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Preface

Polysaccharides, starch, and protein are naturally occurring polymers with efficient, safe and

green characteristics. These food components show different physico-chemical properties, functional

properties and biological activity. The structural characteristics and functional activity of these

natural components are gradually being recognized, and they are widely applied in the food industry

as important raw materials. Nowadays, the unsatisfactory characteristics of natural components

including their insolubility at lower temperatures, instability under certain conditions, viscosity

change, and lack of functional properties still limit their specialized mass production and downstream

processing with high added value. Therefore, research studies on the modification and application

of polysaccharides, starch, and protein are needed. Our Special Issue, “Food Polysaccharides and

Proteins: Processing, Characterization, and Health Benefits”, with two reviews and eleven articles,

offers a broad perspective on recent in-depth studies of these components. The Guest Editors are

very grateful to all the authors for their contributions and the entire MDPI team for their professional

support.

Jianhua Xie, Yanjun Zhang, Hansong Yu, and Mingyue Shen

Guest Editors
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Natural macromolecular substances are prevalent in the organs of plants and animals,
such as polysaccharides, resins, proteins, etc. With the progress of modern isolation technol-
ogy as well as the development of enzyme engineering and modification technologies, the
structural characteristics and functional activity of these natural components are gradually
recognized, and they are widely applied in the food industry as important raw materi-
als. Nowadays, the unsatisfactory characteristics of natural components, including their
insolubility at lower temperatures, instability under certain conditions, viscosity change,
and lack of functional properties, still limit their specialized mass production and down-
stream processing with high added value. Researchers in specific subjects from around the
world devote themselves to further investigating the critical properties and mechanisms
during the process, and a Special Issue titled “Food Polysaccharides, Starch, and Protein:
Processing, Characterization, and Health Benefits” was launched for peers in related fields
to exchange recent research progress on the modification of natural active substances and
their functional activities.

Among these accepted manuscripts, various critical properties and mechanisms of
natural macromolecular substances had been put forward, many focusing on the separation
and purification of new protein and polysaccharide resources, as well as their changes
in structure and nutritional function during processing. Polysaccharides are biomacro-
molecule carbohydrates wildly found in nature, consisting of multiple monosaccharide
units connected by glycosidic bonds [1]. The advancement in isolation and identification
techniques has led to a significant surge of interest and research in polysaccharides. The
polysaccharides discovered in recent years have exhibited diverse biological activities,
including anti-tumor, antioxidant, antibacterial, anti-inflammatory, and immunomodula-
tory effects [2,3]. Lu et al. [4] revealed that the Iljinskaja polysaccharide and Chinese yam
polysaccharide (CYP) improved colitis symptoms in dextran sulfate sodium-induced mice
by enhancing the production of IL-10, inhibiting cytokines (IL-1β and TNF), and reducing
myeloperoxidase (MBO) activity. They also reduced the contents of lipopolysaccharide-
binding protein (LBP) and endotoxin (ET) in serum and oxidative stress in the liver, pro-
moting the expression of mucin MUC-2, ZO-1, and occluding to maintain the integrity of
the intestine. The pretreatment of CYP relieved excessive oxidative stress by modulating
the MAPK signaling pathway, with a corresponding preventive role against injury to the
intestinal barrier [5].

Polysaccharides are applied to the development of special foods and packing materials
due to their special composition and structure, such as dysphagia diet [6], 3D printing
foods [7], and biodegradable food packaging [8]. The biological activities of natural polysac-
charides extracted from various sources may not always meet satisfactory requirements
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and can even demonstrate suboptimal performance. The exploration and molecular mod-
ification of polysaccharide resources play a crucial role in promoting the utilization of
polysaccharides in both the food and non-food industries [9,10]. Among the manuscripts
accepted by the Special Issue, the exopolysaccharide (EPS) was successfully isolated and
purified from probiotic Enterococcus hirae WEHI01. EPS was composed of I01-1, I01-2, I01-3,
and I01-4, while I01-2 and I01-4 raised the viability and phagocytic function of macrophage
cells, boosted NO generation, and encouraged the release of cytokines including TNF-α
and IL-6 in RAW 264.7 macrophages. The main components of Anoectochilus formosanus
polysaccharide (AFP) were galacturonic acid, glucose, and galactose, and AFP alleviated
cyclophosphamide-induced immunosuppression and significantly improved the immunity
of mice via stimulating the production of cytokines (IgA, IgG, SIgA, IL-2, IL-6, and IFN-
γ). Obesity has become a global public health matter; it always causes a series of severe
chronic diseases, such as metabolic syndrome, cardiovascular disease, type 2 diabetes, and
neurodegenerative diseases [11]. In this Special Issue, the potential regulatory mechanisms
of high-purity insoluble dietary fiber from soybean residue (HPSIDF) on hepatic fatty
acid oxidation were investigated. The medium- and long-chain fatty acid oxidation in
hepatic mitochondria was accelerated because HPSIDF effectively increased the levels of
acyl-coenzyme A oxidase 1, malonyl coenzyme A, acetyl coenzyme A synthase, acetyl
coenzyme A carboxylase, and carnitine palmitoyl transferase-1. HPSIDF supplementation
significantly ameliorated co-occurring symptoms in high-fat diet-induced mice, including
body weight gain, fat accumulation, dyslipidemia, and hepatic steatosis. As an important
part of the innate immune system, the complement pathway is critical for identifying
and clearing pathogens that rapidly react to defend the body against external pathogens.
Xing et al. [12] reviewed the function and immunomodulatory mechanisms of complement
component 1q (C1q), and they summarized the foods, including polysaccharides, with
beneficial effects in neurodegenerative diseases via C1q and the complement pathway. For
instance, Artemisia annua polysaccharides exhibited noteworthy efficacy in anticomplement
activities through the classical pathway and alternative pathway, and Prunella vulgaris
polysaccharides exhibited a potential value in addressing ailments correlated with the
excessive activation of the complement system, while they could interact with C1q, exerting
an influence on the C2, C3, C5, and C9 constituents of the complement system.

The physicochemical properties of natural polysaccharides always need to be modified
to meet the development of food science and technology, and there are considerable differ-
ences between the natural and modified polysaccharides [13]. This Special Issue highlighted
that CYP and sulfated Chinese yam polysaccharides (SCYP) both promoted the prolifer-
ation of polysaccharide-degrading bacteria and facilitated the intestinal de-utilization of
polysaccharides by producing more biomarkers of the gut microbiome. Differently, CYP
regulated the gut microbiota by decreasing Desulfovibrio and Sutterella and increasing Pre-
votella, while SCYP changed the gut microbiota by decreasing Desulfovibrio and increasing
Coprococcus, which reversed the microbiota dysbiosis caused by lipopolysaccharide. SCYP
was more effective than CYP in reducing hepatic TNF-α, IL-6, and IL-1β secretion. Special
dietary foods are specifically formulated to meet the nutritional needs of individuals with
unique requirements. The dysphagia diet is a special eating plan for dysphagia patients,
such as newborns, the elderly, and patients with postoperative muscle loss, neurological
impairment, and Alzheimer’s disease [14]. In this Special Issue, high-methoxyl apple pectin
was employed as the main component to improve the rheological behaviors for developing
dysphagia-friendly fluidized alimentary matrices. The researchers prepared dysphagia foods
using rice starch, perilla seed oil, and whey isolate protein and evaluated the positive effects
of food supplements (vitamins, minerals, salt, and sugar) on the swallowing characteristics
and rheological and textural properties of the prepared products. The work revealed that
polysaccharides hold great potential for the special diet’s application, and the combination of
the nutritional functional activity and the sensory physical properties could be the research pri-
orities in the following research work [15,16]. As a macromolecular polysaccharide aggregate,
insoluble dietary fiber will also be focused on in the Special Issue, and the developing status of
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technologies for the separation and extraction of single components in insoluble dietary fiber
will be reviewed, aiming to expand their application in the food and non-food fields.

Proteins play a major role in human life, serving as the basic structural material of the
body as well as biochemical catalysts and regulators of genes [17,18]. The soybean trypsin
inhibitors caused structural damage and secretory dysfunction of the pancreas, increasing
lipid peroxidation and injuring the enzymatic and non-enzymatic antioxidant defenses
in the soybean trypsin inhibitor diet-fed mice. Proteins could be denatured, altering their
physiochemical properties and functions during thermal or non-thermal treatment. The
denaturation of proteins is a prevalent occurrence in processing, and comprehending and
harnessing the principles and mechanisms behind protein denaturation holds immense
significance [19,20]. Among the papers published in the Special Issue, suitable cavitation
jet treatment (CJT) improved the food proteins’ functionalities by adjusting the structural
and functional features of solvable oxidized soybean protein accumulations. The CJT at a
short treatment time destroyed the core aggregation skeleton of soybean protein insoluble
aggregates and transferred the insoluble aggregates into soluble aggregates. The prolonged
CJT reaggregated the soluble oxidized aggregates through an anti-parallel intermolecular
β-sheet, resulting in a lower emulsification activity index (EAI) and emulsification stability
index (ESI) and a higher interfacial tension. The effects of hydrothermal treatment on
the structure and functional properties of quinoa protein isolate (QPI) were studied. The
secondary and tertiary structures of QPI were significantly changed after hydrothermal
treatment, which accounted for the hydrothermal treatment. QPI exhibited a better func-
tional property, while the suitable hydrothermal treatment improved its water-holding
and oil-holding capacity, emulsifying activity, emulsion stability, and solubility [21]. As
the main macromolecules concerned in this Special Issue, proteins and polysaccharides
were also studied in innovative combinations. Water-unextractable arabinoxylan (WUAX)
improved the textural property of flour by interacting with starch or gluten and inves-
tigating its structure-activity relationship [22]. WUAX increased the free sulfhydryl of
gliadins and glutenins, inhibiting the formation of covalent bonds. WUAX decreased the
β-sheet content and increased the β-turn prevalence of gliadins and glutenins. Differently,
the WUAX decreased the contents of α-helixes and β-sheets for glutenins, and it did not
significantly change these values of gliadins [22]. Consequently, WUAX could cause a
quality deterioration of gluten by weakening the structure of the gliadins and glutenins.

In summary, the manuscripts published in this Special Issue have explored various
innovative bioactive macromolecular resources and studied their structural characteristics,
bioactivity, and nutritional function properties, as well as their application potential in the
food industry. These results are helpful for colleagues to understand the health benefits of
homologous resources in medicine and food and the characterization methods in the discov-
ery process. The information presented in this Special Issue will promote the widespread
use of macromolecules such as polysaccharides and proteins in the food industry.

Author Contributions: L.R. and J.X. conceived and wrote this editorial L.R., M.S., Y.Z., H.Y. and J.X.
Did writing—review and editing of this editorial. All authors have read and agreed to the published
version of the manuscript.
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Abstract: High-methoxyl apple pectin (AP) derived from apple was employed as the main ingredient
facilitating rheological modification features in developing dysphagia-friendly fluidized alimentary
matrices. Xanthan gum (XG) was also included as a composite counterpart to modify the viscoelastic
properties of the thickened system under different thermal processes. The results indicate that AP
is extremely sensitive to thermal processing, and the viscosity is greatly depleted under a neutral
pH level. Moreover, the inclusion of calcium ions echoed the modification effect on the rheological
properties of AP, and both the elastic property and viscosity value were promoted after thermal
processing. The modification effect of viscoelastic properties (G′ and G′′) was observed whne XG was
incorporated into the composite formula. Increasing the XG ratio from 7:3 to 6:4 (AP:XG) triggers
the rheological transformation from a liquid-like form to a solid-like state, and the viscosity value
shows that the AP-XG composite system exhibits better thermal stability after thermal processing.
The ambient modifiers of pH (pH < 4) and calcium chloride concentration (7.5%) with an optimal
AP-XG ratio of 7:3 led to weak-gel-like behavior (G′′ < G′), helping to maintain the texture properties
of dysphagia-friendly features similar to those prior to the thermal processing.

Keywords: high-methoxyl pectin; thermal processing; xanthan gum; rheological properties; texture
profile analysis; dysphagia

1. Introduction

Aging can lead to dysphagia, a condition characterized by the degradation of swal-
lowing function involving the oropharyngeal muscles and nerves [1–3]. The prevalence of
dysphagia among the elderly in the Midwest of the United States ranges from 6% to 9%, but
it is estimated to be 15–22% in community residents over 50 years old and as high as 40–60%
among those in assisted living facilities and nursing homes [3]. Diseases such as stroke,
Parkinson’s disease, multiple sclerosis, and neoplasms can also cause dysphagia [4,5]. To
ensure the safe swallowing of flowable foods for individuals with dysphagia, thickeners are
often used to modify the consistency of thin liquids, creating a safe-progressive alimentary
bolus that can pass through the esophagus safely [6]. Consequently, thickeners serve as the
foundation for creating dysphagia-friendly matrices for consistency adjustment [1,4–6].

A multi-disciplinary volunteer committee organized by the International Dysphagia
Diet Standardisation Initiative (IDDSI) developed a general diet framework for with dys-
phagia [7]. The framework categorizes the consistency of food fluids into several levels by
assessing a designated 10 mL syringe without a needle within a period of 10 s in contrast
to a fork drip test [7,8]. The IDDSI framework is developed as per the guidelines issued
by the most recognized organizations, such as the National Dysphagia Diet (NDD) pro-
posed by the American Dietetic Association in 2002 [9], the Dysphagia Diet Committee of
the Japanese Society of Dysphagia Rehabilitation [10,11] and the Australian Standardised
Labels and Definitions [12]. These organizations also indicate that a fluidized food matrix
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bearing a viscosity greater than 50 mPa.s at a designated shear rate of 50 1/s is generally
considered dysphagia-friendly [7–12].

The IDDSI framework, despite not including viscosity measurement, emphasizes
the importance of food matrices having consistent apparent viscosity (thickness) at the
specified test shear rate (50 1/s) to influence flow behavior and rheological characteris-
tics [13–16]. While the IDDSI guideline is straightforward and accessible, it predominantly
provides qualitative descriptions of food texture and liquid consistency. It lacks quantita-
tive information on the textural and rheological characteristics of food and liquids. This
gap makes it challenging for industry partners to ensure the quality of their modified diet
products consistently [8]. The lack of quantitative data hinders researchers from exploring
how food texture and liquid rheology affect swallowing [17]. Relying solely on qualitative
assessments cannot capture the nuanced variations in food or liquids categorized within
the same IDDSI level [18]. Consequently, there is a need to create quantitative metrics for
the textural and rheological properties of food and liquids to enhance and support the
IDDSI guidelines [17–19]. Cichero et al. highlighted the practical and scientific challenges
in accessing rheological testing equipment and expertise needed for more comprehen-
sive studies [7]. Furthermore, understanding the non-Newtonian and elastic behaviors of
thickened food matrices requires careful observation and consideration using rheological
methods beyond rotary viscometers [20–23].

Starch- and gum-based thickeners are commonly used to create dysphagia-friendly
formulations that yield suitable fluidized matrices [24,25]. Starch-based thickened matrices
may require additional carbohydrate calories to sustain primary energy metabolism [26].
However, these matrices are susceptible to viscosity reduction within a short 10 s win-
dow due to amylase-containing saliva during oral processing, posing a risk of accidental
inhalation and aspiration pneumonia for dysphagic individuals [27–29]. The molecular
degradation and consistency reduction of starch-based matrices due to the enzymatic activ-
ity of saliva alpha-amylase presents a significant concern. These changes can compromise
the safety of the food bolus, increasing the risk of accidental inhalation and, consequently,
aspiration pneumonia. Acknowledging these risks, it is clear that choosing non-starch-
based (gum-based) matrices is a preferable approach. These alternatives are inherently
more resistant to enzymatic breakdown, offering a more stable and predictable consistency.
This stability is crucial in reducing the risk of aspiration and ensuring the safety and effi-
cacy of dysphagia diets. Hydrocolloid gums are often added to stabilize the consistency of
commercially available dysphagia-friendly products. Among these, xanthan gum is highly
versatile, capable of forming networks, resistant to acidity, and can serve as an excipient
when used alone or in combination with other polymers [30]. Yoon and Yoo studied the
rheological behaviors of xanthan gum-based thickened formulas with 8 g of carbohydrate
per 100 mL and found significant differences in shear-thinning behavior [31]. Ortega et al.
reported that matrices with a consistency between 250 and 1000 mPa·s, achieved with
a mixed starch and xanthan gum product, resulted in safe swallowing [32]. However,
starch-based thickened matrices may face texture depletion during thermal processing,
with significant viscosity reduction reported after simulated pasteurization [33]. Consider-
ing these challenges, gum-based matrices, such as pectin materials, have gained attention
as thickeners, particularly when calorie supplementation is not a primary concern.

Pectin materials, found in plant cell walls, are chemically complex polysaccharides
composed of various components, including homogalacturonans, rhamnogalacturonans-
I, rhamnogalacturonans-II, xylogalacturonan, and apio-galacturonan moieties [34–37].
Their primary structure consists of repeating units of α-D-galacturonic acid linked with
1,4-glucosidic bonds and esterified with methyl residues at C-6 [36]. Commercial pectin
products are classified as high- (>50%) or low- (<50%) methoxyl pectin based on their
degree of methyl esterification (DE), with the European regulation requiring at least 65%
α-D-galacturonic acid [36]. Pectin molecules can form three-dimensional aggregates, allow-
ing them to create hydrocolloidal matrices with thickening properties [37]. These properties
make them suitable as texture modifiers to meet dysphagia-friendly requirements [38].
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Additionally, pectin materials offer health benefits beyond their rheological and mechanical
properties, including antioxidant activities [34], anti-diabetic effects [39,40], and reductions
in low-density lipoprotein [41]. They also serve as dietary fiber sources that function as
prebiotics for intestinal fermentation [42–44]. We previously reported on the rheological
and texture properties of a low-degree-of-esterification (DE = 45.4%) apple pectin-based
composite formula with xanthan gum as a modifier, showing potential for dysphagia-
friendly applications [33]. However, the effects of thermal processes on xanthan gum–apple
pectin (XG–AP) composite formulas with varying DE levels of pectin materials remain
unexplored and warrant investigation.

