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A B S T R A C T   

To evaluate the release and activity of Indian jujube phenolics in vivo, its peel and pulp were 
subjected to simulated digestions. The phenolics content and antioxidant activity of the digested 
samples were determined. The results showed that the total phenolics/flavonoids in the peel were 
respectively 4.63 and 4.48 times higher than that in the pulp. The release of phenolics and fla
vonoids respectively increased by 79.75% and 39.98% in the peel and 86.34% and 23.54% in the 
pulp after the intestinal digestion. The correlation between the total phenolics/flavonoids and 
antioxidant activity was higher in the peel (r > 0.858, p < 0.01) than that in the pulp. The 
phenolics profiles of the peel were almost the same after the digestion, and four phenolics 
including naringenin tri-glycoside, quercetin-3-O-[(2-hexosyl)-6-rhamnosyl] -hexoside, quer
cetin-3-O-pentosylhexoside and quercetin-3-O-(2-pentosyl -rhamnoside)-4′-O-rhamnoside were 
found to be the main flavonoids of Indian jujube peel, and they showed high recovery (>89.88%) 
during the digestion, implying that these phenolics may play a vital role in the function of Indian 
jujubes.   

1. Introduction 

Indian jujube (Ziziphus mauritiana Lam.) is one of the most commercialized jujube species in the world [1], belonging to the 
Rhamnaceae family and is widely cultivated in Asia countries, including India, Bangladesh [2]. The fruit is abundant in numerous 
phytochemicals including phenolics, triterpenoids, alkaloids and sterols [3]. Among them, jujube phenolics are attracting more and 
more attentions for their antioxidant [4], anticancer [5], antidiabetic [6], antimicrobial [7] and anti-inflammatory [8] activities. More 
than twenty flavonoids and phenolic acids were reported in Indian jujube fruit [9]. Most of the flavonoids in the fruit are glycoside 
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derivatives of quercetin, luteolin and myricetin, while phenolic acids are mainly chlorogenic acid, caffeic acid and vanillic acid [7]. 
Due to the above beneficial functions, Indian jujube is used for both food and traditional medicine in Asian [10]. However, the 

stability of most phenolics in food and medicine is not high [11], and they could easily be affected by the human digestive environment 
with high pH and complex enzymes [12]. Therefore, digestive system is a key factor that affects the content and function of Indian 
jujube phenolics. To elucidate the effect of in vivo digestion on the stability and function of dietary phenolics, several simulated 
digestion models have been developed and widely applied to various foods [13]. These models generally contain three steps including 
simulated oral, gastric and intestinal digestions. By using typical digestive enzyme such as amylase, pepsin and pancreatin, these 
models imitate the digestive system in vitro. Several food materials such as apple [14], Lycium barbarum fruit [15] and cassava leaves 
[16] are subjected to simulated digestion models and most of the phenolics show low stability during the digestions. As to the effect of 
the digestive system on the Indian jujube phenolics, especially on the phenolics of its peel and pulp, limited information is available. 

In this study, to elucidate the effect of digestive system on the phenolics of Indian jujube peel and pulp, they were separately 
subjected to simulated digestions. The phenolic profile and content, as well as the antioxidant activity of the digestion samples were 
explored. 

2. Materials and methods 

2.1. Chemicals and regents 

Chemicals and enzymes were purchased from Aladdin Chemicals (Shanghai, China), mainly including Folin-phenol reagent, 2,2′- 
diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-Tri (2-pyridyl)-striazine (TPTZ), bile salt, and α-amylase (35,000 U/g), pepsin (479,000 U/ 
g), and trypsin (125,000 U/g). 

2.2. Pretreatment of jujube 

The fresh jujube (5 kg) was bought from the local market (Xuancheng, Anhui) in May of 2022. All the jujubes were peeled and 
stoned after washing, and the peel and pulp were collected and homogenized (1 g sample per 5 mL water) separately by a juicer 
(Jiuyang Co., Ltd., China). The freshly prepared homogenates were used for next step directly, and the rest homogenates were kept in 
− 80 ◦C for further use. 

