Italian Journal of Food Science, 2025; 37 (1): 421-431

Physicochemical and functional properties of extruded wheat bran dietary fiber: Effects on slow

transit constipation

Zhan Wang'?, Dong Tan!, Kemeng Zhao', Wangyang Shen'?, Xiwu Jia'?*, Bo Liu?*

1School of Food Science and Engineering, Wuhan Polytechnic University, Wuhan, China; Key Laboratory for Deep
Processing of Major Grain and Oil, Ministry of Education, Wuhan, China; 3Faculty of Pharmacy, Hubei University of
Chinese Medicine, Wuhan, China

*Corresponding Authors: Xiwu Jia, School of Food Science and Engineering, Wuhan Polytechnic University, Wuhan,
China. Email: jiaxiwu212@126.com; Bo Liu, Faculty of Pharmacy, Hubei University of Chinese Medicine, Wuhan,
China. Email: 4860715@qq.com

Academic Editor: Prof. Valeria Sileoni — Universitas Mercatorum, Italy

Received: 26 September 2024: Accepted: 17 December 2024; Published: 8 January 2025
© 2025 Codon Publications

OPEN ACCESS (<) D®©

ORIGINAL ARTICLE

Abstract

This study investigated wheat bran dietary fiber (WBDF) using the twin-screw extrusion method, with wheat
bran as the primary raw material. The research examined the physicochemical properties, cholesterol and
sodium cholate adsorption capacity, thermogravimetric analysis, X-ray diffraction, and functional characteristics.
Animal experiments were conducted to assess its impact on improving constipation. Results indicated that extru-
sion-modified WBDF (E-WBDF) exhibited higher water-holding capacity (WHC), oil-holding capacity (OHC),
water swelling capacity (WSC), and stronger cholesterol and sodium cholate adsorption capacities (CAC and
SCAC). Additionally, E-WBDF showed greater DPPH and ABTS scavenging activities compared to WBDE. In
mouse models of slow transit constipation, both WBDF and E-WBDF significantly alleviated constipation, with
E-WBDF demonstrating superior efficacy. These findings highlight that E-WBDF could serve as a promising func-
tional food additive to enhance intestinal function.
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Introduction endosperm (flour) extraction. With a total DF (TDF)
content typically exceeding 50% of its total weight, WB

Wheat is a fundamental staple in global diets, providing is primarily composed of insoluble DF (IDF), which

a significant portion of daily energy, fiber, and essential
micronutrients (Brouns et al., 2019). Wheat bran (WB),
which constitutes approximately 25% of the weight
of milled wheat, is the outer fibrous layer of the wheat
grain. It is rich in dietary fiber (DF), proteins, vitamins,
and minerals (Prickler et al., 2014), offering notable
nutritional and health benefits. WB is obtained through
conventional grain milling processes involving dissoci-
ation and separation technologies, along with starchy

accounts for over 90% of its TDF content (Cheng et al.,
2022). DF includes plant-derived or analogous carbohy-
drates that resist digestion and absorption in the human
small intestine, undergoing partial or complete fermenta-
tion in the large intestine (DeVries, 2003). Consumption
of wheat bran dietary fiber (WBDF) significantly con-
tributes to alleviating constipation (Maffei & Vicentini,
2011). Furthermore, DF shows promising potential in
the prevention and management of various conditions,
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including but not limited to diabetes, obesity, cardiovas-
cular disease, gastrointestinal disorders, and colorectal
cancer (Threapleton et al., 2013; Oh et al., 2019; Solah
etal., 2017).

