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Abstract

Background: Traditionally, wild jujube (Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H. F.
Chou) has been used to nourish the heart, calm the spirit, and arrest spontaneous sweating.
Modern research confirms its broad pharmacological activities, including antioxidant, anti-
inflammatory, neuroprotective, and cognitive-enhancing effects. This study aims to isolate
and characterize the structure of jujube polysaccharides and evaluate their protective effects
against oxidative stress damage in neural stem cells (NSCs). Methods: We successfully
isolated and purified a novel pectin polysaccharide (ZJP-2) from wild jujube. Its struc-
ture was characterized in detail using high-performance liquid chromatography coupled
with multi-angle laser light scattering and refractive index detection (HPLC-MALS-RI),
high-performance anion exchange chromatography (HPAEC), gas chromatography–mass
spectrometry (GC-MS), and nuclear magnetic resonance (NMR) spectroscopy. Results:
Structural analysis revealed that ZJP-2 is a pectin heteropolysaccharide with a molecular
weight of approximately 67.93 kDa. Its monosaccharide composition primarily includes
galac-turonic acid (GalA), arabinose (Ara), rhamnose (Rha), galactose (Gal), and glucose
(Glc). The backbone consists of α-GalA and rhamnose-galacturonic acid-I (RG-I) domains
linked by (1→4)-glycosidic bonds. NMR spectroscopy further confirmed its glycosidic
bond types. In activity assessment, our study demonstrated that ZJP-2 significantly alle-
viated DMNQ-induced oxidative stress damage in C17.2 neural stem cells. Its protective
effect was achieved by reducing intracellular reactive oxygen species (ROS) levels and
upregulating the mRNA expression of antioxidant genes associated with the signaling
axis (p < 0.05). Moreover, ZJP-2 suppressed DMNQ-induced overexpression of Nestin
and NeuN (p < 0.05), contributing to the maintenance of NSCs’ undifferentiated state and
functional homeostasis. Conclusions: In conclusion, ZJP-2 possesses distinct structural
characteristics and significant neuroprotective potential, supporting its development as
a natural functional food or dietary supplement for preventing oxidative stress-related
neural damage.
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1. Introduction
Natural bioactive compounds with dual food and medicinal properties have emerged

as a significant global research focus for chronic disease prevention and overall health
promotion, owing to their natural origins, high safety profile, and multi-targeted activi-
ties [1]. Ziziphus jujuba Mill. var. spinosa, an ancient Chinese medicinal and edible plant
with over 8000 years of documented use [2], holds exceptional research value. Its mature
seeds (Ziziphus jujuba seeds) serve as a core sedative agent in traditional Chinese medicine,
renowned for their calming, tranquilizing, and heart-nourishing effects. Modern phar-
macological studies further confirm these properties. Its research value is exceptionally
high. Modern pharmacological studies have also extensively confirmed the broad potential
of Ziziphus jujuba and its active components, including antioxidant, sedative-hypnotic,
antidepressant, anxiolytic, and cognitive-enhancing properties [3–6]. However, despite its
immense utility, wild jujube utilization faces structural limitations. Applications primarily
focus on medicinal seeds (Ziziphus jujuba seeds, rich in saponins and flavonoids) and
edible fruit peels, while the fruit pulp (non-medicinal or inedible portion) remains largely
underutilized [7].

Given the underutilization of wild jujube pulp resources and the recognized poten-
tial of natural polysaccharides as biomacromolecules with outstanding antioxidant and
immunomodulatory functions [8], their exploration warrants further investigation. Wild
jujube polysaccharides (ZJPs) represent one of the abundant macromolecules in wild ju-
jube pulp, exhibiting multiple biological activities [9]. Existing reports have confirmed
that the monosaccharide composition of ZJPs includes rhamnose, glucose, arabinose, glu-
curonic acid, galactose, and xylose [9,10]. Regarding biological activity, related studies
indicate that ZJPs possess antioxidant activity and immunomodulatory effects [11]. For
instance, previous research demonstrated that ZJPs protect against experimental inflam-
matory bowel disease by enhancing intestinal barrier function [12]. Additionally, acidic
heteropolysaccharides like PWJS have been shown to exhibit significant hepatoprotective
effects [10]. Furthermore, although studies on ZJPs themselves remain relatively scarce,
extensive research on Ziziphus genus polysaccharides has confirmed their multifaceted
pharmacological activities, including antioxidant, anti-inflammatory, immunomodulatory,
hypoglycemic, tumor growth inhibitory, and gastrointestinal-protective effects [13]. How-
ever, regarding structural elucidation, detailed structural or conformational information on
Ziziphus jujuba polysaccharides remains extremely limited [11].

In summary, two major gaps exist in current research: first, structural studies largely
remain at the level of simple component analysis, lacking in-depth structural elucidation
of ZJPs; second, systematic research on the neuroprotective mechanisms of Ziziphus ju-
juba polysaccharides, or even Ziziphus genus polysaccharides, is absent. This study aims
to address these gaps in structural and functional research and advance the comprehen-
sive utilization of Ziziphus jujuba fruit pulp resources. We have successfully isolated
and purified a novel pectin polysaccharide from wild jujube pulp, designated ZJP-2. To
precisely determine its chemical structure and structural novelty, this study employed a
series of advanced techniques including HPLC-MALS-RI, HPAEC, GC-MS, and NMR to
systematically characterize the structural features of ZJP-2. Subsequently, we evaluated
the neuroprotective potential of ZJP-2 using a DMNQ-induced oxidative stress model in
C17.2 neural stem cells. This research will provide theoretical support for the application
of wild jujube in functional foods and the treatment of central nervous system disorders,
while establishing a scientific foundation for enhancing the comprehensive utilization of
wild jujube resources.
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2. Materials and Methods
2.1. Chemicals and Reagents

Sodium nitrate (analytical reagent grade, AR) was purchased from Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). Methanol was obtained from ANPEL Labora-
tory Technologies Inc. (Shanghai, China). Sodium hydroxide, sodium acetate trihydrate,
dimethyl sulfoxide (DMSO), sodium borodeuteride (NaBD4), and acetic anhydride were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Trifluoroacetic acid (TFA), acetic acid,
and dichloromethane (DCM) were obtained from CNW Technologies GmbH (Düsseldorf,
Germany). Ultrapure water was prepared in-house using a Milli-Q water purification
system (Millipore, Bedford, MA, USA).

