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Ziziphus jujuba, Ziziphus spina-christi, and Ziziphus mauritiana, members of the Ziziphus genus, possess antioxidant
activity and demonstrate potential as antidiabetic agents. In this study, 'H-NMR-based metabolomics was employed
to evaluate metabolite profiles of the fruits, seeds, and leaves of Z. jujuba, Z. spina-christi, and Z. mauritiana. The
inhibitory activities of the plant extracts were evaluated against a-glucosidase and dipeptidyl peptidase IV enzymes.
The antioxidant activity of the plant extracts was also examined through the 1,1-diphenyl-2-picrylhydrazyl and cupric
ion reducing antioxidant capacity methods. A total of 50 compounds were annotated putatively, comprising 41 known
compounds and 9 unknown compounds. Bioactivity tests indicated that Z. mauritiana exhibited the highest potential as
an antioxidant and enzyme inhibitor compared to the other two species, with its leaves displaying the most significant
activity. Multivariate data analysis successfully classified and differentiated Ziziphus samples based on their components.
Correlation analysis identified six compounds, including apigenin, catechin, kaempferol, quercetin, rutin, and oleic acid,
as potential contributors to the antioxidant and a-glucosidase inhibitory activities of the Ziziphus samples. Our work
provided a deeper understanding of the metabolite profiles of the three Ziziphus species and offered valuable knowledge
for further investigation and potential applications in various health-related fields.
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INTRODUCTION

The Ziziphus genus, belonging to the Rhamnaceae
family, comprises over 100 species widely distributed in tropical
and subtropical regions. Ziziphus is known to provide numerous
benefits, serving as a food source, traditional medicine, and
environmental protector. Many species of this genus have been
utilized as traditional medicines for millennia, and remain
popular today for treating various conditions, including fever,
diabetes, and skin infections [1,2].

Prominent species of this genus commonly employed
in folk medicine and extensively researched are Ziziphus
Jujuba, Ziziphus spina-christi, and Ziziphus mauritiana [3-9].
These three plants are recognized for their antihyperglycemic
properties, and their effectiveness is often linked to their
antioxidant abilities [10—-12]. The leaves of these plants were
compared and evaluated with LCMS-based metabolomics
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and examined against antioxidant, anti-inflammatory, and
antidiabetic tests. The results of this study revealed that Z.
spina-christi leaves as particularly effective in antioxidant and
a-glucosidase inhibition, while Z. mauritiana leaves exhibited
high COX-1 enzyme inhibitory activity [9]. Nevertheless, the
understanding of metabolite profiles on various organs of these
plants remains ambiguous.

In this report, we employed 'H NMR-based
metabolomics for evaluating the metabolite profiles of diverse
organs (fruits, seeds, and leaves) of Z spina-christi, Z.
mauritiana, and Z. jujuba. The evaluation was also carried out
with bioactivity examination, including assessments of radical-
scavenging abilities against DPPH and CUPRAC radicals, along
with the evaluation of their potential to inhibit a-glucosidase
and dipeptidyl peptidase IV (DPP-1V), enzymes crucial in
diabetes. This study provided a comprehensive exploration of
the metabolite profiles and bioactivities of Ziziphus species,
contributing valuable insights into their potential therapeutic
applications and highlighting the significance of different plant
organs in traditional medicine and nutritional contexts.

© 2025 Thsanul Hafiz et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (https://

creativecommons.org/licenses/by/4.0/).
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MATERIALS AND METHODS
Chemicals and reagents

Deuteriumoxide(D,0,CID:24602),methanol-d4(CD,OD,
CID: 71568), 3-(trimethylsilyl)- 2,2,3,3-tetradeuteropropionic
acid sodium salt (TSP, CID: 23688921), trizma® hydrochloride
(CID: 93573), acetic acid (CID: 176), sitagliptin (CID: 4369359),
methanol (CH,OH, CID: 887), ethanol (CH,CH,OH, CID: 702),
cupric chloride (CuCl,, CID: 24014), neocuproine (C14H12N2,
CID: 65237), ascorbic acid (C.H,O,, CID: 54670067), 1,1-diphenyl-
2-picrylhydrazyl (DPPH, CID: 74358), o-glucosidase from
Saccharomyces ~ cerevisiae, ~4-nitrophenyl-o-D-glucopyranoside
(p-NPG, CID:92930), Gly-Pro p-nitroanilide hydrochloride (GPPN,
CID: 16219380), and DPP-IV human were acquired from Sigma-
Aldrich (St. Louis, USA), Acarbose hydrate (CID: 91659006) was
obtained from TCI (Tokyo, Japan).

Sample and extract preparation

The utilized samples encompassed leaves, fruits, and seeds
sourced from Z. jujuba, Z. mauritiana, and Z. spina-christi. Ziziphus
Jujuba was procured from Miaoli, Taiwan, whereas Z. mauritiana
was obtained from Pekanbaru, Indonesia, and Z. spina-christi was
collected from Depok, Indonesia. All samples underwent a drying
process using a freeze dryer and were subsequently pulverized.
The preparation of samples for NMR analysis was conducted using
a powdered form. Each sample was subjected to extraction with a
CD,0OD-D,0O mixture containing 1 mM TSP in a ratio of 7:3. This
extraction process involved sonication at 60°C for a duration of 30
minutes. Subsequent steps included filtration and centrifugation
(12,000 rpm, 5 minutes), with the resulting supernatant being
transferred to the NMR tube for analysis.

