0.57 18.65 + 0.03 18.22 £ 0.01 8.12 £0.26 8.05 £ 0.65 320 £0.24 6.02 £0.76
7 12.74 £ 0.18 10.66 + 0.11 443 +0.16 6.29 £0.25 19.04 + 0.01 17.85 £ 0.03 8.49 £ 0.3 9.33 £0.79 3.57 £0.14 6.83 = 0.31
8 1513 £ 0.11 15.03 £ 0.16 4.77 £ 0.68 6.51 £ 0.48 16.56 + 0.02 16.26 £ 0.05 8.00 £ 0.12 8.38 £0.61 2.94 £0.90 7.65 £ 0.04
9 797 £1.25 5.88 £1.18 4.07 £0.13 6.07 £ 0.07 19.18 £ 0.10 17.92 £ 0.04 8.60 £ 0.22 737 £0.35 3.96 £ 0.39 34.00 £0.23
10 12.29 £ 0.62 10.77 £ 0.73 4.36 = 0.55 6.95 £ 0.07 15.76 + 0.32 13.81 £ 0.12 8.00 £ 0.62 8.08 = 0.37 3.51 £0.13 592 +0.16
11 11.24 £ 0.26 9.16 = 0.88 4.13 £ 0.06 6.01 £ 0.02 18.64 + 0.10 18.30 £ 0.20 8.05 £0.83 7.12 £ 0.08 220+£0.31 3.66 £ 0.22
12 10.17 £ 0.14 7.00 £0.11 445+ 040 6.02 £0.13 16.44 + 0.05 14.89 £ 0.10 7.77 £0.50 7.62 £ 0.63 495+ 041 714 £ 041
13 15.23 £0.20 11.18 £ 0.23 4.24 £ 0.04 6.02 = 0.04 17.02 + 0.05 15.92 £+ 0.05 8.49 £0.17 9.09 +£0.23 3.52 £ 0.08 594 +0.28
14 12.50 £ 0.48 10.45 + 0.30 4.16 £0.15 6.65 £ 0.09 15.50 + 0.07 13.32 £ 0.08 7.04 £ 0.08 5.66 £+ 0.66 3.63 £0.13 5.38 £0.21
15 8.44 £0.73 6.03 £0.83 433 £0.57 5.99 £0.01 18.73 £ 0.13 17.76 £ 0.19 6.73 £0.10 5.52 £0.10 211 £0.26 4.04 £ 0.54
16 7.77 £0.39 6.01 = 0.29 433 +£0.57 5.66 = 0.57 19.44 +0.27 16.90 £ 0.03 7.77 £ 0.56 7.93 £ 0.04 2.69 £0.77 5.55 +£0.38
Average 10.47 £ 0.83 791 £ 0.54 4.44 £+ 0.33 6.09 £0.28 16.67 £+ 0.13 15.43 £0.10 7.96 £0.31 7.75 £ 0.44 .3.34+041 575+ 041
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Figure 1. Normalized 'H NMR spectra of water extracts of SD- and TD-processed H. sabdariffa calyces. Blue: SD samples;
orange: TD samples. 1: Valine; 2: isoleucine; 3: ethanol; 4: alanine; 5: GABA; 6: acetate; 7: proline; 8: succinate; 9:
2-oxoglutarate*; 10: hibiscus acid; 11: asparagine; 12: glucose; 13: betaine; 14: scyllo-inositol; 15: methanol; 16: fructose; 17:
arabinose; 18: maltol*; 19: fumaric acid. *: Tentative assignment.

Table 2. Resonance assignment of 1D 'H and 2D NMR spectra of the H. sabdariffa calyxes’ water extracts.

N 8. ppm Mult. ] HSQC Assign. Compound
1 0.99 d 7.00 19.9 CH3 Valine

2 1.02 d 6.90 17.1 CH3 Isoleucine

1 1.04 d 7.00 20.2 CH3 Valine

3 1.19 t 7.10 19.5 CH3 Ethanol

4 1.48 d 7.13 19.1 CH3 Alanine

5 1.89 m 26.5 CH2 GABA *

6 1.93 S 26 CH3 Acetate

7 1.99 m 26.5 CH2 Proline

7 2.06 m 31.6 CH Proline

5 2.3 t 7.38 37.3 CH2 GABA

7 2.34 m 31.7 CH Proline

8 241 s 37 2(CH2) Succinate

9 2.46 t 6.87 CH2 2-oxoglutarate *
10 2.77 d 17.86 449 CH Hibiscus acid
11 2.86 m 8.30 37.6 CH Asparagine
11 2.96 m 8.30 37.6 CH Asparagine
9 3.01 t 6.87 CH2 2-oxoglutarate *
5 3.02 t 7.50 423 CH2 GABA

10 3.21 d 17.86 449 CH Hibiscus acid
12 3.25 m 77.2 CH Glucose

13 3.27 S 56.2 3(CH3) Betaine

14 3.35 s 76.5 Scyllo-inositol
15 3.37 S 51.9 CH3 Methanol
12 3.38-3.86 Sugars

12 3.89 m CH Glucose

13 3.9 S 69.2 CH2 Betaine

16 3.99-4.04 m Fructose
16 412 d 3.71 78 Fructose
17 452 d 7.78 99.8 CH Arabinose
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Table 2. Cont.

N 5. ppm Mult. J HSQC Assign. Compound
12 4.64 d 98.9 CH Glucose
10 5.17 S 87.9 CH Hibiscus acid
12 5.24 d 95.2 CH Glucose
17 525 d overlap Arabinose
18 6.5-6.37 m 117.3-117.6 Maltol *
19 6.52 S 138.3 Fumaric acid
18 7.75-7.62 m 149 Maltol *
20 8.45 S Formic acid

N: number on signal in Figure 1; 5. ppm: chemical shift in parts per million (ppm); Mult.: multiplicity; J: coupling in hertz; s: singlet. d:
doublet. t: triplet. m: multiplet; HSQC: carbon chemical shift of the correspondent cross-peak in the HSQC spectrum.; assign.: assignment;
*: tentative assignment. # Y-Aminobutyric Acid (GABA).

2.3. Principal Component Analysis (PCA)

A principal component analysis (PCA) was performed to determine if the different
drying techniques caused significant differences in the metabolite composition of Hibiscus
calyces. Each resonance signal in all 'H NMR spectra was integrated using the protocol
described in the Materials and Methods section. The resulting PCA created using a reduced
buckets number (255) is shown in Figure 2. The main components PC1 and PC2 describe
88% of the total changes. Distinct sample grouping based on the drying method can be
seen in the score plot. TD samples are horizontally distributed in the upper left segment of
the scores plot.

Most of the SD samples are located at the bottom right of the scores plot. However,
SD samples 15, 14, 16, and 1 are located closer to the TD group.