2.3. Simulated digestions 

The simulated digestion was referred to Minekus’s procedure [17] with some modifications. The digestions consisted of three 
consecutive phases. In oral digestion step, nine homogenates of jujube peel or pulp (30 mL) was mixed with α-amylase solution (150 
U/mL in the mixture) for 5 min after adjusting the pH to 6.5, three homogenates kept from this step were called oral digestion samples. 
In gastric digestion step, the six digested samples from oral step was mixed with pepsin solution (2000 U/mL in the mixture) for 2 h 
after adjusting pH to 2.0, three samples extracted from this step were called gastric digestion samples. In intestinal digestion step, the 
rest three digested samples from gastric step were mixed with pancreatin solution (200 U/mL in the mixture) for 2 h after adjusting pH 
to 7.4, and samples from this step were called intestine digestion samples. To stop the intestinal digestion, the samples were freeze at 
− 80 ◦C, and then defrosted and centrifugated, and the supernatant were used for further analysis [18]. As controls, homogenate of 
jujube peel or pulp treated with the same procedure without enzymes. All the treatments were carried out on a water bath shaker at 
37 ◦C. The volume of all the samples was made to 35 mL after adjusting the pH to 4.0. The samples for analysis in one week were stored 
at 4 ◦C, and rest samples were stored at − 80 ◦C. All the digestions or controls were carried out in triplicate. 

2.4. Total phenolics content (TPC) 

The TPC was estimated according to the Singleton’s method [19] with some modifications. The diluted sample (450 μL) was mixed 
with Folin-Ciocalteu phenol reagent (50 μL), and kept in the dark for 5 min. After the addition of Na2CO3 (10%, 500 μL), the mixture 
was kept in the dark for another 10 min. The absorbance of mixture at 730 nm was read by the spectrophotometer (UV-5100, Metash, 
China). The TPC of the sample was expressed as gallic acid equivalents (GAE) per gram of fresh weight (FW). 

2.5. Total flavonoids content (TFC) 

The TFC of the samples was determined referring to Arvouet-Grand’s procedure [20] with some change. The diluted sample (500 
μL) was mixed with NaNO2 (5%, w/v, 30 μL) and kept in the dark for 6 min, and followed by the addition of AlCl3 (10%, w/v, 30 μL) and 
kept in the dark for another 8 min. The mixture then mixed with NaOH (1 M, 200 μL) and kept in the dark for another 10 min. The 
absorbance of the mixture at 510 nm was read by the above spectrophotometer. The TFC of the sample was expressed as the rutin 
equivalent (RE) per gram of fresh weight (FW). 
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2.6. Antioxidant activity 

2.6.1. DPPH radical scavenging activity 
The evaluation of DPPH radical scavenging activity referred to Blois’ protocol [21] with some modifications. Briefly, the diluted 

sample (25 μL) was mixed with DPPH radical solution (0.05 mM, 500 μL) and absolute ethanol (475 μL), and kept in the dark for 30 
min. The absorbance of the sample at 517 nm was read by the above spectrophotometer. The DPPH radical scavenging activity of the 
sample was expressed as trolox equivalents (TE) per gram of fresh weight (FW). 

2.6.2. Ferric reducing antioxidant power (FRAP) 
The determination of FRAP of the samples referred to Benzie’s procedure [22] with some modifications. The diluted sample (10 μL) 

was mixed with the FRAP solution (990 μL) and kept in the dark for 10 min. The absorbance of the sample at 593 nm was read by using 
the above spectrophotometer. The FRAP of the samples was expressed as trolox equivalents (TE) per gram of fresh weight (FW). 