In this study, we used high-methoxyl apple pectin (AP) as the base thickener to
develop thickened model matrices intended for commercial distribution within a sterilized
logistics chain involving thermal processing that causes variations in rheological behavior.
Therefore, the aims of this study are: (1) to investigate how blending xanthan gum (XG)
and AP in varying proportions modifies rheological properties and determines the optimal
thermal stability ratio; (2) to explore the modification effects and identify the optimal
thermal stability formula by introducing calcium ions and adjusting pH in the XG–AP
system; and (3) to assess the suitability of the XG–AP system as a thickening formula for
dysphagia-friendly fluidized matrices.

2. Materials and Methods

2.1. Materials and Chemicals

The XG thickener used in this study was generously provided by a local food additive
agency (Gemfont Co. Ltd., Taipei, Taiwan). XG is a long-chain polysaccharide (circa
2000 kDa) with d-glucose, d-mannose, and d-glucuronic acid as the main building skeleton
in a nearly equal ratio in terms of quantitative molecule amounts with a high number of
trisaccharide side chains associated with cations of sodium, potassium, and calcium [45,46].
The powdered apple pectin (AP) (Solgar, Inc., Leonia, NJ, USA) was purchased. Its degree
of esterification was subjected to our in-house titration evaluation and reported in Section 3;
we deemed it as presumably a high-methoxy AP. Calcium chloride anhydrous (CCA) as a
divalent calcium source was obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). A
commercial powder, Neo-high Toromeal III® (TRM, Food-care, Inc., Tokyo, Japan), was
obtained as the control sample for the texture examination. Unless stated otherwise, all
other chemicals in this study were of chemical grade, such as powdered citric acid and
sodium bicarbonate.

2.2. Degree of Esterification (DE)

The DE of apple pectin (AP) was estimated as described previously [47] with minor
modifications. Briefly, 0.2 g of powdered apple pectin was thoroughly dissolved in 200 mL
of deionized water by stirring under ambient temperature for 2 h. Upon complete mixing,
3–5 drops of phenolphthalein indicator solution (C20H14O4, Sigma-Aldrich Co., St. Louis,
MO, USA) were employed, and the dissolved AP solution was thereafter subjected to
titration with 0.1 M NaOH until the mixture turned pink, and this lasted for 30 s; the
depletion volume of NaOH (mL) was recorded as V1. Another 10 mL of NaOH was added
and underwent stirring for 30 min. Subsequently, 10 mL of 0.1 M HCl was thoroughly
mixed with the pink solution to neutralize the solution until it turned transparent, followed
by a second titration of 0.1 M NaOH until the solution turned pink again for another
30 s. The second depletion volume of NaOH was recorded as V2. The DE was calculated
according to Equation (1):

DE% =
V1

V1 + V2
× 100 (1)

2.3. Sample Preparation

To measure the basic characteristics of AP and to evaluate its optimal formula with
possible modifications, sample matrices were prepared according to the formulae listed in
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Table 1. Sample powders were weighed and dispersed evenly in reverse osmosis water; to
adjust the designated pH of the sample matrices, a small amount of reverse osmosis water
was taken to dissolve the hydrocolloid completely, and then the pH was adjusted with a
citric acid solution and sodium bicarbonate solution. The mixed matrix was stirred with
an electronic stirrer at ambient temperature for complete dissolution, and the sample was
poured into a 15 mL centrifuge tube and stored at 4 ◦C for future usage.

Table 1. List of formulating parameters and groups of hydrocolloidal matrices with their correspond-
ing codes.

Group Matrix Code Concentrations/pH or Ca+2

Preliminary

Control -- AP = 2 wt%

pH adjusted pH3, pH4, pH 5, and pH6 AP = 2 wt%/Acid or alkaline

Ca+2 addition Ca2.5, Ca5, Ca7.5, and Ca10 AP = 2 wt%/calcium chloride anhydrous (CCA)

Composite

Composite ratio XG0.6AP1.4
XG0.8AP1.2

XG = 0.6 wt% and AP = 1.4 wt%
XG = 0.8 wt% and AP = 1.2wt%

Solitary XG XG0.6
XG0.8

XG = 0.6 wt%
XG = 0.8 wt%

Modifier

Ca+2 XG0.6AP1.4-Ca2.5
XG0.6AP1.4-Ca7.5

XG = 0.6 wt% and AP = 1.4 wt% with 2.5 wt% CCA
XG = 0.6 wt% and AP = 1.4 wt% with 7.5 wt% CCA

pH

[pH5, XG0.6AP1.4-Ca2.5]
[pH6, XG0.6AP1.4-Ca2.5]
[pH5, XG0.6AP1.4-Ca7.5]
[pH6, XG0.6AP1.4-Ca7.5]

Corresponding CCA level with pH adjustment

2.4. Thermal Processes

We employed a retort autoclave (SS-325, Tomy Seiko Co., Ltd., Tokyo, Japan) in simu-
lating thermal processing. Control sample matrices (2 wt% AP) were sealed in designated
centrifuge tubes equipped with temperature data loggers (MadgeTech, Inc., Warner, NH,
USA). They were subjected to programmed treatments, including 5 or 10 min at 95 ◦C,
5 min at 105 ◦C, and 1 min at 115 ◦C. Appendix A illustrates the sample matrices’ actual
temperature profiles over time, showing slight variations from the programmed tempera-
ture patterns due to thermal penetration delays. We selected 95 ◦C and 105 ◦C for 5 min as
our thermal treatment settings, as these temperatures are commonly used for sterilizing
high-acid foods. Pectin-based matrices typically have a pH below 4.6, categorizing them as
high-acid (acidified) food matrices.

2.5. Rheological Measurements and Flow Behavior Characterization

A stress-controlled rheometer (DHR-2, TA Instruments, New Castle, DE, USA) equipped
with a plate-and-plate stainless fixture (diameter = 40 mm, gap distance = 1000 μm) or a
cylindrical double-gap fixture (inner cup diameter = 30.2 mm, inner motor diameter = 31.97 mm
and outer diameter = 34.98 mm) was used. A Peltier temperature controller was used to
maintain the temperature measurement at 25 ◦C. A solvent trap was employed to prevent
moisture loss. The rheological measurements in chronological order are: (1) dynamic
oscillatory strain sweeps to identify the linear viscoelastic region (LVR), (2) frequency
sweeps with 2 min of rest duration after strain sweeps, (3) shear rate-dependent viscosities
with 2 min rest duration after frequency sweep. The measurement parameters are listed in
Table 2.
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Table 2. Experimental parameters for the employed rheometer.

Experiment
Temperature

(◦C)
Strain

(%)
Frequency

(rad/s)
Shear Rate

(1/s)

Strain sweep 25 0.01-100 50 -

Frequency sweep 25 1 0.1-100 -

Shear-rate-dependent
viscosity 25 - -

0.1, 0.3, 1,
3, 10, 30,

50, 70, and 100

2.6. Texture Profile Analysis (TPA)

The authorized method of TPA issued in 2009 by the Japanese Ministry of Consumers,
“Food for patients with swallowing difficulty”, under the regulation of “Food for special
dietary uses”, was adopted for the characterization of model food matrices [35].

2.7. Data Manipulation and Statistical Analysis

The experimental data of this study were plotted and presented by Sigmaplot® version
10.0. One-way ANOVA for LVR and loss tangent (tan δ) and two-way ANOVA for shear rate
dependent viscosity were performed to determine significant differences using Duncan’s
multiple range tests based on three replications; paired sample t-tests were utilized to
justify the significance of differences among the mean values of textural properties based
on nine replications. SPSS (Statistical Package for the Social Science) version 19.0 was used
for the statistical analysis, and difference comparisons were made within the confidence
interval of 95%, unless otherwise specified.

3. Results and Discussion

3.1. DE Evaluation of Apple Pectin Sample Powder

The AP sample used in this study exhibited a degree of esterification of 73.9 ± 1.00%,
indicating its high-methoxyl form. However, achieving a weak-gel-like texture solely with
high-methoxyl pectin is challenging due to its strict gel-forming conditions (requiring
soluble solids >55% and pH < 3.5). Thus, the study explores composite formulas to
create food matrices with the desired texture, with xanthan gum (XG) assistance. XG
matrices generally exhibit elastic characteristics and contribute to the formation of thickened
composite matrices (TCMs). Building on our previous study [35], we prepared two types
of 2 wt% TCMs with different XG-to-AP ratios (4:6 and 3:7) to assess their rheological
properties. Additionally, we prepared solitary (standalone) XG matrices using the same
formula as a reference to evaluate the improvement in thermal stability brought about
by TCMs.

3.2. Thermal Stability Analysis of Thickened Composite Matrices (TCM)
3.2.1. Effects of Xanthan Gum (XG) and High-Methoxy Apple Pectin (AP) Composite Ratio
on Rheological Behavior

Figure 1A(a) displays the strain sweep profiles (50 rad/s) of the composite XG–AP
and standalone XG thickened matrices without thermal processing, both constrained to 2%
weight. The 2% AP matrix exhibits liquid-like behavior (Appendix B), while standalone
XG matrices (0.6% or 0.8%) exhibit solid-like behavior within the linear viscoelastic region
(LVR), as summarized in Table 3. Increasing the XG ratio from XG0.6AP1.4 to XG0.8AP1.2
shifts the viscoelastic characteristics from liquid-like to solid-like. Figure 1A(b) presents
frequency sweep profiles at 1% strain for the samples without thermal processing. The
results indicate that the qualitative features, as exhibited by the slopes of G′ for standalone
XG (XG0.6 and XG0.8) and composite XG–AP (XG0.6AP1.4 and XG0.8AP1.2) matrices, are
similar, while the slopes of the G′′ curve vary significantly. The overall trends suggest
that the addition of AP to the composite XG–AP group imparts viscous characteristics to
the samples, while XG primarily contributes to the elastic characteristics of the composite
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XG–AP matrices. Table 4 provides the viscosity values at different shear rates for all samples.
The viscosity of each sample decreases as the shear rate increases, with the standalone
XG group (XG0.6, XG0.8) exhibiting a larger degree of shear thinning compared to the
composite groups XG0.6AP1.4 and XG0.8AP1.2.

To evaluate the modification effect of the XG composite ratio on the thermal stability
of thickened matrices with the AP base, the set thermal processes for 5 min at 95 ◦C and
105 ◦C were imposed, and the results are presented in Figures 1B and 1C, respectively.
Comparing the results of solitary (standalone) XG samples (XG0.6 and XG0.8) in terms
of strain sweep and frequency sweep, both G′ and G′′ values decreased significantly after
the thermal processing, and the increase in thermal processing temperature resulted in a
more significant decrease. For composite matrices, the strain sweep profile of the 95 ◦C
processing shows that the decreases in G′ and G′′ in the XG0.6AP1.4 sample are less than
those in the XG0.8AP1.2 sample. The viscoelastic characteristics of the former (XG0.6AP1.4)
indicate good thermal stability at 95 ◦C for 5 min. However, the matrices treated at 105 ◦C
(Figure 1C) show very different trends.

Table 3. Linear viscoelastic region data resulted from the strain sweep due to different thermal
processes. Storage modulus (G′

LVR); loss modulus (G′′
LVR); loss tangent (tan δLVR) †.

Treatment Sample G′
LVR (Pa) G′′

LVR (Pa) tan δLVR

Prior

XG0.6 25.63 ± 0.12 c 6.94 ± 0.14 d 0.27 ± 0.01 c

XG0.6AP1.4 19.91 ± 0.70 d 22.55 ± 0.35 b 1.13 ± 0.05 a

XG0.8 71.06 ± 0.31 a 13.77 ± 0.11 c 0.19 ± 0.00 d

XG0.8AP1.2 40.69 ± 0.64 b 27.33 ± 0.16 a 0.67 ± 0.0145 b

95 ◦C

XG0.6 19.55 ± 0.08 c 5.78 ± 0.11 d 0.30 ± 0.01 c

XG0.6AP1.4 17.67 ± 0.76 d 19.55 ± 0.16 b 1.11 ± 0.06 a

XG0.8 39.63 ± 0.05 a 9.20 ± 0.02 c 0.23 ± 0.00 d

XG0.8AP1.2 29.36 ± 0.12 b 20.55 ± 0.06 a 0.70 ± 0.00 b

105 ◦C

XG0.6 14.49 ± 0.06 d 4.88 ± 0.04 d 0.34 ± 0.00 c

XG0.6AP1.4 23.97 ± 0.38 c 17.53 ± 0.10 a 0.73 ± 0.01 a

XG0.8 25.25 ± 0.06 b 7.97 ± 0.05 c 0.32 ± 0.00 d

XG0.8AP1.2 26.84 ± 0.05 a 13.42 ± 0.06 b 0.50 ± 0.00 b

Prior
XG0.6AP1.4 19.91 ± 0.70 c 22.55 ± 0.35 c 1.13 ± 0.05 a

XG0.6AP1.4Ca2.5 34.49 ± 0.46 b 24.26 ± 0.13 a 0.70 ± 0.01 b

XG0.6AP1.4Ca7.5 40.25 ± 0.30 a 23.74 ± 0.22 b 0.59 ± 0.01 c

95 ◦C
XG0.6AP1.4 17.67 ± 0.76 c 19.55 ± 0.16 c 1.11 ± 0.06 a

XG0.6AP1.4Ca2.5 39.35 ± 0.41 a 19.73 ± 0.17 b 0.50 ± 0.01 c

XG0.6AP1.4Ca7.5 30.21 ± 0.49 b 20.75 ± 0.17 a 0.69 ± 0.02 b

105 ◦C
XG0.6AP1.4 23.97 ± 0.38 c 17.53 ± 0.10 a 0.73 ± 0.01 a

XG0.6AP1.4Ca2.5 35.47 ± 0.53 a 16.00 ± 0.10 c 0.45 ± 0.01 c

XG0.6AP1.4Ca7.5 34.24 ± 0.19 b 17.37 ± 0.12 b 0.51 ± 0.00 b

Prior
XG0.6AP1.4Ca7.5 40.25 ± 0.298 a 23.74 ± 0.22 a 0.59 ± 0.01 c

XG0.6AP1.4Ca7.5 (pH 5) 19.04 ± 0.42 b 17.92 ± 0.15 b 0.94 ± 0.03 a

XG0.6AP1.4Ca7.5 (pH 6) 15.72 ± 0.46 c 13.79 ± 0.33 c 0.88 ± 0.04 b

95 ◦C
XG0.6AP1.4Ca7.5 30.21 ± 0.49 a 20.75 ± 0.17 a 0.69 ± 0.02 a

XG0.6AP1.4Ca7.5 (pH 5) 15.31 ± 0.45 c 6.37 ± 0.10 b 0.42 ± 0.02 b

XG0.6AP1.4Ca7.5 (pH 6) 19.38 ± 0.23 b 5.74 ± 0.03 c 0.30 ± 0.00 c

105 ◦C
XG0.6AP1.4Ca7.5 34.24 ± 0.19 a 17.37 ± 0.12 a 0.51 ± 0.00 a

XG0.6AP1.4Ca7.5 (pH 5) 19.54 ± 0.22 b 5.56 ± 0.03 b 0.28 ± 0.00 b

XG0.6AP1.4Ca7.5 (pH 6) 18.07 ± 0.33 c 5.26 ± 0.16 c 0.29 ± 0.01 b

† Means ± SD of triplicate analyses are given. a–d Means with different lowercase superscripts within an individual
thermal treatment (sub-column) differ significantly.
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Compared with the results in Figure 1B(a) for the 95 ◦C processing, the sample
XG0.8AP1.2 in Figure 1C(a) does not show a significant decrease in G′, but shows a
substantial decrease in G′′. Presumably, the G′′ of the aforementioned composite matri-
ces (0.8/1.2) is mainly dominated by apple pectin molecules, so the rise in temperature
aggravates the degradation of apple pectin. It leads to the decline of composite matrices,
which can also be observed from the results of the XG0.6AP1.4 sample. In the strain sweep
profile, the XG0.6AP1.4 matrix shows liquid-like characteristics (G′ < G′′) after thermal
processing at 95 ◦C; however, the temperature rise would promote pectin degradation. As
a result, the XG0.6AP1.4 sample shifted to a solid-like behavior (G′′ < G′) shown in the
strain sweep profile after the thermal processing at 105 ◦C. The frequency sweep results of
thermal processing at 105 ◦C also indicate that the viscoelastic moduli of XG (control) group
samples are lower than those of samples subjected to thermal processing at 95 ◦C due to
the increase in temperature. In the composite group, because pectin is the main component
contributing to the viscous characteristics, the slope of the G′′ curve of XG0.6AP1.4 is signif-
icantly greater than that of XG0.8AP1.2, and both samples demonstrate more remarkable
elastic characteristics with the increase in pectin degradation after the thermal processing.

Table 4 exhibits the shear-rate-dependent viscosity of the composite matrices and their
corresponding controls prior to and after the designated thermal processing. All samples
show a similar trend of shear thinning, while the standalone XG sample matrices show the
most significant degree of shear thinning. For the XG0.8AP1.2 composite matrix, the degree
of shear thinning is close to that of the standalone XG group due to its higher XG ratio.

Following a 5 min exposure to a 95 ◦C thermal load, the viscosity at a shear rate of
50 1/s decreased by varying amounts: 37.6% for XG0.6 (i.e., 280 → 174 mPa.s), 61.6%
for XG0.6AP1.4, 8.5% for XG0.8, 39.2% for XG0.8AP1.2, and 54.1% for AP2.0. These
results indicate that higher concentrations of standalone XG matrices correspond to more
substantial viscosity reductions after thermal processing. Notably, XG itself does not
provide resistance to thermal processing, aligning with findings reported by Naji et al. [48].