The vertical distribution in the PCA plot is due to nine variables (buckets) located at
the bottom of the correlation plot. All these variables, besides the bucket at 6.52 ppm, have a
high correlation coefficient (r) with each other (Table 3). The tentative resonance assignment
was done using 2D NMR spectra. The resonances at 6.44, 6.46, 7.65, 7.66, 7.68, and 7.69 ppm
were tentatively assigned to maltol or its derivatives. The characterization of different
maltol derivatives in water by NMR spectroscopy has been carried out recently [28]. Two
vicinal hydrogens in the maltol moiety were assigned as H5 (6.43/117.7 ppm; d; ] (5.6 Hz))
and H6 (7.92/158.5 ppm; d; J (5.6 Hz)). Analogously, resonances at 6.46/117.5 ppm
(d; J (5.6 Hz)) and 7.66/149.2 ppm (d; ] (5.6 Hz)) in the NMR spectra of Hibiscus water
extracts were tentatively assigned to the maltol derivatives using 'H-'H TOCSY, 'H-13C
HSQC Heteronuclear Single Quantum Coherence Spectroscopy), and JRES (J-resolved
Spectroscopy) NMR spectra. The singlet at 6.52/138 ppm (and the relative bucket) was
assigned to fumaric acid.

Table 3. Significant buckets (ppm) and their r correlation coefficient.

2.3 6.44 6.46 6.52 7.23 7.65 7.66 7.68 7.69
2.30 0.97 0.98 0.92 0.98 0.97 0.94 0.96 0.96
6.44 0.97 1.00 0.92 0.99 0.98 0.97 0.98 0.98
6.46 0.98 1.00 0.90 0.99 0.98 0.95 0.97 0.97
6.52 0.92 0.92 0.90 0.90 0.90 0.89 0.90 0.89
7.23 0.98 0.99 0.99 0.90 0.99 0.96 0.98 0.98
7.65 0.97 0.98 0.98 0.90 0.99 0.96 0.98 0.98
7.66 0.94 0.97 0.95 0.89 0.96 0.96 0.99 0.99
7.68 0.96 0.98 0.97 0.90 0.98 0.98 0.99 0.99

7.69 0.96 0.98 0.97 0.89 0.98 0.98 0.99 0.99
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Figure 2. Score plot (A) and correlation loadings (B) of the mean-centered principal component analysis (PCA) performed
using the reduced bucket table of TH NMR spectra of the water extracts of Hibiscus calyces. Gray: SD; black: TD. The
numbers in the correlation plot indicate the chemical shift of the buckets (ppm).

2.4. Quantification of Metabolites

Metabolite quantification was performed using a quantitative NMR approach. The
main metabolites found in all extracts were hibiscus acid, glucose, fructose, betaine, acetate,
and succinate (Table 4). In addition, the concentrations of y-aminobutyric and fumaric
acids were detected in all extracts. The comparison of the metabolic content of SD and TD
samples shows that the TD powders generally have more metabolites, and the absolute
average value of the integrated TD spectra is 17.8% larger than SD. However, this is only
a general trend and not all of the metabolites were extracted in similar ways from the
powders from the different locations. In the following paragraphs, we will discuss some of
the metabolites in more detail.
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Table 4. Concentration of the main polar metabolites of H. sabdariffa calyx (mg in 100 g of dry powder) in shade (S)and tray (T) dried samples.
Sample No. Hibiscus acid Betaine Glucose Fructose GABA Succinate Acetate Fumarate Alanine Methanol
S1 12,421 + 82 2257 £ 1.5 1639 + 13 1609 + 7 1113 +£5.3 131.6 £5.1 169 + 2 39.59 + 1.04 20.17 £ 0.00 30.47 £ 0.09
T1 13,119 & 65 279.8 £0.3 2080 £ 5 1971 £10 57.7£09 1347 £ 3.1 147 £3 24.03 +0.33 15.19 £+ 0.08 12.50 £ 0.03
52 11,479 £+ 57 219.2+£21 1662 £7 1652 £ 0 92.0+4.0 131.7 £ 2.0 175+ 0 3735+ 1.70 19.94 £+ 0.18 39.79 £ 0.12
T2 12,411 £ 51 2982 +4.1 2418 £9 & 2115 + 14 61.7 +£1.7 166.4 + 2.1 l61 +£1 22.47 + 0.57 16.84 £ 0.08 33.63 £0.23
S3 12,621 & 87 2255+0.4 1578 £5 1594 + 2 97.0+£3.9 1283 +£1.5 162 +2 40.04 £ 0.40 19.47 £ 0.12 2472 £0.10
T3 14,452 &+ 67 316.6 £ 0.6 2508 1 2179 +£5 65.8 + 3.3 146.8 +10.8 165+ 0 25.01 +0.90 16.90 £ 0.00 18.10 £ 0.08
S4 11,508 & 76 2170+ 1.0 1645+ 4 1649 + 3 86.4 +3.2 128.7 £ 5.2 172 +£1 31.89 + 0.88 18.62 &+ 0.27 35.96 £ 0.06
T4 14,011 & 38 305.4 £ 0.6 2218 £ 5 2193 £ 5 574 £5.0 1747 £ 7.7 164 £ 1 25.61 £1.13 16.89 + 0.16 17.01 £ 0.25
S5 12,070 & 95 2203 £0.9 1609 £ 3 1623 £ 7 93.1+3.2 126.7 £33 171+£1 38.79 + 0.40 19.36 £+ 0.20 33.30 £ 0.00
T5 13,975 + 15 3045+1.0 2438 £ 5 2137 £ 2 58.7 +£2.9 1715+ 25 170+ 0 23.90 + 0.86 16.75 £ 0.25 14.49 £ 0.12
S6 12,896 4 88 2314 £0.0 1590 £5 1521 £ 8 102.1 £ 0.2 1147 £7.1 166 £1 41.29 £0.88 20.63 £ 0.33 21.99 £ 0.16
T6 14,537 + 17 3169 £0.2 2322 £ 5 2346 £ 5 62.1+0.7 186.6 + 2.6 172+ 0 2598 +£1.19 17.94 £ 0.25 21.63 £0.21
S7 11,654 4 88 208.6 2.2 1604 £ 1 1568 £ 13 90.9 + 0.8 114.7 2.2 169 £1 31.73 £ 0.72 18.22 £ 0.16 34.64 +0.19
T7 14,435 £ 64 276.7 £ 3.0 2162 £ 6 2172 + 4 57.6 £ 3.6 156.3 £ 5.7 142 £ 0 21.11 £ 1.63 14.76 £+ 0.25 14.93 £+ 0.51
S8 10,910 & 29 194.6 + 0.7 1567 £ 0 1513 £0 778 £1.2 103.5+£5.0 152+ 0 20.55 £0.24 16.42 4 0.00 12.12 +0.87
T8 14,898 £ 53 3274 +£04 2459 + 3 2270 £ 9 63.5+ 1.9 160.7 = 6.4 167 £1 2441 +0.48 17.67 £ 0.25 15.79 £ 0.09
59 11,976 + 89 2079 £ 1.3 1581 +£3 1551 + 1 922423 1191+ 54 164 £ 0 3437 +0.32 18.11 £ 0.25 24.03 £0.27
T9 13,376 £+ 107 292.7 £ 3.8 2358 £ 0 2151+ 0 59.4 £0.8 172.3 £12.6 162+ 0 23.82+1.14 16.72 £ 0.16 21.41 £0.25
510 9811 + 95 188.6 £ 1.7 1512 + 4 1500 £ 16 76.7 £ 3.7 116.1 +£2.2 167 +2 21.29 £ 0.16 16.19 £ 0.33 4241 +0.13
T10 14,606 & 10 323.14+1.2 2539 £ 3 2272 &1 65.4 + 3.3 176.1 £19.1 169 £ 0 24.59 + 0.46 17.76 £+ 0.25 19.64 £ 0.09
S11 12,136 £ 5 2199 £ 1.5 1630 £ 0 1597 £ 2 96.4 +2.2 1321+7.0 170£1 38.89 + 1.62 19.84 £+ 0.08 30.67 £ 0.12
T11 13,327 40 301.1£21 2405 + 5 2129 +£2 59.0+0.4 170.4 £ 119 156 £ 1 24.85 £ 0.24 16.76 + 0.16 23.23 £0.44
512 12,641 19 220.1+£22 1664 £ 3 1636 + 4 99.5+0.5 1176 £ 1.8 170 £1 38.85 + 0.60 19.78 £ 0.25 23.80 £ 0.05
T12 13,888 + 61 307.0 £ 0.4 2407 £ 3 2104+ 3 573 +21 1434 +9.7 161 +1 24.08 +0.24 16.39 £ 0.00 18.13 £ 0.01
513 12,555 4 38 302.6 £0.7 2190 £ 0 2018 =1 480+£23 163.4 £ 25 116 +£1 22.41 + 0.65 14.84 £ 0.08 16.41 £ 0.12
T13 13,376 + 84 288.1 £ 1.8 2408 &3 2120+ 1 56.1 £0.8 145.0 £ 8.5 158 £ 0 22.88 £0.78 16.38 4= 0.00 21.83 £0.03
S14 13,244 4 58 314.8 0.8 2301 £+ 10 2100 £ 21 528 +2.4 164.0 £ 11.0 111+0 23.85 + 0.56 14.97 £+ 0.25 15.31 £ 0.24
T14 15,119 £+ 36 3373 +£27 2684 £+ 4 2346 &2 639 +17 165.1 £ 129 180 + 2 26.69 + 0.31 18.20 £ 0.17 23.77 £ 0.09
515 12,226 &+ 54 303.3+£27 2121+ 4 1953 + 4 465+ 1.2 178.0 1.9 131+£0 23.16 +0.41 14.23 £+ 0.17 21.86 £ 0.00
T15 15,502 £ 48 344 £13 2742 £ 1 2407 &4 645+ 14 167.7 £ 10.8 183 £ 0 27.54 +0.26 18.57 £ 0.16 29.47 £ 0.32
S16 11,370 =72 301.3 £ 1.0 2018 £ 9 1902 £ 2 437+ 1.6 1952+ 45 145+ 1 24.69 £ 0.64 13.21 4+ 0.00 23.65 £ 0.01
T16 14,544 £ 26 3234+ 1.8 2519 £ 18 2242 2 59.1+0.2 171.2 £ 104 170£0 25.02+0.18 17.53 £ 0.17 20.15 £ 0.00
St.Dev. SD (%) 7.1 17.7 14.6 11.4 26.8 19.1 13 24.6 13.6 32.7
St.Dev. TD (%) 5.8 6.3 7.1 5.1 53 8.7 6.4 6.5 6 27

