
antioxidants

Article

Functional Components, Antioxidant Activity and
Hypoglycemic Ability Following Simulated
Gastro-Intestinal Digestion of Pigments from
Walnut Brown Shell and Green Husk

Yanan Sun 1,†, Shanshan Li 1,†, Fanhang Zeng 1, Jingyi Qi 1, Wen Qin 1, Cui Tan 2, Qingying Luo 1,
Dingtao Wu 1 , Qing Zhang 1, Derong Lin 1 and Hong Chen 1,*

1 College of Food Science, Sichuan Agricultural University, Yaan 625014, Sichuan, China;
sicausunyanan@163.com (Y.S.); calm945@aliyun.com (S.L.); Zeng_9818@163.com (F.Z.);
qipeiyan2992@163.com (J.Q.); qinwen@sicau.edu.cn (W.Q.); cherry12112009@163.com (Q.L.);
DT_Wu@sicau.edu.cn (D.W.); zhangqing@sicau.edu.cn (Q.Z.); lindr2018@sicau.edu.cn (D.L.)

2 School of Postgraduates, Sichuan Agricultural University, Yaan 625014, Sichuan, China; tancuilove@163.com
* Correspondence: chenhong945@sicau.edu.cn
† The authors contributed equally to this article.

Received: 25 October 2019; Accepted: 20 November 2019; Published: 21 November 2019 ����������
�������

Abstract: To assess the effects of digestion on the functional components of walnut pigment and their
bioactivities, we developed an in vitro model simulating gastro-intestinal digestion. Results showed
an increase in the contents of flavonoids and conjugated phenols (with retention rates higher than 100%)
in husk pigment after digestion. The lowest of the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) radical scavenging abilities was reached in the group with the minimum flavonoid
content after digestion. Close correlation was observed between free phenol content and total reducing
power, as the reducing power among different groups of husk pigment was in consistent with free
phenols changes. The inhibitory effect of walnut pigment on α-amylase with/without digestion enzyme
was similar. However, shell pigment showed improved inhibitory effect on α-glucosidase activity,
with an increased inhibitory rate of 5.42%. In general, the antioxidant activity and hypoglycemic
ability of walnut pigment were prone to chemical and enzymatic changes during simulated digestion,
which were also related to the alteration of flavonoids and phenols.
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1. Introduction

Pigments have generally been applied in foodstuffs, because they can provide a brilliant appearance
to the products [1]. Given the concern of food nutrition and safety in recent years, natural pigments
have drawn more and more attention than their synthetic competitors in the food industry. Natural
pigments are mainly distributed in several parts of plants, such as leaves, roots and seeds [2]. Jalapeño
peppers have long been treated as a source of constituents with health-promoting function due to
the abundant carotenoids and chlorophylls contents [3]. Anthocyanins, the main pigment of red
wine, is responsible for wine’s nutraceutical properties and antioxidant ability [4,5]. According to
Rabadan, et al. [6], the virgin oil derived from pistachios offers healthy benefits, which are not only
attributed to the composition of fatty acid, but also the presence of pigments. Thus, the bioactive
function of plant parts can be related to their pigments.

Walnut brown shell and green husk are the by-products of walnut production, and they are widely
used in the pharmaceutical and cosmetic industries [7]. The antioxidant potential and antimicrobial
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activity of walnut (Juglans regia L.) green husks have been confirmed in a previous research [8].
In fact, previous studies on walnut husk and shells with regard to antioxidant activity revealed the
polyphenolic compounds in these resources [8–11]. Stampar, Solar, Hudina, Veberic and Colaric [7]
reported the existence of thirteen phenolic compounds in the husk. Furthermore, the abundant
flavonoids in a walnut shell were also detected [10]. The walnut pigment from these resources may play
a key role in their bioactive function, and it is generally accepted that the digestion process affects the
structure of bioactive substances, such as the exposure of functional groups on the surface, thus altering
the antioxidant capacity [12]. To our knowledge, studies on the changes of the dialysable bioactive
compound or bioactive function of walnut pigments are limited, developing an in vitro digestion
model. Hence, a model mimicking the physiological conditions in human digestion is required to
predict the bioaccessibility of walnut pigments.

On the basis of previous studies, we applied the in vitro gastro-intestinal digestion model of
walnut pigment from its brown shell and green husk. The characteristic changes of antioxidant capacity
and hypoglycemic activity from the bioactive substances of the pigment were compared throughout
the digestion process. The present study was undertaken to explore the changes of walnut pigment
on bioactive substances, as well as their bioactive function during digestion, and also to reveal the
correlation between these changes and the components of walnut pigment.