While the viscosity of AP matrices also decreased significantly post-thermal processing,
composite matrices experienced only slight reductions. Notably, the XG0.6AP1.4 matrix
exhibited the least viscosity reduction, at 8.5%. The composite XG–AP matrices present
stronger thermal stability than the standalone XG or AP, and XG0.6AP1.4 (or 3:7 in ratio) is
the best among them. This may be due to certain co-structures formed by XG and AP that
impart the composite matrices’ excellent thermal stability. Therefore, the ideal modification
effect can be achieved by exploring the optimized mixing ratio of XG and AP.

Deducing from the observations above, the remarkable rheological behavior provided
by XG can be utilized to modify the viscoelastic characteristics of the AP matrices, which
are dominated by viscous characteristics at low concentrations. In addition, the composite
matrices can provide the corresponding hydrocolloidal matrices with a polymer system
possessing more robust thermal stability. Therefore, including composite matrices into
thickened edible fluid matrices for seniors is quite exploitable, and provides products
featuring thermal stability after high-temperature processing.

3.2.2. Modification Effects of pH and CCA on the Rheological Behavior of Thickened
XG–AP Matrices

• Preliminary tests

The pH of the 2% AP is approximately 3.3 (control), and Appendix B provides insights
into the rheological behavior of the 2% AP matrices under varying pH and thermal con-
ditions. Thahur et al. [49] have reported that carboxyl dissociation in AP matrices can be
hindered under low-pH conditions. Following thermal processing at 95 ◦C and 105 ◦C,
it is evident that the G′′ for matrices at pH 5 and 6 are significantly lower compared to
those at pH 3 and 4. This observation suggests that β-elimination reactions may occur most
rapidly at pH levels near neutrality during the thermal pyrolysis of pectin, aligning with
the findings of Fraeye et al. [50]. Additionally, high-methoxy pectin is generally considered
resistant to acid hydrolysis. In summary, AP matrices subjected to 5 min thermal loading
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at 95 ◦C exhibit higher apparent viscosity compared to those at 105 ◦C. Furthermore, it
can be inferred that maintaining a low pH can help mitigate thermal degradation in terms
of consistency.

Appendix C illustrates the impact of calcium ions (Ca2.5 through 10) on standalone
2% AP matrices. The addition of CCA as the calcium ion source was expected to hydrate
the water in the matrices, resulting in a denser intermolecular pectin structure. A prior
study by Noriah et al. [51] noted that the addition of calcium ions to low-concentration
pectin matrices led to an increase in G′, consistent with the findings in this study. While
the loss tangent value for samples with added calcium ions is slightly higher, ~1 (Table 3),
compared to the control samples, it can be inferred that incorporating CCA as the calcium
ion source predominantly enhances the elastic properties of pectin m matrices rather than
the viscosity properties, making the samples closer to a solid-like state. The experimental
results, both before and after thermal processing, indicate that the formulations containing
Ca2.5 and 7.5 exhibit more favorable modification effects, and are therefore selected for
further formulation evaluation.

• Effects of CCA Concentration

Previous experiments indicate that adding CCA as a calcium ion source can modify the
viscoelastic characteristics of the 2% standalone AP matrices, and the samples added with
calcium ions show higher viscosity (thickening effect) after thermal processing. Therefore,
this section aims to explore the effect of calcium ion (CCA) dosage on the rheological
properties of the samples. The groups with the highest viscosity after thermal processing
(added with 2.5% and 7.5% CCA) in the previous experiment and the XG0.6AP1.4 matrix
base without CCA addition were employed for the investigation.

Figure 2A displays the rheological profiles of the three samples before thermal process-
ing. The strain sweep (at a high frequency of 50 rad/s) reveals that the liquid-like state of
XG0.6AP1.4 transitions to a solid-like state when calcium ions are added (XG0.6AP1.4-Ca2.5
and XG0.6AP1.4-Ca7.5), consistent with previous experimental findings that the addition
of CCA enhances the elasticity of the matrices. The influence of CCA on XG–AP composite
matrices is evident, maintaining the desirable weak-gel-like state pursued in this study.
Notably, in the absence of CCA, the G′′ of composite matrices exhibits significant changes
after thermal processing (Figure 2A(a)). Furthermore, in frequency sweep tests, the samples
with added CCA (Ca2.5 and Ca7.5) consistently exhibit significantly higher values of G′
and G′′ compared to matrices in the absence of CCA.

It is hypothesized that calcium ions may enhance the molecular structure of composite
matrices, making them more robust. When examining the frequency sweep profile, par-
ticularly in the high-frequency region, samples lacking CCA exhibit characteristics that
are more viscous than elastic. Notably, a crossover point is observable in this context.
However, the sample’s molecular structure is more stable after the addition of calcium
ions, as the sample’s elasticity becomes dominant and there is no crossover point within
the same range of frequencies. Therefore, the dominance of viscosity would occur only
at still higher frequencies. In examining the impact of CCA addition, the results before
thermal processing reveal that the XG0.6AP1.4-Ca2.5 and XG0.6AP1.4-Ca7.5 curves closely
coincide in both strain and frequency sweep profiles. This suggests that calcium ions from
CCA exert a limited modifying effect on the samples prior to heating. Therefore, a further
investigation was conducted to assess whether calcium ion concentration would affect the
rheological properties of the samples after thermal processing.
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Figure 2B displays the rheological profiles of the samples subjected to a 5 min thermal
treatment at 95 ◦C. In the strain sweep profile, it is observed that the G′ of XG0.6AP1.4-
Ca2.5 is higher than that of XG0.6AP1.4-Ca7.5. However, the G′′ of XG0.6AP1.4-Ca2.5
is slightly lower than that of XG0.6AP1.4-Ca7.5. This outcome aligns with previous ex-
perimental findings when comparing the impact of CCA addition on standalone 2% AP
matrices, where Ca2.5 and Ca7.5 exhibited the most favorable modification effects prior to
thermal processing.

However, after undergoing thermal processing at 95 ◦C for 5 min, it becomes evident
that XG0.6AP1.4-Ca7.5 exhibits superior thermal stability compared to XG0.6AP1.4-Ca2.5.
The latter, XG0.6AP1.4-Ca2.5, displays reduced thermal stability due to a decrease in G′′,
indicating a weakening of the pectin structure. This results in the XG–AP composite
matrices leaning more towards a viscoelastic profile biased towards XG, and consequently
experiencing an increase in elastic characteristics. A notable difference in the frequency
sweep profile compared to the pre-thermal group is in the absence of the original crossover
point in the high-frequency region for XG0.6AP1.4. This absence is attributed to the partial
degradation of the pectin structure. The results obtained from the 5 min thermal processing
at 95 ◦C highlight that a higher calcium ion concentration is effective.

Figure 2C shows the rheological profiles of the samples affected by a 5 min thermal
load at 105 ◦C. Due to the increase in temperature compared to the temperature of 95 ◦C,
XG0.6AP1.4-Ca7.5 presents almost the same rheological characteristics as XG0.6AP1.4-
Ca2.5 in its strain sweep and frequency sweep results. As the temperature rises to105 ◦C,
the increase in calcium ion concentration ceases to enhance the thermal stability. It has
been reported that the addition of calcium ions can enhance the associative strength of
high-methoxyl pectins [52,53], diverging from the “egg-box” model seen in low-methoxyl
pectins and more closely resembling alginate gelation [54]. Yang et al. [55] have noted
that a calcium-concentrating process, brought about by water evaporation, enables high-
methoxyl pectin molecules to improve their hydrophobic interactions, which is crucial
for gel formation. However, the specific molecular interactions between high-methoxyl
pectin and calcium ions require further investigation to be fully understood. Therefore, the
addition of CCA can improve the thermal stability of composite matrices only at a lower
temperature (95 ◦C) under the same processing duration.

The viscosities (Table 4) measured at a shear rate of 50 Hz (1/s) were used to investigate
the effect of CCA addition on the sample viscosity. The viscosity values of XG0.6AP1.4,
XG0.6AP1.4-Ca2.5, and XG0.6AP1.4-Ca7.5 prior to thermal processing are 638.8, 757.6,
and 807.7 mPa.s, respectively. They become lower after thermal processing at 95 ◦C, and
even lower after thermal processing at 105 ◦C. The existence of calcium ions can promote
the viscosity of the sample with or without thermal processing. According to the above
results, the viscosity of XG0.6AP1.4-Ca7.5 is comparatively higher in all three conditions,
although the disparity is small in general. We also observed that the inclusion of calcium
ions into XG0.6AP1.4 composite matrices has a modification effect on both the viscoelastic
characteristics and viscosities. Especially with Ca7.5, the viscoelastic characteristics after
thermal processing at 95 ◦C are closer to the weak-gel-like state, and the viscosities are
also the highest in all cases at a shear rate of 50 Hz (1/s). Therefore, XG0.6AP1.4-Ca7.5
is considered a better choice for the dysphagia-friendly fluid model system for use in the
following evaluation.

• Effects of pH

For the evaluation of the pH effect, an XG–AP composite ratio of 3:7 with 7.5% CCA
was employed (i.e., XG0.6AP1.4-Ca7.5). The measured pH is 2.92 prior to any adjustment,
which is in line with the low-pH environment. Therefore, samples with pH 5 and 6 are
additionally prepared to investigate the influence of pH on the rheological properties and
matrix stability after thermal processing.

Figure 3 presents the results of the rheological analysis concerning the pH effect. In
Figure 3A, we observe the rheological profiles of the samples before thermal processing.
The previous strain sweep results indicate that the incorporation of CCA substantially

17



Foods 2024, 13, 90

enhances the elasticity of XG0.6AP1.4 composite matrices, which originally exhibited liquid-
like characteristics, to the extent that G′ surpasses G′′ and demonstrates a weak-gel-like
behavior. Notably, the samples with pH adjusted to 5 and 6 also exhibit a weak-gel-like
pattern, but with both G′ and G′′ values higher than those of the original XG0.6AP1.4-Ca7.5.

The frequency sweep also shows results similar to the strain sweep, and additionally, the
viscosities of the three samples exhibit shear-thinning characteristics. At a shear rate of 50 1/s,
the measured viscosity follows the trend: control, XG0.6AP1.4-Ca7.5 (807.7 mPa.s) > pH 5,
XG0.6AP1.4-Ca7.5 (565.0 mPa.s) > pH 6, XG0.6AP1.4-Ca7.5 (393.0 mPa.s).

Figure 3B shows the rheology profile of the same set of samples subjected to a 5 min
thermal load at 95 ◦C. The strain sweep and frequency sweep profiles show that the G′
of the XG0.6AP1.4-Ca7.5 sample with unadjusted pH value (pH = 2.92, control) did not
decrease significantly, and the sample still exhibited weak-gel-like characteristics. Thus,
the composite matrices can maintain properties similar to those prior to thermal processing
with good stability. In contrast, the other two samples with pH values adjusted to be close
to the neutral one (pH = 7) showed quite different trends. The G′ and G′′ pH 5, XG0.6AP1.4-
Ca7.5 sample decreased, and especially the G′′; the G′′ of the pH 6, XG0.6AP1.4-Ca7.5
sample also decreased, while the G′ increased.

Therefore, the above and previous experimental findings (as detailed in Appendix B)
offer mutual support. When subjected to heating under pH 5 and 6 conditions, pectin
undergoes more pronounced degradation compared to lower pH levels. This degradation
similarly affects XG–AP composite matrices. The degradation of apple pectin, primarily
responsible for imparting viscosity to the samples, results in a significant reduction in G′′
for the pH 5 and 6 samples. It is speculated that the degree of AP degradation in the pH 6
environment exceeds that in the pH 5 environment, causing a weaker modification effect
on XG–AP composite matrices in the latter. Consequently, both samples exhibit increased
G′, resembling the viscoelastic traits of XG.

In Figure 3C, which showcases the rheological profiles of the samples after thermal
processing at 105 ◦C for 5 min, the overall trend remains largely consistent with that
observed after thermal processing at 95 ◦C. As a higher temperature will accelerate pectin
degradation, a decrease in G′′ can be seen from the strain sweep profile of the XG0.6AP1.4-
Ca7.5 sample (Figure 3C(a)). For comparison, the pH 5, XG0.6AP1.4-Ca7.5 sample exhibited
a similar increase in the elastic characteristics as the pH 6, XG0.6AP1.4-Ca7.5 sample when
the thermal processing temperature was increased to 105 ◦C.

The changes in viscosity due to thermal processing are calculated from the reported
data shown in Table 4. For the measured viscosity at a shear rate of 50 1/s, the viscosity of all
samples decreased after thermal processing. However, it can be seen that the two samples
with pH close to the neutral state exhibited more pronounced viscosity reductions than
those of lower pH values. After being heated at 95 ◦C and 105 ◦C for 5 min, the viscosity
of the control, XG0.6AP1.4-Ca7.5 sample decreased by 16.24% and 24.9% (807.7 → 676.5
and 807.7 → 606.3 mPa.s), respectively; the pH 5, XG0.6AP1.4-Ca7.5 sample decreased
by 57.8% and 62.1% (565.0 → 238.3 and 565.0 → 214.1 mPa.s), respectively; the pH 6,
XG0.6AP1.4-0Ca7.5 sample decreased by 45.8% and 52.4% (393.0 → 213.1 and 393.0 →
186.9 mPa.s), respectively.

As per the previous discussions on the effects of the pH values of the matrix systems,
the viscoelasticity and viscosity of the XG–AP composite matrices can be observed to
decrease more significantly after thermal processing, with pH closer to the neutral state
(pH 5 or 6). The degradation of apple pectin in these samples leads to decreased viscous
characteristics, resulting in promoted elastic characteristics (similar to the rheological char-
acteristics of XG). The viscosity, which currently serves as the primary standard [9,10,13,56]
of dysphagia-friendly edible fluids, decreased significantly and most notably. Therefore, it
can be deduced that the pH value is crucial when preparing edible fluid models. When
high-methoxy pectin is used as the major thickener base, better thermal stability can be
ensured with acid-base ones.
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3.3. Summary of Rheological Behavior of Sample Matrices

Cichero [56] and Burning [57] highlighted a shift from starch-based dysphagia prod-
ucts to gum-based ones, citing improved palatability, stable thickness, and patient prefer-
ence for serving temperature. Leonard et al. conducted a clinical trial with 118 enrolled
dysphagia patients, comparing gum-thickened matrices to thin water and starch-thickened
ones, all designated as having the consistency of nectar [58]. They found that gum-based ad-
ministration resulted in reduced aspiration difficulty and lower PAS ratings [55]. Additional
studies explored gum-based thickeners, focusing on amylase-resistance properties [27,28].
A study on 120 post-stroke patients with dysphagia showed that gum-based thickeners
with a viscosity range of 150 to 800 mPa.s significantly improved swallowing safety [59].
Burnip [57] and Cichero [56] noted that applying these recommendations clinically may be
limited due to the viscosity labeling system’s requirement of laboratory-grade rheometers
and engineering expertise.

Chemical β-elimination, a major nonenzymatic degradation in pectin, involves hydro-
gen and glycosidic residue removal due to heating [60]. Other known pectin degradation
methods include acid hydrolysis and demethylation [60,61]. Studies indicate that alka-
lized pectin allows β-elimination [62] and demethylation [63]. Diaz et al. found that
β-elimination increases with higher temperatures, with an activation energy of 136 kJ/mol
at pH 4.5, suggesting temperature dependency [60]. Higher temperatures promote β-
elimination, while increased pH promotes demethylation [64,65]. Our results in the pre-
vious section align with these findings, especially at higher pH values (5 and 6) and with
thermal treatment.

Calcium chloride, designated as E-509 [66], is an approved food additive in the Euro-
pean Union, authorized for its sequestrant and firming agent properties. When fortifying
food matrices with various calcium sources, moisture absorption during storage is a con-
cern. To ensure experimental precision, we opted for calcium chloride anhydrous (CCA) as
the calcium ion source due to its resistance to moisture absorption during storage. Accord-
ing to the manufacturer’s specifications, CCA exhibits a solubility of up to 74.5 g/100 mL in
water at ambient temperature. We utilized a 40 g/100 mL solution for shear-rate-dependent
viscosity measurements as another control. Notably, the calcium ion concentrations range
from Ca2.5 to Ca40 and span from 0.91% to 14.55% (wt).

Table 3 gathers the results of G′, G′′, and tan δ of different TCMs; a high versatility of
these systems can be observed. The as-prepared matrices vary in behavior, and range from
an almost creamy matrix (G′ or G′′ lower than 20 Pa; tan δ > 0.7) to a weak-gel-like system
(tan δ < 0.25), comparable to a previously reported multiple-layered w/o/w emulsion
system [67]. Liu et al. [68] investigated the rheological and structural properties of different
acidified (pH 4.8–6.2) and rennet-treated milk gels and reported that no data were obtained
from their milk gel samples, which gave high tan δ values >1.0 and low G′ < 1. They
highlight that the tan δ values of milk gel samples with renneting extents of 55% and 74%
at pH 6.2 were identical (0.27); as the pH progressively reduced and became as low as 4.8
due to acidification, the tan δ values were promoted to 0.72 and 0.92, respectively.

Based on the frequency sweep spectra, Ross-Murphy [69] demonstrated that the
viscoelasticity of flowable matrices is generally classified into dilute and concentrated
solutions and real gels. We noted that the standalone 2% apple pectin-based (AP2.0)
matrices present a dilute solution pattern regardless of the thermal treatments, pH, and
CCA fortification (Figure A2B(b) and Figure A3C(b)). In contrast, the composite XG–AP
matrices present gel behavior (Figure 1(b), Figure 2(b) and Figure 3(b)) regardless of the
thermal conditions, pH, and CCA fortification, indicating the modification effect of XG.