St.Dev. SD (%) and St.Dev. TD (%): standard deviation within SD and TD samples in 5 replicates.
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2.4.1. Hibiscus Acid

Hibiscus acid has already been isolated and crystallized from H. sabdariffa [27]. The
vascular effects of pure hibiscus acid on the rat aorta was studied in vitro [29]. It was
discussed that the observed vasorelaxant effect of hibiscus acid potentially explains the
antihypertensive properties of H. sabdariffa [29].

Hibiscus acid is the main polar metabolite found in the Hibiscus sabdariffa calyx water
extract (Figure 1 number 10, Tables 2 and 3). The average content of hibiscus acid in SD
and TD sample exceeds 10% of the total powder weight and is about 12 and 14 gin 100 g
of dry powder, respectively. Therefore, the SD drying method results in an almost 15%
loss of this compound. The content of this acid in the SD and TD samples varies by 7.1%
and 5.8%, respectively. Such variation might be explained by the different plant locations,
time of harvest, varying phase of flower maturity, or non-homogeneous processing. The
extraction method proposed in this study allows us to obtain a solution with a hibiscus
acid concentration of 0.6% and 0.7% (w/v) for SD and TD processing, respectively.

2.4.2. Betaine

Betaine is a zwitterionic quaternary ammonium compound that is widely found in
animals and plants. It is an important human nutrient [30]. It acts as an osmolyte and a
source of methyl groups and thereby helps to maintain liver, heart, and kidney health. It
was estimated that dietary intake of betaine ranges from an average of 1-2.5 g/day [30].
Betaine has synergistic properties to enhance the flavor of amino acids and functions as a
feed enhancer [31].

Betaine was found to be one of the main polar metabolites in the Hibiscus water
extracts (Figure 1 number 13, Tables 2 and 3). SD and TD extracts contain 12 and 16 mg of
betaine in 100 mL, respectively. TD processing results in a higher yield of this compound:
0.31 g in 100 g of dry powder for TD as compared to 0.24 g in 100 g of dry powder for
SD (higher on average by 23%). It should be noted that the distribution of betaine in the
samples has two different trends: while samples 1-12 have a significantly higher amount
of betaine in the TD powder, the amount of betaine in SD samples from locations 13-16 is
mostly the same as in the TD samples.

2.4.3. Sugars

Both fructose and glucose were found in the analyzed extracts (Figure 1 numbers 12
and 16, Tables 2 and 3). SD and TD extracts contained fructose (an average of 86 and 112 mg
in 100 mL of extract, respectively) and glucose (an average of 88 and 123 mg in 100 mL
of extract, respectively). Therefore, TD drying better preserves these two carbohydrates.
As in the case of betaine, SD samples from locations 13-16 show a different trend and the
content of glucose in these samples is significantly higher than in other SD samples.

Different studies report the median glucose detection limit equal to 310-973 mg in 100
mL of water, and recognition thresholds equal to 634-1717 mg in 100 mL of water [32,33].
The amount of both sugars found in Hibiscus extracts in this study is below the detection
limit, and therefore the extracts will not be perceived by the consumers as sweet.

2.4.4. y-Aminobutyric Acid (GABA)

Y-Aminobutyric acid (GABA) is a ubiquitous non-protein amino acid. The content of
GABA in white tea is 50.5 mg, 6.6 mg in cereal bran flakes, 280 mg in chocolate, and 94.8 mg
in barley bran per 100 g of dry product [34]. Okada et al. [35] described the tranquilizing
effect of a daily intake of rice germ enriched with GABA (up to 26.4 mg GABA per day)
and its positive impact on sleeplessness, depression, and autonomic disorder observed
during the menopausal or presenile period.