2. Materials and Methods

2.1. Reagents and Plant Materials

The pepsin, pancreatin and taurocholate used during simulated gastrointestinal digestion were
purchased from Yuanye Biotechnology (Shanghai, China). Standards (trolox, rutin and gallic
acid) and Folin-Ciocalteu reagent were provided by Sigma-Aldrich (Oakville, ON, Dominion of
Canada). Hydrochloric acid (HCl), ethanol (C2H5OH), sodium bicarbonate (NaHCO3), sodium
chloride (NaCl), sodium acetate (NaOAc), acetic acid (CH3COOH), 2,4,6-tri(2-pyridyl)-1,3,5-triazine,
iron chloride (FeCl3), ferrous chloride (FeCl2), methanol (CH3OH), 2,2-diphenyl-1-picrylhydrazyl,
potassium persulfate (K2S208), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt ((NH4)2SO4), hydrogen disodium phosphate (Na2HPO4), sodium dihydrogen phosphate
(NaH2PO4), ferrous sulfate (FeSO4), salicylic acid (C7H6O3), 30% potassium hydrogen peroxide
(KH2O2), ferrocyanide ([Fe(CN)6]4−), sodium nitrite (NaNO2), aluminum nitrate (Al(NO3)3), sodium
hydroxide (NaOH), sodium carbonate (Na2CO3) and cellulase were obtained from Aladdin Biochemical
Technology (Shanghai, China). Walnuts (Juglans hopeiensis Hu) were collected locally from Hanyuan
County, Sichuan province, China.

2.2. Preparation of Solid Pigment

The cleaned walnut husk and shell were ground (Kunshan Meimei Instrument Co., Ltd., Jiangsu,
China) to 40-mesh powder. The extraction method was performed in accordance with the method
of Lao and Giusti [13]. Briefly, 10 g of green husk powder was added into a beaker with 700 mL of
ultrapure water, and then the mixture was subjected to ultrasonic extraction in an ultrasonic bath
(Kunshan Ultrasonic Instrument Co., Jiangsu, China) at 200 W for 30 min. The extraction liquid was
centrifuged (Hettich, Germany) at 3000 rpm for 10 min and purified by acid precipitation (2 mL of
36.5% HCl). Finally, the precipitated pigment was freeze-dried (Martin Christ, Germany).

The extraction of shell pigment was conducted using an ultrasound-assisted enzymatic method,
as described in a previous study [14] with modifications. In brief, 5 g of walnut shell powder was
mixed with 0.012 g of cellulase in a 125 mL 50% ethanol solution. Then, the solution was adjusted to
pH 3 (acidic). After bathing (DAIHAN LABTECH, Korea) in 40 ◦C water for 1 h and 80 ◦C water for
5 min, beakers were placed in an ultrasonic cleaning instrument at 200 W and 60 ◦C for 40 min.
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After centrifugation, the pigment extract was concentrated to a semi-dry state in a rotary evaporator
(Laborota 4000, Heidolph, Schwabach, Germany). Finally, a solid walnut brown shell pigment was
obtained by lyophilization.

2.3. In Vitro Gastro-Intestinal Digestion

0.05 g of freeze-dried pigment was dissolved in 50 mL of ultrapure water to obtain the initial
pigment solution (1 mg/mL). Then, the digestion was simulated in vitro mainly according to the method
of Gunathilake, et al. [15], with minor changes. In general, the simulated digestion was divided into
two major stages: simulated gastric digestion and intestinal digestion. The 4 mg/mL pepsin solution
was prepared using 0.1 mol/L HCl. Pancreatin (2 mg/mL) and taurocholate (12 mg/mL) were prepared
using 0.1 mol/L NaHCO3 to obtain simulated intestinal fluid.

After the total preparatory work, 50 mL of 9 mg/mL NaCl, 4 mL of 0.1 mol/L HCl and 8 mL of
active pepsin solution were added into two conical flasks. Then the pH was adjusted to 2.0–2.5. Each
conical flask containing 4 mL of pigment solution (1 mg/mL) was placed into a shaking water bath
at 37 ◦C and 100 rpm for 1 h. Each flask was filtered to obtain the supernatant, which was stored at
−20 ◦C for further analysis, while another continued to the intestinal digestion.

Segments of dialysis bags (cellulose membrane; average flat width; 33 mm, MWCO 12,000 Da,
15 cm) were rinsed with 0.9% NaCl and sealed with clips at one end. During intestinal digestion,
dialysis bags containing 8 mL of 9 mg/mL NaCl and 2 mL of 0.5 mol/L NaHCO3 were placed into the
flasks and continuously agitated at 37 ◦C (normal human body temperature) and 100 rpm for 45 min.
Then, 3.6 mL of simulated intestinal fluid was joined outside of the dialysis bags. The sample solution
was adjusted to pH 7.0 (neutral) before incubation in the shaking water bath at 37 ◦C and 100 rpm for
2 h. Finally, the dialysis bags were taken out, in which the retention liquid was stored at −20 ◦C for
further determination.

In the present study, the groups without enzyme (no enzyme group of shell pigment, NES;
no enzyme group of husk pigment, NEH) were set along with the groups with enzyme (enzyme group
of shell pigment, ES; enzyme group of husk pigment, EH). The samples were then prepared in parallel
with controls: CS, which was the control group of shell pigment, and CH, which was the control group
of husk pigment.

2.4. Determination of Flavonoid

Flavonoid content was measured following the procedure described by Tagliazucchi, et al. [16].
Firstly, 500 µL of sample solution was mixed with 30 µL of 5% NaNO3 for 6 min. Secondly, 30 µL of 10%
Al(NO3)3 was added into the solution. After 6 min, the solution was mixed with 400 µL of 4% NaOH
for 12 min. Finally, the absorbance was measured at 510 nm by using a UV/VIS spectrophotometer
(Optima, SP-3000, Tokyo, Japan). Results were obtained from the standard curve constructed using
rutin and expressed in mg rutin equivalents (RE) per milliliter (mg RE/mL). All samples were analyzed
in triplicate.