2.2. Extraction and Purification of ZJP-2

Fresh fruits of Ziziphus jujuba Mill. var. spinosa were harvested from Toksun County,
Xinjiang Uygur Autonomous Region, China. The fruits were de-seeded, freeze-dried,
ground into powder, and passed through a 60-mesh sieve. The resulting powder was
extracted twice with ultrapure water (solid-to-liquid ratio of 1:20, w/v) at 85 ◦C for 2 h
per extraction. The extracts were centrifuged to collect the supernatant, which was con-
centrated under reduced pressure. Four volumes of ethanol were added to precipitate
the polysaccharides overnight. The precipitate was collected, redissolved in water, and
freeze-dried to yield crude wild jujube polysaccharides.

The crude polysaccharides were resuspended in ultrapure water and purified using a
DEAE-650M ion-exchange chromatography column (6 × 20 cm, Tosoh Corporation, Tokyo,
Japan). The column was eluted sequentially with ultrapure water and 0.4 M NaCl solution.
The fraction eluted with ultrapure water was collected and freeze-dried to obtain the
neutral polysaccharide ZJP-1. The fraction eluted with 0.4 M NaCl solution was dialyzed
against ultrapure water for 48 h (MWCO 3.5 kDa, Solarbio Science & Technology, Beijing,
China). The fraction retained in the dialysis bag was freeze-dried to obtain the acidic
polysaccharide ZJP-2.

2.3. Structural Analysis of Polysaccharides
2.3.1. Molecular Weight Determination of Polysaccharides

The homogeneity and molecular weight of ZJP-2 were determined using HPLC-MALS-
RI [14]. The specific conditions were as follows: a DAWN HELEOS-II laser photometer (Wy-
att Technology, Santa Barbara, CA, USA) equipped with two tandem columns (300 × 8 mm,
Shodex OH-pak SB-805 and 803; Showa Denko K.K., Tokyo, Japan) was maintained at 45 ◦C
using a column heater model by Sanshu Biotech Co., Ltd. (Shanghai, China). Additionally,
a differential refractive index detector (Optilab T-rEX, Wyatt Technology, Santa Barbara,
CA, USA) measured the concentration and dn/dc value of each component. The dn/dc
value of the fractions was determined to be 0.141 mL/g. ASTRA software (Version 6.1,
Wyatt Technology, Santa Barbara, CA, USA) facilitated the acquisition and subsequent
processing of all data. This analysis yielded quantitative results for parameters such as the
number-average molecular weight (Mn), the weight-average molecular weight (Mw), and
the polydispersity index (Mw/Mn).

2.3.2. Monosaccharide Compositions

The monosaccharide composition of ZJP-2 was determined by high-performance
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) [15].
The analysis was performed on a Dionex ICS-5000+ system (Thermo Scientific, Waltham,
MA, USA) equipped with a CarboPac PA-20 column (3 × 150 mm). The mobile phases
consisted of (A) ultrapure water, (B) 0.1 M NaOH, and (C) 0.1 M NaOH containing 0.2 M
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NaAc. The flow rate was set at 0.5 mL/min with an injection volume of 5 µL. The gradient
elution program was applied as follows: 0 min, 95% A, 5% B; 26–42 min, 85% A, 5% B,
10% C; 42.1 min, 60% A, 40% C; 52 min, 60% A, 40% B; 52.1–60 min, 95% A, 5% B for
re-equilibration. Data acquisition and processing were performed using Chromeleon 7.2
CDS software (Version 7.2, Thermo Fisher Scientific, Waltham, MA, USA).

2.3.3. Methylation Analysis of ZJP-2

Since ZJP-2 contains uronic acids, carboxyl reduction was performed prior to methy-
lation to convert uronic acids into their corresponding neutral sugars according to the
method of Taylor and Conrad [16] with minor modifications. Briefly, the sample (5 mg)
was dissolved in water and reacted with 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide
metho-p-toluenesulfonate (CMC) for 2 h. The solution was then divided into two parts and
reduced with NaBH4 and NaBD4, respectively, to distinguish the original neutral sugars
from the reduced uronic acids.

Subsequently, the reduced polysaccharide was methylated using the Ciucanu and
Kerek method [17]. The sample was dissolved in DMSO (500 µL) and incubated with
NaOH powder for 30 min, followed by reaction with me thyl iodide (CH3I) for 1 h. The
methylated products were extracted with dichloromethane. Finally, the samples were
hydrolyzed with 2 M TFA at 121 ◦C for 90 min, reduced with NaBD4, and acetylated with
acetic anhydride to yield partially methylated alditol acetates (PMAAs). The PMAAs were
analyzed by GC-MS (Agilent Technologies, Santa Clara, CA, USA).

2.3.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

The purified polysaccharide ZJP-2 (20 mg) was dissolved in 0.5 mL of deuterium oxide
(D2O, 99.9%). NMR spectra, including 1H, 13C, 1H-1H COSY, HSQC, and HMBC, were
acquired using a Bruker AVANCE NEO 600 MHz spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany) at 298 K.The experimental parameters were set as follows: the
number of scans (NS) was 64 for 1H NMR and 13,921 for 13C NMR to ensure sufficient
signal-to-noise ratio. For 2D NMR spectra, the number of scans was set to 128 for HSQC
and 160 for HMBC. Chemical shifts (δ) are expressed in ppm relative to the solvent peak
(HDO, δ 4.79 ppm). Data processing was performed using MestReNova software [18]
(Version 14.2, Mestrelab Research, Santiago de Compostela, Spain).

2.4. Protective Effect on Nerve Cells
2.4.1. Cell Culture

The C17.2 neural stem cell line was procured from OriCell (Shanghai, China). The
cells were cultured in proliferation medium formulated according to the method of Li et al.
with slight modifications [19]. The growth medium consisted of high-glucose Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 5% horse serum (HS; Gibco,
Grand Island, NY, USA). The cultures were maintained in a humidified incubator (Thermo
Fisher Scientific, Waltham, MA, USA) at 37 ◦C with a 5% CO2 atmosphere. Cells were
passaged when they reached 70–80% confluence.