XG-based thickeners like ThickenUP Clear® (Nestlé Health Science, Vevey, Switzer-
land) are commonly used for individuals with dysphagia. Rofes et al. [28] found that adding
2.4 g of this commercial XG-based thickening formula to 100 mL of mineral water can
create a honey-like viscosity. Our XG matrices, at 0.8 g/100 mL before thermal treatment,
have a honey-like viscosity (351–1750 mPa.s). This similarity highlights the need for the
careful consideration of source variations in dysphagia oral administration. Additionally,
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the frequency-dependent rheological moduli of XG0.6AP1.4-Ca7.5 following thermal treat-
ments under controlled pH (Figure 3(b)) converge at 100 1/s due to a G′ dip. This behavior
may result from β-elimination in the pectin and the negatively charged nature of XG, while
1 mg/mL XG, with or without 1 mg/mL Na-caseinate, was prepared within the pH 2.7–6.6
range, after incubation at 37 ◦C for 60 min [70]. In addition to interpreting the rheological
behavior, we conducted a comprehensive statistical analysis of shear-rate-dependent vis-
cosities, as presented in Table 4. Generally, a more rigorous thermal treatment (indicated
by lowercase letters) resulted in higher viscosity levels (p < 0.05), except for the case of
XG0.6AP1.4 at a shear rate of 10 1/s. It is worth emphasizing that at the composite ratio of
3/7, these matrices exhibited the best thermal stability, or, equivalently, the least variation
in viscosity. The influence of pH values on the AP2.0 matrices is indicated by uppercase
letters. Specifically, pH 5 and 6 led to significantly lower viscosity levels (p < 0.05) compared
to the control at pH 3. In contrast, at pH 4, intensive thermal treatment also resulted in
a significant viscosity reduction, rendering it unsuitable for claiming dysphagia-friendly
status. With the incorporation of CCA into AP2.0, viscosity also experienced a significant
increase (p < 0.05), although its overall impact remained statistically insignificant (p > 0.05).
When varying the composite ratio of thickeners, changes in viscosity were found to be
shear-rate-dependent, with no clear trends across the entire range (indicated as numbers).
However, considering that the typical shear rate associated with human swallowing is
approximately 50 1/s, it is noteworthy that viscosity within the range of 30 to 70 1/s
consistently followed the trend of XG0.8AP1.2 = XG0.6AP1.4 > XG0.8 > XG0.6 (p < 0.05).
Hence, it is deducible that pectin not only efficiently modulates the viscosity of XG-based
hydrocolloids, but also acts as a beneficial dietary fiber source.

Our previous study [33] reported on the rheological behavior of distilled water and
acidic orange juice, each individually thickened with tapioca starch and xanthan gum
(XG) to achieve a nectar-like consistency. These beverages exhibited distinct rheological
responses following a 6 min thermal treatment at 80 ◦C. Specifically, the tapioca-thickened
distilled water consistently exhibited a viscous behavior after the thermal treatment, while
the tapioca-thickened orange juice initially displayed an elastic behavior before transition-
ing to a viscous behavior after treatment. Furthermore, we observed that the XG-thickened
samples consistently exhibited an elastic behavior in an aqueous base (distilled water
or orange juice) before or after the thermal treatment. Our current study subjected the
XG–AP composite matrices to more severe thermal loads of 95 ◦C and 105 ◦C. This further
confirmed that XG allows the XG–AP composite matrices to consistently exhibit elastic
dominance features, regardless of the pH condition and calcium content, even though the
standalone AP matrices at 2% concentration exhibited viscous dominance features.

3.4. Texture Analysis

Under various thermal processing conditions, prior rheological measurements showed
that the thickened XG–AP model matrix has good thermal stability under the processing
condition of 95 ◦C for 5 min. The texture analysis results of samples prior to and after
heating under the processing condition of 95 ◦C for 5 min were further compared, as shown
in Table 5. The hardness of the XG0.6AP1.4-Ca7.5 sample prior to thermal processing
was higher than that of other samples. However, after thermal processing, the hardness
decreased significantly (p < 0.01). It can be deduced that the strength of the network
structure of the samples significantly decreased after thermal processing. The adhesive-
ness of XG0.6AP1.4-Ca7.5 prior to and after the thermal processing shows only a slight
decrease. Overall, it seems that thermal processing had little effect on the adhesiveness of
the samples investigated.
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Table 5. Texture profile analysis (TPA) of the [XG0.6AP1.4-Ca7.5] of hydrocolloidal matrix prior to
and after a 95 ◦C-5 min thermal processing.

Processing Hardness (N/m2) Adhesiveness (J/m3) Cohesiveness Gumminess(N/m2)

Prior 583.14 ± 25.60 19.74 ± 1.42 0.73 ± 0.03 423.84 ± 14.54

95 ◦C-5 min 487.65 ± 7.26 ** 18.46 ± 2.66 0.70 ± 0.02 * 340.76 ± 13.27 **

n = 9 represent the standard deviations based on nine replicates, *, ** t-test for (p < 0.05) or (p < 0.01).

The cohesiveness of all samples decreased after thermal processing, and there were
significant differences. It can be inferred that after thermal processing, the bonding strength
of the internal structure of the samples will decrease. According to the Japanese Society of
Dysphagia Rehabilitation, foods are designated from 0.2 to 0.9; the measured results of the
samples (prior to or after thermal processing) in this study are all within the standard range.
The gumminess values prior to and after thermal processing for the XG0.6AP1.4-Ca7.5
sample show a very significant difference (p < 0.01). However, both gumminess values are
greater than those with the same XG–AP ratio as the thickeners and a low-methoxy AP (DE
= 45.2%) [35]. However, in our previous study, we measured a commercial powder product,
Neo-high Toromeal III® (TRM, Food-care, Inc., Tokyo, Japan), with the recommended
concentration of 1.5% [35], as the control sample for texture profile analysis. The gumminess
observed in this case (282 N/m2) was similar to that found in the current study. The
measured gumminess after thermal processing was reasonable because the Japanese Society
of Dysphagia Rehabilitation Foods standard [10] recommends that hardness to fall in the
range of 300–10,000 N/m2, and that the maximum adhesiveness be less than 1500 J/m3.
The current results show that the composite formula of XG0.6AP1.4-Ca7.5 meets these
standards. Therefore, the proposed approach of adding pectin as the thickener seems
reasonable for the matrix required for further thermal processing.

In this study, we found that the AP sample had a DE value of 73.9%, while in pre-
vious reports, the DE value of the AP sample was noted as 45.2%. In both instances, XG
effectively functioned as a texture modifier. To mitigate the issues arising from material
variations or complexity, adherence to existing standardization measures is recommended.
For instance, the texture analysis standards provided by the Japanese Society of Dysphagia
Rehabilitation Foods [10] are a reliable indicator of product specification and acceptance.
To manage this complexity and ensure a robust and standardized formulation, we have
conducted preliminary studies focusing on crucial formulation parameters, notably the
calcium concentration and the ambient pH. These studies are essential for optimizing the
pectin’s viscoelastic characteristics. Additionally, we have investigated the formulation
ratio of xanthan gum, a known consistency modifier, to complement the pectin matrix.
This approach allows us to fine-tune the texture and viscosity of the preparation, thereby
addressing potentially acceptable consistency. By systematically studying these parameters
and their interactions, we have developed a formulation: the ambient modifiers of pH
(pH < 4) and calcium chloride concentration (7.5%) with an optimal AP–XG ratio of 7:3
led to weak-gel-like behavior (G′′ < G′) that helps to maintain the texture properties of
dysphagia-friendly features similar to those prior to the thermal processing. The IDDSI
framework does not include a direct measurement of viscosity because it is an empirical
method. The framework is designed to be a guideline for nursing professionals preparing
food bolus with a dysphagia-friendly consistency to serve individuals with dysphagia over
the duration of a certain meal. However, formulae and standards such as the Japanese Soci-
ety of Dysphagia Rehabilitation Foods are available [10]. The flowable matrices still need
to be defined and classified by specified shear-rate-dependent (10–100 1/s) viscosities [13],
as we listed in Table 4. Our motivation for assessing rheology is related to the pursuit
of scale-up potential, including extended shelf life with possible thermal processing for
microbial/sanitation control and possible unit operation dissolving, mixing, or aseptic heat
exchanging in terms of the viscoelastic characteristics. Chemical β-elimination, and other
degradation processes such as acid hydrolysis and demethylation, affect pectin, especially
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under conditions of higher temperature and pH. Our studies align with previous findings,
showing that these conditions promote pectin’s degradation. However, our composite
XG–AP matrices, particularly XG0.6AP1.4, demonstrated superior thermal stability with
minimal viscosity reduction, likely due to the presence of stabilizing co-structures between
XG and AP. Optimizing the XG and AP composite ratio is key to enhancing the thermal sta-
bility of pectin-based matrices. We have previously reported on the co-structure of XG–AP
composite matrices [35]. The composite thickener (AP1.8XG0.2) demonstrated smoother
surfaces compared to the calcium ion sample (AP2Ca5) and other single thickener formulas
through scanning electron microscopic image observations; additional research is needed to
gain deeper insights. Starch-based matrices, often used in formulations for individuals with
dysphagia, tend to decrease in viscosity when exposed to amylase in saliva. This reduction
can increase the risk of accidental inhalation and aspiration pneumonia. Addressing this
concern aligns with our research goals. We experimented with composite XG–AP matrices,
selected for their unique structures. These matrices lack the alpha-1,4 glucosidic bonds usu-
ally present in starch, which are key to ensuring they do not pose inhalation or aspiration
risks for those with dysphagia. Generally, significant viscosity depletion highlights the
limitations of starch-based matrices. Therefore, our non-starch-based composite XG–AP
formula could offer a more reliable alternative, given its better stability and alpha-amylase
resistance for developing dysphagia-friendly matrices.

4. Conclusions

This study demonstrated that the inclusion of XG can effectively modify the origi-
nal AP matrices’ rheological properties, and substantially extend the accessible range of
viscoelastic properties, resulting in ubiquitous weak-gel-like characteristics, as with com-
mercially available geriatric foods. Furthermore, regarding thermal stability, the change in
viscosity of the composite matrices after thermal processing is smaller than that of the stan-
dalone AP or XG matrices, and the group with AP:XG = 7:3 showed the best performance.
The formula with 7.5% CCA showed the optimal viscoelastic characteristics after thermal
processing. Especially with the addition of calcium ions, the viscoelastic characteristics of
the XG0.6AP1.4 matrices were shown to change from liquid-like to solid-like for the full
range of frequencies investigated—an ideal rheological feature for the further fortification
of the minor nutrients required for individuals with dysphagia.
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Appendix A

Figure A1. The measured center temperature profile of the 2 wt% high-methoxy AP matrix experi-
enced the preset thermal processes with different time-temperature combinations.

Appendix B

Figure A2. The effects of pH on storage modulus (G′) and loss modulus (G′′) of the 2% AP matrices
experiencing different thermal processing conditions: (A) prior to thermal process, (B) after a 95
◦C for 5 min process and (C) after a 105 ◦C for 5 min process; (a) oscillatory strain sweeps at the
frequency of 50 rad/s, and (b) angular frequency sweeps at 1% strain.
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Appendix C

Figure A3. The effects of added calcium chloride anhydrous on storage modulus (G′) and loss
modulus (G′′) of the 2% AP experiencing a 95 ◦C thermal process for 5 min: (a) oscillatory strain
sweeps at the frequency of 50 rad/s, and (b) angular frequency sweeps at 1% strain.
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Abstract: The complement pathway is a major component of the innate immune system, which is
critical for recognizing and clearing pathogens that rapidly react to defend the body against external
pathogens. Many components of this pathway are expressed throughout the brain and play a benefi-
cial role in synaptic pruning in the developing central nervous system (CNS). However, excessive
complement-mediated synaptic pruning in the aging or injured brain may play a contributing role
in a wide range of neurodegenerative diseases. Complement Component 1q (C1q), an initiating
recognition molecule of the classical complement pathway, can interact with a variety of ligands and
perform a range of functions in physiological and pathophysiological conditions of the CNS. This
review considers the function and immunomodulatory mechanisms of C1q; the emerging role of C1q
on synaptic pruning in developing, aging, or pathological CNS; the relevance of C1q; the complement
pathway to neurodegenerative diseases; and, finally, it summarizes the foods with beneficial effects
in neurodegenerative diseases via C1q and complement pathway and highlights the need for further
research to clarify these roles. This paper aims to provide references for the subsequent study of food
functions related to C1q, complement, neurodegenerative diseases, and human health.

Keywords: C1q; complement pathway; synaptic pruning; microglia; neurodegenerative diseases;
dietary food

1. Introduction

In 1894, Jules Bordet discovered the presence of a thermally unstable component or
group of components of serum that acted as a complement to antibodies and interacted
with bacteria. Based on its function as an antibody supplement, Paul Ehrlich named the
new substance “complement” (Figure 1a). Complement is a multimolecular self-assembling
biologically active system consisting of nearly 20 plasma proteins with different physico-
chemical and immunological properties. When activated, the precursor molecules react
in a chained enzymatic reaction in a particular order. In this process, C1q acts as a pro-
moter of the complement pathway and participates in the body’s defense by binding to
antigen–antibody complexes to activate the classical complement pathway. However, in
addition to the traditional role of complement activation, C1q plays other important roles in
a complement-independent manner. Recent investigations have unveiled that the comple-
ment molecule C1q is involved in both neuroprotection and neurodegenerative diseases. It
has been shown that C1q levels in the brains of Alzheimer’s disease (AD) mouse models are
significantly higher than in normal rats [1]. C1q plays a role in neurodegenerative diseases
by inducing microglia to phagocytose synapses, which ultimately results in cognitive–
behavioral deficits caused by synaptic loss. The inhibition of C1q activity resulted in a
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diminution of microglial count, a mitigation of initial synaptic attrition, and a notable ame-
lioration in cognitive memory impairments [2]. Suggesting that the induction of microglia
phagocytosis of synapses by C1q plays an important role in neurodegenerative diseases.

Figure 1. (a) Complementation findings. Sheep anti-cholera serum was able to lyse Vibrio cholera,
while sheep anti-cholera serum lost the ability to lyse Vibrio cholera when heated at 56 ◦C for 30 min,
and Vibrio cholera was again lyzed when fresh non-immune-serum was added to the heated serum
again. (b) The structure of C1q (Created with BioRender.com accessed on 28 April 2023).

Synapses are the fundamental structures of neural networks that translate information
into various brain regions and cell types. Throughout the developmental journey, the
establishment of fully fledged neural networks necessitates the judicious eradication of
unsuitable synaptic bonds, an intricate choreography wherein microglia and astrocytes
partake, orchestrating synaptic honing under the tutelage of C1q [3]. C1q is neuropro-
tective during the initial stages of CNS injury, where it can hold a pivotal position in
avoiding the release of cell-damaging factors by enhancing the phagocytosis of microglia
and macrophages and regulating inflammation [4]. However, when excessive activation
of C1q occurs, it may lead to direct synaptic damage. C1q induces localized activation
of microglia and astrocytes, which, by acting synergistically with other proinflammatory
pathways, ultimately leads to memory-related neurodegenerative disorders such as AD,
Huntington’s disease (HD), and traumatic brain injury (TBI) [5,6]. The clinical hallmark of
Parkinson’s disease (PD) is a motor syndrome characterized by bradykinesia, rest tremor,
and rigidity, as well as changes in posture and gait [7]. In PD cases, neurons seemed to
be opsonized by C1q [8]. In contrast, blocking C1q activation using C1q knockdown or
antibodies has been shown to significantly reduce synaptic phagocytosis and cognitive
dysfunction [1].

With today’s rapid advances in medicine and the increasing emphasis on the pre-
vention of diseases before they develop, there is a growing interest in utilizing bioactive
substances in food to maintain health and combat chronic human diseases, in addition to
the nutritional supply of food. A number of functional food factors have been shown to
delay the development of neurodegenerative diseases by modulating C1q levels. In this
article, we present a review of the recent advances in the role of C1q in neurodegenerative
diseases, focusing on the specific mechanisms of synaptic elimination of C1q through the
classical complement pathway in CNS development, aging, and disease, as well as the
targeting of C1q by food components to slow down the progression of neurodegenerative
diseases. The aim of this study is to provide a new theoretical basis to further explore the
role of functional food factors in the development of neurodegenerative diseases and to
hypothesize that C1q can be an effective target and marker for delaying the development
of neurodegenerative diseases, such as AD.
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2. C1q Structure and Biological Function

2.1. C1q Structure

C1, the inaugural sentinel within the precincts of the classical pathway inherent to the
innate immune system, comprises the trinity of C1q, C1r, and C1s. The self-initiation of C1r,
a serine protease, ensues, cascading into the enzymatic cleavage and activation of another
akin serine protease, C1s. This orchestration is precipitated upon the embrace of antibodies
or the surfaces of pathogens by C1q, serving as the harbinger of this sequence. Thus, a
symphony of elements coalesces, culminating in the creation of a C1 complex, wherein
one C1q molecule interlaces with twin counterparts of C1r and C1s. The unveiling of this
assembly activates the classical complement pathway, precipitating a transformative shift
in the collagenic domain [9].