2.5. Determination of Phenol

Phenol content was estimated using the Folin-Ciocalteu method of Li, et al. [17]. Generally,
0.5 mL of the sample solution was mixed with 0.5 mL of 0.25 mol/L Folin reagent and allowed to
stand for 3 min. Then, 1 mL of 15% Na2CO3 solution was added. After 30 min, the absorbance was
measured at 760 nm using a UV/VIS spectrophotometer. Results were obtained from the standard
curve constructed by gallic acid and expressed in mg gallic acid equivalents (GAE) per milliliter (mg
GAE/mL). All samples were analyzed in triplicate.

2.6. Extraction of Conjugated Phenols

Conjugated phenols were extracted following the acid hydrolysis assay of Ahmad, et al. [18]
with some modifications. Briefly, 9 mL of ultrapure water and 1 mL sample solution were mixed in
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a centrifuge tube. Then 5 mL of 6 mol/L HCl was slowly added into the mixture at a flow rate of
1 mL/min. All of the tubes were placed into a water bath and continuously oscillated at 35 ◦C for 16 h.
Finally, the solution was cooled to ambient temperature and extracted with ethyl acetate at a volume
ratio of 3:1, three times. Then anhydrous MgSO4 was applied to dehydrate the ethyl acetate extract.

2.7. Estimation of the In Vitro Antioxidant Capacity

Five assays were carried out to estimate the in vitro antioxidant capacity of the bioactive substances.
Results were acquired from the standard curve constructed using Trolox and expressed in µmol Trolox
equivalents (TE) per liter (µmol TE/L). All samples were analyzed in triplicate.

2.7.1. ABTS Radical Scavenging Capacity Assay (ABTS)

The 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging capacity
assay was carried out according to Zhang, et al. [19] with some modifications. Briefly, 10 µL of sample
liquid was mixed with 200 µL of ABTS‘+ for 10 min, then the absorbance value was measured at 515 nm
in a dark room.

2.7.2. Ferric-Reducing Antioxidant Power Assay (FRAP)

The Ferric-Reducing Antioxidant Power Assay (FRAP) was determined according to a method of
Zhang, et al. [20] with some modifications. The entire experiment was carried out at room temperature
and in a dark environment. After the reaction of 100 µL of sample solution with 3 mL of FRAP reagent
for 6 min, the absorbance value was determined at 593 nm.

2.7.3. Total Reducing Power (RP) Assay

The RP assay was carried out by modifying the method of Zhang, et al. [19]. In brief, 200 µL of
sample solution was mixed with 200 µL of 0.2 M sodium phosphate buffer (pH 6.6, acidic) and 200 µL
of 1% (w/v) K3[Fe(CN)6]. After incubation at 50 ◦C for 20 min, the solution was mixed with 200 µL of
10% (w/v) trichloroacetic acid (TCA) and centrifuged at 400 rpm for 10 min. Subsequently, 200 µL of
supernatant was blent with 200 µL of ultrapure water and 4 µL of 0.1% (w/v) FeCl3. Absorbance at
700 nm was recorded.

2.7.4. DPPH Radical Scavenging Capacity Assay (DPPH)

The assay developed by Zhang et al. [19] was employed in this study with modifications. In brief,
100 µL of sample solution was added in 100 µL of 60 µM 2,2-diphenyl-1-picrylhydrazyl (DPPH)
(dissolved in methanol). The solution was allowed to react for 30 min at room temperature and dark
environment, and the absorbance was measured at 517 nm.

2.7.5. OH Radical Scavenging Activity (OH)

The assay to measure the •OH radical scavenging ability was performed according to the procedure
described by Liu, et al. [21]. Briefly, 200 µL sample solution was mixed with 50 µL of 9 mmol/L salicylic
acid reagent, 50 µL of 9 mmol/L FeSO4 and 650 µL of ultrapure water. The solution was homogenously
mixed, combined with 50 µL of 0.03% H2O2, and then incubated at 37 ◦C for 30 min. Absorbance at
510 nm was measured.

2.8. Estimation of Hypoglycemic Ability

2.8.1. α-Amylase Inhibitory Activity

α-Amylase inhibitory activity was determined following a previously reported method [22].
In brief, 500 µL of sample solution and 500 µL of α-amylase solution (5 mU/mL) was mixed and
incubated at 37 ◦C for 10 min. Then 500 µL of 1% starch solution was added into the mixture and
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incubated at 37 ◦C for 10 min. 1 mL of 3,5-dinitrosalicylic acid (DNS) reagent was joined to stop the
reaction. Finally, all of the tubes were bathed in boiling water to inactivate the α-amylase. The solution
was cooled to room temperature and diluted with 10 mL ultrapure water. Absorbance at 520 nm was
measured. The α-amylase inhibitory rate was calculated as follows:

Inhibitory rate (%) = 100 − (As − Ab)/A0 × 100 (1)

As: The absorbance of the sample solution
Ab: The absorbance of the reagent without α-amylase
A0: The absorbance of the reagent without sample