Several studies reported that the daily intake of 10-80 mg of GABA can reduce high
blood pressure [36,37].
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The distribution of y-aminobutyric acid (GABA) within the analyzed samples does
not follow the same trend as the other compounds (Table 4). Generally, SD samples
contain more of this compound, with the exception of the samples from locations 13-16.
The average content of GABA in SD and TD samples is 80 and 60 mg in 100 g of dry
powder, respectively.

2.4.5. Succinic, Acetic, and Fumaric Acids

Succinic and acetic acids were found in all the samples (Tables 2 and 3). The average
content of succinic acid in SD and TD samples is 135 and 163 mg in 100 g of Hibiscus
powder, respectively. SD and TD dry powder contain 157 and 164 mg of acetic acid in 100 g
of Hibiscus powder, respectively. Fumarate is not a main metabolite found in the studied
extracts. However, the PCA shows that the concentration of this metabolite significantly
differs between SD and TD samples. The performed quantification shows that while some
SD samples contain more fumarate than TD samples, other samples contain a similar
amount of this compound. TD drying yields a more stable content of fumarate (24 + 6.5%),
while variability within the SD samples is larger (24.6-32%).

2.4.6. Methanol

Methanol was found in all analyzed samples; 1.4 and 1.0 mg in 100 mL of SD and
TD extracts, respectively (Tables 2 and 3). This compound naturally occurs in fruits
and vegetables as a pectin component and can be released during juice, puree, or wine
preparation. Freshly squeezed fruit and vegetable juices contain 1.2 to 20.0 mg of methanol
in 100 mL, and the analyzed Hibiscus extracts contain a relatively low amount of this
compound in comparison [38,39].

2.5. Influence of Drying Methods on the Metabolic Composition of H. sabdariffa Calyces

The quantification of the main metabolites allowed us to estimate the average yield
of extracted metabolites, which was equal to 16.1 and 19.5 g in 100 g of SD and TD dry
powders, respectively.

It can be concluded that the TD method produced samples with a more stable
metabolic composition. Indeed, the average standard deviation of the SD metabolites
was higher than for TD processing (18.1% and 8.4%, respectively) (Table 4). Therefore,
the TD method is preferable for the production of a high-quality calyces biomass with a
relatively stable metabolic composition for pharmaceutical uses. The radar presentation of
the calyces’ compositions is shown in Figure 3. It can be seen that the sugar content of SD
samples is reduced compared with TD samples. At the same time, the amount of GABA,
fumarate, and methanol is higher in SD samples. The analysis of the correlation coefficient,
1, between the glucose and fructose bucket integrals shows that these integrals are nega-
tively correlated with maltol (r = —0.54). Therefore, the decrease in the amount of sugars in
SD samples might be explained by the formation of some maltose derivatives during SD
processing. In addition, SD processing causes an increase in fumarate and GABA. These
compounds are known to be the final products of fermentation processes [40]. As discussed
previously, the SD process is not so effective at reducing the water content. Wet, warm
calyces might be a favorable environment for some microorganisms and fermentation
processes. Therefore, TD processing can produce samples with a more stable composition.
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Figure 3. Comparison of H. sabdariffa calyx samples (%). Grey: SD; black: TD. Samples 13-16 are shown in dashed lines.

2.6. Influence of Sample Location on the Metabolic Composition of H. sabdariffa Calyces

Within the samples dried with the same method, the metabolite composition varies
between samples from different locations. As discussed above, the composition of the TD
samples has a lower standard deviation than the SD-treated samples. Therefore, processing
method has a higher impact on the metabolic composition of dried Hibiscus calyces than
plant location.

SD samples from locations 13-16 should be discussed separately. As shown in Table 4
and the radar presentation of the calyces” compositions (Figure 3, gray dashed lines), this
group of samples has a metabolic composition that is rather different from the other SD
samples—a higher sugar and betaine content and a lower amount of GABA, fumarate, and
methanol. As discussed in Section 3.5, the decrease in sugar content and the increase in
GABA and fumarate during SD treatment might be explained by the possible fermentation
of the calyces biomass during drying. Therefore, SD samples can be divided into two
groups: samples from locations 1-12 (possible fermentation during drying) and samples
from locations 13-16. This division reduces the average standard deviation of the metabo-
lite concentrations for the SD 1-12 group to 10.5%, and for SD 13—16 samples to 7.7%
(compared to the 18.1% average standard deviation for all SD samples).

The most probable cause of such a grouping is deviations during SD processing, since
the metabolic composition of TD samples from locations 1-12 and locations 13-16 are
rather similar. However, the location of Hibiscus growth affects the metabolic composition
of the samples to a lesser extent than the processing method.

3. Materials and Methods
3.1. Reagents

Deuterium oxide (D0, 99.9%) from obtained from Cambridge Isotope Laboratories
Inc. (Andover, MA, USA), 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TSP,
98 atom % D) was obtained from Armar Chemicals (Dottingen, Switzerland), and sodium
hydroxide was obtained from Sigma-Aldrich. Ethanol, methanol, chloroform, H,SOy4, and
NaOH were of analytical grade and procured from Rankem (New Delhi, India).
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3.2. Plant Materials

Fresh red calyces of H. sabdariffa were manually collected from Meghalaya, India. The
same variety of H. sabdariffa was planted in the University field located in Amity University,
Uttar Pradesh, India. At collection, 16 fresh samples were numbered consecutively from
1 to 16 and the detailed locations from where the samples were collected are provided in
Table 5. The distance between location 1 and locations 2-16 was 1350 km (Figure 4). The
samples were collected in zip lock bags and further dried using different drying techniques.

Table 5. Locations of H. sabdariffa calyces sample collection.

Sample District Topography Location Harvesting Time
1 Noida, Uttar Pradesh ~ 28.5439° N, 77.3333° E Amity University
2 North, Meghalaya ~ 25.8987° N, 90.6019° E Kharkutta
3 Resubelpara
November
4 Songsak
5 East, Meghalaya 25.5672° N, 90.5258° E Williamnagar
6 Rongjeng
7 Betasing
8 Dalu
9 Selsella
10 West, Meghalaya 25.5679° N, 90.2245° E Dadengiri
11 Tikirkilla
12 Tura December
13 Zikzak
14 Chokpot
15 South, Meghalaya ~ 23.3301° N, 90.5636° E Baghmara
16 Rongara
| b 5 » T I 5 Bkt'_ . 27 Kokrzjhar N Batshar (27 Sipajhar
slamabad | & = 2 B Jeaphialoome
T oML i, JAMMU AND - _” A £
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Figure 4. Sample locations. The Garo Hills Region is shown in the insert (Google map).
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3.3. Drying Process

Shade and tray drying methods were employed in this study. About 50 g of fresh
calyx from each location was used for each of the drying processes.