The intact C1q molecule is a complex of 18 chains: 6A, 6B, and 6C, which are connected
by covalent and noncovalent bonds to form ABC-CBA triple-helical structural units [10–12].
Each chain of C1q has its ligand, and each region mediates different physiological functions
by binding to different ligands and receptors, such as regulation of various immune
cells (e.g., dendritic cells, platelets, microglia, and lymphocytes), clearance of apoptotic
cells, a range of cellular processes such as differentiation, chemotaxis, aggregation, and
adhesion, and neurodegenerative diseases and pathogenesis of SLE [13,14]. Interestingly,
studies have observed that the B and C chains of C1q are highly conserved, and little
ligands were recognized by B and C chains. Deoxy-D-ribose and heparan sulfate were
recognized specifically by the globular domain of C1q involving interactions with ArgC98,
ArgC111, AsnC113 and LysC129, TyrC155, TrpC190, respectively. Helena et al. reported
that phosphatidylserine is one of the C1q ligands on apoptotic cells and interacts with
subunit C of C1q, which unfolds during the nascent phases of apoptosis [15]. Moreover,
plausible 3D models of the C1q globular domain in complex with C-reactive protein (CRP)
and IgG were proposed; ArgB114, ArgB129, and ArgB163 were involved in the interaction
with IgG, while LysA200, TyrB175, and LysC170 at the top of the C1q head directed toward
CRP [16]. Furthermore, the A chain is the exact opposite, with a collagen region containing a
major binding site for nonimmunoglobulin substances that can bind Adiponectin [17], Von
Willebrand factor [18], C-reactive protein [19,20], Serum amyloid P [21], DNA [22], Aβ [22],
and Heme [23]. Among them, IgM [24,25], LPS [26], GAPDH [27], Blood platelets [28],
Fibronectin [29], Adiponectin [17], C-reactive protein [19,20], Serum amyloid P [21], and
Aβ [22] can activate the classical complement pathway by binding C1q, whose binding sites
are the cationic regions 14–26 and 76–92 of the C1q A chain, and the use of the same peptide
as residues 14–26 can regulate ligand binding to C1q to activate the classical complement
pathway [22]. In accordance, one may posit the conjecture that the preponderance of C1q’s
functionalities seems to derive primarily from the A chain. The target ligands and versatile
recognition properties of C1q are summarized in Table 1.

Some studies have also shown that the B-chain of C1q plays a crucial role in tumori-
genesis binding of multiple tumors. Yamada and colleagues have laid bare that elevated
C1qB expression exhibited a marked correlation with unfavorable prognostication within
the context of renal cell carcinoma. In contrast, the work of Linnartz-Gerlach and collabora-
tors uncovered the downregulation of C1qB in the cerebral milieu of triggering receptors
expressed on myeloid cell-2 (TREM2) knock-out mice. Intriguingly, it merits noting that
TREM2 has been brought to the forefront as a conduit for intracellular messaging, effectu-
ated via its partnered transmembrane adapter, TYROBP [30]. Demonstrations have borne
witness to a robust linkage existing between TYROBP and C1qB expression amidst indi-
viduals afflicted by gastric carcinoma [31]. Analogously, investigations have illuminated
that a disruption within this signaling conduit engenders an array of perturbations in
physiological equilibrium and confers susceptibility to an array of maladies encompassing
the likes of senescence and age-linked neuronal attrition [32,33]. Concurrently, evidence
has surfaced elucidating that C1q within the realm of IgG-mediated acquired immunity
underscores the centrality of Arg114 and Arg129 within the B chain, marking them as
pivotal residues in the tapestry of IgG binding. This discourse further accentuates the role
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of Arg162 in the A chain, along with Arg163 in the B chain and Arg156 in the C chain,
as integral participants in the orchestration of C1q-IgG interplay [34,35]. Although there
are fewer studies on the C1qC chain, it is clear that each of the three C1q chains may be
functionally independent and capable of differentially splicing ligands.

The globular “head” of each ABC chain is connected to a fibrillar central region by six
collagen-like “stalks” that form two distinct structural and functional domains: the collagen-
like region (cC1q) and a spherical “head” structure (gC1q) [36]. The ultimate configuration
of the C1q molecule mirrors the semblance of a cluster of tulip blossoms (Figure 1b).
Interestingly, these two domains acted as separate parts from each other and interacted
with diverse biological structures, including pathogen- and cell-associated molecules.
The collagen-like regions of C1q are engaged in immune response effector mechanisms
through their interaction with a tetramer of complement C1r and C1s proteases (C1r2s2)
or receptors on immune cell surfaces [37,38]. More prominently, the globular regions
support the recognition properties of C1q with the striking ability to sense a wide variety
of ligands [39,40]. (As shown in Table 1) In general, gC1q was performed to investigate the
location binding interactions and recognition specificity of C1q-ligands complexes, as well
as in the regulation of C1 activation, such as the lipopolysaccharides (LPS) inside Table 1.
LPS interacts specifically with the gC1q domain in a calcium-dependent manner. LPS and
IgG-binding sites on the gC1q domain appear to be overlapping, and this interaction can
be inhibited by a synthetic C1q inhibitor, suggesting common interacting mechanisms [26].
However, it does not work when only the C1q tail or C1q globules are present; in other
words, the complete C1q is required to affect the organism [4].

Table 1. The versatile recognition properties of C1q.

C1q Ligand C1q Binding Region/Binding Site Function Ref.

IgM C1q globular domain Activate the classical complement pathway [24,25]

IgG C1q globular domain Activate the classical complement pathway [16]

LPS C1q globular domain Activate the classical complement pathway [26]

GAPDH C1q globular domain Activate the classical complement pathway [27]

Blood platelets C1q globular domain Activate the classical complement pathway [28]

CRP C1q globular domain Activate the classical complement pathway [5,19,20]

Pentraxin 3 C1q globular domain Interacts with C1q and inhibits the classical
complement pathway [41]

Fibronectin C1q globular domain Activate the classical complement pathway [29]

Calreticulin C1q globular domain recognize apoptotic cells [42,43]

Heparin C1q globular domain Inhibit the classical complement pathway [44]

ApoE C1q stalk Inhibit the classical complement pathway [45]

Adiponectin Globular domain of the C1q A chain Activate the classical complement pathway [17]

Von Willebrand factor N-terminal of the C1q A chain Inhibit the classical complement pathway [18]

Serum amyloid P Residues 14–26 and 76–92 of the C1q A chain Activate the classical complement pathway [21]

DNA Residues 14–26 of the C1q A chain Activate the classical complement pathway [22]

Aβ Residues 14–26 of the C1q A chain Activate the classical complement pathway [22]

Heme TyrA122 of the C1q A chain Inhibit the classical complement pathway [23]

Deoxy-D-ribose Residues Arg98, Arg111, Asn113 of the C1q C chain Inhibit C1 activation [44]

Heparan sulfate Residues Lys129, Tyr155, Trp190 of the C1q C chain Inhibit C1 activation [44]

PS Globular domain of the C1q C chain Efficient apoptotic cell removal determined
synaptic vulnerability [15,46,47]

2.2. C1q Biological Functions

C1q serves as the herald of the complement pathway, adroitly bridging the realms
of innate and adaptive immunity. In the context of innate defense, the dearth of C1q is
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intimately tied to the constellation of systemic lupus erythematosus (SLE) [48]. Within
this intricate framework, one of the conjectured mechanisms, aptly denominated the
waste disposal paradigm [49], propounds that C1q assumes an indispensable role in the
expunction of deceased cells. In the unfortunate absence of C1q, this regulatory function
falters, impeding the efficient clearance of expired cellular constituents [50]. The cascading
result is the exposure of intracellular moieties, inciting an immune retort against these
very (self) entities [51]. In addition to its influence within the realm of innate immunity,
C1q unfurls a diverse spectrum of roles within adaptive immunity. Human T cells bear
the imprint of C1q receptors, bestowing upon C1q the capacity to navigate the complex
terrain of T-cell responses. Recent investigations in mouse models have cast light upon
the intriguing prospect that C1q might indeed wield a discernible influence on T-cell
immunity. Within mouse models emblematic of SLE, a striking phenomenon emerges:
C1q assumes the role of an inhibitor, quelling the vigor of CD8 T-cell responses [52]. The
authors propose a mechanism in which C1q is internalized and impacts mitochondrial
function via C1q receptors. In emphysema, the absence of C1q leads to a shift from
suppressive regulatory T-cell responses to pro-inflammatory Th17 responses [53]. The
synergy between human observational studies and mouse models showed that C1q acts
on the T-cell suppressor [3]. From these studies, it is clear that C1q stands as a regulator,
dictating the amplitude and caliber of T-cell responses, reflecting the important role of C1q
in adaptive immunity. In contradistinction to the diminished levels of C1q noted across
various autoimmune conditions, an augmentation in C1q levels has been documented
within the annals of numerous infectious and neurodegenerative maladies, including AD
and PD. Hence, increasing awareness of the distinct roles of C1q, as well as the relationship
between C1q level with autoimmune diseases and neurodegenerative diseases, highlights
the need for a thorough understanding of C1q in innate immunity and adaptive immunity.

3. Complement in the Brain

The complement cascade is a key effector mechanism of the innate immune system
that contributes to the rapid clearance of pathogens and dead or dying cells and increases
the extent and limits of the inflammatory immune response. C1q, the promoter of the
classical complement pathway in the complement cascade, has been clearly shown to play
a beneficial role in synaptic elimination during neurological development, but excessive
C1q-mediated synaptic pruning in the adult or injured brain may be detrimental in a variety
of neurodegenerative diseases.

3.1. C1q and the Complement Pathway

The complement pathway stands as a crucial constituent nestled within the precincts
of the innate immune system that can participate in host defense by rapidly recognizing and
eliminating pathogens, cellular debris, and misfolded proteins, facilitating the clearance
of dead cells or antibody–antigen complexes [54]. In response to multiple endogenous or
exogenous substances, the components of the complement body are activated sequentially
in a chain reaction to produce various biological effects.

The classical complement pathway, lectin pathway, and alternate pathway are three
commonly accepted pathways of complement system activation. The complement path-
ways share commonalities but also have their characteristics. The three complement
pathways are mainly initiated by promoters, mediated by C3 converting enzyme and C5
converting enzyme, and activated by a series of pathway amplification reactions to activate
the complement system and form membrane attack complex (MAC), resulting in the lysis
and rupture of the plasma membrane of the antigen-bearing cells, and the outflow of the
cellular contents, which triggers the inflammatory response [55]. The details are shown in
Figure 2.
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Figure 2. Complement pathways (created with BioRender.com accessed on 12 October 2022).

Similarly, the lectin pathway’s activation mirrors that of the classical pathway, albeit
with a distinct initiator—mannose-binding lectin (MBL). MBL undertakes the task of form-
ing multimeric lectin complexes upon engaging ficolin. This intricate association ushers in
the activation of MBL-associated serine protease (MASP), heralding the initiation of the
complement pathway. MASP-1 and MASP-2 bear semblance to C1r and C1s, respectively.
Their counterparts in this realm, MASP-1 and MASP-2, wield the power to usher in the
complete activation of the complement system by cleaving C4 and C2, thus assembling the
C3 convertase.

Diverging from the trajectory of classical activation, the alternative pathway circum-
vents the involvement of C1, C4, and C2. Instead, it forges a direct path towards the
activation of C3, thereby igniting a cascading sequence that propels the components from
C5 through C9 to fulfillment. Meanwhile, the lectin pathway and the classical pathway for-
mation of C3 convertase from C4b and 2a, whereas the alternative pathway is via C3b and
Bb. The alternative pathway can play a significant anti-inflammatory role as a low-level sus-
tained activation of nonspecific immunity by acting directly on invading microorganisms
and other foreign bodies at the early stage of pathogen infection before specific antibodies
are produced.

Given that the initiation of the classical complement pathway hinges upon the genesis
of antigen–antibody complexes before their binding with C1q, and the birth of antibodies
necessitates a specific immune retort, it follows that the classical complement pathway
predominantly exerts its influence during the latter phases of infection.

3.2. C1q through Classical Pathway Activation Mediated Synapse Pruning

Within the complement pathways, it is the classical complement pathway that pre-
dominantly takes on a significant role within the CNS, in which C1q acts as a recognition
protein and plays different roles at different stages of the CNS.

3.2.1. C1q in Developing CNS

During the development of the CNS, precise neural circuits are vital for the develop-
ment and functional maturation of the brain. Complement pathway activation products are
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crucial to modulate synapse formation to avoid redundant, spider web-like neural network
growth. A subset of synapses in neurons is pruned while other presynaptic or postsynaptic
axons from the parent neuron are positively stabilized and strengthened [56]. C1q activates
the downstream complement component C3 by labeling abnormal synapses or inappro-
priate synaptic connections, and C3 binds to the receptor CR3 on microglia, initiating the
complement pathway and the exercise of synaptic pruning by microglia (Figure 3). In this
way, it participates in beneficial synaptic elimination and promotes neuronal development
and functional maturation.

 

Figure 3. Microglia phagocytose synapses. C1q is expressed in microglia or neurons and localizes
at synapses by recognizing ligands, leading to downstream deposition of complement protein C3,
which binds to C3 receptors on microglia and activates phagocytosis of microglia to directly trigger
synaptic loss (Created with BioRender.com accessed on 11 August 2023).

Synaptic pruning removes less active or “weak” synapses, strengthens synaptic con-
nections appropriately, and promotes neuronal maturation, meaning that C1q can “detect”
morphofunctional changes in synapses [57]. As long as the “weak” synapses are labeled by
C1q and subsequently removed by phagocytic microglia via synaptic pruning [55,58]. To
what kind of synapses are “weak” that contribute to labeling by C1q during the synaptic
pruning remains unclear.

Györffy et al. divulged the existence of processes akin to apoptosis within synapses
adorned with C1q, as unveiled through a proteomic exploration and pathway analysis
of synaptosomes labeled with C1q [58]. The presence of apoptosis-like processes in C1q-
labeled synapses and the fact that synaptic apoptosis induces increased C1q levels suggest
that synaptic pruning based on C1q labeling may be triggered by synaptic apoptosis, which
can be inhibited by increased synaptic activity. In conditions of normalcy, the proclivity for
C1q to bind surfaces leans toward late apoptotic cells in comparison to their early apop-
totic counterparts [59]. It has also been shown that microglia preferentially phagocytose
apoptotic cells, whereas in the absence of C1q, the level of phagocytosis by microglia is
reduced [60]. Bioinformatics analysis showed that C1q-labeled synapses contained higher
levels of caspase 3 and caspase 5, both markers of apoptosis, compared with C1q-negative
synapses [58], suggesting that synaptic pruning and clearance of apoptotic cells are similar
in the mechanism. Phosphatidylserine (PS) is one of the C1q ligands on apoptotic cells [15].
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An apoptosis-like process exists in C1q-labeled synapses, and the synaptic apoptotic mech-
anism induces elevated C1q levels, while synaptic pruning based on C1q labeling may
be triggered by gC1q-PS binding effects [44]. During normal growth and development,
synapses may be induced by increased apoptotic signaling while C1q levels are increased
and aggregated toward them, while C1q stimulation also causes apoptotic cells and cell
debris clearance. In contrast, in neurodegenerative diseases, synapses may be triggered to
apoptosis by increased levels of C1q, leading to their “misrecognition” by microglia and
their engulfment.

The perturbation of C1q’s equilibrium precipitates anomalies in synaptic pruning,
culminating in compromised synaptic transmission, diminished cerebral connectivity, im-
pairments in social engagement, and heightened instances of repetitive behavioral traits.
This intricate web of repercussions interweaves with the realms of epilepsy, as well as a
spectrum of neurodevelopmental and neuropsychiatric afflictions [61]. Concurrently, mice
lacking in the complement protein C1q or its downstream counterpart, complement protein
C3, manifest pronounced and enduring deficiencies in the process of CNS synapse elimi-
nation. This is starkly evidenced through the thwarting of anatomical refinement within
retinogeniculate connections, along with the retention of superfluous retinal innervation
amongst lateral geniculate neurons [62]. In a study involving a mouse model of the CNS,
C1q was upregulated after birth and peaked within two weeks [3]. Increased synaptic
connectivity and epileptic activity were shown in C1q knockout mice that were unable to
establish proper synaptic connections [63].

3.2.2. C1q in Aging

The wane of cognitive prowess has surfaced as a formidable health menace during
the later stages of life. Within this purview, the decline in cognitive function is intrinsically
linked to the perturbed neuronal circuitry that comes with advancing age. Unlike the
rise in C1q levels during development, neuronal C1q is normally downregulated in the
adult CNS. Certain inquiries have unearthed a notable resurgence in C1q protein levels
within the confines of the aging mouse and human brain [64,65]. In harmony with the
rise in serum C1q concentrations that accompany the passage of time, a commensurate
augmentation in C1q levels within the cerebrospinal fluid (CSF) has been duly noted [66].
Significant disparages in the C1q protein abundance within mouse and human brain
tissue emerged palpably through the lens of immunohistochemistry, particularly when
juxtaposing brain specimens from the early stages of life to those in advanced age [67].
This escalation predominantly manifested near synapses, materializing at the nascent
stages and with remarkable intensity in specific cerebral domains. Among these locales, a
subset—but not the entirety—comprising regions acknowledged for their predisposition to
neurodegenerative disorders underwent this surge, i.e., the hippocampus, substantia nigra,
and piriform cortex [67]. C1q-deficient mice exhibited enhanced synaptic plasticity in the
aging and reorganization of the circuitry in the aging hippocampal dentate gyrus [10].