2.8.2. α-Glucosidase Inhibitory Activity

The method of Chapdelaine et al. [23] was followed to measure the α-glucosidase inhibitory
activity. In brief, 50 µL of sample solution was mixed with 100 µL of α-glucosidase solution
(0.35 U/mL), and the mixture was incubated at 37 ◦C for 10 min. The mixture was joined with 100 µL
of p-nitrophenyl-α-D-glucopyranoside solution (1.5 mM). After 20 min of incubation, 1 mL of 1M
Na2CO3 was added. Absorbance at 400 nm was measured. The α-glucosidase inhibitory rate was
calculated as follows:

Inhibitory rate (%) = 100 − (As − Ab)/A0 × 100 (2)

As: The absorbance of the sample solution
Ab: The absorbance of the reagent withoutα-glucosidase
A0: The absorbance of the reagent without sample

2.9. Statistical Analysis

All statistical analyses were performed using the SPSS 17.0 statistical package (SPSS, Inc., Chicago,
IL, USA). Results were presented as mean values± standard deviation (SD) and analyzed for differences
between means by one-way Analysis of Variance (ANOVA) with Tukey’s HSD post hoc test. Significance
was accepted at p < 0.05.

3. Results and Discussion

3.1. Comparative Analysis of Flavonoid Retention

As is shown in Figure 1, after gastro-intestinal digestion, the flavonoid retention rate of ES and
EH was higher than that after the gastric stage. For husk pigment, the flavonoid retention rate of EH
and NEH was beyond 100% (Figure 1B) after gastric digestion, signifying that the flavonoid content
of husk pigment increased after digestion, and this increase continued to occur until the intestinal
digestion phase. Huang, et al. [24] simulated the in vitro digestion of native Royle seed and also
observed increased flavonoid content after digestion. They concluded that the alteration of flavonoid
content after digestion was related to plant species and phenolic substance composition. For example,
anthocyanin, the most abundant flavonoid compound in blueberries, is susceptible to an alkaline
environment and thus contributes to the substantial losses of flavonoid during intestinal digestion [25].
Pepsin digestion does not affect the stability of flavonoid during gastric digestion [26]. However, a low
pH around 2.0 (highly alkali) could destroy some low-molecular-weight polyphenols [27].

This partially explains the decreased retention rate of flavonoid in the shell pigment (Figure 1A).
Given that previous studies have not detected anthocyanin in walnut green husk [28], we assumed that
the high retention rate of flavonoids in husk pigment was due to high-molecular-weight flavonoids.
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Figure 1. The flavonoid retention rate of walnut pigment from brown shell (A) and green husk (B) 
subjected to simulated in vitro gastric and intestinal digestion and dialysis (potential uptake). The 
data presented in this figure consist of average quantities ± standard deviation (SD) of three 
independent samples. Different letters in the bars within each group represent statistically significant 
differences (p < 0.05). “a–c” indicates a significant difference in longitudinal, and “A–C” represents a 
significant difference in lateral. 

At different digestion phases and in the dialysis bags, the flavonoid retention rate was 
characterized as follows: EH > NEH > CH, which demonstrated that the enzyme along with acid or 
alkaline substances positively influenced flavonoid release and absorption, with the enzyme showing 
superior effect. 

During gastric digestion, ES reached the lowest retention rate, followed by NES (Figure 1A). The 
flavonoid retention rate of ES was shown to rise after intestinal digestion, which may be due to the 
long digestive time. This escalation may be associated with the presence of the flavonoid glycoside 
form, which shows increased resistance to acid hydrolysis compared with its original form, thus 
additional content reaches the intestinal digestion phase [29]. Furthermore, the change in the 
polyphenols structure is also suggested to be due to pH alteration [30]. 

3.2. Comparative Analysis of Free and Conjugated Phenols Retention  

Figure 2A shows that the free phenol retention rate of shell pigment diminished amongst all 
groups and the retention rate was similar. During gastro-intestinal digestion, the free phenol 
retention rate of ES was significantly higher than that of NES and CS, and this finding was in 
agreement with a previous report [31], showing that samples treated with active digestive enzymes 
had higher total phenolic contents compared with their inactivated-enzyme-treated counterparts. 
These results implied that the higher phenols in the enzyme group may be due to the protective effect 
from alkaline substances and/or pancreatin to some extent.  
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Figure 1. The flavonoid retention rate of walnut pigment from brown shell (A) and green husk (B)
subjected to simulated in vitro gastric and intestinal digestion and dialysis (potential uptake). The data
presented in this figure consist of average quantities ± standard deviation (SD) of three independent
samples. Different letters in the bars within each group represent statistically significant differences
(p < 0.05). “a–c” indicates a significant difference in longitudinal, and “A–C” represents a significant
difference in lateral.

At different digestion phases and in the dialysis bags, the flavonoid retention rate was characterized
as follows: EH > NEH > CH, which demonstrated that the enzyme along with acid or alkaline substances
positively influenced flavonoid release and absorption, with the enzyme showing superior effect.

During gastric digestion, ES reached the lowest retention rate, followed by NES (Figure 1A).
The flavonoid retention rate of ES was shown to rise after intestinal digestion, which may be due
to the long digestive time. This escalation may be associated with the presence of the flavonoid
glycoside form, which shows increased resistance to acid hydrolysis compared with its original form,
thus additional content reaches the intestinal digestion phase [29]. Furthermore, the change in the
polyphenols structure is also suggested to be due to pH alteration [30].