3.3.1. Shade Drying (SD)

This drying process was performed in the shade, away from sun exposure, for 4 days
until a constant weight was obtained. The temperature was recorded as 26-28 °C. To
ensure uniformity and even drying, the calyces were flipped once a day. The weight of the
samples was measured until a constant weight was reached.

3.3.2. Tray Drying (TD)

The samples were kept in a tray and placed in a tray drier maintained at 60 °C for 6 h.
The weight of the samples was measured until a constant weight was reached. The samples
were manually observed to see if drying was complete (crushable by hand). The resulting
32 dry samples (SD-1 to SD-16 and TD-1 to TD-16) were crushed using a mixer—grinder.
The powdered samples were packed in an airtight container and stored in a refrigerator.

3.4. Proximate Analysis

Proximate composition was assessed according to standard AOAC (Association of
Official Analytical Chemists) methods [41].

3.4.1. Moisture

About 3 g of ground sample was accurately weighed into a stainless-steel dish and
transferred into an air oven that was previously heated to a temperature of 105 °C. The
sample was dried for 3 h to obtain a constant weight. The dish was removed from the oven
and cooled in a desiccator. The final weight of the sample was taken, and percent moisture
was calculated using the following Formula (1):

Ws — Wp

Moisture (%) = W
S

x 100% (1)
where Wi is the weight of the sample before drying (g) and Wp is the weight of the sample
after drying (g).

3.4.2. Ash Content

Ash was determined by incinerating the sample in a muffle furnace. Approximately
2-5 g of sample was weighed in pre-weighed crucibles. The samples were incinerated at
550 °C in a muffle furnace until a grey /white ash was obtained. The residues were cooled
in a desiccator and the weights were noted. The percentage ash content was calculated
using the following Formula (2):

Wceia — We

Crude Ash (%) = W
S

x 100% )
where Wc, 4 is the weight of the crucible and ash (g), Wc is the weight of the crucible (g),
and Wj is the weight of the sample before incineration (g).

3.4.3. Crude Fiber

About 2 g of sample was boiled with a 200 mL HySO4 (1.25%) for 30 min. The mixture
was filtered using filter paper placed over a Buchner funnel. The residue was thoroughly
washed with boiling water until acid free. The process was repeated using 200 mL of NaOH
(1.25%), after which it was washed with 10 mL of 95% ethanol. The residue obtained was
scooped into a clean, dry crucible and dried in an oven at 550 °C for 1 h. The dried sample
was cooled and weighed. The dried residue was ignited in an electric muffle furnace
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(approximately 20 min), cooled, re-weighed, and the difference in weight was calculated.
The percentage crude fiber was calculated using following Formula (3):

Crude Fibre (%) = Woc+s V; Wicta o 100% 3)
S

where Wpc,s is the weight of the dry crucible and sample (g), Wjc. 4 is the weight of the
incinerated crucible and ash (g), and Wjs is the weight of the sample (g).

3.4.4. Crude Protein

Crude protein was determined using a CN (Carbon Nitrogen) analyzer (Carlo Erba
NA-1500 CN elemental analyzer). About 2—4 mg of dried sample was weighed out in a
tin capsule with an accuracy of 4 decimals using an analytical micro-balance and forceps.
The tin capsules with weighed samples were shaped into little round balls with the help
of forceps and placed in a heat cabinet at 60 °C for a minimum of 24 h. After drying, the
sample was placed in the desiccator. Crude protein (CP) was calculated by multiplying the
total nitrogen content (%) by a factor of 6.25 which is used for the plant material.

3.4.5. Total Lipid Content

Lipid content was determined following the method of Bligh and Dyer [42]. About
50-60 mg of dried powdered sample was homogenized for 1 min with 0.8 mL distilled
water, 2 mL methanol, and 1.0 mL chloroform. Then, 1 mL of chloroform was added
to the mixture and after homogenizing for 20 s, 1 mL of distilled water was added, and
homogenizing continued for another 20 sec. The mixture was then centrifuged for 10 min at
5000 rpm. Two distinct layers were observed, with lipid-containing chloroform at the lower
phase and the upper phase containing polar molecules. The lipid-containing chloroform at
the lower phase was transferred to a glass centrifuge tube with a pointed bottom pipette;
0.5 mL of lipid extract was evaporated to dryness in a tare glass tube and the weight of the
lipid residue was determined. Evaporation, facilitated by a stream of N,, was carried out
in an evaporation unit at 600 °C and the residue was dried in a vacuum desiccator. The dry
weight of the residue was determined to obtain the lipid content of the sample.

3.5. Extraction of Metabolites for NMR Analysis

Samples (0.2 g) were covered with 4 mL of boiling water and left for 5 min at room
temperature for the extraction. The extract was then vortex and centrifuged for 10 min, and
the supernatant was collected. The pH of the supernatant was made up to pH 7.0 using
9 M NaOH.

3.6. NMR Sample Preparation

Extract (540 puL) was mixed with 60 uL of 1 mM TSP in 20 mM sodium phosphate
buffer, pH 7, in D,0. The samples were centrifuged for 5 min at 20 °C and 20,000x g. The
supernatant (530 pL) was transferred into a standard 5 mm NMR tube.

3.7. NMR Data Acquisition and Processing

NMR spectra of all extracts were acquired at 300 K on a Bruker Avance 600 MHz
spectrometer equipped with a 5-mm z-gradient TXI (H/C/N) cryoprobe. The experimental
settings are shown in Table 6. The spectra were processed using the TopSpin 3.5 software
(Bruker, Germany). The signal of the external TSP standard was used for spectral calibration
at 0 ppm.

Resonance signals were assigned using our previous data and published reference
standards [43-45]. Signal assignment was carried out using one-dimensional (1D) 'H
and two-dimensional (2D) NMR spectra, including homonuclear total correlation spec-
troscopy (\H-'H TOCSY), J-resolved spectroscopy (JRES), 'H-13C heteronuclear single
quantum coherence (*H-'3C HSQC) and heteronuclear multiple bond correlation (*H-!3C
HMBC) spectra.
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Table 6. Details of the NMR experiment and relative setting.

Experiment Pulse Program d1(S) NS RG SW (ppm) 01 (Hz)
H noesygpprld 4 128 57 20 2820
JRES Jresgppraf 2 16/40 57 20 2820
TH-TH TOCSY Mlevgpphprzf 2 48 57 20 2820/2820
1H-13C HSQC hsqcetgpprsisp2.2 2 48/128 203 20/165 2820/11,319
1H-13C HMBC Hmbcgplpndpraf 2 56/128 203 20/260 2820/18,110

3.8. Metabolite Quantification

The signal-to-noise ratio (S/N > 10) was used to evaluate if the resonance signals
could be integrated. The final concentration used for the quantification of the metabolites
was the average value of three integrations of the same resonance signal. The standard
deviation of the three integrations of the same resonance (%) was used to estimate the
uncertainty of the metabolite quantification.

The total metabolic content of SD and TD powders was estimated by the comparison
of the absolute integral’s values in the 'H NMR spectra. To achieve this, 'H NMR spectra
were normalized to the average weight of the sample (0.2 g), the average volume of the
water extract (4 mL), and the regions from 10 to 0.08 ppm with the exclusion of the water
region (5—4.63 ppm) were integrated using the Amix-Viewer software.