2.4.2. Cell Viability Assessment (CCK-8 Assay)

C17.2 cells were seeded at a density of 5 × 103 cells in 96-well plates containing
proliferation medium and cultured for 24 h. Subsequently, cells were treated with DMNQ
at various concentrations (0, 1, 3, 6, 9, 12, 24 µM) for 24 h. Concurrently, an equal volume
of DMSO (0.1%) served as the solvent control. Cell viability was assessed using the CCK-8
assay kit (Beyotime Biotechnology, Shanghai, China) [20]. The procedure was carried out
according to the manufacturer’s instructions. The absorbance was measured at 450 nm
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using a microplate reader (Molecular Devices, San Jose, CA, USA), Country])Cell viability
was then calculated using the following formula: Cell viability (%) = Mean absorbance of
treated group/Absorbance of control group × 100%.

C17.2 cells were seeded at a density of 5 × 103 cells per well in a 96-well plate
containing proliferation medium and cultured for 24 h. A DMNQ concentration of 3 µM
was used for subsequent experiments. ZJP-2 (400 µg/mL) and DMNQ (3 µM) were
added to the C17.2 cells and incubated together for 24 h. Cell viability was then tested by
CCK-8 assay.

2.4.3. Flow Cytometry Analysis

C17.2 cells were seeded at a density of 1 × 105 cells per well in 6-well plates and
cultured for 24 h. The cells were then treated with DMNQ (3 µM) alone or co-treated with
DMNQ (3 µM) and ZJP-2 (400 µg/mL) for 24 h. After treatment, the cells were harvested,
washed with PBS, and stained using the Annexin V-FITC/PI Apoptosis Detection Kit (A026,
GeneCopoeia, Rockville, MD, USA) according to the manufacturer’s protocol. Finally, the
percentage of apoptotic cells was analyzed using a BD FACSCanto™ II Flow Cytometer (BD
Biosciences, San Jose, CA, USA), and data processing was performed using BD FACSDiva
software (Version 8.0, BD Biosciences, San Jose, CA, USA).

2.4.4. ROS Detection

Intracellular ROS levels were assessed using the CellROX™ Deep Red Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) following a previously described method [21].
Briefly, C17.2 cells were treated with DMNQ (3 µM) alone or co-treated with ZJP-2
(400 µg/mL) for 24 h. Subsequently, the cells were stained with 10 µM CellROX™ Deep
Red and incubated at 37 ◦C in the dark for 30 min. After incubation, the cells were washed
with PBS, harvested, and resuspended. The mean fluorescence intensity (MFI) was ana-
lyzed using flow cytometry (BD Biosciences, San Jose, CA, USA), and data processing was
performed using BD FACSDiva software (Version 8.0, BD Biosciences, San Jose, CA, USA).

2.4.5. Real-Time qPCR Analysis

Total RNA [22] was extracted using the E.Z.N.A.® Total RNA Kit I (Omega Bio-
tek, Norcross, GA, USA) according to the manufacturer’s instructions. The purity and
concentration of RNA were assessed using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific). First-strand cDNA was synthesized using the gDNA Digester Plus kit
(Yeasen Biotechnology, Shanghai, China) following the manufacturer’s protocol.

mRNA expression levels were determined by RT-qPCR using the Hieff® qPCR SYBR®

Green Master Mix (Yeasen Biotechnology, Shanghai, China) on a CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). The reaction mixture (20 µL) contained
2 µL of cDNA, 0.4 µL of each primer (10 µM), 10 µL of Master Mix, and 7.2 µL of nuclease-
free water. The cycling conditions were as follows: initial denaturation at 95 ◦C for 5 min,
followed by 40 cycles of denaturation at 95 ◦C for 10 s, annealing at 60 ◦C for 20 s, and
extension at 72 ◦C for 20 s. A melting curve analysis was performed using the instru-
ment’s default settings. All samples were analyzed in duplicate, and GAPDH was used
as the internal control. The primer sequences employed in the experiment are as follows:
HO-1 (NM_010442.2): forward primer is AAGCCGAGAATGCTGAGTTCA, the reverse
primer is GCCGTGTAGATATGGTACAAGGA; NRF-2 (NM_010938.4): forward primer
is TCACAGAGAGAGGGAAAAGGCC, the reverse primer is GCAGGGGCCAACCTCT-
GTCG; SOD1 (NM_000454): forward primer is GGTGTGCGTGCTGAAAGAG, the reverse
primer is CAGGTCTCCAACATGCCTCT; GAPDH (NM_001289726.1): forward primer is
GCACAGTCAAGGCCGAGAAT, the reverse primer is GCCTTCTCCATGGTGGTGAA.
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2.4.6. Western Blot Analysis

The protein expression levels of Nestin and NeuN were analyzed via Western blot [23].
Total protein (15 µg) was separated by 12.5% SDS-PAGE and transferred onto PVDF mem-
branes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skimmed
milk at 4 ◦C for 30 min. Subsequently, the membranes were incubated with primary an-
tibodies against Nestin (1:1000; Proteintech, Rosemont, IL, USA; Cat. No. 19483-1-AP)
and NeuN (1:20,000; Proteintech; Cat. No. 26975-1-AP) overnight at 4 ◦C. After wash-
ing, the membranes were incubated with HRP-conjugated secondary antibodies (1:10,000;
Proteintech; Cat. No. SA00001-2) at room temperature for 1 h. Target protein bands
were visualized using an ECL kit (GE Healthcare, Chicago, IL, USA) and imaged using a
ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA). Protein band intensities were
quantified using ImageJ software (version 1.51m9, NIH, Bethesda, MD, USA).

2.5. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9.0 software (GraphPad
Software, La Jolla, CA, USA). Data are expressed as the mean ± standard error of the mean
(SEM). Differences between two groups were analyzed using Student’s t-test. Multiple
group comparisons were analyzed using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test (or Dunnett’s test). A p-value of less than 0.05 (p < 0.05) was
considered statistically significant.