For the bioactivity assay, the sample preparation
involved using the powdered form of the material. Extraction was
carried out through sonication at 60°C for 30 minutes, utilizing
a mixture of ethanol 96% and water (7:3). The resulting filtrate
was concentrated using a rotary evaporator at 50°C. The extract
obtained from this process was destined for assessing antioxidant
activity and the inhibition of the alpha glucosidase enzyme.

"H-NMR spectroscopic analysis

The 'H-NMR spectra were captured using an
NMR Variant Unity INOVA-500 Spectrometer from Agilent
Technologies (Santa Clara, United States). For these
measurements, the presaturation program was employed,
with an acquisition time of 2.72 seconds, a delay time of 2.00
seconds, 64 K data points, a spectral width of 8012 Hz, and 128
scans. Post-acquisition, the NMR FID data underwent further
processing through ACD/Labs 12.0 software (Toronto, Canada)
[13]. All 'TH NMR signals across the samples were both identified
and cross-referenced, utilizing databases including www.hmdb.
ca and www.foodb.ca, in addition to pertinent scientific articles
for signal characteristic comparison and verification.

Bioactivities of Ziziphus
Determination of antioxidant capacity with DPPH and CUPRAC
methods

The method for assessing antioxidant activity was
adapted from the work of Celep et al. [14]. The ascorbic acid

solution was prepared carefully with varying concentrations
of methanol, then mixed with the DPPH solution, and then
incubated for 30 minutes in a light-protected environment
at room temperature [14]. Ascorbic acid served as a positive
control, with concentrations of 5 pg/ml, and extract
concentrations of 100 pg/ml. Subsequent to the incubation
period, the absorbance of the solution was gauged using UV-
vis spectrophotometry, specifically at a wavelength of 517 nm.
The acquired absorbance values were subsequently converted
to absorption percentages for each respective concentration. A
calibration curve was established for the absorption percentage
of ascorbic acid, ensuring a minimum R? value of 0.99. The
extract capacity to scavenge DPPH radicals was measured using
the same method as for vitamin C. The percent inhibition value
of each extract at a concentration of 100 ug/ml was analyzed
alongside the processed data from the 'H-NMR spectrum using
principal component analysis (PCA).

The CUPRAC method was employed for evaluating
antioxidant activity, following modifications based on Ozyiirek
and Bektas’s technique [15]. A CuCl,.H,O solution was
prepared, achieving a concentration of 1,705 pg/ml, along
with a neocuproin solution with a concentration of 1,562 pg/
ml. Additionally, an ammonium acetate buffer at pH 7.0 was
prepared. Neocuproin solution (1:1) was mixed with the CuCl,
solution. Around 6,122 ul of this mixture was then combined
with ammonium acetate buffer to yield a total volume of
100 ml (designated as the CUPRAC mixture). Ascorbic acid
served as a positive control, with concentrations of 1 pg/ml,
and extract concentrations of 100 pg/ml. For analysis, ascorbic
acid solutions were prepared with various concentrations in
ammonium acetate buffer and then mixed with CUPRAC
solution. Next, the absorption was measured using a UV-vis
spectrophotometer at a wavelength of 450 nm.

The determination of the increase in capacity for each
concentration was accomplished through the establishment
of a calibration curve, exhibiting a minimum regression
equation with R? = 0.99. To evaluate the antioxidant activity
of the extract, a procedure similar to that used for vitamin
C measurement was employed. This involved selecting a
concentration with absorbance within the range of 0.2-0.8,
followed by calculating the corresponding equivalent value
of ascorbic acid (mg ascorbic acid equivalent/g sample). The
percentage inhibition value for each sample at a concentration
of 100 pg/ml was analyzed alongside the processed data from
the '"H NMR spectrum using PCA.

a-glucosidase and DPP-1V inhibitory assays

The a-glucosidase inhibitory assay was conducted as
reported by Nor et al. [16] with slight modification. In 96-well
microplates, 30 pl of the sample was mixed with 36 pl of a
0.1 M phosphate buffer solution at pH 6.8, and 17 ul of a 6
mM p-nitrophenyl-a-D-glucopyranoside, and then incubated at
37°C for 5 minutes. Around 17 pl of a-glucosidase enzyme at
a concentration of 0.2 units/ml was added into the mixture and
then incubated for 15 minutes at 37°C to facilitate the completion
of the reaction. The chemical reaction was terminated by the
addition of 100 ul of 200 mM Na,CO, to each well. The extracts
and acarbose concentrations used in this assay were 100 pg/
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ml. Afterward, the absorbance of the mixture was measured
with a microplate reader set at 405 nm (ThermoFisher). Each
measurement was carried out in triplicate to ensure accuracy.
The positive control was acarbose, whereas the negative control
was the mixture without the sample [16].

The in-vitro DPP IV inhibitory assay was carried out
based on the method employed by Zhang et al. [17]. In this assay,
35 upl of the sample in 96-well microplates was combined with
30 pl of the enzyme DPP-IV (0.05 pg/ml). The mixture was then
incubated for 15 minutes at 37°C, reacted with 100 pl of GPPN
substrate at a concentration of 0.5 mM, and then incubated for
90 minutes at 37°C. The reaction was terminated by the addition
of 35 ul of 25% acetic acid. The absorbance of the mixture was
measured at a wavelength of 377 nm using a microplate reader
(ThermoFisher). All extracts were tested at a concentration of
1,000 pg/ml, and sitagliptin was used at a concentration of 1
pg/ml. All reagents in this study were dissolved in Trizma-HCl
buffer with a pH of 6.8, and each measurement was conducted in
triplicate to ensure accuracy. Sitagliptin (Merck) was employed
as a positive control in this study.