2.7. HPLC and HPLC-MS analysis 

The stored digestion samples were freeze-dried, extracted with methanol and filtered with 0.45 μm membrane [18]. The obtained 
extracts were analyzed by an iChorm5100 HPLC system (Dalian Elite, China) equipped with a reverse-phase C18 column (250 mm ×
4.6, 5 μm, Dalian Elite, China) at 360 nm. The samples were eluted with a mixed solvent of 0.1% formic acid acetonitrile (solvent A) 
and 0.1% formic acid water (solvent B) at 1 mL/min, and the gradient was: 0–30 min, solvent A increased from 5% to 20%; 30–35 min, 
solvent A kept at 20%; 35–45 min, solvent A increased from 20% to 25%; 45–50 min, solvent A increased from 25% to 100%; 50–55 
min, solvent A decreased from 100% to 5%; 55–60 min, solvent A maintained at 5%. ACQUITY UPLC LCT Premier XE system (Waters, 
USA) equipped with C18 column (250 mm × 4.6, 5 μm, Dalian Elite, China) was used for mass spectrometry, the elution condition was 
identical to HPLC analysis. Mass conditions: negative ionization mode with a m/z ratio of 100–1000. The ionization voltage was 3.5 
kV, the drying temperature was 11 L/min, the capillary temperature and voltage were 350 ◦C and 4000 V (+)/3500 V (− ), and the 
atomizer pressure was 50 psi. The phenolics in digestion samples were identified by the comparison with reference compounds or their 
reported mass fragments. 

2.8. Quantification of phenolics 

The identified phenolics were derivatives of naringenin and quercetin, therefore, these phenolics were quantified by HPLC analysis 
using naringenin and quercetin as reference compounds. 

Fig. 1. TPC and TFC of digested Indian jujube fruit peel and pulp. (A) TPC of the fruit pulp; (B) TPC of the fruit peel; (C) TFC of the fruit pulp; (D) 
TFC of the fruit peel. 
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2.9. Statistical analysis 

The samples were prepared in triplicates. The data was analyzed by one-way variance (ANOVA) and Duncan’s test at a significance 
level of p ≤ 0.05. Pearson correlation analysis was conducted to explore the correlations between antioxidant activity and phenolics/ 
flavonoids contents, the significant levels were defined at p < 0.05(*) and p < 0.01(**). 

3. Results and discussion 

3.1. TPC and TFC 

To explore the effect of simulated digestion on the phenolics and flavonoids in Indian jujube, TPC and TFC were determined. As 
shown in Fig. 1, the TPC/TFC in peel was obviously higher than that in pulp, and they increased significantly after simulated digestion 
(p ≤ 0.05). In oral digestion step, compared with control groups, the TPC increased by 84.31% in pulp and 74.00% in peel after 
digestion (Fig. 1A and B), while the corresponding increases of TFC were respectively 19.63% and 37.80% for pulp and peel (Fig. 1C 
and D), indicating that the oral digestion may degrade some polysaccharides and enhance the release of phenolics and flavonoids, and 
similar result also reported for sesame seeds [23]. In gastric digestion step, compared with oral step, the TPC increased by 4.13% and 
7.22% in pulp and peel (Fig. 1A and B), while the corresponding increases of TFC were 3.86% and 2.50% (Fig. 1C and D), and the low 
pH related acid environment may be the reason for the increase: the weak interaction between the some phenolics/flavonoids and fruit 
matrix (e.g. protein, oligosaccharides, etc.) may be broken at the low pH, leading to the increased release of phenolics and flavonoids 
[24]. In small intestinal digestion step, the TPC decreased by 9.89% in pulp and 21.83% in peel as compared with gastric digestion 
(Fig. 1A and B), while the corresponding decreases of TFC were 15.80% and 16.76% (Fig. 1C and D), and the degradation of some 
phenolics and flavonoids in weak alkaline environment may be the reason [25]. The change in the TPC/TFC of Indian jujube was 
similar to that of persimmon fruit [26]. 