To assess the variation in the concentration of metabolites within the same drying
process, the standard deviations in the percentages from the average value for one treatment
among 16 samples was estimated.

3.9. Statistical Data Analysis
3.9.1. Principal Component Analysis (PCA)

A PCA of the spectroscopic data was performed to determine the differences in the
metabolic profiles between the differently dried calyces as follows. First, all the spectra
were normalized to the average weight of the extracted powder (0.2 g) and the volume
of water used for the extractions (4 mL). The spectral region 0.06-10 ppm was manually
binned into non-regular buckets in Amix-Viewer for a total of 331 buckets (Bruker, version
4.0). The Table containing the integral values of the defined buckets for all samples was
further transported to SPSS Statistics (IBM, version 25) for an ANOVA analysis. The
ANOVA analysis defined which of the buckets (variables) significantly contributed to the
differences between the two groups of samples (SD and TD) with the setting of p < 0.05 as
the level of statistical significance. The samples were divided into two groups: SD and TD.
The buckets for which the p-values exceeded 0.05 were removed from the following PCA
analysis. The reduced table containing 255 significant buckets was further imported to
Unscrambler X (CAMO Software AS, version 10.5) where the bivariate correlation analysis
was performed.

3.9.2. Bivariate Correlation Analysis

The bivariate correlation analysis was carried out using Unscrambler software to verify
if the variables (buckets) have a linear relationship. The Table containing the integral values
of the 255 buckets of all 'H NMR spectra was used as an input. A correlation coefficient, r,
was used to define the strength of the linkage between two variables (buckets).

4. Conclusions

The composition of herbal material might vary due to different plant locations, plant
maturity, irresponsible or inaccurate collection of material, or differences in post-harvest
processing. In this study, we analyzed how two different drying methods and plant
location influence the proximate and metabolic composition of dry Hibiscus calyces using
an NMR metabolomics approach. Thirty-two 'H NMR spectra of water extracts of dry
Hibiscus calyces from 16 different locations were acquired and processed for metabolite
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quantification and statistical analysis of the spectroscopic data. Our study allowed to
conclude that generally, the tray drying method is more efficient than shade drying in
reducing moisture, maintaining the metabolite and ash content of the Hibiscus biomass.
The statistical analysis (PCA) showed that the metabolite composition significantly differs
between SD and TD samples and is more stable in tray-dried (TD) calyces. The differences
in post-harvest drying have more impact on the metabolic composition of Hibiscus than the
plant location. These data are of relevance for the industry as compositional stability and
reproducibility are required for the further nutraceutical use of Hibiscus. Our results point
to the need for the standardization of post-harvest processing of herbal material that is to
be used as drugs or functional food.

The Hibiscus NMR spectroscopy shows the concentration of polar metabolites in a
complex mixture. NMR metabolomics was found to be an important and relevant tool in
the assessment of the efficiency of herbal drying methods and the metabolic composition
of the resulting Hibiscus biomass.

Author Contributions: Conceptualization, S.M., E.S., N.K. and A.D.; methodology, E.S. and A.D.;
resources, S.M. and N.K,; data curation, E.S. and A.D.; writing—original draft preparation, S.M. and
E.S.; writing—review and editing, E.S.,, N.K,, E.F. and A.D.; supervision, E.S.,, N.K,, EF. and AD.;
funding acquisition, N.K. and E.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by RCN, Norway for the Re-FOOD project: International
Partnership for Research and Education in energy efficient resource utilization in Food value chains
between Norway and India (Project No. 261709).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Funding from RCN, Norway for Re-FOOD project: International Partnership for
Research and Education in energy efficient resource utilization in Food value chains between Norway
and India (Project No. 261709) was essential to support and carry out this study, and the travel
of Sengnolotha to NTNU Norway and the Ministry of Tribal Affairs under the scheme “National
Fellowship for ST” is greatly acknowledged.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Sample Availability: Samples of the compounds are not available from the authors.

1. Tilburt, J.C,; Kaptchuk, T.J. Herbal medicine research and global health: An ethical analysis. Bull. World Health Organ. 2008, 86,

594-599. [CrossRef]

2. Goraya, G.S.; Ved, D.K. Medicinal Plants in India: An Assessment of Their Demand and Supply; NMPB, New Delhi & FRLHT:

Bangalore, India, 2017.

3.  Agarwal, ]; Dedhia, E. Current Scenario of Hibiscus sabdariffa (Mesta) in India. Int. |. Soc. Sci. Humanit. Invent. 2014, 1, 129-135.

4. Plotto, A. Hibiscus—Post Production Management for Improved Market Access. In INPhP—Post-harvest Compendium; Mazaud, E,
Rottger, A., Steffel, K., Eds.; FAO: Rome, Italy, 2004.

5. Jabeur, I; Pereira, E.; Barros, L.; Calhelha, R.C.; Sokovic, M.; Oliveira, M.B.P,; Ferreira, I.C. Hibiscus sabdariffa L. as a sourse of
nutrients, bioactive compounds and colouring agent. Food Res. Int. 2017, 100, 717-723. [CrossRef]

6.  Da-Costa-Rocha, I.; Bonnlaender, B.; Sievers, H.; Pischel, I.; Heinrich, M. Hibiscus sabdariffa L.—A phytochemical and pharmacolog-
ical review. J. Food Chem. 2014, 165, 424-443. [CrossRef]

7. Montes-Rubio, P.Y.; Fabela-Illescas, H.E. Bioactive Compounds and Antihypertensive Activity of Extracts of Hibiscus sabdariffa L.
Mex. ]. Med Res. ICSA 2019, 7, 12-18. [CrossRef]

8. Abubakar, M.; Ukwuani, A.; Mande, U. Antihypertensive activity of Hibiscus sabdariffa aqueous calyx extract in Albino rats. Sky J.

Biochem. Res. 2015, 4, 16-20.


http://doi.org/10.2471/BLT.07.042820
http://doi.org/10.1016/j.foodres.2017.07.073
http://doi.org/10.1016/j.foodchem.2014.05.002
http://doi.org/10.29057/mjmr.v7i13.3796

Molecules 2021, 26, 1675 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Onyenekwe, P.C.; Ajani, E.O.; Ameh, D.A.; Gamaniel, K.S. Antihypertensive effect of roselle (Hibiscus sabdariffa) calyx infusion
in spontaneously hypertensive rats and a comparison of its toxicity with that in Wistar rats Cell. Biochem. Funct. 1999, 17, 199-206.
[CrossRef]

Diez-Echave, P,; Vezza, T.; Rodriguez-Nogales, A.; Ruiz-Malagon, A.J.; Hidalgo-Garcia, L.; Garrido-Mesa, J.; Molina-Tijeras, J.A.;
Romero, M.; Robles-Vera, I.; Pimentel-Moral, S.; et al. The prebiotic properties of Hibiscus sabdariffa extract contribute to the
beneficial effects in diet-induced obesity in mice. Food Res. Int. 2020, 127, 108722. [CrossRef] [PubMed]