3.2.3. C1q in Diseases

Changes in the expression level of C1q in different diseases have different effects on
the disease process or pathological changes. Diminished levels of C1q have surfaced within
the context of autoimmune disorders, select inflammatory ailments, and numerous tumor
types. Notably, an elevation in anti-C1q antibodies has been unveiled to precede renal flares
in lupus. Furthermore, autoantibodies targeting C1q have also been documented in the
annals of diverse spontaneous mouse models of systemic lupus erythematosus (SLE) [68].
C1q deficiencies have been correlated with heightened vulnerability to infections triggered
by encapsulated bacteria, particularly cases of pneumonia and meningitis. Additionally,
recurrent respiratory infections are known to afflict individuals with such deficiencies [69].
The conceptualization of C1q’s role in the genesis of cancer remains in a state of continuous
evolution. Evidence has emerged indicating that elevated C1q levels bear a favorable prog-
nostic implication for disease-free survival in basal-like breast cancer, as well as for overall
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survival in HER2-positive breast cancer. However, a converse narrative unfolds when
exploring its influence within the landscape of lung adenocarcinoma and clear cell renal
cell carcinoma, where C1q appears to assume a pro-tumorigenic role [70]. C1q seems to
encompass a binary function within the realm of cancer, manifesting itself as both a catalyst
for tumor advancement and a guardian against tumors, its stance oscillating in tandem
with the intricate context of the disease at hand. Elevated C1q levels have been detected
across a spectrum of domains, including aging, infectious diseases, assorted inflammatory
disorders, and cardiac and cerebral ailments. In the context of infectious diseases, the
surge in circulating C1q levels is likely attributed to an escalated production of C1q as
a countermeasure against pathogens. However, the localized surges noted in conditions
such as neuroborreliosis and meningitis could potentially stem from augmented leakage
from the circulation. C1q can regulate cytokine expression, and when cells are injured
or encounter trauma, the concentration of free C1q becomes high, which can stimulate
neutrophils to move toward the lesion [71]. Also, neutrophils are recruited to the site of
cell injury accompanied by the accumulation of C1q, IgM, and albumin; among others,
accumulation of C1q, IgM, and albumin is accompanied by the accumulation of these
proteins [4]. Also, in neurodegenerative diseases, increased C1q levels are a consequence of
increased (local) C1q production. C1q engages in a deleterious interaction with anomalous
protein aggregates, thus embroiling itself in the genesis of neurodegenerative afflictions like
AD alongside other neuropsychiatric disorders [71]. Mouse models lacking C1q, although
showing the “plaque” structure characteristic of AD, those mice lacking C1q have signifi-
cantly less inflammation around these plaques and significantly more neuronal integrity
compared with transgenic mice with an intact complement system [72]. Studies have
shown that ANX005 is a potent anti-C1q-targeting antibody that binds to C1q, inhibits its
interaction with multiple substrates, and prevents classical complement pathway activation
while leaving the lectin and alternative complement pathways intact [73].

3.3. The Role of C1q in the Complement-Independent Manner

Indeed, C1q is widely acknowledged for its role as an initiator within the classical
complement pathway, culminating in the activation of the complement system. This
activation intricately aids in the swift elimination of pathogens and dead cells. It is of
significance to note that C1q assumes roles that extend beyond its involvement in the
complement pathway, encompassing the maintenance of homeostasis and regulatory
functions in a manner distinct from its engagement within the complement system. There
is some evidence that C1q can be synthesized in peripheral tissue bone marrow cells in
the absence of C1q-associated C1 serine proteases C1r and C1s [74]. Within the CNS, the
synthesis of C1q experiences an augmentation as an initial retort to injury in numerous
instances, yet this response occurs independently from the simultaneous synthesis of the
C1 serine proteases, indicating C1q-mediated activities individually without a complement
pathway. Demonstrations have illuminated that C1q possesses the ability to induce a gene
expression program that champions neuroprotection. In doing so, it potentially furnishes a
shield against the menace posed by Aβ, particularly in the preclinical phase of AD and other
neurodegenerative pathways [75]. Moreover, C1q presents a protective impact on primary
neuronal viability in rodents from Aβ and serum amyloid P (SAP)-induced neurotoxicity
in the absence of other downstream factors of the complement pathway [4]. C1q, distinct
from C1, engages with myeloid cells, which encompass microglia, fostering an expedited
elimination of apoptotic cells and neuronal fragments, thereby curbing the production
of pro-inflammatory cytokines [76]. Another study has proved that C1q, heightened
in vivo as an early rejoinder to injury, disengaged from the simultaneous upregulation of
other complement constituents, has the potential to incite a genetic orchestration fostering
neuroprotection [75]. In the presence of blood–brain barrier (BBB) dysfunction, C1q was
accompanied by a rapid increase in proinflammatory factors such as interleukin-1β and
tumor necrosis factor α but not in C1q-associated C1 serine proteases C1r and C1s [70].
This suggests that C1q can exert neuroprotective effects independently of the classical
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complement pathway. These results reveal a role for C1q in physiological changes and
pathological changes without activating the classical complement pathway.

4. Local Synthesis of C1q in the Brain

Initially, the presence of C1q was studied as a component of the immune system in
the blood, with its main site of synthesis in the liver. However, it is now recognized that
under conditions of inflammation, external injury, and cellular stress in the CNS, C1q can
be expressed and regulated from a variety of cell types, including neurons, microglia, and
astrocytes.18 Each of these cells plays a role in regulation, homeostasis, and destruction in
the CNS.

4.1. C1q and Microglia

Microglia are the resident immune cells of the brain, and their dysfunction may con-
tribute to neurodegenerative and psychiatric disorders [77]. C1q is synthesized within
the cerebral domain, primarily by microglia. In states of equilibrium, C1q is upheld at a
subdued magnitude. Yet, when microglia are galvanized into action, the amplitude of C1q
escalates, heralding the stimulation of pro-inflammatory cytokines such as interleukin-6
(IL-6) and TNF-α, thereby culminating in the demise of neurons [70]. Simultaneously, the
affinity of C1q for apoptotic cells or neuronal fragments sets forth an augmentation in
phagocytic activity within microglia. Remarkably, there are instances when heightened C1q
levels yield a transient surge in reactive oxygen species (ROS), nitric oxide (NO), and cal-
cium. Furthermore, this surge in C1q can serve to arrest the proliferation of microglia [78].

Microglia are activated in response to stimulation and accompanied by transcriptional
adaptive functional changes, and microglia can generally be differentiated into two extreme
states: the classical (M1) phenotype and the alternative (M2) phenotype [79]. M1-type
microglia release proinflammatory factors and toxic substances, which enhance brain
injury. M2 microglia, on the other hand, achieve neuroprotective effects by promoting
tissue repair and regeneration [80]. Microglia are the main source of C1q in the brain [81].
This elucidates the rationale behind the presence of C1q not only within the circulatory
system but also within the CNS. In states of equilibrium, the levels of C1q are deliberately
maintained at a subdued magnitude; however, when microglia are overactivated, C1q
levels increase rapidly [78]. M1-type microglia can play a protective role in the early
stages of neurodegenerative diseases by secreting C1q involved in the clearance of protein
aggregates. However, as the disease progresses, the deleterious effects of M1-type microglia
outweigh their beneficial effects, and their clearance becomes less efficient. Moreover,
neuronal dysfunction, injury, and degeneration result from the release of large amounts of
C1q [82,83].

4.2. C1q and Astrocytes

Astrocytes are among the most numerous cells in the CNS and are critical for potassium
homeostasis, neurotransmitter uptake, synapse formation, BBB regulation, and nervous
system development [84]. Recent studies have found that neuroinflammation and ischemia
induce two distinct phenotypes of astrocytes, control microglia “M1” and “M2” named
“A1” and “A2”. The A1 phenotype is close to that induced by lipid polysaccharide-induced
neuroinflammation, acute CNS injury, and the underlying pathology of many neurodegen-
erative diseases [85]. In contrast, A2-type astrocytes strongly promote neuronal survival
and repair. Moreover, activated microglia can induce neuronal death by secreting C1q
to induce astrocytes to shift to the A1 phenotype [18]. In contrast, genes expressed by
A1-type astrocytes were significantly downregulated in the absence of C1q, suggesting an
important role of C1q in the polarization of astrocytes toward the A1 phenotype [86]. It
has been shown that Astragalus polysaccharide inhibits the formation of A1-type astrocytes
by inhibiting C1q secretion by microglia [87]. In patients with multiple sclerosis, the de-
tection of CNS plaques is an important marker for the co-localization of C1q with reactive
astrocytes [88]. A slew of contemporary investigations have unveiled the prospect that C1q

38



Foods 2023, 12, 3580

originating from astrocytes might exert influence over the attenuation and deterioration
of neuronal synapses amidst the trajectory of neurodegeneration [89]. The augmented
expression of reactive astrocyte genes spurred by aging was notably dampened in mice
devoid of microglial-secreted C1q, a stimulator recognized for inciting the formation of
A1 reactive astrocytes. This observation signifies that microglia wield a role in fomenting
astrocyte activation during the aging process. Simultaneously, A1 reactive astrocytes forfeit
their capacity to execute customary functions. Moreover, the escalated up-regulation of
reactive genes within astrocytes triggered by aging might underpin the cognitive regres-
sion witnessed within susceptible cerebral domains during normal aging. Additionally,
this accentuates the heightened vulnerability of the aged brain to damage [86]. Chen
and colleagues’ work showcased the inhibitory prowess of Cholecystokinin octapeptide
in curtailing the induction of A1-reactive astrocytes by diminishing C1q levels. This in-
tervention concurrently stimulated the genesis of glutamatergic synapses, thus fostering
neurocognitive resurgence within aged dNCR model mice [90].

4.3. C1q and Neurons

Neurons integrate thousands of synapses to process and transmit information [3,91].
Whereas neurons are another cell regulating C1q secretion in the brain in addition to
astrocytes and microglia, neurons respond to neuroinflammation and other inflammatory
mediators [92,93]. The complement factor C1q, sourced from cells within the central CNS, is
also intrinsically linked to conferring neuroprotection against external infections [94]. C1q
is deemed advantageous in the elimination of aggregated proteins after the activation of
the complement factor due to the engagement of low levels of aggregates. C1q production
is induced in large numbers when neurons are damaged, enhancing neuronal activity
and protecting neurons from Aβ- and SAP-induced neurotoxicity [4]. Nonetheless, when
the complement factor is persistently triggered, it can prove detrimental to the CNS as
a result of the activation of microglia and the subsequent release of pro-inflammatory
cytokines [95]. Interestingly, cholesterol distribution and levels are also influenced by C1q
in neurons, which can enhance neurons indirectly by regulating cholesterol levels, and C1q
affects neuronal construction by regulating lipid metabolism and membrane-associated
gene expression [96].

C1q plays different roles under different cellular expressions and regulations and
ultimately serves different roles in a variety of neurodegenerative diseases. In the subse-
quent overview, we use C1q as an entry point to systematically understand the various
mechanisms of neurodegenerative diseases.

5. C1q in Neurodegenerative Diseases

Beyond its established roles in CNS growth, development, and bodily immunization,
a novel facet of C1q’s functionality has been freshly unveiled within the intricate tapestry
of neuropathological pathways that underpin neurodegenerative disorders and TBI. This
revelation has cast a spotlight on C1q as a prospective therapeutic avenue for safeguarding
neuronal well-being or for retarding the progression of neurodegenerative maladies.

5.1. Alzheimer’s Disease

In a series of experiments, excessive complement-mediated synapse pruning was
found to be involved in the process of forgetting in AD. Region-specific loss of synaptic
salience is a more potent contributor to cognitive decline in AD than the hallmark features
of AD, Aβ plaques, and Tau protein hyperphosphorylation [1]. Unlike the state of synapses
requiring proper pruning during growth and development, it has been shown that the
number of synapses is significantly reduced in patients with early AD. The number of
synapses in 75% of patients with mild cognitive impairment was lower than the average of
normal individuals, and the number of synapses correlated significantly with the cognitive–
behavioral status of AD patients [97–99]. Similarly, synapses in the temporal cortex are
reduced by 38% and in the frontal cortex by 14% in AD patients compared with normal
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subjects [98]. AD mice lacking C1q display reduced synapse loss, supporting a role for C1q
in mediating synapse removal [2]. At the end of AD, synapse number decreases positively
with the degree of cognitive–behavioral impairment in AD patients [99]. Interestingly,
C1q can be observed colocalized with either pre-synaptic or post-synaptic markers in
animal models of aging-related diseases, including AD. Accordingly, the upregulation of
C1q-tagged synapses is also proved in AD and other neurogenerative disorders-induced
cognitive loss. Conversely, the knockdown or blockade of C1q in mouse models of AD
has been shown to protect synapses and prevent cognitive impairment, suggesting the
detrimental influence of C1q in synaptic loss, and even C1q-labeled synaptic loss may
directly contribute to the worsening of AD.

AD is characterized by synaptic dysfunction and neurodegeneration, which are often
caused by the deposition of Aβ plaques and neurofibrillary tangles [100]. The deposition
of Aβ plaques triggers a series of chain reactions that lead to intracellular Tau protein
misfolding and assembly, which subsequently allows the spread of the lesion throughout
the neural circuit as well as the cortex, ultimately leading to neurological failure and
cognitive decline. C1q plays an important role in this. It has been shown that blocking C1q
activation by genetic or antibody-mediated means can attenuate the toxic effects of Aβ and
hyperphosphorylated Tau on synapses [101]. This provides another direct evidence for a
deleterious effect of C1q during the process of AD (Figure 4).

 

Figure 4. AD development mechanisms. Neurons with C1q aggregation show microglia engulf-
ing healthy synapses, Aβ clumping forming plaques, hyperphosphorylated Tau proteins forming
neurofibrillary tangles, and a significant decrease in their ability to bind microtubules due to Tau
protein hyperphosphorylation, leading to microtubule disintegration and ultimately worsening of
AD development (created with BioRender.com accessed on 12 October 2022).

5.1.1. C1q and Aβ in AD

The major component of amyloid plaques is Aβ, a peptide with 39 to 43 amino
acids derived from amyloid b protein precursor (APP) [102]. Studies have shown that
the imbalance between the production and clearance of Aβ and related Aβ peptides
plays a fundamental role in the pathogenesis of AD [103,104]. In vitro experiments have
shown that C1q interacts with Aβ through its A-chain residues 14–26 [104–107]. The
complement component C1q has nearly 100% co-localization of Aβ in humans with AD

40



Foods 2023, 12, 3580

and in mouse models of AD [108]. Sections of the Aβ-treated hippocampus showed a
significant increase of C1q in the hippocampus [109]. When soluble Aβ oligomers were
injected into the lateral ventricles of WT mice, Aβ oligomers were found to induce C1q
deposition [1]. Similarly, when J20 mice were injected with a γ-secretase inhibitor that
rapidly reduced Aβ production, it significantly reduced soluble Aβ levels in mice with a
corresponding reduction in C1q deposition. When C1q knockdown was followed by Aβ

injection, the synaptic loss induced by Aβ was significantly reduced [2]. The use of anti-C1q
antibodies similarly prevented Aβ-induced synaptic loss in mice [1], suggesting that C1q is
required for Aβ-induced synaptic loss in vivo. Notably, C1q knockdown does not affect
Aβ deposition [110], so C1q may function downstream of Aβ. Aβ appears abnormally as
early as 20 years before the onset of overt clinical symptoms [111]. Aβ deposition is the
beginning of neurodegenerative lesions, but the accumulation of hyperphosphorylated Tau
proteins is the main driver of the deteriorating pathological process.

5.1.2. C1q and Tau in AD

In AD and other Tau lesions, Tau aggregates in an abnormally phosphorylated form
in the torso region of neurons and can localize to synapses, where it disrupts synaptic
plasticity and leads to synaptic loss [112]. Positron emission tomography (PET) imaging
targeting Aβ and Tau has unveiled a consequential relationship: the velocity of amyloid
aggregation forecasts the advent of Tau accumulation, which in turn heralds the initiation of
cognitive decline [113]. In AD, Tau protein aggregation may begin in the entorhinal cortex
and then propagate to the hippocampus, as well as within the limbic cortex, reflecting the
progression of AD patients from asymptomatic, mildly symptomatic, to full dementia [114].
It has been shown that hyperphosphorylated Tau protein induces more C1q aggregation
at the synapse than Aβ plaques [101]. In the mouse model, increased Tau phosphoryla-
tion and accumulation were accompanied by a dose-dependent increase in C1q [115]. It
has been shown that knockout of the granule protein precursor gene PGRN significantly
reduces Aβ plaque production, but deletion of PGRN enhances C1q deposition at the
synapse while increasing the accumulation of hyperphosphorylated Tau protein in the
hippocampus [116]. Interestingly, knockdown of the transmembrane immune signaling
adaptor TYROBP showed opposite results, where knockdown of TYROBP resulted in a
significant reduction in C1q and improvement in memory cognition impairment, hyper-
phosphorylated Tau protein was not reduced by the decrease in C1q, but instead, its spread
was further expanded and Tau protein phosphorylation levels were increased. Suggesting
that when there are multiple competing effects occurring simultaneously, the deleterious
effects of increased Tau protein phosphorylation levels and diffusion can be overcome as
long as the beneficial effect of a significant decrease in C1q is large enough [117]. It may
give insights into the target role of C1q in regulating the progression of AD pathology and
cognitive loss.

5.2. Parkinson Disease

PD is clinically characterized by an akinetic rigid syndrome related to reduced. This
syndrome is entwined with a decline in dopamine levels within the striatum, arising
from the gradual demise of terminals belonging to degenerating neuromelanin-containing
dopaminergic neurons in the substantia nigra pars compacta [118]. A handful of investi-
gations have scrutinized the complement system within the context of the PD brain. The
steady manifestation of C1q was discernible only within microglial cells spanning the cere-
bral expanse. After MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) exposure, there
was an early and temporary elevation in microglial C1q expression within the substantia
nigra and striatum, as unveiled through techniques of immunohistochemistry and in situ
hybridization. Notably, Rozemuller and collaborators found no immunostaining indicative
of C1q within cortical Lewy bodies [119]. Concurrently, mice devoid of the C1q protein
exhibited no substantial differences in terms of the loss of nigral dopaminergic neurons,
striatal dopaminergic fibers, and dopamine levels induced by MPTP in comparison to their
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control counterparts [120,121]. This shows that C1q is not a major contributor to cognitive
impairment in PD. Simultaneously, within the substantia nigra pars compacta (SNc) of PD
cases, there manifested an augmented accumulation of extracellular neuromelanin within
the tissue, a manifestation arising from the degeneration of dopaminergic neurons. In
this milieu, neuromelanin granules and fragments from deteriorated neurons appeared to
be tagged by C1q, thus becoming subject to phagocytosis by C1q-positive microglia and
macrophages situated both within the tissue and around perivascular spaces. Notably, cells
bearing neuromelanin and C1q also adhered to the inner surfaces of blood vessels in the
SNc in the context of PD [8]. Hence, microglia demonstrate the capability to engulf and
eliminate cellular detritus emanating from degenerating neurons within the SNc, effectively
orchestrating this process through a pathway facilitated by C1q, a phenomenon that occurs
within the context of PD. Although C1q may not play a direct pathological role in PD, it can
affect the disease process through microglia phagocytosis, etc. Therefore, when we focus
on the role of C1q in PD, we should not only look at its expression but also pay attention to
the related pathways or effects on other cells.