3.2. Comparative Analysis of Free and Conjugated Phenols Retention

Figure 2A shows that the free phenol retention rate of shell pigment diminished amongst all
groups and the retention rate was similar. During gastro-intestinal digestion, the free phenol retention
rate of ES was significantly higher than that of NES and CS, and this finding was in agreement
with a previous report [31], showing that samples treated with active digestive enzymes had higher
total phenolic contents compared with their inactivated-enzyme-treated counterparts. These results
implied that the higher phenols in the enzyme group may be due to the protective effect from alkaline
substances and/or pancreatin to some extent.

The pattern was similar for husk pigment, as the free phenols in all groups decreased (Figure 2B).
The conjugated phenols in husk pigments showed increased content during digestion (Figure 3B),
which may be due to the conversion of some free phenols into conjugated phenols. As previous studies
confirmed [32], the biologically-active substances could be conjugated to the large molecules (such
as water-soluble dietary fiber) in walnut green husk pigment during the digestive process. During
gastric digestion, a pectin-phenol mixture may form, which may also be responsible for the reduced
free phenol content [27]. Other research reported that the interaction between phenols and fiber is
attributed to hydrogen bonds including Van der Waals forces, and non-covalent bonds including
electrostatic forces [33], thus affecting the antioxidant capacity of bioactive substances. The free
phenol retention rate of EH increased during intestinal digestion, whereas the other groups showed
no change (Figure 2B). We consequently deem that the re-release of free phenols may be related to
pancreatin, which may help the release of phenolic acids like ellagic acid (one of the major phenolic
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compounds present in walnut green husk [7]) from the ester form. Moreover, the proportion of free
phenols and conjugated phenols in pigment may account for the slight recovery of free phenols during
intestinal digestion [15]. Free phenols in the shell pigment decreased during gastro-intestinal digestion.
According to a previous study on the simulated digestion of hawthorn, some new unknown peaks
were detected by high-performance liquid chromatography (HPLC) after digestion, evidencing the
existence of new compounds [34]. Hence, the decreased free phenols in shell pigment maybe converted
or degraded into other chemical compounds.

  

Figure 2. The free phenol retention rate of walnut pigment from brown shell (A) and green husk (B) 
subjected to simulated in vitro gastric and intestinal digestion and dialysis (potential uptake). The 
data presented in this figure consist of average quantities ± SD of three independent samples. 
Different letters in the bars within each group represent statistically significant differences (p < 0.05). 
“a–c” indicates significant difference in longitudinal, and “A–C” represents significant difference in 
lateral. 

The pattern was similar for husk pigment, as the free phenols in all groups decreased (Figure 
2B). The conjugated phenols in husk pigments showed increased content during digestion (Figure 
3B), which may be due to the conversion of some free phenols into conjugated phenols. As previous 
studies confirmed [32], the biologically-active substances could be conjugated to the large molecules 
(such as water-soluble dietary fiber) in walnut green husk pigment during the digestive process. 
During gastric digestion, a pectin-phenol mixture may form, which may also be responsible for the 
reduced free phenol content [27]. Other research reported that the interaction between phenols and 
fiber is attributed to hydrogen bonds including Van der Waals forces, and non-covalent bonds 
including electrostatic forces [33], thus affecting the antioxidant capacity of bioactive substances. The 
free phenol retention rate of EH increased during intestinal digestion, whereas the other groups 
showed no change (Figure 2B). We consequently deem that the re-release of free phenols may be 
related to pancreatin, which may help the release of phenolic acids like ellagic acid (one of the major 
phenolic compounds present in walnut green husk [7]) from the ester form. Moreover, the proportion 
of free phenols and conjugated phenols in pigment may account for the slight recovery of free phenols 
during intestinal digestion [15]. Free phenols in the shell pigment decreased during gastro-intestinal 
digestion. According to a previous study on the simulated digestion of hawthorn, some new 
unknown peaks were detected by high-performance liquid chromatography (HPLC) after digestion, 
evidencing the existence of new compounds [34]. Hence, the decreased free phenols in shell pigment 
maybe converted or degraded into other chemical compounds. 
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Figure 2. The free phenol retention rate of walnut pigment from brown shell (A) and green husk (B)
subjected to simulated in vitro gastric and intestinal digestion and dialysis (potential uptake). The data
presented in this figure consist of average quantities ± SD of three independent samples. Different
letters in the bars within each group represent statistically significant differences (p < 0.05). “a–c”
indicates significant difference in longitudinal, and “A–C” represents significant difference in lateral.

  

Figure 3. The conjugated phenol retention rate of walnut pigment from brown shell (A) and green 
husk (B) subjected to simulated in vitro gastric and intestinal digestion and dialysis (potential uptake). 
The data presented in this figure consist of average quantities ± SD of three independent samples. 
Different letters in the bars within each group represent statistically significant differences (p < 0.05). 
“a–c” indicates significant difference in longitudinal, and “A–C” represents significant difference in 
lateral. 

For both of the pigments, the conjugated phenols content of gastric digesta and intestinal digesta 
were similar. Thus, conjugated phenols may have resistance to pancreatin and/or alkaline conditions. 