Currently, the primary use of bran is in animal feed due to
its numerous physiological benefits, particularly in pro-
moting gastrointestinal health. However, its high DF con-
tent limits its incorporation into human food products,
as it can negatively affect their quality characteristics.
Directly adding WB to food processing can compro-
mise product quality. Therefore, selecting an appropriate
treatment method to enhance the value of WB is crucial.
Various modification methods exist, including alkaline
hydrogen peroxide treatment, microwave extraction,
enzymatic hydrolysis, extrusion, steam explosion, and
ultrasonic-assisted extraction (Liu et al., 2021; Sui et al.,
2018; Ye et al., 2021). Extrusion technology, which offers
numerous advantages over other processing methods, has
rapidly transformed the food industry. It enables continu-
ous and automated processing, allowing precise control of
parameters such as temperature, pressure, and residence
time, resulting in efficient production with consistent
product quality. Ramos-Enriquez et al. found that extru-
sion significantly increased the content of bound phe-
nolic compounds and antioxidant capacity in extruded
WB (EWB) (Ramos-Enriquez et al., 2018). Additionally,
Ye et al. reported that extrusion of WB can enhance the
content and digestibility of soluble DF while extend-
ing product shelf life (Ye et al., 2021). Zhang et al. also
demonstrated that modifying WB using extrusion and
semisolid enzymatic hydrolysis with xylanase improves
the processing and edible quality of bran-containing flour
products (Zhang et al., 2022). Incorporating extrusion
as a pretreatment for composite feedstock containing
cereal or legume by-products may limit molecular mod-
ifications, thereby enhancing nutritional properties. This
approach presents an interesting and economical alterna-
tive to improving the nutrient profile and bioavailability
of cereal and legume by-products, potentially leading to
the development of functional ingredients for produc-
ing foods aimed at preventing chronic diseases (Orozco-
Angelino et al., 2023).

Constipation, a prevalent digestive disorder, is becoming
increasingly common due to modern lifestyle and dietary
changes, significantly impacting people’s quality of life. It
is characterized by difficulties in defecation, infrequent
bowel movements, dry and hard stools, and prolonged
gastrointestinal transit time (Bharucha, 2007). Previous
studies indicate that DF plays a role in preventing chronic
diseases such as obesity, colorectal cancer, and diabetes
by regulating intestinal flora (Barber et al., 2020). DF
shows promise as a safe dietary supplement with minimal
side effects for managing both chronic and occasional
constipation in humans (Ma et al., 2023). Moreover,

by increasing fecal volume and water content, DF can
stimulate intestinal peristalsis and alleviate constipation
symptoms (Lai et al., 2023). Studies have demonstrated
that IDF notably influences mouse fecal water content in
a dose-dependent manner, suggesting its laxative effects
(Cao et al., 2023).

This study compares the functional and physicochemical
properties of WBDF before and after extrusion modifi-
cation, including WHC, OHC, water swelling capacity
(WSC), CAC, and SCAC. It investigates the impact of
extrusion modification on the functional properties of
WBDF and examines its potential to alleviate constipa-
tion by assessing parameters such as fecal volume, fecal
water content, defecation time, small intestine transit
rate, and more. These findings aim to provide a theoreti-
cal foundation for the enhanced utilization of WBDF and
the development of functional products.

Material and Methods

Materials and reagents

WB was sourced from COFCO Flour (Wuhan) Co., Ltd.
(Wuhan, China). Cholesterol standard, sodium cholate,
phthalaldehyde, and loperamide hydrochloride were
obtained from Shanghai Yuanye Biotechnology Co.,
Ltd. (Shanghai, China). Acetic acid and hydrochloric
acid were procured from Shanghai Hushi Laboratorial
Equipment Co., Ltd. (Shanghai, China). DPPH was
acquired from TCI Shanghai (Shanghai, China). APTS
was purchased from Wuhan Feiyang Biotechnology Co.,
Ltd. (Wuhan, China). Male Kunming mice (aged 6-8
weeks) were obtained from the Hubei Province Center
for Disease Control and Prevention. Sterile saline was
sourced from Sichuan Kelun Pharmaceutical Co., Ltd.
(Sichuan, China). Indian Ink was purchased from Beijing
Regen Biotechnology Co., Ltd. (Beijing, China).

Preparation of E-WBDF

Extrusion experiments were conducted using a coro-
tating twin-screw extruder (model FMHE3-24; Hunan
Fumach Foodstuft Engineering & Technology Co., Ltd.,
Hunan, China). The extrusion process involved setting
temperatures at 60°C, 90°C, 120°C, 140°C, and 130°C for
Zones II, III, IV, V, and VI, respectively. Based on pre-
liminary investigations, a feeding speed of 17 kg/h and
a screw speed of 160 r/min were selected (Zhang et al.,
2022). The resulting E-WBDF was produced by eliminat-
ing phytic acid, fat, starch, protein, and other constitu-
ents, as detailed in previous studies.