Statistical analysis

Bioactivity data, including antioxidant activity
and inhibition of a-glucosidase and DPP-IV enzymes, were
analyzed using ANOVA with Minitab 21 (Minitab Inc., USA).
NMR data from all samples were analyzed using multivariate
PCA with SIMCA version 12.0 software (Umetrics, Sweden).

RESULT AND DISCUSSION
Metabolite identification

The identification of metabolites present in all
examined Ziziphus samples was achieved by analyzing their
distinctive signals in the "H-NMR spectra, as depicted in Figure
1 and Table 1. The outcomes of this identification process were
cross-referenced with the data documented within databases
(www.hmdb.ca and www.foodb.ca) as well as pertinent
scientific literature [18-21].

The metabolite identification in the 'H-NMR spectra
successfully annotated a total of 50 metabolites, comprising 41
known compounds and 9 unknown compounds. The unknown
compounds belong to the phenolic group, characterized by
signals appearing in the chemical shift range of & 6.00-9.00
ppm. Among the identified metabolites, there were sugar,
amino acids, fatty acids, organic acids, phenolic acids, phenolic
compounds, and other compounds.

Sugar compounds detected in the & 3.00-5.00 ppm
area include fructose, glucose, xylose, sorbose, maltose, and
sucrose. Fructose was identified in all samples, marked by a
signal at 8 4.15(d) ppm. Glucose and maltose were detected only
in Z. jujuba fruit and seeds, with signals at 6 5.16-5.21(d) ppm
and 0 4.55(d) ppm for glucose, and & 5.41(d) ppm for maltose.
Xylose and sucrose were detected in almost all samples except
Z. jujuba fruit and seeds. Sorbose signal was detected at o
7.39-7.41(s) ppm in the fruit and leaves of the three species.
The signals of alanine at & 1.48—1.49(d) ppm and glycine at
4 3.54-3.55(s) ppm, belonging to amino acids, were detected
in all samples. Isoleucine and tryptophan, the other amino
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Figure 1. "H-NMR spectrum of fruits (F), seeds (S), and leaves (L) of Z. spina-
christi (ZSC), Z. jujuba (ZJ)), and Z. mauritiana (ZM).

acids, were only detected in the leaves; leucine, asparagine, and
aspartic acid were only detected in the fruit; and glutamine was
only detected in the seeds.

The organic acids found in all samples were ascorbic
acid and citric acid. There was a slight variation in the position of
the citric acid signal in each sample, including & 2.62-2.66(dd)
ppm in all leaf samples and the fruit and seeds of Z. jujuba. In
the seeds of Z. spina-christi and Z. mauritiana, the signal shifted
slightly to 6 2.67-2.78(dd) ppm, and in Z. spina-christi and Z.
mauritiana fruit, it shifted further to 6 2.76-2.89(dd) ppm. The
signals of fatty acids, including oleic acid, linoleic acid, and
myristic acid were detected in all samples at & 0.80—1.33 ppm.
Phenolic acids detected in all samples included ferulic acid at &
3.87-3.88(s) ppm and gallic acid at 6 7.01-7.03(s) ppm.

Catechin and epicatechin having the signals at o
6.83(d) and 7.02(s) ppm, respectively, were phenolic compounds
detected in all samples. Phenolic compounds in the form of
flavonoids, including apigenin, kaempferol, quercetin, and rutin,
were dominantly identified in all leaf samples. Some signals of
detected flavonoids in the 6 6.00-8.00 ppm area were found to
be overlapping as described in Table 1. However, each annotated
flavonoid still had non-overlapped signals, including the peaks at
6 3.28-3.30 (brs) ppm for kaempferol, 6 6.57 (s) and 6.40 (s) ppm
for quercetin, and 6 6.50 (d), 6.30(d), and 5.16 (d) ppm for rutin.

Bioactivities of Ziziphus samples

The antioxidant activity of Ziziphus samples was evaluated
by measuring the percentage of DPPH inhibition and the percentage
of CUPRAC increase. Ascorbic acid served as a positive control,
with concentrations of 5 and 1 pg/ml for DPPH and CUPRAC tests,
respectively. The inhibitory percentage of o-glucosidase enzyme
was measured at a concentration of 100 pg/ml for all samples, while
DPP-IV inhibition was assessed at a concentration of 1,000 pg/ml.
Acarbose with a concentration of 100 pg/ml was used as a positive
control in an inhibitory test of the a-glucosidase enzyme. Sitagliptin
(1 pg/ml) was employed as a positive control in the inhibitory assay
ofthe DPP-IV enzyme. The results of the antioxidant and the enzyme
inhibitory assays are shown in Table 2.
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Table 1. Characteristic signals of the identified compounds in "H-NMR spectra of Ziziphus samples.