3. Results
3.1. Isolation and Purification of ZJP-2

Wild jujube pulp was crushed and subjected to reflux extraction with hot deionized
water for crude extraction. Ethanol precipitation yielded crude wild jujube polysaccha-
rides. The crude polysaccharide sample was redissolved in water and separated using
a DEAE-650M ion exchange column (6 × 20 cm). The column was first eluted with
ultrapure water to obtain ZJP-1, followed by elution with ultrapure water and 0.4 M
NaCl solution to collect the acidic polysaccharide fraction. This acidic fraction underwent
dialysis with a molecular weight cutoff of 3.5 kDa against ultrapure water to remove small-
molecule impurities and salts, ultimately yielding the target product—novel Ziziphus
jujuba pectin polysaccharide designated as ZJP-2—after freeze-drying. This product was
used for subsequent further analysis.

3.2. Molecular Weight and Homogeneity of ZJP-2

The molecular weight of polysaccharides plays a crucial role in determining their
biological activity [13]. The homogeneity and molecular weight distribution of ZJP-2 were
evaluated by HPLC-MALS-RI (Figure 1A). The light scattering (LS) signal exhibited a
single dominant peak at approximately 20 min, indicating the presence of a high-molecular-
weight fraction. The refractive index (RI) detector displayed a major peak at 25 min with
a minor shoulder at ~35 min, which showed negligible LS response, suggesting trace
low-molecular-weight impurities or partial degradation products that do not influence the
characterization of the main component. The weight-average molecular weight (Mw) of
ZJP-2 was 6.79 × 104 Da, with a polydispersity index (Mw/Mn) of 2.5 (Table S1), reflecting
the moderate heterogeneity typical of natural pectic polysaccharides [24].
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Figure 1. Average molecular weight of ZJP-2 obtained from HPLC-MALS-RI. (A) Average molecular
weight; (B) root-mean-square (RMS) radius conformation plot.

To further assess its molecular conformation in aqueous solution, a log-log plot of the
root-mean-square (R.M.S.) radius versus molecular weight was constructed (Figure 1B).
The slope of the linear fit was 0.35 ± 0.01, indicating a compact, nearly spherical confor-
mation in solution [25]. This compact architecture is consistent with plant-derived pectic
polysaccharides and has been associated with favorable solubility, structural stability, and
potential bioactivity [26].

3.3. Monosaccharide Composition Analysis

Monosaccharide composition analysis was carried out using ion chromatography [15].
As shown in Figure 2, ZJP-2 primarily consisted of galacturonic acid (GalA), arabinose
(Ara), rhamnose (Rha), galactose (Gal), and glucose (Glc), in a molar ratio of approximately
7.81:6.83:2.73:2.59:1.00 (Table S2), corresponding to molar percentages of 37.26%, 32.59%,
13.02%, 12.36%, and 4.77%, respectively. Combined with the molecular weight (67.93 kDa),
these results indicate that ZJP-2 is an acidic heteropolysaccharide with a moderate molec-
ular weight [13]. The high content of galacturonic acid, along with characteristic pectic
monosaccharides such as arabinose and rhamnose, suggests that ZJP-2 may belong to the
pectic polysaccharide family [27]. The presence of galactose and glucose further indicates
the possible existence of neutral sugar domains or heteropolysaccharides features.
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Figure 2. HPAEC-PAD chromatograms of (A) hydrolyzed ZJP-2 and (B) mixed monosaccharide
standards.

These structural traits provide a valuable foundation for the in-depth investigation
of its structure–activity relationship and potential functional applications. For instance,
a polysaccharide isolated from Ziziphus jujuba cv. Muzao was also reported to primarily
contain GalA (42.78%), Ara (25.12%), Rha (13.31%), and Gal (11.45%) as major components.
This is consistent with a typical pectic structure featuring HG and RG-I regions [28]. Sim-
ilarly, another study identified a wild jujube polysaccharide with a molar ratio of GalA:
Ara: Rha: Gal close to 5.6:3.7:2.2:2.0, highlighting a comparable acidic and branched sugar
profile with ZJP-2 [29]. These findings indicate that ZJP-2 shares similar structural fea-
tures with other known pectic polysaccharides from wild jujube, further supporting its
classification within the pectic-type family and its potential for immunomodulatory or
antioxidant applications.

3.4. Methylation Analysis

Methylation analysis was performed to elucidate the glycosidic linkage patterns of
ZJP-2 [30]. The primary linkage types are summarized in Table 1. The results revealed that
ZJP-2 is composed of diverse sugar residues. The most abundant residue was 1,4-linked
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GalpA (32.13%), followed by 1,4-linked Galp (17.79%), 1,5-linked Araf (8.71%), and 1,2,4-
linked Rhap (8.31%). Specifically, the high proportion of 1,4-linked GalpA, along with minor
amounts of 1,3,4-linked GalpA (2.37%), confirmed the presence of a homogalacturonan
(HG) backbone [31,32]. The detection of 1,2-linked Rhap (6.19%) and branched 1,2,4-linked
Rhap (8.31%) residues indicated the existence of rhamnogalacturonan-I (RG-I) regions,
where the O-4 position of rhamnose serves as the attachment point for side chains [33].
Regarding the side chains, arabinose residues were primarily present as terminal Araf
(7.87%), 1,5-linked Araf (8.71%), and branched 1,2,5-linked Araf (1.72%), suggesting the
presence of arabinan or arabinogalactan side chains. Galactose residues mainly existed as
1,4-linked Galp (17.79%) and branched 1,3,6-linked Galp (1.96%), further supporting the
complexity of the neutral side chains [34]. Additionally, minor amounts of glucose residues
(1,4-linked and 1,2,4-linked Glcp) were detected, likely representing amorphous regions or
short heteropolysaccharide chains.

Table 1. Methylation analysis data of ZJP-2.