3.3. Digestion Effect on the Antioxidant Ability of Pigments  

The ABTS radical scavenging ability of walnut green husk and brown shell pigment in simulated 
digestion was shown in Table 1. In the gastric and gastro-intestinal phases, EH showed lower ABTS 
radical scavenging ability compared with NEH and CH. Walnut shell pigment showed a pattern 
similar to that of husk pigment during gastric digestion. However, after intestinal digestion, a trend 
of NES > CS > ES was observed. This finding indicates that the incorporation of pancreatin and 
alkaline substances can inhibit the ABTS radical scavenging ability of shell pigment. We also 
speculated that the ABTS radical scavenging ability was mainly related to flavonoid, given that ES 
reached the lowest flavonoid content compared with the other groups during gastro-intestinal 
digestion.  

Table 1. The 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging ability 
of walnut green husk and brown shell pigment subjected to simulated in vitro digestion and dialysis 
(μmol TE/L). 

Groups Control Without Enzyme Enzyme 
Walnut green husk pigment 

Gastric 1174.1 ± 14.7 a 1192.4 ± 12.9 a 102.8 ± 1.4 b 
Gastro-intestinal  1159.7 ± 34.0 a 1191.1 ± 33.9 a 449.8 ± 31.6 b 

Dialysis 349.8 ± 19.2 a 46.2 ± 3.2 b 44.9 ± 1.4 b 
Walnut brown shell pigment  

Gastric 910.3 ± 49.5 a 857.6 ± 52.7 a 44.4 ± 3.6 b 
Gastro-intestinal  828.2 ± 22.9 b 949.7 ± 49.1 a 311.0 ± 18.5 c 

Dialysis 453.8 ± 34.0 a 433.9 ± 9.4 a 250.6 ± 10.3 b 

The data presented in this table consist of average quantities ± SD of three independent samples. 
Different letters (a–c) in rows represent statistically significant differences (p < 0.05). NES, no enzyme 
group of shell pigment; NEH, no enzyme group of husk pigment; ES, enzyme group of shell pigment; 
EH, enzyme group of husk pigment; CS, control group of shell pigment; CH, control group of husk 
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Figure 3. The conjugated phenol retention rate of walnut pigment from brown shell (A) and green
husk (B) subjected to simulated in vitro gastric and intestinal digestion and dialysis (potential uptake).
The data presented in this figure consist of average quantities ± SD of three independent samples.
Different letters in the bars within each group represent statistically significant differences (p < 0.05).
“a–c” indicates significant difference in longitudinal, and “A–C” represents significant difference
in lateral.

For both of the pigments, the conjugated phenols content of gastric digesta and intestinal digesta
were similar. Thus, conjugated phenols may have resistance to pancreatin and/or alkaline conditions.
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3.3. Digestion Effect on the Antioxidant Ability of Pigments

The ABTS radical scavenging ability of walnut green husk and brown shell pigment in simulated
digestion was shown in Table 1. In the gastric and gastro-intestinal phases, EH showed lower ABTS
radical scavenging ability compared with NEH and CH. Walnut shell pigment showed a pattern
similar to that of husk pigment during gastric digestion. However, after intestinal digestion, a trend of
NES > CS > ES was observed. This finding indicates that the incorporation of pancreatin and alkaline
substances can inhibit the ABTS radical scavenging ability of shell pigment. We also speculated that
the ABTS radical scavenging ability was mainly related to flavonoid, given that ES reached the lowest
flavonoid content compared with the other groups during gastro-intestinal digestion.

Table 1. The 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging ability
of walnut green husk and brown shell pigment subjected to simulated in vitro digestion and dialysis
(µmol TE/L).

Groups Control Without Enzyme Enzyme

Walnut green husk pigment
Gastric 1174.1 ± 14.7 a 1192.4 ± 12.9 a 102.8 ± 1.4 b

Gastro-intestinal 1159.7 ± 34.0 a 1191.1 ± 33.9 a 449.8 ± 31.6 b

Dialysis 349.8 ± 19.2 a 46.2 ± 3.2 b 44.9 ± 1.4 b

Walnut brown shell pigment
Gastric 910.3 ± 49.5 a 857.6 ± 52.7 a 44.4 ± 3.6 b

Gastro-intestinal 828.2 ± 22.9 b 949.7 ± 49.1 a 311.0 ± 18.5 c

Dialysis 453.8 ± 34.0 a 433.9 ± 9.4 a 250.6 ± 10.3 b

The data presented in this table consist of average quantities ± SD of three independent samples. Different letters
(a–c) in rows represent statistically significant differences (p < 0.05). NES, no enzyme group of shell pigment; NEH,
no enzyme group of husk pigment; ES, enzyme group of shell pigment; EH, enzyme group of husk pigment; CS,
control group of shell pigment; CH, control group of husk pigment.

The FRAP of pigments from shell and husk were quite different. During gastro-intestinal digestion,
CH reached the highest value, followed by NEH (Table 2). ES had the lowest FRAP value with the
presence of pepsin in gastric digestion. Hence, the alkaline substances might inhibit the FRAP of husk
pigment, and pancreatin enhanced this inhibitory effect.

Table 2. The ferric-reducing antioxidant power (FRAP) of walnut green husk and brown shell pigment
subjecting to simulated in vitro digestion and dialysis (µmol TE/L).