No Compounds Chemical shift () and multiplicity (m) Fruits Seeds Leaves
7ZSC 7ZJ ZM ZSC ZJ ZM ZSC ZJ IM
1 Fructose 4.15(d), 3.98-4.08(m), 3.93-3.98 (dd, overlapped) NN W NN W NN W
2 Glucose 5.16-5.21(d), 4.54-4.58(d), 3.86-3.93(dd, overlapped) - N - - N - - - -
3 Xylose 5.14-5.18(d), 4.55(d), 3.93-3.98 (dd, overlapped), 3.46 (t, overlapped), 3.2 v o - A v o - A v o N A
®
4 Sorbose 7.39-7.41(s) NN - - - NNy
5 Maltose 5.41(d), 5.17(d), 3.40-3.46(t, overlapped), 3.15-3.22(t) - N - - \ - - - -
6 Sucrose 5.40(d) ~ - N N _ N N N N
7 Alanine 1.48-1.49(d) NN W NN A NN
8 Glycine 3.54-3.55(s) NN W NN W NN W
9 Proline 2.30-2.36(m), 1.95-2.10(m) - \ - - N - NN N
10 Isoleucine 1.00-1.2(d), 0.80-0.90(t) - - . - - - NN
11 Leucine 1.7(m), 0.95(t) v - v - - - - - -
12 Valine 1.02d), 0.95(d) - . - - - N NN W
13 Threonine 3.58(d), 1.32(d) - - - N ~ N N N N
14 Phenylalanine 7.30-7.45(m, overlapped) Y v Y - - . v v \
15 Tryptophan 7.72(d), 7.53(d), 7.26-7.32 (t,s), 7.19(t) - . - - - B, NN Y
16 Asparagine 3.99-3.95(dd, overlapped), 2.80-3.00 (m/dddd, overlapped) v N v - - - - - -
17 Glutamine 3.74(t), 2.33(m), 2.25(m) (ZIS) NN - N - - -
3.74(t), 2.46(m), 2.37(m) (ZMS)
18 Aspartic acid 2.80(dd, overlapped), 2.66(dd, overlapped) NN - - - -
19 Ascorbic acid 4.40-4.50(d, overlapped), 4.01(m, overlapped), 3.75(m, overlapped) v N v v N v v N v
20 Citric acid 2.62-2.66(dd) (ZSCL, ZJL, ZML, ZJS, ZJF) NN NN Y NN Y

2.67-2.78(dd) (ZSCS, ZMS)
2.76-2.89(dd) (ZSCF, ZMF)

21 Formic acid 8.47(s) R N R N N N N N N

22 Glutaric acid 2.31-2.39(t), 1.87-1.95(m/qui) - - - v o - A R Y

23 Linoleic acid 1.31(br s, overlapped), 0.88(t, overlapped) v \ v v v v v \/ N

24 Oleic acid 1.21 (br d, overlapped), 0.81(t, overlapped) v \ v v \ Y v v N

25  Myristic acid 1.23-1.29(br s, overlapped) v \ v v v v v \/ N

26 Vanillic acid 8.33-8.35(s), 7.5(d, overlapped), 7.43(dd, overlapped), 7.34(s, overlapped), - - - - - - v - Y

6.92(d, overlapped), 3.76-3.89(m, overlapped)

27  Chlorogenic 8.35(s), 7.34(br s) - - - - - Y v v N
acid

28  Ferulic acid 3.87-3.88(s) N N ~ ~ N N N N N

29 Gallic acid 7.01-7.03(s) N ~ ~ ~ N N N N N

30 Protocatechuic 7.38(m/dd) v Ny - - - NNy
acid

31 Catechin 6.83(d), 6.73(m) A

32 Epicatechin 7.02(s), 6.92(m) S A N A N

33 Homovanillic  6.95(d, overlapped), 6.86 (d, overlapped), 6,77(dd, overlapped), 3.86(br s), v \ v v v N N N ~
acid 3.44(br s)

34 Apigenin 7.72(d/dd, overlapped), 6.92(d/dd, overlapped), 6.74(s/t, overlapped), 6.40- - - v - - - - - v

6.45(d, overlapped)
35 Kaempferol 8.08(d), 6.90(d), 6.79-6.85(s/d), 6.39(d, overlapped), 6.18(d, overlapped) - - - - - v v v v
3.28-3.30(br s), 2.15(s, overlapped), 1.17(td overlapped)
36 Quercetin 7.75-7.85(d, overlapped), 7.50-7.65(dd, overlapped), 6.95-7.00(d, - - v - - - v v v

overlapped), 6.57(s), 6.40(s)

Continued
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No Compounds Chemical shift () and multiplicity (m) Fruits Seeds Leaves
ZSC ZJ ZM ZSC ZJ ZIM ZSC ZJ IM

38 Choline 3.2(brs) - - NGo- o NN
39 GABA 3.00(t), 2.30-2.35(t), 1.91(qui) - - - - - NN W
40  Trigonelline 9.15(s), 8.85(m) - - - - NN W
41 Ethanol 1.18(t) \ \ NN W -

42 Unknown 1 2.92-2.96 (s) NN NN W NN W
43 Unknown 2 7.16-7.17(m), 6.82-6.83(m) - - v N

44 Unknown 3 7.13(m), 6.84(m) - - - -

45  Unknown 4 7.52(m), 6.87(m) - - v -

46 Unknown 5 7.14(m), 6.95(m) - - N -

47 Unknown 6 7.07(m), 6.74(m) - - N

48 Unknown 7 8.07(m), 8.06(m), 6.97(d) - - v -
49 Unknown 8 7.34(m), 7.02(m) - - NN
50  Unknown 9 8.24-8.30(s/m) - - - A

(ZSC = Z. spina-christi, Z) = Z. jujuba, ZM = Z. mauritiana).

The antioxidant activity of Zizhipus samples was
assessed using DPPH and CUPRAC methods. The results
revealed that Z. mauritiana leaves consistently had the highest
activity percentages. However, the ability of Z. mauritiana and
Z. spina-christi leaves to inhibit DPPH radicals were relatively
similar, with no significant difference (p > 0.05), followed by
Z. jujuba leaves. A similar pattern was observed for CUPRAC
antioxidant capacity, with Z. mauritiana leaves exhibiting the
highest activity, followed by Z. spina-christi and Z. jujuba
leaves. Compared to the other fruit samples, the extract of
Z. mauritiana fruit had the highest percentage of CUPRAC
(30.03%_+ 0.45%) and DPPH (43.27% + 0.35%) activities.
Meanwhile, the extract of Z. spina-christi seeds was detected
having the highest percentage of CUPRAC (21.29% _0.22%)
and DPPH (48.50% + 0.19%) activities, when compared to the
other seed samples.