Peak No Retention Time (min) Methylated Sugars Linkage Patterns Molar Ratio (%)

1 7.760 1,4-di-O-acetyl-2,3,5-tri-O-methyl arabinitol t-Araf 7.87
2 8.404 1,5-di-O-acetyl-6-deoxy-2,3,4-tri-O-methyl rhamnitol t-Rhap 1.11
3 9.214 1,5-di-O-acetyl-2,3,4-tri-O-methyl arabinitol t-Arap 1.25
4 12.762 1,2,5-tri-O-acetyl-6-deoxy-3,4-di-O-methyl rhamnitol 2-Rhap 6.19
5 12.892 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl galactitol t-GalpA 7.21
6 13.479 1,4,5-tri-O-acetyl-2,3-di-O-methyl arabinitol 5-Araf 8.71
7 17.235 1,2,4,5-tetra-O-acetyl-6-deoxy-3-O-methyl rhamnitol 2,4-Rhap 8.31
8 17.592 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl galactitol 4-Galp 17.79
9 17.668 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl galactitol 4-GalpA 32.13
10 17.905 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl glucitol 4-Glcp 1.80
11 18.054 1,2,4,5-tetra-O-acetyl-3-O-methyl arabinitol 2,5-Araf 1.72
12 20.065 1,3,4,5-tetra-O-acetyl-2,6-di-O-methyl galactitol 3,4-GalpA 2.37
13 21.668 1,2,4,5-tetra-O-acetyl-3,6-di-O-methyl glucitol 2,4-Glcp 1.58
14 24.045 1,3,5,6-tetra-O-acetyl-2,4-di-O-methyl galactitol 3,6-Galp 1.96

Collectively, these methylation results are highly consistent with the monosaccharide
composition data. The dominance of 1,4-linked GalpA corresponds well with the high con-
tent of galacturonic acid (37.26%) observed in HPAEC analysis. Similarly, the abundance of
arabinose (terminal and 1,5-linked) and galactose (1,4-linked) residues aligns perfectly with
their high molar percentages in the monosaccharide composition. These results confirm
that ZJP-2 is a pectic-type acidic heteropolysaccharide characterized by an HG and RG-I
backbone substituted with arabinan and galactan side chains [35]. This structural model
aligns with previous studies on wild jujube polysaccharides. For instance, the polysac-
charide DPZMP4 from Ziziphus jujuba cv. Muzao was shown to possess a 1,4-linked GalpA
backbone branched with Araf and Galp residues [36]. Similarly, the pectic polysaccharide
SAZMP4 was found to contain an HG backbone with RG-I-type side chains comprising
1-linked Araf, 1,2,4-linked Rhap, and 1,4-linked Galp [37].

The linkage patterns observed in ZJP-2 may contribute significantly to its biological
functions. Polysaccharides featuring a backbone rich in 1→4 linked GalA and RG-I do-
mains with arabinose-rich side chains have been reported to exhibit potent antioxidant
activities, including free radical scavenging and metal ion chelation [38]. The high content
of unmethylated uronic acids and the complex branched architecture of ZJP-2 likely provide
the structural basis for its antioxidant potential observed in this study.

3.5. NMR Analysis

The chemical structure of ZJP-2, including the chemical shifts and glycosidic linkage
sequence for individual sugar residues, was elucidated through Nuclear Magnetic Reso-
nance (NMR) spectroscopy. As presented in the 1H NMR spectrum (Figure 3A), the vast

https://doi.org/10.3390/nu18050816

https://doi.org/10.3390/nu18050816


Nutrients 2026, 18, 816 10 of 19

number of proton signals was located within δH 3.0–5.5 ppm. This broad distribution sug-
gests the presence of multiple distinct sugar residues within the polysaccharide structure.
Specifically, some coupled signal peaks were discernable in the anomeric region spanning
δH 4.3–5.4 ppm. The most prominent anomeric proton signals were observed δH 4.49, 4.94,
5.06, 5.09, 5.12, 5.15, 5.21, and 5.25, respectively. Ten distinct anomeric carbon signals are
observed in the 13C NMR spectrum (Figure 3B), with chemical shifts corresponding to δC

109.2, 107.4, 107.0, 104.4, 103.2, 100.4, 99.5, 98.5, 98.3, and 97.4, respectively. The chemical
shifts at 1.28 ppm and 1.22 ppm are hydrogen signals from the -CH3 group on rhamnose;
the chemical shift at 3.78 ppm is a hydrogen signal from the -OCH3 group, which correlates
with the chemical shift of 52.8 ppm in the C spectrum. The chemical shifts at 170.6 ppm and
174.0/175.1 ppm in the 13C NMR spectrum (Figure 3B) are carbonyl signals from the methyl
ester and carboxylic acid groups, respectively, on the sugar residues of ZJP-2. Furthermore,
to precisely assign these anomeric signals, we performed a joint analysis of the cross-peaks
in the anomeric region of the spectrum (Figure 3A), 13C NMR spectrum (Figure 3B), and
HSQC spectrum (Figure 3C). Through this combined analysis, we successfully determined
the values corresponding to the cross-peaks in the sample: δH/C 5.12/107.0, 5.06/107.4,
5.21/109.2, 5.25/97.4, 5.15/98.3, 5.06/103.2, 5.06/98.5, 4.88/99.5, 4.94/100.4, and 5.09/104.4.
Subsequently, these signals were named residues A, B, D, E, F, G, I, J, K, and L, based on
their chemical shift characteristics (Figure 3F). To clarify the structure, the spin systems of
these residues are discussed separately, followed by the linkage analysis.