Groups Control Without Enzyme Enzyme

Walnut green husk pigment
Gastric 71.9 ± 3.1 a 38.9 ± 2.9 b 68.9 ± 3.4 a

Gastro-intestinal 50.6 ± 1.1 a 39.5 ± 2.1 b 31.5 ± 2.8 c

Dialysis 58.3 ± 3.7 a 43.5 ± 1.7 b 42.7 ± 3.1 b

Walnut brown shell pigment
Gastric 124.1 ± 10.4 a 128.0 ± 7.7 a 83.7 ± 0.6 b

Gastro-intestinal 74.5 ± 3.4 a 55.7 ± 1.6 b 76.2 ± 1.7 a

Dialysis 31.1 ± 2.4 a 16.1 ± 0.4 b 34.6 ± 3.2 a

The data presented in this table consist of average quantities ± SD of three independent samples. Different letters
(a–c) in rows represent statistically significant differences (p < 0.05). NES, no enzyme group of shell pigment; NEH,
no enzyme group of husk pigment; ES, enzyme group of shell pigment; EH, enzyme group of husk pigment; CS,
control group of shell pigment; CH, control group of husk pigment.

The RP of walnut green husk pigment was ordered as EH > CH > NEH during gastric digestion.
During intestinal digestion, EH was higher than the other groups (Table 3). The RP of walnut husk
pigment during simulated digestion may be related to the free phenols, for the consistency between
free phenols changes and RP (Figure 2B). For shell pigment, the relation between RP and free phenols
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was not as close as that found in husk pigment, indicating the RP of shell pigment may have sensitivity
toward pepsin and resistance toward pancreatin.

Table 3. The total reducing power (RP) of walnut green husk and brown shell pigment subjected to
simulated in vitro digestion and dialysis (µmol TE/L).

Groups Control Without Enzyme Enzyme

Walnut green husk pigment
Gastric 48.33 ± 0.17 b 44.93 ± 0.18 c 53.03 ± 1.43 a

Gastro-intestinal 38.65 ± 0.25 b 39.74 ± 0.44 b 50.29 ± 2.73 a

Dialysis 29 ± 1.47 b 30.67 ± 0.72 b 35.44 ± 2.00 a

Walnut brown shell pigment
Gastric 94.41 ± 1.46 a 92.95 ± 0.76 a 84.71 ± 1.57 b

Gastro-intestinal 60.97 ± 2.00 b 53.84 ± 0.89 c 76.86 ± 1.86 a

Dialysis 31.27 ± 0.36 b 30.57 ± 1.12 b 34.34 ± 0.30 a

The data presented in this table consist of average quantities ± SD of three independent samples. Different letters
(a–c) in rows represent statistically significant differences (p < 0.05). NES, no enzyme group of shell pigment; NEH,
no enzyme group of husk pigment; ES, enzyme group of shell pigment; EH, enzyme group of husk pigment; CS,
control group of shell pigment; CH, control group of husk pigment.

The DPPH· scavenging activities of walnut green husk pigment amongst different groups were
similar (Table 4). With regard to shell pigment, ES reached the lowest scavenging activity during
gastro-intestinal digestion, which was in agreement with flavonoid changes during intestinal digestion.
Once DPPH· is scavenged, samples often show a strong ability to scavenge hydroxyl radicals, alkyl
radicals and peroxide radicals. As a consequence, the DPPH assay is of good reference for antioxidant
testing on the basis of DPPH· reduction [35]. The propensity of flavonoid to scavenge free-radicals is
dominated by its chemical structure [36], such as the 2–3 double bond, and OH with an ortho position
in C3′–C4′ or OH in C3 [10]. Thus, the flavonoid in shell pigment has the above-mentioned structure.

Table 4. The DPPH scavenging activity of walnut green husk and brown shell pigment subjected to
simulated in vitro digestion and dialysis (µmol TE/L).

Groups Control Without Enzyme Enzyme

Walnut green husk pigment
Gastric 838 ± 36 a 944 ± 42 a 920 ± 22 a

Gastro-intestinal 988 ± 25 a 908 ± 19 a 982 ± 27 a

Dialysis 867 ± 17 a 642 ± 24 b 555 ± 12 c

Walnut brown shell pigment
Gastric 1047 ± 6 a 938 ± 24 b 996 ± 59 a,b

Gastro-intestinal 970 ± 25 a 910 ± 34 a 813 ± 32 b

Dialysis 991 ± 47 a 997 ± 51 a 997 ± 51 a

The data presented in this table consist of average quantities ± SD of three independent samples. Different letters
(a–c) in rows represent statistically significant differences (p < 0.05). NES, no enzyme group of shell pigment; NEH,
no enzyme group of husk pigment; ES, enzyme group of shell pigment; EH, enzyme group of husk pigment; CS,
control group of shell pigment; CH, control group of husk pigment.

The ·OH scavenging activity of walnut pigment in simulated digestion is shown in Table 5.
During gastric digestion, CS and NES reached similar values, which were higher than that of ES.
Both pigments without enzyme reached the highest ·OH scavenging activity during gastro-intestinal
digestion, which may due to the effect of phenols. Phenols can improve antioxidant activity by
converting the hydroxyl groups on the aromatic ring to protons when transferred from acid gastric
juice to an alkaline environment [37]. In addition, previous study summarized that free phenols may
serve as excellent contributors to antioxidant activity, in contrast with bound ones in teff [38]. However,
the ·OH scavenging activity of soluble conjugate and insoluble-bound phenolic fractions is weak [32].
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Thus, the ·OH scavenging power detected in the digestive juice in this study may be mainly attributed
to free phenols.