Jabeur, I.; Pereira, E.; Caleja, C.; Calhelha, R.C.; Sokovi¢, M.; Catarino, L.; Barros, L.; Ferreira, I.C. Exploring the chemical and
bioactive properties of Hibiscus sabdariffa L. calyces from Guinea-Bissau (West Africa). Food Funct. 2019, 10, 2234-2243. [CrossRef]
[PubMed]

Ojulari, O.V;; Lee, S.G.; Nam, J.O. Beneficial Effects of Natural Bioactive Compounds from Hibiscus sabdariffa L. on Obesity.
Molecules 2019, 24, 210. [CrossRef]

Joachim, M.; Albert, H. Drying of Medicinal Plants. In Medicinal and Aromatic Plants-Agricultural, Commercial, Ecological, Legal,
Pharmacological and Social Aspects; Bogers, R.J., Craker, L.E., Lange, D., Eds.; Springer: Berlin/Heidelberg, Germany, 2006;
pp. 237-252.

Tham, T.C.; Ng, M.X,; Gan, S.H.; Chua, L.S; Aziz, R.; Abdullah, L.C.; Law, C.L. Impacts of different drying strategies on drying
characteristics, the retention of bio-active ingredient and colour changes of dried Roselle. Chin. J. Chem. Eng. 2018, 26, 303-316.
[CrossRef]

Kim, HK; Choi, Y.H.; Verpoorte, R. NMR-based metabolomic analysis of plants. Nat. Protoc. 2010, 5, 536-549. [CrossRef]
Ebbels, T.M.; Cavill, R. Bioinformatic methods in NMR-based metabolic profiling. Prog. Nucl. Magn. Reson. Spectrosc. 2009, 55,
361-374. [CrossRef]

Hachem, R.; Assemat, G.; Martins, N.; Balayssac, S.; Gilard, V.; Martino, R.; Malet-Martino, M. Proton NMR for detection,
identification and quantification of adulterants in 160 herbal food supplements marketed for weight loss. J. Pharm. Biomed. Anal.
2016, 124, 34-47. [CrossRef] [PubMed]

Monakhova, Y.B.; Kuballa, T.; Lobell-Behrends, S.; Hengen, J.; Maixner, S.; Kohl-Himmelseher, M.; Lachenmeier, D.W. IH NMR
screening of pharmacologically active substances in weight-loss supplements being sold online. Lebensmittelchemie 2012, 66,
147-150. [CrossRef]

Seethapathy, G.S.; Tadesse, M.; Urumarudappa, S.K.J.; Gunaga, S.V.; Vasudeva, R.; Malterud, K.E.; Shaanker, R.U.; de Boer, H.].;
Ravikanth, G.A.; Wangensteen, H. Authentication of Garcinia fruits and food supplements using DNA barcoding and NMR
spectroscopy. Sci. Rep. 2018, 8, 10561. [CrossRef]

Maciel, L.G.; do Carmo, M.A.V.; Azevedo, L.; Daguer, H.; Molognoni, L.; de Almeida, M.M.; Rosso, N.D. Hibiscus sabdariffa
anthocyanins-rich extract: Chemical stability in vitro antioxidant and antiproliferative activities. J. Fct. 2018, 113, 187-197.
[CrossRef] [PubMed]

Miranda-Medina, A.; Hayward-Jones, PM.; Carvajal-Zarrabal, O.; de Guevara, L.D.A.L.; Ramirez-Villagémez, Y.D.; Barradas-
Dermitz, D.M.; Aguilar-Uscanga, M.G. Optimization of Hibiscus sabdariffa L. (Roselle) anthocyanin aqueous-ethanol extraction
parameters using response surface methodology. Sci. Study Res. Chem. Chem. Eng. Biotechnol. Food Ind. 2018, 19, 53-62.

Pham, T.N.; Nguyen, T.N.P; Lam, T.D.; Tran, T.H.; Nguyen, D.C.; Vo, D.V.N,; Bach, L.G. Effects of various solvent concentration,
liquid-solid ratio, temperatures and time values on the extraction yield of anthocyanin from Vietnam Hibiscus sabdariffa L.
(Roselle). In IOP Conference Series Materials Science and Engineering; IOP Publishing: Bristol, UK, 2019; p. 542.

Sipahli, S.; Mohanlall, V.; Mellem, ].J. Stability and degradation kinetics of crude anthocyanin extracts from H. sabdariffa. Food
Sci. Technol. 2017, 37, 209-215. [CrossRef]

Wu, H.-Y,; Yang, K.-M.; Chiang, P.-Y. Roselle anthocyanins: Antioxidant properties and stability to heat and pH. Molecules 2018,
23,1357. [CrossRef]

Vega-Galvez, A.; Zura-Bravo, L.; Lemus-Mondaca, R.; Martinez-Monzé, J.; Quispe-Fuentes, I.; Puente, L.; Di Scala, K. Influence of
drying temperature on dietary fibre, rehydration properties, texture and microstructure of Cape gooseberry (Physalis peruviana
L.). J. Food Sci. Technol. 2015, 52, 2304-2311. [CrossRef]

Amoasah, B.; Appiah, F; Kumabh, P. Effects of different drying methods on proximate composition of three accessions of roselle
(Hibiscus sabdariffa) Calyce. Int. J. Plant Soil Sci. 2018, 21, 1-8. [CrossRef]

Zheoat, A.M.; Gray, A.L; Igoli, ].O.; Kennedy, A.R.; Ferro, V.A. Crystal structures of hibiscus acid and hibiscus acid dimethyl
ester isolated from Hibiscus sabdariffa (Malvaceae). Acta Crystallogr. Sect. E Crystallogr. Commun. 2017, 73, 1368-1371. [CrossRef]
[PubMed]

Adams, C.J.; Grainger, M.N.; Manley-Harris, M. Isolation of maltol glucoside from the floral nectar of New Zealand manuka
(Leptospermum scoparium). Food Chem. 2015, 174, 306-309. [CrossRef] [PubMed]

Zheoat, A.M.; Gray, A.L; Igoli, ].O.; Ferro, V.A.; Drummond, R.M. Hibiscus acid from Hibiscus sabdariffa (Malvaceae) has a
vasorelaxant effect on the rat aorta. Fitoterapia 2019, 134, 5-13. [CrossRef] [PubMed]

Craig, S.A.S. Betaine in human nutrition. Am. . Clin. Nutr. 2004, 80, 539-549. [CrossRef]

Lim, L.S.; Chor, WK.; Tuzan, A.D.; Shapawi, R.; Kawamura, G. Betaine is a feed enhancer for juvenile grouper (Epinephelus
fuscoguttatus) as determined behaviourally. J. Appl. Anim. Res. 2016, 44, 415-418. [CrossRef]