As antidiabetic agents, the 3 Zizhipus leaf extracts
demonstrated excellent activity in inhibiting the a-glucosidase
enzyme. Among them, Z. mauritiana (97.45% + 0.71%) and Z.
spina-christi (96.30% + 1.04%) leaves displayed significantly
higher inhibition rates compared to the Z. jujuba leaves (62.38%
+ 0.33%). Surprisingly, the fruit of Z. mauritiana exhibited
the highest inhibitory percentage of a-glucosidase (98.06% +
0.18%) compared to the other samples. These four Zizhipus
samples showed higher inhibition activity compared to acarbose
at the same test concentration of 100 pg/ml. In contrast, other
extract samples at the same concentration exhibited less than
20% inhibition of a-glucosidase. Regarding the inhibition of
the DPP-IV enzyme, none of the samples could be considered
potent, since they all displayed very low inhibitory activity. At a
concentration of 1,000 pg/ml, only the leaf and fruit extracts of
Z. mauritiana demonstrated potential inhibitory activity against
the DPP-IV enzyme, with inhibition values of 17.69% + 0.53%
and 5.95% = 0.13%, respectively. The other samples did not
exhibit any notable inhibitory potential at this concentration.
In contrast, sitagliptin (the positive control), at a significantly

lower concentration of 1 pg/ml, achieved a much higher
inhibition of 98.41% =+ 0.05%.

Classification of samples by PCA and hierarchical cluster
analysis (HCA) dendogram

Multivariate analysis was applied on the bucket data
derived from 'H NMR spectra, along with the percentages of
antioxidant properties, and the inhibition percentage of the
a-glucosidase enzyme. PCA analysis was employed with Pareto
scaling, yielding values R2X = 0.999 and Q2 = 0.982. The
PCA analysis successfully distinguished each group of tested
samples based on their primary components. This separation
is illustrated in the dendrogram and score scatter plot (Fig. 2).
Meanwhile, the compounds contributing to the differentiation
were depicted in the loading scatter plot and biplot in Figure 2.

The PCA revealed distinct spatial patterns in the
chemical profiles of the Ziziphus samples. All leaf samples
were clustered in a single region, indicating a high degree of
chemical similarity among them. Meanwhile, the fruit and seed
samples were dispersed across various regions of the score plot.
This dispersion suggests a greater variation in the chemical
composition of the fruits and seeds, when compared to the
leaves. The grouping based on the first principal component
(PC1), which accounted for 55.4% of the total variance, showed
that the leaves and the seeds of Z. mauritiana were located in
the same quadrant, highlighting their chemical relatedness. The
other samples, including the fruits and seeds of Z. jujuba and Z.
spina-christi, were positioned in separate quadrants, reflecting
their distinct chemical profiles. The second principal component
(PC2), contributing 16.9% to the total variance, further
differentiated the samples. For instance, PC2 successfully
distinguished all the Ziziphus fruits based on their species.

These PCA findings were further confirmed by the
results of HCA, which provided a clear visualization of the
relationships among the samples. The HCA dendrogram
revealed that all leaf samples were grouped together on a single
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Table 2. Antioxidant properties and enzyme inhibitory activities of Ziziphus samples.

Percentage of inhibitory/capacity (%)

No Samples .
DPPH CUPRAC o0-Glucosidase DPP-IV

1 Z spina-christi fruits ~ 1.74+0.32"  11.63 +0.31" 12.61 +0.84¢ Nd

2 Z. jujuba fruit 8.64+0.17"  3.51+0.02) 19.54 4+ 1.37¢ Nd

3 Z. mauritiana fruit ~ 43.27+0.35" 30.03_+0.45¢ 98.06+0.18* 5.95+0.13¢
4 Z spina-christi seed 48.51+0.19¢ 21.29 +0.22f 11.99 + 0.15¢ Nd

5 Z. jujuba seed 24.06+0.95¢  9.94+0.19 19.84 + 1.05¢ Nd

6 Z. mauritiana seed  45.93 +0.36° 13.28 +0.19¢ 15.51+1.04¢ Nd

7 Z. spina-christi leaf  92.67 4+ 0.34* 52.86 + 0.26¢ 96.29 + 1.04* Nd

8 Z. jujuba leaf 73.47+0.32" 40.68+0.61¢ 62.38+0.33" Nd

9 Z. mauritiana leaf  93.17+0.10° 70.45+0.28* 97.45+0.71° 17.69+0.53"
10 Positive control* 69.22 +1.89° 57.26+1.33" 48.02+3.67° 98.41 +0.05*

* Positive control: Ascorbic acid 5 pg/ml in DPPH and 1 pg/ml in CUPRAC, Acarbose 100 pg/
ml in a-glucosidase Inhibitor, and Sitagliptin 1 pg/ml in DPP-IV inhibitor. Data are expressed as
mean = SEM or SD (n = 3) or Data from three independent determinations are expressed as mean +
SEM. Treatments not sharing the same letters in the same row are significantly different by ANOVA
followed by a Tukey’s test (p < 0.05).
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branch, underscoring their close chemical kinship. In contrast,
the other samples were segregated into distinct branches,
emphasizing the differences in their chemical compositions.
Notably, the Z. jujuba fruit and seed samples shared a branch,
reflecting their chemical affinity. However, the seeds of Z
mauritiana and Z. spina-christi were distinctly separated from
the other groups, indicating unique chemical profiles that set
them apart from the other samples.