Water-/oil-holding capacity (WHC/OHC) and WSC evaluation
The WHC and OHC were assessed following the
method outlined by Nawrocka and Sangnark, with
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minor adjustments (Nawrocka et al., 2017; Sangnark &
Noomhorm, 2003). Dry samples were mixed with dis-
tilled water (1:20, w/v) for 12 h and with soybean oil
(1:20, w/v) for 12 h in centrifuge tubes at room tem-
perature. Subsequently, the mixtures were centrifuged at
4000 r/min for 20 min each. The WHC and OHC were
then calculated using the following formulas:

Z_MO

WHC(glg) = y 1)
1

where M, represents the initial weight of the centrifuge
tube (g), M, is the weight of the dried sample (g), and W,
is the weight of the hydrated sample (g).

5_M4

ORC(g/g) =2 y @)
3

where M, indicates the initial weight of the centrifuge
(g), M, is the weight of the dried sample (g), and W rep-
resents the weight of the hydrated sample (g).

The WSC was evaluated using a method adapted from
Wang with minor adjustments (Wang et al., 2012). A
precisely weighed dry sample (1.0 g) was gradually com-
bined with 20 mL of distilled water in a measuring cylin-
der. The mixture was allowed to hydrate for 12 h at room
temperature. The volumes of the solid and hydrated sam-
ples were then recorded.

Va

WSC(ml/g) = VIT 3)

where M represents the weight of the dried sample (g),
V, is the volume of the dried sample (mL), and V, is the
volume of the hydrated sample (mL).

Cholesterol and sodium cholate adsorption capacity (CAC
and SCAC) evaluation

CAC and SCAC were determined following the method
outlined by Wang and Kahlon with minor modifications
(Wang et al., 2012; Kahlon et al., 2004). CAC was assessed
using the o-phthalaldehyde method, and the absorbance
of samples at 550 nm was measured using a spectropho-
tometer (UV-1800PC, Shanghai, China). Cholesterol
content was quantified based on a standard curve (y =
0.0019x + 0.0026, R* = 0.9976). SCAC was determined
using the furfural colorimetric method, with absorbance
readings at 730 nm measured using the same spectropho-
tometer. Sodium cholate content was quantified using a
standard curve (y = 1.3559x - 0.0241, R* = 0.99). The CAC
and SCAC were calculated using the following formulas:

CAC(mg/g) = [%} (4)

Effects of extruded wheat bran fiber on slow transit constipation

where M represents the sample weight (g), N, is the cho-
lesterol content of the egg yolk liquid after adsorption
(mg), and N is the cholesterol content of the egg yolk lig-
uid before adsorption (mg).

(5)

SCAC(mg/g) = [w}

Wy

where W, represents the sample weight (g), W, is the
sodium cholate content before adsorption (mg), and W3
is the sodium cholate content after adsorption (g).

Thermogravimetric analysis (TGA)

TGA was conducted using a thermal gravimetric ana-
lyzer (METTLER TOLEDO, Zurich, Switzerland) to
assess the thermal stability of the WBDEF. The samples
were heated from 30°C to 800°C at a linear heating rate
of 10°C/min.

X-ray diffraction (XRD) analysis

The WBDF samples were measured using an X-ray
polycrystal diffractometer (D8 Advance, Bruker AXS,
Germany). This analysis was conducted at room tem-
perature utilizing a Cu—Ka radiation source (A = 0.154
nm) with a step size of 0.02°. A scanning rate of 2°/min
within the scattering range (28) of 5°~60° was employed.
The crystallinity indexes of the samples were calculated
according to the Segal method (Segal et al., 1959).