According to the analysis of monosaccharide composition and methylation, and in
combination with the relevant signals of HSQC spectrum (Figure 3C) and 1H-1H COSY
spectrum (Figure 3D), and combined with previous literature reports [39–41], we attributed
the various signals of sugar residues. Two rhamnose residues were identified by their
characteristic methyl group signals (H-6) at δH1.22 and 1.28 ppm in the high-field region.
Residue E (δH 5.25/δC 97.4) was assigned as (1→2)-α-L-Rhap. Residue F (δH 5.15/δC

98.3) exhibited downfield shifts at C-2 and C-4, indicating that it serves as a branching
point, assigned as (1→2,4)-α-L-Rhap. Signals for galacturonic acid were distinguished by
carboxyl carbon signals (δC 170.6 and 175.1 ppm). Residue L (δH 5.09/δC 104.4) showed
a correlation with a methoxy proton signal (δH 3.78/δC 52.8), confirming it as a methyl-
esterified (1→4)-α-D-GalpA-6-OMe. Residue J (δH 4.88/δC 99.5) and Residue K (δH 4.94/δC

100.4) were assigned as terminal α-D-GalpA and branched (1→3,4)-α-D-GalpA, respectively.
Three arabinose residues were identified by their anomeric carbon shifts in the downfield
(>107 ppm), characteristic of furanose rings. Residue A (δH 5.12/δC 107.0) was assigned as
terminal α-L-Araf. Residue B (δH 5.06/δC 107.4) and Residue D (δH 5.21/δC 109.2) were
assigned as (1→5)-α-L-Araf and (1→2,5)-α-L-Araf, respectively. Based on literature values
and chemical shifts, Residue G (δH 5.06/δC 103.2) was attributed to (1→4)-α-D-Galp, and
Residue I (δH 5.06/δC 98.5) was attributed to (1→4)-α-D-Glcp. The chemical signal shifts in
each sugar residue in ZJP-2 are summarized in Table 2. Generally, the α-configuration was
assigned based on the anomeric proton chemical shifts (>4.8 ppm) in combination with the
literature data [42].

Methylation analysis indicated that ZJP-2 possesses a backbone composed of al-
ternating (1→4)-α-D-GalpA and (1→2,4)-α-L-Rhap units, a characteristic feature of
Rhamnogalacturonan-I (RG-I) pectins. Additionally, the presence of (1→4)-D-Galp and
(1→5)-L-Araf linkages suggests the existence of linear galactan and arabinan side chains
attached to the O-4 position of rhamnose residues [43,44]. The glycosidic linkages and
sequence of ZJP-2 were determined by analyzing the long-range correlations in the HMBC
spectrum (Figure 3E). The RG-I backbone consists of alternating GalA and Rha residues.
Strong cross-peaks were observed between H-1 of Residue L (GalA) and C-2 of Residues
E/F (Rha) (δH 5.09/δC 76.5/76.6), and reciprocally between H-1 of Residues E/F (Rha)
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and C-4 of Residue L (GalA) (δH 5.25/82.2; δH 5.15/82.2). This confirms the repeating
unit: (1→4)-α-D-GalpA-6-OMe-(1→2)-α-L-Rhap. The branching points were identified
on the Rha and GalA residues. The cross-peaks of G H-1/F C-4 (δH 5.06/δC 79.0) and D
H-1/F C-4 (δH 5.21/δC 79.0) indicated that neutral side chains (Galactan and Arabinan) are
attached to the O-4 position of rhamnose (Residue F). Additionally, a correlation between
K H-1/L C-4 (δH 4.94/δC 82.2) suggested linkages between GalA residues. The internal
structure of the side chains was elucidated by correlations such as A H-1/B C-5 (δH 5.12/δC

66.4) and B H-1/D C-5 (δH 5.06/δC 66.8), confirming the sequence of arabinan side chains
(Term-Ara→5-Ara→2,5-Ara). Similarly, L H-1/I C-4 (δH 5.09/δC 79.0) and I H-1/K C-3 (δH

5.06/δC 79.0) revealed the connection involving Glc residues. Based on the integration of
methylation analysis, 1D/2D NMR data, and literature comparisons, the putative struc-
tural formula of ZJP-2 was proposed as shown in Figure 3F. This indicates that Residue B,
Residue G, and Residue L were identified as major structural units of ZJP-2.

 

 

 

Figure 3. NMR spectral analysis of ZJP-2. (A) 1H-NMR; (B) 13C-NMR; (C) 1H-1H COSY; (D) HSQC;
(E) HMBC; (F) proposed structural model of ZJP-2 based on NMR analysis.
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Table 2. Assignments of 1H and 13C NMR spectra for ZJP-2.

Sugar Residues
Chemical Shifts δ (ppm)

H-1 H-2 H-3 H-4 H-5 H-6
-OMeC-1 C-2 C-3 C-4 C-5 C-6

T α-L-Araf 5.12 3.98 4.19 4.27 3.92/n.d -/-
Residue A 107.0 76.6 80.7 81.2 60.6 -/-

(1→5)-α-L-Araf 5.06 4.10 3.88 4.19 3.98/n.d -/-
Residue B 107.4 80.8 79.0 82.3 66.4 -/-

(1→2,5)-α-L-Araf 5.21 4.19 3.99 4.14 3.83/3.76 -/-
Residue D 109.2 83.8 77.8 81.3 66.8 -/-

(1→2)-α-L-Rhap 5.25 3.76 4.07 3.52 3.78 1.22
Residue E 97.4 76.5 70.5 73.2 67.8 16.9

(1→2,4)-α-L-Rhap 5.15 3.92 4.10 3.78 3.86 1.28
Residue F 98.3 76.6 69.0 79.0 69.3 16.8

(1→4)-α-D-Galp 5.06 3.70 3.86 3.44 3.68 3.82/3.55
Residue G 103.2 74.4 70.1 76.6 72.5 61.0

(1→4)-α-D-Glcp 5.06 3.71 3.87 3.55 3.78 3.58/3.86
Residue I 98.5 72.5 69.6 79.0 73.2 61.4

T α-D-GalAp 4.88 3.78 3.82 3.60 3.98 /
Residue J 99.5 72.5 71.3 70.5 69.0 175.1

(1→3,4)-α-D-GalAp 4.94 3.68 4.10 4.46 3.99 -/-
Residue K 100.4 73.2 79.0 83.8 76.5 174.1

(1→4)-α-D-GalAp-6-OMe 5.09 4.01 3.99 4.27 3.92 -/- 3.78
Residue L 104.4 71.8 70.5 82.2 74.4 170.6 52.8

“n.d” indicates not determined, “-“ indicates not applicable.