To identify compounds responsible for the separation,
we evaluated the corresponding loading plot and Biplot (Fig. 2¢
and d). Loading plot analysis revealed that some metabolites were
detected contributing to the classification, including aspartic acid
(bucket at 6 2.74-2.83 ppm), asparagine (bucket at & 2.83-2.88
ppm), vanillic acid (bucket at 6 8.30-8.35 ppm), homovanillic
acid (bucket at 6 3.81-3.87 ppm), threonine (bucket at 6 3.57-3.61
ppm), oleic acid (bucket at 6 0.80—0.85 ppm), catechin (bucket
at & 6.72-6.74 ppm) kaempferol (bucket at & 6.79-6.85 ppm),
quercetin (bucket at  7.59—7.65 ppm), and rutin (bucket at 8 6.25—
6.31 ppm). As seen in the biplot, the leaves of the three Ziziphus
species and the seeds of Z. mauritiana, were distinguished by
the presence of a rich array of bioactive compounds, including
phenolic compounds, flavonoids, fatty acids, and several amino

acids. In the PCA score plot and corresponding biplot, key
metabolites such as oleic acid, linoleic acid (bucket at 6 0.85-0.91
ppm), gallic acid (bucket at 6 6.99-7.05 ppm), catechin, apigenin
(bucket at & 6.43—6.47 ppm), quercetin, rutin, and kaempferol
were prominently detected within the leaf region, highlighting
the abundance of these compounds in the leaf samples. Within
the same quadrant, Z. mauritiana seeds were associated with the
presence of citric acid and phenolic compounds, underscoring the
biochemical similarities between these seeds and the leaf samples.

In contrast, the remaining seed and fruit samples were
distinctly separated from the previous samples. These remaining
seed and fruit samples were characterized by the presence of
various sugar components, including glucose (bucket at & 5.14—
5.20 ppm), fructose (bucket at & 4.12—4.18 ppm), and maltose
(bucket at 8 3.41-3.46 ppm), indicating a significant difference
in their metabolomic profiles. Additionally, these samples were
also marked by the detection of ascorbic acid (bucket at 6
4.04-4.10 ppm), aspartic acid (bucket at 6 2.74-2.80 ppm), and
glutamine (bucket at 6 3.72-3.74 ppm), further emphasizing
the chemical divergence between the leaf and seed samples of
Z. mauritiana and the other Ziziphus species. The separation
in the score plot reflects the distinct metabolic pathways and
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compound synthesis occurring in the different plant parts and
species.

Furthermore, we also compared the metabolite profiles
of the same organs with different Zizhipus species using PCA
(the score and loading plots of the PCA models are provided in
Supplementary Data 1) as depicted in the corresponding biplots
(Fig. 3). First, we evaluated the metabolite profiles of Zizhiphus
fruit samples, yielding a PCA model with a total variance (R2X)
of 0.995 and a cross-validation value (Q2) of 0.985, indicating
clear sample separation and strong model validity. The correlated
biplot (Fig. 3a) classified the fruit samples based on their species
and revealed that Z. jujuba fruits were distinguished by the
presence of maltose, fructose, glutamine, and homovanilic acid.
Meanwhile, formic acid and trigonelline were found as distinctive
compounds for Z. spina-christi fruits, whereas unknown phenolic
components were detected as characteristic of Z. mauritiana
fruits. These unknown phenolic components might contribute
to the bioactivities of Z. mauritiana leaves having higher
antioxidant capabilities and inhibiting a-glucosidase enzyme
more effectively than the other two fruits.

Comparison of Zizhipus seed samples yielded a PCA
model (R2X = 0.992 and Q2 = 0.972) with 3 well-separated
clusters according to their species (Fig. 3b). Zizhipus mauritiana
seeds contained higher catechin, kaempferol, fatty acids, and
phenolics. The presence of catechin and kaempferol makes Z.
mauritiana seeds particularly interesting for further research
due to their potential bioactivity. Conversely, unknown sugar

compounds are prevalent in Z. jujuba and Z. mauritiana seeds,
alongside compounds like trigonelline and formic acid.

The next PCA model was created to compare
metabolite profiles of Ziziphus leaf samples. This PCA model
had a total variance (R2X) of 0.992 and a cross-validation
value (Q2) of 0.966, resulting in clear separation among the
Ziziphus leaf samples. Evaluating the corresponding biplot
(Fig. 3c) revealed that Z. jujuba leaves were characterized by
unknown sugar compounds, asparagine (bucket at  2.92-2.96
ppm), glycine (bucket at 6 353—-3.57 ppm), aspartic acid (bucket
at 6 278-2.80 ppm), and citric acid (bucket at & 2.67-2.69
ppm). In contrast, Z. mauritiana and Z. spina-christi leaves
were characterized by numerous phenolic and flavonoid
components. Kaempferol, quercetin, isoleucine (bucket at &
1.13—1.16 ppm), and tryptophan (bucket at 6 7.15-7.20 ppm)
were identified as distinguished metabolites for Z. spina-christi
leaves. Meanwhile, Z. mauritiana leaves were represented
with catechin, quercetin, kaempferol, and unknown phenolics.
Additionally, oleic acid, linoleic acid, and ascorbic acid were
detected as other discriminant compounds for Z. mauritiana
and Z. spina-christi leaves.

We also compared metabolite profiles of different
organs of Z mauritiana, yielding a PCA model with a total
variance (R2X) of 0.991 and a cross-validation value (Q2) of
0.971. This model successfully distinguished the Z. mauritiana
samples based on the organ type as depicted in Figure 3d. The
corresponding biplot revealed that the Z. mauritiana fruits
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Figure 4. Biplot of PLS correlation of metabolites and bioactivities.