Antioxidant activity

The DPPH scavenging capacity of WBDF was evaluated
following the method outlined by Yan with minor modi-
fications (Yan et al., 2019). A 0.1 mmol/L DPPH-ethanol
solution was initially prepared. Different concentrations
of DF suspension (0.5, 1, 1.5, 2.0, and 2.5 mg/mL) were
then uniformly mixed with 3 mL of the DPPH-ethanol
working solution and incubated for 30 min at 25°C in
the dark. Subsequently, the absorbance of the resulting
supernatant was measured at 517 nm using an ultravio-
let spectrophotometer (MAPADA, Shanghai, China). A
blank control group using 95% ethanol was employed.
The DPPH clearance rate was calculated using the
following formula:

DPPH scavenging activity (%)=

Ablank B Atesting value %100 (6)

Ablank

The ABTS scavenging capacity of WBDF was evaluated
according to the method of Diaz-Rubio with minor mod-
ifications (Diaz-Rubio et al., 2009). A DF suspension (2.5
mL) of varying concentrations (0.5, 1, 1.5, 2, and 2.5 mg/
mL) was uniformly mixed with 2 mL of ABTS+ working
solution and incubated for 6 min at room temperature
in the dark. The absorbance of the resulting supernatant
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was measured at 734 nm using an ultraviolet spectropho-
tometer (MAPADA, Shanghai, China), with deionized
water used as the blank control. The ABTS scavenging
rate was calculated using the following formula:

ABTS scavenging activity(%) =

Ablank B Atesting value %100 (7)

Ablank

Experimental animal models and treatments

Modeling of slow transit constipation

Male Kunming mice aged 6-8 weeks were procured
from the Hubei Province Center for Disease Control
and Prevention. The mice were housed in an environ-
ment maintained at 25°C, with humidity ranging from
40% to 60%, and subjected to a 12-h light/dark cycle
following a 1-week acclimatization period before exper-
imentation. Modeling was conducted according to the
method outlined by Wang with minor adjustments
(Wang et al., 2023). The male Kunming mice were cat-
egorized into the following groups: control (saline),
model (1.4 mg/mL loperamide hydrochloride solution),
WB (1.4 mg/mL loperamide hydrochloride solution +
WB), and extrusion modification of WB (1.4 mg/mL
loperamide hydrochloride solution + extrusion modifi-
cation of WB). The blank group received distilled water
via gavage at a volume of 0.2 mL per 10 g of mouse body
weight once a day for 8 consecutive days. Bran admin-
istration commenced on day 8, following loperamide
hydrochloride gavage, with WB administered via gavage
at a dosage of 0.5 g/kg for 7 consecutive days. Following
the final administration, mice in each group were fasted
except for water intake for 24 h. The administered dos-
age was 0.2 mL per 10 g of mouse body weight. Fecal
water content, fecal count, first black-stool defecation
time, and gastrointestinal transit rates were evaluated.
The animal experimental protocol was approved by
the Animal Research Committee of Hubei University
of Chinese Medicine, and all procedures adhered to
strict animal welfare guidelines in compliance with
the European Community directives (EEC Directive of
1986; 86/609/EEC). The experiments were conducted
in accordance with the ARRIVE guidelines, and the
animal experimentation protocol approval number is
HUCMS36047477.

Mouse defecation experiment

The time of initial defecation, the quantity/mass of defe-
cated pellets, and the fecal water content were assessed
as follows: mice were subjected to a 12-h fasting period,
with access only to water, prior to the final administra-
tion. The blank group received saline via gavage, while the
other groups received loperamide hydrochloride solu-
tion and the corresponding test substances. Following

the administration of 0.2 mL of India ink via gavage for
30 min, all mice were returned to their normal water and
food intake conditions and housed individually in cages.
The time of the first appearance of the black stool was
recorded upon completion of the gavage.

Within 6 h, feces were collected from the mice, the num-
ber of pellets was recorded, and the wet weight of the
feces was measured. Subsequently, fecal samples were
promptly collected and dried at 60°C until a constant
weight was achieved. The dried weight of the mouse feces
was then determined. The fecal water content was calcu-
lated using the following formula:

(W, - Ws)

1

R= x100% (8)

where R represents the fecal water content, W, denotes
the wet weight of feces (g), and W, signifies the dry
weight of feces (g).