3.2. Antioxidant activity 

To detect the effect of simulated digestion on the antioxidant activity of digested Indian jujube pulp and peel, DPPH scavenging 
activity and FRAP assay were conducted. According to Fig. 2, the antioxidant activity of Indian jujube generally increased after 
simulated digestions, but the increases in pulp and peel were different. In oral step, the DPPH scavenging activity increased by 33.41% 
in pulp and 10.43% in peel as compared with control group (Fig. 2A and B), while the FRAP respectively increased by 20.34% and 
8.33% in pulp and peel (Fig. 2C and D). In gastric digestion step, as compared with oral digestion, the DPPH scavenging activity 
increased by 12.28% and 4.29% in pulp and peel (Fig. 2A and B), while FRAP decreased 9.38% in pulp and increased 13.93% in peel 
(Fig. 2C and D). In small intestine digestion, the DPPH scavenging activity respectively decreased 16.95% and 23.47% in the pulp and 

Figure-2. Antioxidant activity of digested Indian jujube pulp and peel. (A) DPPH scavenging activity of the fruit pulp; (B) DPPH scavenging activity 
of the fruit peel; (C) FRAP of the fruit pulp; (D) FRAP of the fruit peel. 
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peel (Fig. 2A and B), and the corresponding decreases of FRAP were 8.17% and 36.39% (Fig. 2C and D). The change of antioxidant 
activity was similar to that of TPC/TFC (Fig. 1), indicating that the phenolics and flavonoids may play an important role in the 
antioxidant activity of Indian jujube. Similar results were reported for the antioxidant activity of digested Lycium barbarum fruit [15]. 

3.3. Correlation analysis 

As mentioned in the previous section, the change of antioxidant activity of Indian jujube were related to its TPC/TFC, therefore, the 
correlations between them were analyzed. As shown in Table 1, strong correlations were mainly detected in peel group, but were 
hardly found in pulp group. In pulp series, significant correlations were only found in control group for DPPH scavenging activity and 
TPC/TFC, and correlations was not high (0.686 < r < 0.732, p < 0.05). In peel series, the antioxidant activity was strongly correlated 
with the TPC/TFC (r > 0.858, p < 0.01). The results implied that phenolics and flavonoids may be the main antioxidants in Indian 
jujube peel. As to the pulp series, besides phenolics and flavonoids, polysaccharides and proteins in the pulp may contribute to the 
antioxidant activity to some degree, leading to the low correlations between its antioxidant activity and TPC/TFC. 

3.4. HPLC profile 

To explore the change of individual phenolics and flavonoids during the digestion, HPLC analysis was carried out. Regarding that 
the TPC/TFC was more abundant in Indian jujube peel (Fig. 1), therefore, HPLC analysis was mainly conducted to the peel series. 
According to Fig. 3, the number of the main compounds almost the same before (Fig. 3A–C) and after the simulated digestion 
(Fig. 3D–F), and the similarity also occurred during the digestion (Fig. 3D–F), implying that most compounds were retained during the 
digestion. However, the height and area of these main HPLC peaks varied greatly during the simulated digestion, and they were 
generally increased after simulated gastric digestion but decreased after the small intestine digestion, implying that the content of 
these main compounds changed with the digestion steps. Similar changes were also found in TPC/TFC (Fig. 1) and antioxidant ac
tivities (Fig. 2). 

To further identify the main compounds in Fig. 3, HPLC-MS analysis was carried out, and four compounds were characterized 
(Table 2). Compound 1 showed the m/z of 741 ([M− H]− ) and 743 ([M+H]+), and the MS fragments of 271 (naringenin) and 579 (lost 
a hexose group) at negative ion mode, according to the previous study on Indian jujube, it was tentatively identified as naringenin tri- 
glycoside [9]. Similarly, compounds 2–4 were identified as quercetin-3-O-[(2-hexosyl)-6-rhamnosyl]-hexoside (compound 2), Quer
cetin 3-O-pentosylhexoside (compound 3), and quercetin-3-O-(2-pentosyl-rhamnoside)-4′-O-rhamnoside (compound 4), and these 
compounds were previously reported in Indian jujube [9,27]. 