3.6. ZJP-2 Protect C17.2 Cells from DMNQ Injury
3.6.1. Cell Vitality and Apoptosis

To evaluate the cytotoxicity of ZJP-2, C17.2 neural stem cells were treated with var-
ious concentrations of ZJP-2 (200, 400, 600, 800, 1200, and 1600 µg/mL) for 24 h. As
shown in Figure 4B, none of the tested concentrations significantly affected cell viability
(p > 0.05), indicating that ZJP-2 is non-toxic within this concentration range. For further
study, a concentration of 400 µg/mL was selected because it provided a balance between
pharmacological efficacy and non-specific interference caused by high-dose exposure [45].

Figure 4. Protective effect of ZJP-2 on C17.2 cell viability and DMNQ-induced oxidative damage.
(A) Effects of different concentrations of ZJP-2 on C17.2 cell viability after 24 h of treatment (n = 6).
(B) Effects of different concentrations of DMNQ on C17.2 cell viability after 24 h of treatment (n = 6).
(C) Protective effect of ZJP-2 (400 µg/mL) on 3 µM DMNQ-induced C17.2 cell damage (n = 6).
(D–F) Representative flow cytometry plots showing the apoptotic rates of C17.2 cells in different
groups: (D) Control group: cells cultured in normal medium; (E) Model group: cells treated with
DMNQ (3 µM) alone for 24 h; (F) ZJP-2 group: cells co-treated with DMNQ (3 µM) and ZJP-2
(400 µg/mL) for 24 h. Data are expressed as mean ± SEM, ** p < 0.01, **** p < 0.001 vs. Control group
(or Model group); ns indicates not significant. Statistical analysis was performed using one-way
ANOVA followed by LSD test.
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To establish an oxidative stress model, C17.2 cells were exposed to various concen-
trations of DMNQ for 24 h. DMNQ has been proven to induce oxidative stress primarily
through redox cycling. During this process, DMNQ undergoes enzymatic one-electron
reduction to form a semiquinone radical, which reacts with molecular oxygen to generate
superoxide anions and other ROS [46]. This continuous ROS production disrupts redox
homeostasis and causes oxidative damage in cellular components. Treatment with 3 µM of
DMNQ reduced cell viability to approximately 70% (Figure 4A), and this concentration
was thus chosen for the injury model (Figure 4A).

To evaluate the protective effects of ZJP-2, C17.2 cells were co-treated with DMNQ
(3 µM) and ZJP-2 (400 µg/mL) for 24 h. As shown in Figure 4C, ZJP-2 significantly attenu-
ated the cytotoxicity of DMNQ, restoring cell viability to levels comparable to the untreated
control (p < 0.05). These findings suggest that ZJP-2 effectively protects the neural stem cells
against oxidative stress-induced injury (p < 0.05). Furthermore, ZJP-2 markedly reduced
DMNQ-induced apoptosis in C17.2 cells. Flow cytometric analysis revealed that DMNQ
treatment alone for 24 h resulted in an apoptosis rate of 13.6%, whereas co-treatment with
ZJP-2 of 400 µg/mL reduced the apoptotic cell population to 5.98% (Figure 4D–F).

3.6.2. ZJP-2 Attenuates Oxidative Stress via Activation of Antioxidant Pathways

To investigate the antioxidant activity of ZJP-2, intracellular ROS levels were mea-
sured following co-treatment of C17.2 cells with DMNQ (3 µM) and ZJP-2 (400 µg/mL) for
24 h. As shown in Figure 5A, DMNQ treatment significantly increased ROS production to
approximately 130% compared with the control group (p < 0.05), indicating a pronounced
oxidative response. Co-treatment with ZJP-2 (400 µg/mL) effectively attenuated this in-
crease, suggesting that ZJP-2 can mitigate redox imbalance and suppress ROS accumulation
in neural stem cells.

Figure 5. Alleviating effect of ZJP-2 on DMNQ-induced oxidative stress in C17.2 cells. (A) Relative
intracellular ROS levels in C17.2 cells (n = 3). (B–D) Relative mRNA expression levels of antioxidant
genes: (B) HO-1, (C) Nrf2, and (D) SOD (n = 4). Data are expressed as mean ± SEM, * p < 0.05,
** p < 0.01, *** p < 0.005, **** p < 0.001. vs. Control group (or Model group); ns indicates not significant.
Statistical analysis was performed using one-way ANOVA followed by LSD test.

To further investigate the molecular mechanism of this antioxidant activity, real-
time PCR analysis was performed to assess the expression levels of antioxidant-related
genes. DMNQ treatment resulted in a marked downregulation of NRF-2, HO-1, and SOD1
mRNA levels in C17.2 cells. In contrast, ZJP-2 treatment significantly restored or even
upregulated the expression of these antioxidant genes (p < 0.05) (Figure 5B,C). HO-1 is
a stress-inducible enzyme that can reduce intracellular oxidative stress by decomposing
heme, while SOD1 can catalyze superoxide anions into hydrogen peroxide, thus playing
a key role in ROS regulation [47]. Therefore, ZJP-2 may activate the expression of these
antioxidant factors and enhance the ability of cells to cope with oxidative stress, thereby
exerting a neuroprotective effect.
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3.6.3. ZJP-2 Reverses Oxidative Stress-Induced Upregulation of Nestin and NeuN in
C17.2 Cells

Under conditions of oxidative stress, the expression of key protein markers in neu-
ral cells reflects dynamic changes in cell state and differentiation potential. Nestin is an
intermediate filament protein that is widely considered a marker of neural stem and pro-
genitor cells, and its elevated expression is associated with stress-induced activation of
endogenous repair mechanisms or a shift to a more primitive proliferative state [48]. In
contrast, NeuN (neuronal nucleus, RBFOX3) is a nuclear marker of mature postmitotic
neurons, and elevated NeuN levels may reflect stress-related differentiation signals or com-
pensatory responses that promote neuronal maturation [49]. Previous studies have shown
that oxidative stress can lead to elevated nestin levels, suggesting that redox imbalance may
activate both neural stemness and neuronal differentiation pathways [50]. These changes
are indicators of cell adaptation or repair under oxidative conditions.