5.3. Huntington’s Disease

HD is an autosomal-dominant neurodegenerative disorder characterized by a relent-
less progression, culminating in targeted neuronal attrition and impairment, predominantly
within the striatal and cortical regions [122]. Within the striatal milieu of HD, a convergence
was observed wherein neurons, myelin, and astrocytes demonstrated a spatial overlap
with C1q. In contrast, no C1q was found in the normal striatum. In normal control brains,
the abundance of C1q mRNA ranged from 2 to 5 times lower when juxtaposed with the
levels identified in the striatum affected by HD. The course of HD is marked by a neu-
roinflammatory progression orchestrated by the activation of microglia within the cerebral
domain [123]. Astrogliosis and microgliosis were apparent in all caudate and internal
capsule samples from individuals with HD, a phenomenon absent in normal brain tissue.
Microglia of the M1 phenotype within the HD context produced C1q, which was subse-
quently triggered on neuronal membranes. This dual action of C1q not only facilitated
neuronal necrosis but also contributed to proinflammatory activities [124]. Meanwhile, it
has been reported that the secretion of cytokines C1q upon M1 microglial activation can in-
duce the generation of reactive A1 astrocytes at neuronal structures, which play a major role
in brain motor coordination [125,126]. These intricate processes are believed to precipitate
neurodegenerative events within the brain, ultimately giving rise to the motor dysfunctions
that become manifest in the later stages of this neurological affliction. Kaempferol, a natu-
ral antioxidant found in vegetables and fruits consumed as part of human nutrition, has
exhibited the capacity to forestall the proteolytic activation of complement C1q protein and
the subsequent emergence of reactive A1 astrocytes. This phenomenon has been observed
in the context of 3-nitro propionic acid-induced injury within the striatum and hippocam-
pus. Cognitive–behavioral deficits in experimental animals significantly improved when
microglia secretion of C1q was reduced in an animal model of HD [127].

5.4. Traumatic Brain Injury

TBI emerges as the most potent environmental catalyst in the emergence of AD and
other neurodegenerative disorders linked to dementia. The initial trauma sustained by the
brain impairs the integrity of the BBB, consequently permitting the infiltration of peripheral
circulating macrophages into the cerebral milieu. This occurrence subsequently accentuates
the inflammatory response [128]. The prevailing notion suggests that a transition between
the M1 and M2 microglial phenotypes transpires within the framework of TBI. However,
it appears that there exists a proclivity towards favoring the M1 phenotype over the
M2 phenotype in the context of TBI-associated secondary injury [129]. In pathological
scenarios encompassing TBI, there is substantiated evidence suggesting that C1q plays a
contributory role in steering a shift toward the M1 phenotype [78]. In tandem with the
direct harm incited by M1 microglia, the C1q they release can also instigate the activation
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of astrocytes [130]. A prominent constituent of the inflammatory pathway, the complement
system, often escapes notice, yet it too undergoes activation as an integral facet of the
neuroinflammatory rejoinder in TBI [131]. The intrinsic complement system within the CNS
undergoes activation, with this activation further amplified by an influx of complement
components from the bloodstream, facilitated by the disruption of the BBB. In parallel,
certain investigations have demonstrated a noteworthy accumulation of C1q on synapses
located in the hippocampus. This accumulation aligns temporally with the loss of synapses
30 days after the injury. Significantly, both genetic interventions and the implementation of
pharmacological measures to obstruct the complement pathway yielded the prevention
of memory deficits in aged animals subjected to injury [132,133]. Therefore, strategically
focusing on the modulation of C1q emerges as a substantial avenue for potential clinical
intervention after TBI within the aging demographic (Table 2).

Table 2. Characteristics of neurodegenerative diseases.

Neurodegenerative
Diseases

Animal/Cellular Model Characteristics C1q Effects Ref.

AD Tg2576 animals (APP)
with C1q-deficient mice Aβ plaques Aβ co-localizes with C1q [2,108,109]

PS19 mice overexpressing
the P301S mutant of

human Tau/Hek cells

Tau protein misfolding and
assembly

Tau protein co-localizes with
C1q [113–115]

Tg2576 animals (APP)
with C1q-deficient mice Synapse elimination Synapse co-localizes with C1q [2,3,62]

PD -
Depigmentation of the

substantia nigra and locus
coeruleus

C1q was restricted to microglia
throughout the brain [118]

Autopsies from PD
patients

Neuronal loss in the pars
compacta of the substantia nigra [8,120]

HD Early HD patients
CAG trinucleotide repeat

expansion in the huntingtin gene
on chromosome 4

C1q produced locally by
M1-type microglia is activated
on the membranes of neurons

[124,134]

TBI
Sections of brains obtained
at autopsy from 25 cases

following closed TBI

Traumatic brain injury disrupts
the BBB

C1q prompts the
transformation of M2-type

microglia into M1-type
microglia and enhances

complement system activation

[78,131]

6. Efficacy of Dietary Food Related to C1q for Memory Improvement

As one of the most important mechanisms of CNS, C1q plays an important role in the
regulation of brain environment balance via the classical complement pathway, as discussed
above. Recently, a body of literature has demonstrated that numerous food compositions
exert neuroprotective effects via regulating C1q, providing evidence for the CNS of food
related to C1q. Several common dietary food components related to the regulation of C1q
for CNS health are shown in Figure 5.

Artemisia annua L., a herbaceous plant with heat-clearing properties, has garnered
renown due to its antimalarial compound, artemisinin [135]. Moreover, it has garnered
heightened interest owing to its demonstrated anti-inflammatory and immunoregulatory
capabilities. Intriguingly, the acidic homogeneous polysaccharides derived from Artemisia
annua have exhibited noteworthy efficacy in anticomplement activities through the clas-
sical pathway and alternative pathway. Prunella vulgaris, a perennial plant with a broad
geographical distribution encompassing China, Japan, and Europe, has been employed for
its spikes in a pivotal role within an herbal tea cherished in southern China for its ability to
dissipate pathogenic heat from the bloodstream [136]. Interestingly, homogeneous acidic
polysaccharides extracted from the spikes of Prunella vulgaris exhibit a capacity to interact
with C1q, exerting an influence on the C2, C3, C5, and C9 constituents of the complement
system. This property renders it potentially valuable in addressing ailments correlated with
the excessive activation of the complement system. Viola tianshanica Maxim, a perennial
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herbaceous plant, finds its distribution primarily in Central Asia, notably within the Xin-
jiang Uygur Autonomous Region of China [137]. An investigation revealed that the ethanol
extract derived from this herb showcased noteworthy anti-complement activity. Specifically,
it targeted C1q, thereby impeding the classical pathway and the alternative pathway. This
finding positions it as a promising contender for the role of potent anticomplement agents.
Within China, Taraxacum mongolicum Hand.-Mazz., a constituent of the Asteraceae family,
holds eminence as a renowned medicinal plant [138]. It is often harnessed in address-
ing viral infections and inflammatory maladies. From this herb, a uniform water-soluble
polysaccharide has been extracted. Mechanistic analyses have revealed that this compound
curtails complement activation through the impediment of C1q. This trait renders it of
significance in the context of managing conditions attributed to excessive activation of
the complement system. Such actives currently express an inhibitory effect on C1q via
the complement pathway but have not been specifically studied in the CNS and could be
further investigated subsequently.

Figure 5. Inhibition of C1q aggregation by functional food factors (created with BioRender.com
accessed on 28 May 2023).

Ganoderma lucidum, a medicinal fungus, finds clinical utilization across numerous
Asian countries as a means to bolster health and foster longevity [139]. Studies have shown
that Ganoderma lucidum has neuroprotective effects, and aqueous extracts of Ganoderma
lucidum significantly attenuate Aβ-induced synaptotoxicity by protecting synaptophysin.
Likewise, the examination unveiled that Ganoderma lucidum polysaccharides (GLP) elicit
a decrease in pro-inflammatory cytokines provoked by LPS or Aβ while concurrently
fostering the expression of anti-inflammatory cytokines in BV-2 and primary microglial
cells. Moreover, GLP mitigates the migratory propensity of microglia linked to inflamma-
tion, curtails morphological modifications, and diminishes the likelihood of phagocytosis.
Remarkably, it also substantially reduces the expression of C1q [140]. Kaempferol, an innate
antioxidant found in vegetables and fruits integral to human nutrition, displays a note-
worthy capacity. Specifically, when administered, it hampers the proteolytic activation of
complement C3 protein and the consequent emergence of reactive A1 astrocytes triggered
by NPA in the striatum and hippocampus. Furthermore, it thwarts the augmentation of
NF-κB expression and the heightened secretion of cytokines IL-1α, TNFα, and C1q, all of
which are associated with the formation of reactive A1 astrocytes. Beyond this, kaempferol
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administration also averts the exacerbated production of amyloid β peptides within the
striatum and hippocampus [127]. Cellular senescence, recognized as a pivotal hallmark of
aging, entails an irreversible cessation of the cell cycle and becomes expedited during the
aging trajectory. Intriguingly, black ginseng, a derivative of fresh ginseng achieved through
a cyclical procedure of steaming and drying carried out nine times, has emerged under the
spotlight owing to its physiological advantages in counteracting reactive oxygen species,
inflammation, and oncogenic processes [141]. These mechanisms are frequently implicated
in the onset of aging. Black ginseng attenuates cellular senescence by downregulating
complement C1q and β-catenin signaling and its downstream activator in the senescence
pathway, p53-p21/p16, to downregulated age-related inflammatory genes, especially in
the complement system.

Astragalus polysaccharides are one of the key active components of Astragalus mem-
branaceus [87]. Pharmacological investigations have demonstrated that Astragalus polysac-
charides exhibit a diverse range of pharmacological impacts, encompassing anti-inflammatory,
antitumor, and immune regulatory properties. Astragalus polysaccharides regulate the
polarization of microglia from M1 to M2 phenotype, reduce the secretion of inflammatory
factors IL-1α, TNF-α, and C1q, and inhibit the activation of A1 neurotoxic astrocytes, thus
effectively inhibiting neuroinflammation and demyelination in experimental autoimmune
encephalomyelitis.

Tanshinone, a prominent lipid-soluble constituent of Salvia miltiorrhiza, takes shape as
a substantial active ingredient, notably as TanIIA [142]. Extensive research has unveiled
its pharmacological effects, particularly in the realm of neuroprotection. In the context of
the rat brain, TanIIA emerges as a safeguard against Aβ-induced inflammation-induced
neuronal impairment. A gamut of neuroprotective attributes can be ascribed to TanIIA,
encompassing the attenuation of overactive glial cell response and the inhibition of inflam-
matory mediators such as IL-1β, IL-6, C1q, C3c, and C3d. Simultaneously, C1q surfaces as a
countermeasure against the toxicity induced by oligomeric forms of Aβ. Its early upregula-
tion in the aftermath of injury, distinct from the coordinated induction of other complement
components, facilitates the orchestration of a gene expression program that fosters neu-
roprotection. This program, in turn, exhibits the potential to shield against Aβ-related
pathologies during the preclinical phases of AD and other neurodegenerative processes.

Salidroside, a bioactive constituent sourced from Rhodiola rosea, is currently under
scrutiny as a promising therapeutic avenue for addressing ischemic stroke. Particularly
noteworthy is its potential effectiveness in curtailing the inflammatory response in the con-
text of cerebral ischemia-reperfusion injury (IRI), as evidenced by studies conducted within
the 24 h timeframe following the occurrence of ischemic brain events [143]. In the wake of
cerebral IRI, there emerges a prompt escalation in the accumulation of immunoglobulin M,
mannose-binding lectin 2, and annexin IV on cerebral endothelial cells. This is accompanied
by the induction of complement components C3 and C3a within 24 h post-IRI. Subsequently,
at the 48 h mark, a substantial surge is observed in the complement component C1q. Salicin
affected these proteins and reversed their changes after 24 h of IRI. Salidroside operates
as a neuroprotective agent by curtailing the premature activation of the lectin pathway
on cerebral endothelial cells and impeding the gradual activation of the classical pathway
following cerebral IRI. This protracted neuroprotection seems to be linked, at least in part,
to the elevated expression of genes associated with neuroplasticity. This enhanced gene
expression is facilitated by the mitigation of complement activation [144]. In a similar vein,
Salidroside plays a role in diminishing inflammation and neuronal impairment after middle
cerebral artery occlusion and reperfusion. This effect is, in part, attributed to the inhibition
of cerebral complement C3 activation. Furthermore, Salidroside’s impact on astrocytes and
microglial BV2 cells following oxygen–glucose deprivation and subsequent restoration
did not extend to influencing C1q, C2, or C3 levels [145]. Within human umbilical vein
endothelial cells (HUVEC), Salidroside served to safeguard against the decline of CD46
and CD59 while concurrently mitigating the elevation of VCAM-1, ICAM-1, P-selectin, and
E-selectin. These effects correlated with reduced LDH release and an enhanced Bcl-2/Bax
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ratio. Crucially, these protective outcomes of Salidroside manifested only in the context of
oxygen–glucose restoration.

Significant progress in the relationship between C1q and CNS has been made in recent
years, suggesting that C1q and complement pathways are regarded as potential therapeutic
targets for CNS disorders. People tend to opt for dietary choices as intervention measures
in addressing these ailments. Importantly, our limited grasp of the intricate mechanisms
underlying C1q and complement-mediated neurodegenerative conditions has contributed
to a considerable rate of unsuccessful endeavors in formulating dietary interventions for
CNS disorders. The summary of current natural products or food components regulating
C1q in CNS is shown in Table 3. There is a growing need for further research to explore
food components as a specific and effective intervention targeting complement-related
neurodegenerative diseases.

Table 3. Effect of functional food factors on C1q.

Sources Main Active Ingredients Mechanism of Action Function Ref.

Artemisia annua L. Acidic homogeneous
polysaccharides Inhibited the classical pathway and the alternative pathway Anti-complement activity [135]

Prunella vulgaris Homogeneous acidic
polysaccharides

Reduced excessive activation of the complement
system Anti-complement activity [136]

Viola tianshanica flavonol
glycosides

Flavonol glycosides and other
phenolic compounds Inhibited the classical pathway and the alternative pathway Anti-complement activity [137]

Taraxacum
mongolicum Hand.-Mazz.

heteropolysaccharide
Heteropolysaccharide Inhibited excessive activation of the complement

system Anti-complement activity [138]

Ganoderma lcidum Polysaccharides
Down-regulates LPS- or Aβ-induced pro-inflammatory

cytokines, promotes anti-inflammatory cytokine expressions
in BV-2 and primary microglia and reduces C1q expression

Neuroprotective [140]

Black Ginseng Panax ginseng Downregulated age-related inflammatory genes, included
in the complement system

Ameliorates cellular
senescence [141]

Astragalus Polysaccharides

Regulates the polarization of microglia from M1 to M2
phenotype by inhibiting the miR-155, reduces the secretion

of inflammatory factors, and inhibits the activation of
neurotoxic astrocytes

Inhibit neuroinflammation
and demyelination in

experimental autoimmune
encephalomyelitis

[87]

Salvia miltiorrhiza Tanshinone IIA
Reduced the number of astrocytes and microglial cells and
induced C1q decreased in the brain of Alzheimer’s disease

model rats

Reduced inflammation levels
of AD rats [142]

Rhodiola Rosea Salidroside
Reducing early activation of the lectin pathway on the

cerebral endothelium and inhibiting the gradual activation
of the classical pathway after cerebral IR

Neuroprotective [144]

Rhodiola Rosea Salidroside Inhibited classical complement activation and increased
CD46 and CD59

The protection afforded in
cerebral ischemia-reperfusion

injury
[145]

Vegetables and fruits Kaempferol Blocked the NPA-induced increase of NF-κB expression and
enhanced secretion of cytokines IL-1α, TNFα, and C1q

Prevents the activation of
complement C3 protein and
the generation of reactive A1

astrocytes

[127]

7. Discussion and Conclusions

With the increasing prevalence of neurodegenerative diseases and the frequent occur-
rence of their complications, people are becoming increasingly interested in obtaining safe,
active ingredients from natural foods to replace the medications used for neurodegenerative
disease treatment.

C1q plays an important role in the early stages of the disease by labeling and eliminat-
ing cellular debris and microbes, orchestrating immune responses, signaling “danger”, and
then activating the complement pathway that rapidly reacts to defend the body against
external pathogens. In addition, C1q plays a key role in the mechanism by which glial
cells regulate synaptic pruning by activating the complement pathway that contributes
to CNS development. C1q is not only involved in synaptic growth and development but
also plays distinct roles in the diverse stages of neurodegenerative diseases. Neuronal
and glial cell death, as well as impaired cognitive function because of aging or genetic
mutations manifested in neurodegenerative diseases, have all been shown to be inextricably
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linked to C1q. Thus, taking full advantage of C1q and complement-related mechanisms in
physiological and pathophysiological conditions of CNS has become a new strategy for im-
proving human health. Although significant progress in complement pathways in CNS has
been made over the last decade, there are several issues that require further investigation.
For example, how does C1q tagged and located on synapses and then activate microglia
phagocytosis? There is limited knowledge of the ligands on synapse interact with C1q.
How may we balance the crucial role of C1q in apoptotic cell debris clearance and synapse
loss? Additionally, since complement inhibitors are ineffective against C1q, inhibitors and
activators targeting C1q in vivo need to be discovered in further studies.