Table 5. The ·OH scavenging activity of walnut green husk and brown shell pigment subjected to
simulated in vitro digestion and dialysis (µmol TE/L).

Groups Control No enzyme Enzyme

Walnut green husk pigment
Gastric 2016 ± 8 a 2006 ± 8 a 1992 ± 6 b

Gastro-intestinal 1726 ± 5 b 1865 ± 7 a 1728 ± 1 b

Dialysis 1897 ± 6 b 2002 ± 8 a 1894 ± 9 b

Walnut brown shell pigment
Gastric 2032 ± 11 a 2009 ± 6 b 2015 ± 9 a,b

Gastro-intestinal 1744 ± 4 b 1773 ± 12 a 1758 ± 9 a,b

Dialysis 1840 ± 11 c 1893 ± 2 b 1933 ± 8 a

The data presented in this table consist of average quantities ± SD of three independent samples. Different letters
(a–c) in the rows represent statistically significant differences (p < 0.05). NES, no enzyme group of shell pigment;
NEH, no enzyme group of husk pigment; ES, enzyme group of shell pigment; EH, enzyme group of husk pigment;
CS, control group of shell pigment; CH, control group of husk pigment.

3.4. Effect of Digestion on the Hypoglycemic Ability of Pigments

The inhibitory effect of both pigments on α-amylase activity with/without enzyme digestion
is shown in Figure 4. For husk pigment, no significant difference between the NEH and EH was
found. The same result was observed for NES and ES, indicating that the digestion of enzymes had no
significant effect on the inhibition of α-amylase activity of the two pigments. But it is interesting to
notice that the α-amylase inhibitory rate of CH could be higher than NEH and EH, which indicated
that the digestion environment may impair the α-amylase inhibitory effect of the husk pigment.
The inhibition rate of α-glucosidase activity in shell pigment was increased after digestion with enzyme,
whereas that of husk pigment changed indistinctively (Figure 5).

The inhibitory effect of both pigments was well preserved during the simulated digestion.
Furthermore, the existence of digestive enzyme was beneficial to shell pigments for their exertion
of inhibition ability on α-glucosidase, and with enzyme digestion, the pronouncedly increased
α-glucosidase inhibition and the mildly changed effect on α-amylase of shell pigment seem to be
favorable in therapy for postprandial hyperglycemia, reducing side effects [39].
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Figure 4. The inhibitory rate of walnut pigment from brown shell and green husk on α-amylase activity
with/without enzyme digestion. The data presented in this table consist of average quantities ± SD of
three independent samples. Different letters (a–c) in the bars within each group represent statistically
significant differences (p < 0.05).



Antioxidants 2019, 8, 573 11 of 14

The inhibitory effect of both pigments was well preserved during the simulated digestion. 
Furthermore, the existence of digestive enzyme was beneficial to shell pigments for their exertion of 
inhibition ability on α-glucosidase, and with enzyme digestion, the pronouncedly increased α-
glucosidase inhibition and the mildly changed effect on α-amylase of shell pigment seem to be 
favorable in therapy for postprandial hyperglycemia, reducing side effects [39].  
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Figure 5. The inhibitory rate of walnut pigment from brown shell and green husk on α-glucosidase
activity with/without enzyme digestion. The data presented in this table consist of average quantities±
SD of three independent samples. Different letters (a–c) in the bars within each group represent
statistically significant differences (p < 0.05).

The α-amylase inhibitors can delay the hydrolysis of starch during small intestine digestion,
contributing to a reduction in glucose absorption, thus decreasing the postprandial plasma glucose
levels [40]. According to a previous report [41], polyphenols can inhibit α-amylase activity.
Consequently, the stable inhibitory rate of green husk pigment to α-amylase may be related to
the increased conjugated polyphenols. During digestion, conjugated polyphenols may bind to the
enzyme molecules, affecting the hydrolysis toward glycosidic bonds by amylase [42]. Moreover,
the α-amylase activity could be affected by condensed (ellagitannins) and hydrolysable tannins
(proanthocyanidins) [43]. A previous report [7] revealed the existence of ellagic acids in walnut husk,
and this may also explain the α-amylase inhibitory effect in husk pigment. Since the amount and
position of hydroxyl groups in flavonoids regulate their α-amylase inhibitory ability [34], flavonoids in
husk pigment may undergo structural changes during digestion. In the light of a previous study [44],
the inhibition toward the α-glucosidase activity of raspberry dried seeds was improved in simulated
small intestinal digestion, suggesting that the digestive progress is beneficial for phenolic compounds
to play a hypoglycemic function.

4. Conclusions

The simulated digestion may reduce free phenols and flavonoids in shell pigments and increase
the content of flavonoids and conjugated phenols in husk pigment. The antioxidant activity and
hypoglycemic ability of walnut pigment were prone to chemical and enzymatic changes during
simulated digestion, which were also related to the alteration of flavonoids and phenols. With regard
to the bioavailability of pigments, walnut green husk pigment may be superior to brown shell, in terms
of its better absorption of the bioactive components.
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