Hafiz et al. / Journal of Applied Pharmaceutical Science 2025;15(09):119-131

were characterized by abundant fructose and other unknown
sugar compounds. Moreover, the fruit was also distinguished
by asparagine (amino acid) and homovanlc acid (phenolic
compound), indicating its diverse metabolic composition.
Ziziphus mauritiana seeds were represented with kaempferol,
myristic acid, and other unknown sugar compounds. Meanwhile,
Z. mauritiana leaves were predominantly characterized by a
high concentration of phenolic compounds, notably quercetin,
apigenin, and rutin, which are well-known for their bioactive
properties. Additionally, oleic acid, a monounsaturated fatty
acid, was also detected as a discriminant compound in the leaf
samples, further contributing to the distinctive metabolomic
signature of Z. mauritiana leaves.

Correlation between biological activities and metabolite
content of Ziziphus

To assess the correlation between identified
compounds and bioactivity, a partial least squares (PLSs)
analysis was applied. Several compounds predicted to influence
the activities were evaluated for their correlation coefficients,
with the data displayed in biplot Figure 4 and Table 3. The PLS
analysis demonstrated high reliability, indicated by R2X of
0.975, R2Y 0f 0.994, and Q2 of 0.973.

The components detected in the biplots include oleic
acid, catechin, apigenin, kaempferol, and quercetin, along with their
respective correlation coefficients, which are detailed in Table 3.

Based on the obtained correlation values, oleic acid,
kaempferol, and rutin exhibited correlation indices greater

Table 3. Identified compounds that correlate with activities.

No Compounds Correlation coefficient

127

than 0.800 in the DPPH test, indicating a strong antioxidant
capacity to reduce the DPPH radical. Meanwhile, all evaluated
compounds showed correlation indices exceeding 0.800 in
both the CUPRAC test and a-glucosidase inhibitory assay.
It indicated that oleic acid, catechin, apigenin, kaempferol,
quercetin, and rutin positively contributed to the antioxidant
capacity and the inhibition of the a-glucosidase enzyme of
the Zizhipus samples. Moreover, these results suggested that
the components strongly correlated with these activities are
phenolic and flavonoid compounds which are abundant in all
Zizhipus leaves. However, none of these compounds showed a
high correlation with DPP IV enzyme inhibition.

The PLS analysis presented in Figure 4 reveals that
leaves are the organ most strongly associated with significant
antioxidant activity and a-glucosidase inhibition. This is evident
from the tight clustering of leaf sample data with bioactivity
indicators, suggesting that the metabolites present in the leaves
are key contributors to these bioactivities. In contrast, other
plant organs, such as fruits and seeds, are positioned farther
away from the leaf and bioactivity clusters, indicating a weaker
or less direct correlation with these beneficial properties. The
proximity of leaf samples to bioactivity indicators underscores
the importance of leaf metabolites in driving these effects.

Table 3 provides a detailed overview of the specific
metabolites found near the leaf samples, including oleic acid,
catechin, apigenin, kaempferol, quercetin, and rutin. These
compounds are well-known for their antioxidant properties and
enzyme inhibition capabilities, further supporting the observed
bioactivity in leaf samples. The presence of these bioactive
compounds in the leaves suggests that this organ may play a
pivotal role in the overall health benefits attributed to the plant.
The findings emphasize the potential of leaf-derived extracts
in developing natural remedies or functional foods aimed at
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models provided insightful results. For the DPPH method, the
model yielded an R? value of 0.347 and a Q2 value of —1.21.
Similarly, the CUPRAC method produced an R? of 0.341 and
a Q2 of —1.23. The model for a-glucosidase inhibitor activity
generated an R? of 0.297 and a Q? of —1.32. These results show
that all three models have R? values greater than Q2, indicating
good accuracy and suitability for correlation analysis. The
permutation values can be seen in Figure 5.

DISCUSSION

In this work, a total of 50 metabolites were successfully
annotated in Ziziphus samples. This metabolite annotation was
validated by comparing it with the data obtained from the public
databases (www.hmdb.ca and www.foodb.ca) and correlated
literature [ 18-21]. Among those, nine metabolites were unknown
compounds and predicted as phenolic compounds. These
unknown compounds were exclusively found in the leaves of all
samples, and in the seeds of Z. mauritiana as well. It is noteworthy
that secondary metabolites, particularly phenolic compounds,
dominated in the leaf organs. Consequently, leaves stand out as the
primary focus for investigating and isolating bioactive components
within the genus Ziziphus [1]. Moreover, all identified flavonoids
were found in every leaf sample of Ziziphus, confirming that the
leaves are the primary sources of flavonoids in this genus, and
aligning with the previous reports [9,22].

Ziziphus species are recognized for their dominant
polysaccharide content, with extensive research concentrating
on the Z. jujuba fruit. Polysaccharides contribute to various
biological activities and health benefits, highlighting their
importance in the phytochemistry of Ziziphus. [23-26].

Unfortunately, in this work, we were unable to identify
polysaccharides in all Ziziphus samples, which may be due to
the soft extraction method employed using deuterated solvents.