Propulsion rate determination of the intestine

The mice underwent a 12-h fasting period, with access
only to water before the final administration. Following
30 min of gavage administration, all groups of mice
received 0.2 mL of ink via gavage. Twenty minutes after
the conclusion of the ink gavage, all mice were anes-
thetized and euthanized using the cervical dislocation
method. The abdominal cavity was immediately opened,
and the entire length of the intestines, from the pylorus
to the anus, was extracted. The intestines were straight-
ened without tension to obtain L1, representing the
total length of the mouse intestine. The length of the ink
within the intestines was measured as L2. The propulsion
rate of the intestine was calculated using the following
formula:

D=L2 . 100% )
Ll

where D denotes the propulsion rate of the intestine, L,
represents the total length of the mouse intestine (cm),
and L, signifies the length of ink traveling within the
intestine (cm).

Statistical analysis

The experiments were replicated three times. Data are
presented as mean * SD (n = 3). Analysis of variance was
conducted to identify significant differences (p < 0.05)
using Duncan’s multiple-range test in SPSS 25.0 software
(SPSS Inc., Chicago, IL, USA). Moreover, figures were
generated using Origin 2022 software (Stat-Ease Inc.,
Minneapolis, MN, USA).
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Results
Physicochemical properties

Effects of extrusion modification on WHC, OHC, and WSC of
WBDF

Due to the abundant glucose residues in WBDF, which
contain numerous hydrophilic groups, the DF exhib-
its strong water-absorbing and swelling properties.
The WHC reflects the capacity of DF to absorb and
retain water (Yang et al., 2021). Additionally, OHC is a
key parameter in evaluating DF’s ability to facilitate fat
excretion and reduce serum cholesterol levels (Yang
et al., 2011). The hypoglycemic and hypolipidemic
effects of DFs are influenced by their chemical compo-
sition, structure, and physicochemical properties, par-
ticularly their hydration properties such as viscosity
and water swelling capacity, as well as their adsorption
capacity (Qi et al., 2016). The WHC, OHC, and WSC
of both WBDF and E-WBDF are presented in Table 1.
Compared to untreated WBDF, E-WBDF exhibited sig-
nificantly increased WHC, OHC, and WSC (p < 0.05).
These findings are consistent with those reported by
Ma et al. (2023). The WHC increased by 1.57 g/g, repre-
senting a 17.06% increase, while the OHC increased by
2.26 g/g, marking a 26.49% increase. Similarly, the WSC
increased by 1.17 mL/g, indicating an increase of 17.84%.
The enhanced WHC and OHC may be attributed to the
extrusion modification process, which compresses DFs
into thin sheets, thereby increasing their surface area and
loosening their internal structure to expose more hydro-
philic groups, a conclusion supported by Yu et al. (2018).
Additionally, the increased dissolution of WBDF parti-
cles in water results in swelling and expansion, contribut-
ing to the elevation of WSC, consistent with the findings
of Ma et al. (2023).

Effects of extrusion modification on CAC and CSAC of WBDF
CAC serves as a crucial metric for evaluating the hypolip-
idemic efficacy of DFs. The present investigation focused
on the adsorption of DF with cholesterol and glucose,
factors believed to contribute to the hypolipidemic and

Table 1. WHC, OHC, and WSC of WBDF and E-WBDF.

WHC (g/g) OHC (g/g) WSC (mL/g)
WBDF 7.34£0.10° 6.27 £ 0.10° 5.39 £ 0.16°
E-WBDF 8.850.25° 8.53 £ 0.78° 6.56 ¢ 0.28°

Data presented as means + standard deviation (n = 3).

a, b: Values in the same column indicate significant differences (p <
0.05).

WHC: water-holding capacity, OHC: oil-holding capacity, WSC
water swelling capacity, WBDF: wheat bran dietary fiber, E-WBDF:
extrusion-modified wheat bran dietary fiber.