Jayasinghe, S.N.; Kruger, R.; Walsh, D.C.; Cao, G.; Rivers, S.; Richter, M.; Breier, B.H. Is sweet taste perception associated with
sweet food liking and intake? Nutrients 2017, 9, 750. [CrossRef] [PubMed]


http://doi.org/10.1002/(SICI)1099-0844(199909)17:3&lt;199::AID-CBF829&gt;3.0.CO;2-2
http://doi.org/10.1016/j.foodres.2019.108722
http://www.ncbi.nlm.nih.gov/pubmed/31882094
http://doi.org/10.1039/C9FO00287A
http://www.ncbi.nlm.nih.gov/pubmed/30957799
http://doi.org/10.3390/molecules24010210
http://doi.org/10.1016/j.cjche.2017.05.011
http://doi.org/10.1038/nprot.2009.237
http://doi.org/10.1016/j.pnmrs.2009.07.003
http://doi.org/10.1016/j.jpba.2016.02.022
http://www.ncbi.nlm.nih.gov/pubmed/26928212
http://doi.org/10.1002/lemi.201290115
http://doi.org/10.1038/s41598-018-28635-z
http://doi.org/10.1016/j.fct.2018.01.053
http://www.ncbi.nlm.nih.gov/pubmed/29407472
http://doi.org/10.1590/1678-457x.14216
http://doi.org/10.3390/molecules23061357
http://doi.org/10.1007/s13197-013-1235-0
http://doi.org/10.9734/IJPSS/2018/38550
http://doi.org/10.1107/S2056989017011902
http://www.ncbi.nlm.nih.gov/pubmed/28932476
http://doi.org/10.1016/j.foodchem.2014.11.073
http://www.ncbi.nlm.nih.gov/pubmed/25529685
http://doi.org/10.1016/j.fitote.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30690125
http://doi.org/10.1093/ajcn/80.3.539
http://doi.org/10.1080/09712119.2015.1091329
http://doi.org/10.3390/nu9070750
http://www.ncbi.nlm.nih.gov/pubmed/28708085

Molecules 2021, 26, 1675 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Low, J.Y.; McBride, R.L.; Lacy, K.E.; Keast, R.S. Psychophysical evaluation of sweetness functions across multiple sweeteners.
Chem. Senses 2017, 42, 111-120. [CrossRef] [PubMed]

Diana, M.; Quilez, J.; Rafecas, M. Gamma-aminobutyric acid as a bioactive compound in foods: A review. J. Funct. Foods 2014, 10,
407-420. [CrossRef]

Okada, T.; Sugishita, T.; Murakami, T.; Murai, H.; Saikusa, T.; Horino, T.; Takahashi, T. Effect of the defatted rice germ enriched
with GABA for sleeplessness, depression, autonomic disorder by oral administration. J. Jpn. Soc. Food Sci. Technol. 2000, 4,
596-603. [CrossRef]

Pouliot-Mathieu, K.; Gardner-Fortier, C.; Lemieux, S.; St-Gelais, D.; Champagne, C.P,; Vuillemard, J.C. Effect of cheese containing
gamma-aminobutyric acid-producing lactic acid bacteria on blood pressure in men. PharmaNutrition 2013, 1, 141-148. [CrossRef]
Yoshimura, M.; Toyoshi, T.; Sano, A.; Izumi, T.; Fujii, T.; Konishi, C.; Obata, A. Antihypertensive effect of a y-aminobutyric acid
rich tomato cultivar ‘DG03-9’in spontaneously hypertensive rats. J. Agric. Food Chem. 2010, 58, 615-619. [CrossRef] [PubMed]
Moon, C.S. Estimations of the lethal and exposure doses for representative methanol symptoms in humans. Ann. Occup. Environ.
Med. 2017, 29, 44. [CrossRef] [PubMed]

Possner, D.; Zimmer, T.; Kiirbel, P.; Dietrich, H. Methanol contents of fruit juices and smoothies in comparison to fruits and a
simple method for the determination thereof. Dtsch. Lebensm. Rundsch. 2014, 110, 65-69.

Gaénzle, M.G. Lactic metabolism revisited: Metabolism of lactic acid bacteria in food fermentations and food spoilage. Curr. Opin.
Food Sci. 2015, 2, 106-117. [CrossRef]

AOAC. Official Methods of Analysis of AOAC International; Association of Official Analytical Chemists: Washington, DC, USA, 1995.
Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911-917.
[CrossRef]

Shumilina, E.; Ciampa, A.; Capozzi, F.; Rustad, T.; Dikiy, A. NMR approach for monitoring post-mortem changes in Atlantic
salmon fillets stored at 0 and 4 C. Food Chem. 2015, 184, 12-22. [CrossRef]

Ulrich, E.L.; Akutsu, H.; Doreleijers, ].F.; Harano, Y.; Ioannidis, Y.E.; Lin, J.; Nakatani, E. BioMagResBank. Nucleic Acids Res. 2007,
36, D402-D408. [CrossRef] [PubMed]

Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Fung, C. HMDB: The human metabolome database. Nucleic
Acids Res. 2007, 35, D521-D526. [CrossRef] [PubMed]


http://doi.org/10.1093/chemse/bjw109
http://www.ncbi.nlm.nih.gov/pubmed/27765786
http://doi.org/10.1016/j.jff.2014.07.004
http://doi.org/10.3136/nskkk.47.596
http://doi.org/10.1016/j.phanu.2013.06.003
http://doi.org/10.1021/jf903008t
http://www.ncbi.nlm.nih.gov/pubmed/20050705
http://doi.org/10.1186/s40557-017-0197-5
http://www.ncbi.nlm.nih.gov/pubmed/29026612
http://doi.org/10.1016/j.cofs.2015.03.001
http://doi.org/10.1139/o59-099
http://doi.org/10.1016/j.foodchem.2015.03.037
http://doi.org/10.1093/nar/gkm957
http://www.ncbi.nlm.nih.gov/pubmed/17984079
http://doi.org/10.1093/nar/gkl923
http://www.ncbi.nlm.nih.gov/pubmed/17202168

	Introduction 
	Results and Discussion 
	Proximate Analysis 
	Assignment of Resonance Signals of the Metabolites 
	Principal Component Analysis (PCA) 
	Quantification of Metabolites 
	Hibiscus Acid 
	Betaine 
	Sugars 
	-Aminobutyric Acid (GABA) 
	Succinic, Acetic, and Fumaric Acids 
	Methanol 

	Influence of Drying Methods on the Metabolic Composition of H. sabdariffa Calyces 
	Influence of Sample Location on the Metabolic Composition of H. sabdariffa Calyces 

	Materials and Methods 
	Reagents 
	Plant Materials 
	Drying Process 
	Shade Drying (SD) 
	Tray Drying (TD) 

	Proximate Analysis 
	Moisture 
	Ash Content 
	Crude Fiber 
	Crude Protein 
	Total Lipid Content 

	Extraction of Metabolites for NMR Analysis 
	NMR Sample Preparation 
	NMR Data Acquisition and Processing 
	Metabolite Quantification 
	Statistical Data Analysis 
	Principal Component Analysis (PCA) 
	Bivariate Correlation Analysis 


	Conclusions 
	References