In this study, the pro-oxidant drug DMNQ was used to induce oxidative stress in
C17.2 neural stem cells, and the expression changes in Nestin and NeuN were observed.
The results showed that the levels of Nestin and NeuN increased after DMNQ treatment,
indicating that redox imbalance may have activated stress-responsive pathways involved
in neural stem cell plasticity and neuronal differentiation. After ZJP-2 intervention, the
level of oxidative stress was significantly reduced, and the expression of Nestin and NeuN
also tended to be adjusted back (p < 0.05) (Figure 6A–C). These findings indicate that ZJP-2
helps to maintain neural cell homeostasis and preserves the physiological balance between
stemness and differentiation under oxidative conditions [51,52].

Figure 6. Effects of ZJP-2 on the expression of differentiation-related proteins in DMNQ-treated C17.2
cells. (A) Representative Western blot images of Nestin and NeuN. (B,C) Quantitative analysis of
protein expression levels: (B) Nestin and (C) NeuN. The protein intensity was normalized to the
internal control (GAPDH). Data are expressed as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01 vs.
Control group (or Model group); ns indicates not significant. Statistical analysis was performed using
one-way ANOVA followed by LSD test.

4. Discussion
This study isolated and purified ZJP-2 from Ziziphus jujuba, and systematically char-

acterized its structure using multiple analytical techniques. HPLC-MALS-RI analysis
revealed a molecular weight of approximately 67.93 kDa, with a single peak and narrow
dispersion, indicating high purity and homogeneity [53]. Combined methylation analysis
and NMR revealed that ZJP-2 possesses a typical RG-I backbone composed of (1→4)-α-
D-GalAp- and (1→2,4)-α-l-Rhap-units, bearing structurally defined side chains such as
1,4-Galp and 1,5-Araf, exhibiting a unique regional structural arrangement. We compared
it with representative polysaccharides previously reported from different Z. jujuba cul-
tivars. Notably, HJP1 (6.8 kDa) [54] and HJP3 [55] (2.9 kDa) isolated from cv. Muzao
were characterized as low-molecular-weight, HG-rich pectic fragments dominated by lin-
ear homogalacturonan chains. In contrast, ZJP-2 exhibits a moderate molecular weight
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(~67.9 kDa) and is RG-I-dominant, indicating a higher degree of structural complexity and
side-chain ramification. In addition, ZP2a [56] from cv. Junzao (12.1 kDa) was reported as
an RG-I polysaccharide bearing arabinan side chains with branching mainly at O-3 (e.g.,
(1→3,5)-α-L-Araf and (1→3)-α-L-Araf ). By comparison, our methylation and NMR data
demonstrate that the arabinan domain of ZJP-2 contains distinct O-2 branching points, char-
acterized by (1→2,5)-α-L-Araf residues, together with galactan segments attached to O-4 of
rhamnose. This difference in arabinan branching topology ((1→2,5) vs. (1→3,5)) suggests
that ZJP-2 may adopt a distinct side-chain conformation and flexibility relative to previ-
ously reported jujube RG-I polysaccharides, which could influence polysaccharide–cell
interactions and bioactivity. Furthermore, ZJSPs-1 [57] from cv. Ruoqiangzao was reported
as a very high-molecular-weight polysaccharide (~342 kDa) with incompletely resolved
structural features, whereas ZJP-2 shows a well-defined RG-I framework with clearly as-
signed side-chain linkage patterns. Collectively, these direct comparisons highlight ZJP-2
as a structurally differentiated RG-I-type pectic polysaccharide within the Ziziphus genus.

Recent studies have demonstrated that natural pectin polysaccharides typically exhibit
significant neuroprotective effects, functioning through mechanisms such as free radical
scavenging, inflammatory response regulation, or modulation of neural plasticity [57].
However, research on wild jujube pectin polysaccharides in the neuroprotective field
remains limited. Given ZJP-2’s distinctive characteristics in structural assembly, side-chain
configuration, and acidity level, its potential neuroactivity warrants investigation. Neural
stem cells (NSCs) play a pivotal role in maintaining central nervous system homeostasis
and facilitating injury repair [58,59], yet they are highly susceptible to oxidative stress
damage. Excessive reactive oxygen species (ROS) impair NSC proliferation, differentiation,
and self-renewal capacity, thereby hindering neurogenesis [60]. Establishing an in vitro
NSC model eliminates interference from drug metabolism and barrier factors, providing a
more direct reflection of polysaccharides’ intrinsic antioxidant capabilities [61]. Therefore,
validating ZJP-2’s biological activity using a DMNQ-induced oxidative damage model in
NSCs is a crucial step toward understanding its mechanism of action.

Experimental results demonstrate that ZJP-2 significantly enhances C17.2 cell viability,
suppresses apoptosis, and reduces excessive ROS accumulation under oxidative stress
conditions, indicating direct cytoprotective effects. Mechanistically, ZJP-2 significantly
upregulates the mRNA expression of Nrf2 and HO-1, as well as other antioxidant genes,
including SOD, thereby enhancing the cell’s endogenous free radical scavenging capacity.
Concurrently, it reverses the DMNQ-induced abnormal elevation in Nestin and partially
restores the expression trend of NeuN, suggesting its potential role in maintaining NSC
homeostasis and promoting neural differentiation.

5. Conclusions
In summary, this study systematically elucidates the molecular structure of ZJP-2, an

RG-I pectin polysaccharide derived from Ziziphus jujuba, and reveals its antioxidant and
neuroprotective mechanisms in a neural stem cell model. As a structurally unique and
functionally defined natural polysaccharide, ZJP-2 holds potential application value in
developing neuroprotective functional foods and as an adjunct intervention for central
nervous system disorders.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nu18050816/s1; Supplementary Table S1. Molecular characteristic
parameters of jujuba polysaccharide ZJP-2; Supplementary Table S2. Monosaccharide analysis data
of ZJP-2; Supplementary Figure S1: Protective effect of ZJP-2 on C17.2 cell viability and DMNQ-
induced oxidative damage; Supplementary Figure S2: Preliminary screening of ZJP-2 doses on
DMNQ-induced intracellular ROS accumulation.
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