Effects of extruded wheat bran fiber on slow transit constipation

hypoglycemic effects of DF (He et al., 2021). The CAC of
E-WBDF surpassed that of WBDF under all conditions,
registering 7.66 mg/g (pH = 7) and 18.56 mg/g (pH = 7).
Generally, the CAC is influenced by the pH level of the
environment. A comparison of CAC for the same sam-
ple under different pH conditions indicates that WBDF
exhibits stronger CAC in neutral conditions (simulated
small intestinal environment) than in acidic conditions
(simulated gastric environment). This discrepancy can be
attributed to the structural characteristics of cholesterol
molecules, which possess a partial positive charge. In an
acidic environment, the abundance of active hydrogen
ions repels the cholesterol molecules, thereby diminish-
ing their adsorption capacity (Li et al., 2022). The height-
ened cholesterol adsorption of E-WBDF compared to
WBDF may be ascribed to structural changes induced
by extrusion modification. Specifically, some IDF in
WBDF underwent transformation into SDF, resulting in
an increased proportion of SDF within WBDE. The bind-
ing capacity of SDF to sodium bile acids and cholesterol
was notably higher than that of IDF (Luo et al., 2017).
These findings align with those of previous researchers,
who underscored that the increase in TDF and SDF could
be linked to the degradation of cellulose, hemicelluloses,
and lignin in WB (Long et al., 2014). These observations
are consistent with the outcomes of thermogravimetric
and XRD analyses.

Bile acids, produced in the liver and stored in the gall-
bladder, play a pivotal role in regulating cholesterol
metabolism. DF possesses the ability to adsorb bile acids,
offering several advantages. Primarily, it accelerates
cholesterol breakdown in the body. Second, it hinders
the absorption and utilization of fat, thereby preventing
excessive fat intake. Moreover, by reducing the produc-
tion of hypocholesterolemic acid, DF contributes to the
protection and regulation of intestinal health (Taladrid
et al., 2023). Additionally, DF traps sodium cholate in the
small intestine, increasing the viscosity of gastrointesti-
nal tract contents (Elleuch et al., 2011). In Figure 1B, sig-
nificant variations in the adsorption capacity of WBDF
for different concentrations of sodium cholate are evi-
dent. Within a specific range, as the concentration of
sodium cholate increases, WBDF’s adsorption capac-
ity correspondingly increases. Conversely, it weakens at
lower concentrations. Consequently, WBDF maintains
dynamic equilibrium with sodium cholate in a neutral
environment (simulated small intestine), facilitating nor-
mal fat metabolism in the intestine.

In comparison to WBDF, E-WBDF demonstrates sig-
nificantly enhanced SCAC, likely due to its higher SDF
content, WSC, and OHC (Table 1). DFs with elevated
WSC and SDF content increase the medium’s viscosity
and form a network structure conducive to sodium cho-
late adsorption (Ma et al., 2016). At a sodium cholate
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E-WBDF. The letters above the bars (a and b) represent the results of statistical analysis. Different letters indicate that the means

are significantly different (p < 0.05) according to the t-test.

concentration of 2 mg/mL, E-WBDF’s adsorption capac-
ity is less affected, while at 3 mg/mL, it experiences an
enhanced adsorption capacity, reaching a maximum of
39.76 mg/g. These findings align with those of previous
researchers (Zheng et al., 2021; Dong et al., 2019).

Effects of extrusion modification on the thermal stability

of WBDF

WBDFs treated with extrusion exhibited distinct ther-
mal stabilities, as depicted in Figure 2. During the initial
heating stage (0°C-250°C), all variants experienced a
weight loss ranging from 3.83% to 5.52%, attributable to
the evaporation of free water, loss of bound water, and
volatile compounds. Notably, the chemical composition
remained unaffected during this stage. Subsequently,
between 250°C and 350°C, the curves exhibited a signifi-
cant drop, indicating maximum weight loss attributed to
the pyrolysis of hemicellulose and cellulose. Studies have
indicated a carbon loss of approximately 60% within the
temperature range of 220.85°C—407.7°C, attributed to
cellulose and hemicelluloses (Zhang et al., 2015). At tem-
peratures exceeding 450°C, WBDF demonstrated a more
pronounced decline and higher weight loss compared to
E-WBDE, indicating that WBDF retains structural prop-
erties more similar to wheat DF samples. Therefore, it
can be inferred that the thermal stability of E-WBDF is
effectively enhanced within the range of 100°C to 300°C.
Subsequent studies are expected to further validate this
enhancement in thermal stability.