Regarding the inhibition of the DPP-IV enzyme, none
of the samples could be considered potent, as they all displayed
very low inhibitory activity. At a concentration of 1,000 pg/ml,
only the leaf and fruit extracts of Z. mauritiana demonstrated
any potential inhibitory activity against the DPP-IV enzyme,
with inhibition values of 17.69% =+ 0.53% and 5.95% =+ 0.13%,
respectively. The other samples did not exhibit any notable
inhibitory potential at this concentration. Among the nine
Ziziphus samples tested for DPP-IV inhibition, only the fruit and
leaf extracts of Z. mauritiana exhibited measurable inhibitory
activity at 1,000 pg/ml. These findings indicate that the three
Ziziphus species studied do not possess strong potential for
DPP-1V inhibition. The observed activity in Z. mauritiana leaf
and fruit extracts may be attributed to the presence of unknown
bioactive compounds identified through metabolite annotation,
which were not detected in Z. spina-christi and Z. jujuba. These
compounds may belong to the phenolic and anthocyanin groups
[27]. Additionally, curcumin, syringic acid, and resveratrol
have been reported to exhibit high affinity for DPP-IV enzymes
[28,29]. In contrast, sitagliptin (the positive control), at a
significantly lower concentration of 1 pg/ml, achieved a much
higher inhibition of 98.41% =+ 0.05%.

Based on the correlation analysis between bioactivities
and metabolite contents using multivariate data examination,
six compounds exhibited a robust relationship with antioxidant
properties and alpha-glucosidase inhibitory activity. These
compounds are oleic acid, catechin, apigenin, kaempferol,
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Figure 6. Metabolites contained in Ziziphus samples that contribute to antioxidant bioactivity and inhibition of the alpha glucosidase enzyme.
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quercetin, and rutin. The structures of these compounds can be
visualized in Figure 6. Furthermore, this correlation highlighted
their potential dual benefits, emphasizing their importance
in both antioxidant activity and the inhibition of the alpha-
glucosidase enzyme.

At least, there are two metabolomic studies conducted
on the same plants using different analytical instruments.
The first metabolomic study by Sakna et al. [9] successfully
detected 102 metabolites from the leaves of the three Ziziphus
species using UHPLC/PDA/ESI-MS. This study also identified
quercetin-3-O-(2-pentosyl)-rhamnoside as a marker metabolite
in the leaves of Z. jujuba. The research further indicated that
the leaves of Z. spina-christi and Z. mauritiana exhibited better
antioxidant, anti-inflammatory, and antidiabetic activities
compared to Z. jujuba [9]. However, this study did not highlight
the active components responsible for these pharmacological
activities. The differences in bioactivity results between
the study by Sakna et al. [9] and our study can be attributed
to variations in growing locations and other environmental
factors. Additionally, the similarity in bioactivity between Z.
spina-christi and Z. mauritiana may be due to their comparable
metabolite compositions.

Asimilar study by Dawood et al. [30] employed UPLC-
MS/MS to analyze the metabolomes of the seeds, ripe fruits,
and leaves of Z. spina-christi and Z. lotus and assessed their
bioactivities in inhibiting a-amylase and a-glucosidase enzymes.
The study revealed that the fruits and leaves of Z. spina-christi
exhibited the highest a-glucosidase inhibitory activity, while
the fruits of Z. lotus showed the highest a-amylase inhibitory
activity. The compounds contributing to these activities were
identified as caffeic acid, ferulic acid, betulinic acid, hemsine,
zizyotin, apetaline, quercetrin, jujubogenin, and zizyphursolic
acid [30]. Interestingly, in our report here, quercetin was also
identified as a compound having a positive correlation with the
a-glucosidase inhibitory activity of Zizhipus samples. Besides
quercetin, our study also revealed that oleic acid, catechin,
apigenin, kaempferol, and rutin contributed positively to the
a-glucosidase inhibitory activity of Zizhipus samples. Thus, our
results shed more light on the bioactive compounds of Zizhipus
plants.

The identification of oleic acid as a metabolite
having positive correlations with antioxidant properties and
a-glucosidase inhibitory activity of Zizhipus samples is in
accordance with the previous reports [31,32]. The antioxidant
mechanism of this compound is by reducing reactive oxygen
species. Besides that, oleic acid is widely recognized for
its numerous health benefits, including cancer prevention,
cardiovascular protection, and anti-inflammatory effects
[33,34]. Its benefits extend to hypoglycemic, hypotensive,
cardioprotective, hepatoprotective, anti-inflammatory, and
antimicrobial activities, which are likely due to its molecular
structure that enhances its antioxidant capacity [35—-39].

In this research, flavonoids including apigenin,
catechin, kaempferol, and rutin, contributed positively to the
antioxidant property and a-glucosidase inhibitory activity of
Zizhipus samples. This result is in agreement with the previous
works [40—43]. These compounds have shown considerable
potential in reducing oxidative stress and regulating blood

glucose levels [44-46]. These flavonoids work by inhibiting
carbohydrate digestion, enhancing glucoseuptake, and protecting
pancreatic beta cells from hyperglycemia-induced damage. The
antioxidant properties of these compounds, supported by their
structural features, contribute to their effectiveness in various
assays, making them valuable in managing hyperglycemia and
maintaining overall metabolic health [47—49].

CONCLUSION

In this study, the 'H NMR-based metabolomics
approach, coupled with multivariate analysis, effectively
distinguished the fruit, seed, and leaf samples from Z. spina-
christi, Z. jujuba, and Z. mauritiana based on their metabolite
contents. Integrating antioxidant bioactivity tests, as well
as assessments of alpha-glucosidase and DPP IV enzyme
inhibition, this metabolomic approach successfully identified
compounds contributing to these activities. The assay results
revealed that Z. mauritiana leaves had the highest antioxidant,
and o-glucosidase inhibitory activities compared to other
samples. Correlation analysis successfully revealed compounds
that contributed to these activities, including apigenin, catechin,
kaempferol, quercetin, rutin, and oleic acid. These findings shed
more light on the potential bioactive compounds in Ziziphus
species, providing valuable insights for further exploration and
utilization in various health-related applications.
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