3.5. Quantification of individual phenolics 

TPC and TFC analysis could only give an overview of phenolics and flavonoids in Indian jujube, but the detailed change of indi
vidual phenolics/flavonoids was unknown. To clarify the variation of the main phenolics during the simulated digestion, four iden
tified (Table 2) phenolics were quantified. As shown in Fig. 4, the content of compounds 1–4 generally increased after simulated 
digestion. As to the change at different digestion steps, these compounds were mainly increased after gastric digestion but decreased 
after small intestine digestion. In oral step, compared with control groups, compound 1-4 separately increased 6.87%, 19.86%, 27.08% 
and 44.41% after digestion (Fig. 4A–D), indicating that simulated digestion could enhance the release of phytochemicals. In gastric 
step, compound 1–4 respectively increased 23.35%, 119.04%, 25.99% and 13.91% as compared with oral digestion (Fig. 4A–D), 
implying that gastric digestion further improved the release of phytochemical compounds. However, in small intestine step, compound 
1-4 decreased 6.71%, 9.05%, 10.12% and 4.82% as compared with gastric digestion (Fig. 4A–D), and the decrease may be produced by 
alkalescence environment of this digestion step. The change of these compounds during the simulated digestion was similar to the 
findings reported for the digestion of Huangshan Gongju [24] and Lycium barbarum fruit [15]. 

4. Conclusions 

The digestive property and antioxidant activity of Indian jujube peel and pulp phenolics were explored in this study. Our data 

Table 1 
Correlation analysis between antioxidant activity and TPC/TFC.   

TPC/TFC DPPH FRAP 

Pulp (control) TPC 0.732* 0.197ns 

TFC 0.686* 0.329ns 

Digested Pulp TPC 0.451ns 0.453ns 

TFC 0.432ns 0.422ns 

Peel (Control) TPC 0.915** 0.958** 
TFC 0.947** 0.858** 

Digested peel TPC 0.910** 0.914** 
TFC 0.978** 0.950** 

Significance: ** p ⩽ 0.01; * p ⩽ 0.05; ns, non-significant. 
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Fig. 3. HPLC profile of Indian jujube peel. (A–C): the profiles of the control samples; (D–F): the profiles of oral, gastric and small intestine digestion samples.  
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demonstrated the release of phenolics and flavonoids, as well as the antioxidant activities were enhanced after simulated digestions in 
both peel and pulp, and proved that Indian jujube phenolics/flavonoids were more abundant in the peel, and the main phenolics/ 
flavonoids in the peel showed promising stability during the simulated digestion, implying that Indian jujube peel extract could be 
developed as potential antioxidant for food industry. 
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Table 2 
HPLC-MS characterization of four main compounds in Indian jujube peel.  

# TR(min) [M− H]− /[M+H]+ MS fragments Tentative identification Reference 

1 30.82 741[M− H]− 579/271 Naringenin tri-glycoside [9] 
743[M+H]+ / 

2 32.32 771[M− H]− / Quercetin-3-O-[(2-hexosyl)-6-rhamnosyl]-hexoside [27] 
773[M+H]+ 611/303 

3 33.02 595[M− H]− / Quercetin 3-O-pentosylhexoside [9] 
597[M+H]+ 465/303 

4 43.63 725[M− H]− / Quercetin-3-O-(2-pentosyl-rhamnoside)-4′-O-rhamnoside [27] 
727[M+H]+ 595/449/303  

Fig. 4. The content of main individual compounds in Indian jujube peel before and after simulated digestion. (A) Naringenin tri-glycoside; (B) 
Quercetin-3-O-[(2-hexosyl)-6-rhamnosyl]-hexoside; (C) Quercetin 3-O-pentosylhexoside; (D) Quercetin-3-O-(2-pentosyl-rhamnoside)-4′- 
O-rhamnoside. 
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