Effects of extrusion modification on the crystallinity of WBDF
As depicted in Figure 3, there were minor discrepan-
cies in the positions of characteristic diffraction peaks
observed at 15.8° and 21.5° (20) for the WBDFs. Following
the extrusion treatment, the crystalline structure of the

250°C 450°C
100 | | —— WBDF

| —— E-WBDF
I
|
80 1
I
I
= 60 !
= |
R |
o 1
= |

401

207

400 600

Temperature/°C

Figure 2. TGA profiles of WBDF and E-WBDF.

200 800

E-WBDF closely resembled that of WBDEF, indicating
that the structural crystallinity of E-WBDF remained
unchanged. However, the peaks of E-WBDF appeared
sharper, indicating an enhancement in its structural
crystallinity. The calculated crystallinity of the DF and
extrusion-modified samples was 16.35% and 17.69%,
respectively, based on software curve fitting. This demon-
strates an increase in crystallinity following extrusion
modification compared to WBDE. The elevation in crys-
tallinity could be attributed to the exposure of the DF’s
accessible edges. Research indicates that a higher degree
of crystallinity enhances the capture and immobilization
of interactions between molecules within the fiber, ren-
dering it more stable. Consequently, an increase in crys-
tallinity typically accompanies an increase in the thermal
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Figure 3. XRD pattern of WBDF and E-WBDF.

E-WBDF

stability of fibers. These findings align with the outcomes
of thermogravimetric analysis.

Effects of extrusion modification on function characteristics of
WBDF

The antioxidant activity of WBDF and E-WBDF, encom-
passing DPPH and ABTS scavenging activities, is illus-
trated in Figure 4. As shown in Figure 4A, the DPPH
scavenging capacity increased notably with increasing
sample concentration before reaching a plateau, with
E-WBDF exhibiting significantly greater activity com-
pared to WBDE. Specifically, the DPPH scavenging ability
surged within the sample concentration range of 0.5-1.0
mg/mL, with a subsequent slowdown observed as con-
centrations increased from 1.0 mg/mL to 2.5 mg/mL.
After extrusion modification, the highest DPPH scaveng-
ing ability was observed at a sample concentration of 2.5
mg/mL, showcasing a 1.58-fold increase compared to the
pre-modification scavenging capacity. This enhancement
could be attributed to the release of more antioxidant
substances, such as phenolic compounds found in WB,
which effectively counteract oxidative stress, mitigating
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damage caused by reactive oxygen species to large bio-
molecules (Hu et al., 2018).

In Figure 4B, the impact of extrusion modification on
ABTS scavenging capacity across concentrations rang-
ing from 0.5 mg/mL to 2.5 mg/mL is depicted. The ABTS
scavenging ability exhibited a pattern of rapid increase
followed by stabilization as the sample concentration
rose. Extrusion modification yielded the highest clearance
rate of 70.01% at a sample concentration of 2.5 mg/mL.

Animal experiments

Effects of WBDF and E-WBDF on defecation in mice

In comparison to the control group, the model group
exhibited an increase in the time taken for the first appear-
ance of black feces by 66.25 min, a decrease in the number
of fecal particles by 14.33 within 6 h, a reduction in total
fecal output by 0.23 g over 6 h, and a decrease in fecal
water content by 11.03%, as indicated in Table 2. These
findings suggested the successful establishment of a con-
stipation model in the mice. Relative to the model group,
both the WBDF and E-WBDF groups showed a reduction
in the time taken to pass the first black stool, along with
an increase in the number of stool pellets, total stool out-
put over 6 h, and fecal water content. The improvement
was more pronounced in the E-WBDF group compared to
the WBDF group, likely attributable to the higher content
of SDF in the E-WBDF group. This higher SDF content
facilitated an increase in fecal water content and modula-
tion of intestinal motility, thereby promoting bowel move-
ment. E-WBDF reduced the time taken to pass the first
black feces by 20.83 min, increased the number of stools
passed over 6 h by 2.66, raised the total stool output over
6 h by 0.06 g, and elevated fecal water content by 1.72%
in mice compared to WBDF. Additionally, observation of
fecal appearance and morphology revealed that feces in
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Figure 4. DPPH scavenging activity (A) and ABTS scavenging activity (B) of WBDF and E-WBDF.
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Figure 5. Effects of different test samples on fecal mor-
phology in mice.

the E-WBDF group were notably larger, exhibited a moist
surface, and had uniform coloration compared to the
WBDF group, as depicted in Figure 5. This phenomenon
may be attributed to the ability of DF to augment fecal
water content, regulate intestinal motility, and facilitate
defecation (Ge et al., 2016).

Effect of WBDF and E-WBDF on the propulsion rate of the
small intestine in mice

As depicted in Table 3, the mouse small intestine pro-
pulsion experiment revealed that the ink propulsion

rate was highest in the blank control group at 80.56%.
In contrast, the model group exhibited a propulsion rate
of 45%, which was 35.51% lower than that of the blank
group. This decline indicated that the administration
of loperamide hydrochloride via gavage weakened the
peristaltic strength of the mice’s small intestine, thereby
successfully establishing the constipation model. The ink
propulsion rates of both the WBDF and E-WBDF groups
were 58.62% and 72.11%, respectively. These rates were
higher than those of the model group, suggesting that the
inclusion of WBDF could enhance intestinal peristalsis,
with E-WBDF demonstrating a more pronounced effect.
In Figure 6, the ink advancement distance was longest in
the blank group and shortest in the model group, with
the E-WBDF group exhibiting a greater ink advancement
distance compared to the WBDF group. This difference
can be attributed primarily to the ability of DF to pro-
mote peristalsis in the small intestine, consequently pro-
longing gastric emptying time. These findings align with
those of previous studies (Zhang et al., 2018; Zhang et al.,
2021).

Conclusions

The crystalline structure of E-WBDF closely resembled
that of unmodified WBDE, with a slight improvement in
crystalline strength, and TGA indicated enhanced ther-
mal stability. E-WBDF also exhibited superior WHC,
OHC, and WSC, along with higher CAC and SCAC

Table 2. Evaluation of time to the first appearance of black feces, number of feces in a 6-h period, quantification of fecal output in 6 h, and
fecal water content in loperamide-induced constipation mice after treatment with different test samples.
Group Time to the first appearance Number of feces Quantification of fecal output Fecal water
of black feces/min in6h during a 6-h period/g content/%
Control 146.25 + 2.86° 23.26 + 4.192 0.38 £ 0.03° 38.09 + 2.56°
Model 212.50 £ 11.06¢ 9.33 £ 3.62° 0.15+0.022 27.06 + 2.332
WBDF 183.33 £ 7.41° 15.63 £ 2.27¢ 0.25 £ 0.05° 34.51+1.62°
E-WBDF 162.00 + 6.38° 18.33 £ 2.44° 0.31£0.01° 36.23 + 3.95
Data are presented as means * standard deviation (n = 5).
a, b, ¢: Values in the same column indicate significant differences (p < 0.05).
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Figure 6. Influence of different test samples on small intestinal propulsion rate in mice.
428 Italian Journal of Food Science, 2025; 37 (1)



Table 3. Total small intestine length, ink advancement distance,
and intestinal transit rate in loperamide-induced constipation mice
post-treatment.

Group Total length of Ink advance Propulsion
small intestine/cm distance rate/%
Control 45.25 +3.972 36.20+ 1.81*  80.37 + 8.54°
Model 4433 £4.172 19.90 £1.22° 45,05+ 1.86°
WBDF 42,67 £1.70% 25.00+£0.71° 58.62+1.33
E-WBDF 38.17 £ 2.95% 26.23+1.23° 7211+6.78

Data are presented as means # standard deviation (n = 5).
a, b, ¢: Values in the same column indicate significant differences
(p<0.05).

compared to WBDE, providing a theoretical basis for
subsequent mouse experiments. In the mouse trials,
E-WBDF showed reduced time to pass the first black
stool, fewer bowel pellets within 6 h, increased fecal
water content, and an enhanced rate of ink propulsion,
suggesting a more effective therapeutic outcome in alle-
viating constipation compared to WBDEF. Consequently,
E-WBDE, produced through extrusion modification,
holds potential as a dietary supplement to improve
intestinal health, with both theoretical and experimen-
tal foundations for addressing chronic or occasional
constipation.
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