Currently, few studies have been conducted on C1q and brain health in the food
industry. Studies that focus on daily food component-mediated C1q and complement-
related diseases have a lot of untapped potential. Studies on the function of diverse dietary
components related to C1q on CNS disorders are valuable for the clinical application
prospects for disease intervention and control, especially in memory improvement and
brain health in AD and others. Absolutely, various functional food factors could exert
a neuroprotective role against brain injury by regulating C1q, like Ganoderma lucidum
polysaccharides and Kaempferol. However, the specific underlying mechanisms have not
been fully explained. Therefore, further studies are needed in the future to investigate the
mechanism of targeting C1q to delay neurodegenerative diseases by key food functional
components in the daily diet.
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Abstract: Insoluble dietary fiber is a macromolecular polysaccharide aggregate composed of pectin,
glycoproteins, lignin, cellulose, and hemicellulose. All agricultural by-products contain significant
levels of insoluble dietary fiber. With the recognition of the increasing scarcity of non-renewable
energy sources, the conversion of single components of dietary fiber into renewable energy sources
and their use has become an ongoing concern. The isolation and extraction of single fractions from
insoluble dietary fiber is one of the most important recent research directions. The continuous
development of technologies for the separation and extraction of single components is aimed at
expanding the use of cellulose, hemicellulose, and lignin for food, industrial, cosmetic, biomedical,
and other applications. Here, to expand the use of single components to meet the new needs of future
development, separation and extraction methods for single components are summarized, in addition
to the prospects of new raw materials in the future.

Keywords: insoluble dietary fiber; cellulose; hemicellulose; lignin; mono-component modification

1. Introduction

The most basic description of dietary fiber is given in the GB/Z21922 “Basic Ter-
minology of Food Nutrients” developed by China [1]. The definition of dietary fiber in
its statutes is as follows: polymers of carbohydrates that are naturally present in plants,
extracted from plants, or directly synthesized with a degree of polymerization ≥ 3; edible
yet not digested or absorbed by the human small intestine; and of health significance
to humans [2,3]. The “Chinese Dietary Guidelines for Residents 2016” recommends a
daily intake of 25–30 g of dietary fiber, which should include grains, potatoes, vegetables,
fruits, meat, eggs, dairy products, soybeans, and nuts in one’s daily diet. Dietary fiber can
be divided into water-soluble and non-water-soluble forms, and is mainly composed of
non-starch polysaccharides from various plant substances, including cellulose, lignin, wax,
chitosan, pectin, beta-glucan, inulin, and oligosaccharides [4]. Cellulose, hemicellulose,
and lignin are the main components of insoluble dietary fiber, whereas pectin is a form
of soluble dietary fiber found in non-fibrous substances, such as barley, legumes, carrots,
citrus, flax, oats, and oat bran [5].

Dietary fiber is defined as the “seventh macronutrient” in terms of its physiological
function [6]. As the standard of living and awareness increases, many people are consuming
dietary fiber, which can increase stool volume, promote intestinal peristalsis, and improve
bowel patterns [7]. It can also lower total and LDL cholesterol levels in the blood to prevent
coronary heart disease, lower fasting and postprandial blood sugar and insulin levels, and
improve insulin sensitivity [8]. Finally, it can provide energy-producing metabolites to the
colon, increase the quantity and activity of beneficial bacteria, and suppress obesity [9].
IDF is important as a functional food ingredient with multiple health and nutritional
benefits [10]. Dietary fiber is incorporated into bread products to increase their nutritional
value and sensory quality [11], and into beverages to compensate for dietary deficiencies to
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a certain extent [12]. Ginseng-IDF has a typical hydrolyzed fiber structure, polysaccharide
functional groups, and cellulose crystal structure, and can also be used as an ideal functional
ingredient for food processing [13]. It is also used in the production of meat products to
obtain high-dietary fiber, low-calorie, low-fat products; it can make the meat taste richer [14].
Developing economically viable and sustainable technologies for converting corn fiber into
liquid fuels is widely seen as a promising approach to achieve improved ethanol titers and
integrated utilization of byproducts in the traditional corn dry milling process [15].

Research on and the development of dietary fiber can significantly improve the eco-
nomic value of agricultural products, which has profound significance for improving the
health of the population and the economic efficiency of agriculture. The importance of
dietary fiber in people’s lives has been confirmed, and if the insoluble component of dietary
fiber can be exploited, it could also be used as a substitute in the material industry, in
textiles, and in nano-materials. Therefore, this review aims to provide guiding information
using selected literature and experimental data, focusing on the isolation and extraction of
cellulose, hemicellulose, and lignin from insoluble dietary fiber, and to discuss techniques
for the modification of single components.

2. Insoluble Dietary Fiber

Insoluble dietary fiber is a type of non-starch polysaccharide that is insoluble in
water and cannot be digested in the small intestine or fermented in the colon, and this
includes cellulose, hemicellulose, and lignin [16]. Insoluble dietary fiber, which is the main
component of the cell wall, can be extracted using physical, chemical, enzymatic, and
combined enzyme–chemical methods. Further, it is completely hydrolyzed to form various
monosaccharides [17], including glucose, xylose, galactose, arabinoxylan, and galacturonic
acid. In terms of its chemical composition (Figure 1), the chemical structures of the various
monosaccharide molecules that comprise the macromolecules are not different. Modified
insoluble dietary fiber has a larger specific surface area, higher water-holding and swelling
capacities, and greater functionality, based on adding or enhancing functions that were
previously absent or weak. However, different binding methods produce insoluble dietary
fiber-specific physicochemical properties, which in turn affect physiological functions.
Functional groups (such as hydroxyl, carboxyl, amino, and acetyl) in insoluble dietary fiber
confer strong hydrophilic, lipophilic, swelling, and metal ion adsorption properties [18]. In
addition, these compounds have physical and chemical properties that include thermal
stability, rheological properties, ion exchange capacity, and particle distribution. The
water-holding and swelling forces are mainly related to the hydrophilic groups on the
surface of insoluble dietary fiber and the honeycomb porous structure; its water-holding
capacity is approximately 1.5–25 h based on its weight, whereas its oil-holding capacity
is mainly related to the hydrophobic zone of fibers and the pore-like structure formed by
cross-linking between different components [19]. Insoluble dietary fiber contains side chain
groups, such as amino and carboxyl groups, which are reversibly exchanged with heavy
metal ions, causing harmful ions to be adsorbed on the fiber and then eliminated in feces.
These properties are closely related to the physiological functions of insoluble dietary fiber
in the human body. Therefore, there is an urgent need to analyze the monocomponent
structures of insoluble dietary fiber.

Cellulose, one of the important components of insoluble dietary fiber, is a polysaccha-
ride polymer consisting of linear chains of D-glucose units linked by β(1→4) glycosidic
bonds [20]. Cellulose has a fibrous porous structure and is a commercially important
biopolymer with a good physical structure [21]. Its advantages include high crystallinity,
high polymerization, a high specific surface area, and good adsorption properties, which
offer a great scope for the development of renewable energy. As the most abundant natural
polymer, efforts have been made to isolate and extract cellulose for use in new materials [22];
specifically, some of the cellulose is exploited in daily food, decoration, ceramic, paint,
tobacco agriculture, explosive, electrical, and construction materials [23]. There is also a
portion of fiber that is mainly found in fruits and vegetables, as foods that are consumed
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by humans. However, modified cellulose is mostly used to adsorb heavy metal ions from
wastewater for recycling purposes, owing to its enhanced adsorption capacity [24]. Many
companies have separated, purified, and dissolved raw cellulose materials to produce
rayon, acetate, sodium carboxymethylcellulose derivatives, methylcellulose, and cellulose
membranes.

Unlike cellulose, hemicellulose is a general term used to describe a variety of complex
sugars [3]. The basic structural units of hemicellulose are D-arabinose, D-galactose, D-glucose,
D-xylose, D-mannose, D-galacturonic acid, D-glucuronic acid, and 4-O-methylglucuronic
acid, with small amounts of L-amylose and L-rhamnose [25]. They occur in various struc-
tural forms and are divided into four major groups: xylans, mannose, mixed-link-glucans,
and xyloglucans [26]. Hemicellulose has a special chemical structure and unique physi-
ological functions. It can be used for fermentation to produce ethanol [27], for microbial
screening [28], and as a thermoplastic and water-resistant material [29]. Hemicellulose, one
of the main components of insoluble dietary fiber, is abundant, biodegradable, renewable,
and biocompatible in nature. Moreover, it is widely used in many fields, such as food
packaging materials [30], paper coatings [31], chemicals [32], environmental energy, and
biomedicine.

Another important component of insoluble dietary fiber, lignin, is mainly composed of
three elements: carbon (C), hydrogen (H), and oxygen (O). It can also contain small amounts
of nitrogen (N) and sulfur (S) depending on the source and extraction method [33]. Lignin
is tightly complexed with cellulose and hemicellulose, and is a biopolymer with a three-
dimensional network structure formed by three benzene propane units interconnected by
ether and C-C bonds; moreover, it is rich in aromatic ring structures, aliphatic and aromatic
hydroxyl groups, quinone groups, and other reactive groups [34]. Lignin is used to prevent
cardiovascular diseases due to its ability to modify the activity of microorganisms in the
intestinal system and to lower cholesterol and blood sugar levels. In addition, it has
antioxidant activity [29] and possesses functions such as cancer cell-inhibitory activity.
In addition to its physiological functions, lignin is used in the production of composite
materials because it is abundant, cheap, renewable, degradable, and non-toxic. It is also
used as a filler in biomass materials, such as rubber and hydrogel [35].

 
Figure 1. Plant cell wall structure and microfibril cross-section (strands of cellulose molecules
embedded in a matrix of hemicellulose and lignin) [36].
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3. Cellulose

3.1. Separation and Extraction Methods

Cellulose is a renewable and degradable biopolymer with high thermal stability.
Depending on the separation and extraction method, cellulose has been used in food
processing [37], plastic bags, cling films, the textile industry, and the bio-pharmaceutical
industry [38]. Different separation and extraction methods are required in order to obtain
cellulose from this biopolymer for various applications. This section provides an overview
of this, based on various separation and extraction methods.

3.1.1. Acid Hydrolysis Method

The acid hydrolysis separation method involves hydrolysis of the amorphous regions
of cellulose in dietary fibers, leaving the compact and dense crystalline regions intact. The
rice husk is soaked overnight in 4 wt% NaOH, and the lignin and hemicellulose in the rice
husk fibers are removed via acid hydrolysis (H2SO4). The mixture is then transferred to a
round-bottomed flask and refluxed for 2 h (Figure 2). Next, the solid is filtered and washed
three times with distilled water, which has been found to result in a cellulose content
of approximately 31%. Acid hydrolysis is the most widely used method for preparing
cellulose and cellulose-derived cellulose nanocrystals, cellulose filaments, and nanosized
cellulose [39]. Through pre-treatment with bagasse, a 50% bagasse cellulose content was
obtained after acid hydrolysis at 45 ◦C for 75 min. Owing to the long acid hydrolysis
time, the crystalline structure of cellulose was completely destroyed, resulting in the
formation of a needle-like structure [40]. The increase in available energy consumption in
recent years has intensified the development of renewable energy sources, especially palm
empty fruit bunch fibers, which are present in large quantities and have a high cellulose
content [41]. Palm oil empty fruit bundles were then hydrolyzed by adding acid, at a
55% concentration, for 3 h at 45 ◦C to obtain cellulose with a purity of 14.98% [42]. The
production of cellulose with a controlled structure, based on its isolation and extraction
from bamboo and representing a dietary fiber of plant origin, has been studied as an
important method to obtain good sustainability. Cellulose was successfully extracted by
immersing 50 g of treated bamboo powder in a 7.5% NaClO2 solution (w/v) and incubating
it at 80 ◦C for 2 h under acidic conditions (pH = 3.8–4.0). However, the cellulose was found
to exhibit different shapes depending on the acid concentration used for hydrolysis [43].

Figure 2. Interaction between NaOH/urea and cellulose [44].

3.1.2. Steam Blasting Method

Steam blasting is a physical separation method that is used for cellulose extraction.
The principle behind this method is to break down the cell wall’s structure. The effective
heat carrier steam rapidly heats the raw material to a specified temperature; after a period
of contact, the steam penetrates the raw material and immediately releases pressure, which
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results in the degradation of a small portion of cellulose and hemicellulose in the raw
material into monosaccharides [45]. Typical steam blasting process temperatures range
from 160 to 260 ◦C, corresponding to pressures of 0.69–4.83 MPa. Agricultural wastes, such
as wheat straw and corn straw; specialized energy crops, including manzanita; and willow
have been proposed as biomass resources for xylose release to produce xylitol, and the
initial xylose hydrolysis products have been found to be released up to 94% under steam
blast treatment with 12 Pa for 3 min with 1.2% phosphoric acid and 500 g of substrate [46].
The effects of steam blasting—with citric acid, sodium hydroxide, and water as catalysts—
on the chemical properties, structural properties, and enzymatic processes of sugarcane
bagasse were investigated. During the citric acid-catalyzed blast treatment, cracks appeared
in the fiber cell walls and the maximum hemicellulose removal rate reached 41.5%, whereas
in the NaOH-catalyzed steam blast treatment, the bagasse fibers were complete destroyed
and the lignin removal rate reached 65%; the water treatment obtained a maximum cellulose
yield of 97.5% [47]. By combining the steam blasting process with the traditional scraping
method, the upper waterproof layer, which adversely affects the steam blasting process,
was removed from the fresh blades and cut for steam blasting treatment, yielding 85.4%
cellulose [48].

3.1.3. Deep Eutectic Solvent (DES) Method

The DES comprises mixtures of two or three safe and inexpensive compounds bonded
to each other via hydrogen bonding to form salt solutions [49]. Considering food safety
and acceptability, cellulose extraction using a DES is the best choice. Choline chloride-
glycerol, choline chloride-urea, and choline chloride-oxalic acid were heated and stirred
for 2 h at 80 ◦C, according to a certain molar ratio, to obtain a homogeneous and clarified
DES solvent. Then, 2 g of ramie fiber was added to 200 g of DES, the suspension was
heated in a closed flask at 100 ◦C in an oil bath, and the mixture was stirred and mixed at a
predetermined temperature for 2–10 h. The purity of the obtained cellulose was 73–78% [50]
(Figure 3). Three DES solvents were prepared, and 0.1 g of the sample was mixed with
the prepared DES, heated, and stirred in an oil bath at 130 ◦C for 3 h. The DES prepared
with ChCl-LA was the best choice for cellulose extraction. In addition to the well-known
sugarcane, straw, and bamboo, in which the dietary fiber content is high, the insoluble
dietary fiber component of okara is also rich, with a purity of 90% or higher [51]. The
application of DES in agro-industrial treatments can be developed for industrial use. To
simplify the defatting, deproteinization, and cellulose extraction steps during the cellulose
pretreatment of okara, a new method for cellulose extraction, by preparing a DES solvent
via a heating method, was established. Treatment of okara with the DES solution ChCl-O
had a significant effect on extracted okara cellulose, improving the thermal stability and
cellulose content to 92.6% [52]. To achieve an economic and ecological balance, cheaper
methods for cellulose extraction must be explored. A low-eutectic solvent (DES) system of
ChCl-EG was used as the solubilizing solvent. DES was used as the reaction medium and
mixed with the insoluble dietary fiber of okara at 120 ◦C for 2 h. The yield of raw cellulose
was 84–87% [53].

3.1.4. Comparison of Different Methods

Each method for separating and extracting cellulose has its own advantages and
disadvantages. Table 1 presents a detailed visual comparison of the three methods for
separating single components, which can provide a theoretical basis for selecting the most
suitable method for future experiments.
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Figure 3. Deep eutectic solvent (DES) treatment of ramie raw fiber [50]. (A–L) Digital photographs
and SEM images of raw RFs and pretreated RFs.

Table 1. Comparison of different methods to separate single components from fiber.

Extraction Methods Advantages Disadvantages

Acid hydrolysis method

(1) Simple process
(2) Easy operation and no

danger
(3) Cellulose becomes

nano-sized
(4) Cellulose has high

thermal
(5) Stability and uniform

particle size

(1) Large quantities of acid
and impurities remain in
the reactants

(2) Difficult to recover and
can cause environmental
pollution

(3) Can cause damage to
the structure of cellulose

Steam blasting treatment

(1) Low energy input
(2) Does not require

recycling reagents
(3) Little impact on the

environment
(4) Adding acid or bases

improves the treatment
efficiency

(1) Prone to Merad reaction
under high temperature
and pressure

(2) Target products are
readily degradable

(3) Sample volume
increases

Deep eutectic solvent method

(1) Simple preparation
(2) Recyclable
(3) Method
(4) Non-toxic and

degradable
(5) Consistent with the

concept of sustainability

(1) Easily soluble in water
and in large amounts
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3.2. Modification Technology

Plant cellulose is a natural renewable resource, and its modification is a popular
research topic. This section provides a brief overview of the modification methods for
cellulose, including physical, chemical, and biological approaches. The most important
methods include esterification, sulfonation, etherification, ether esterification, cross-linking,
and graft copolymerization. The chemical modification of cellulose refers to the use of
coupling agents (e.g., citric acid, malic acid, and tartaric acid) to replace the hydroxyl
groups on the surface, thus reducing the content of hydroxyl groups on the cellulose
surface and weakening the cellulose and hemicellulose [54]. A series of reactions usually
involves a hydroxyl group in the structure. Through modification, a series of ionic groups is
introduced which enhances the hydrophilicity of cellulose. The most widely used method
is the chemical modification of cellulose, and chemically modified cellulose-based nano-
materials are considered one of the best nano-materials [55].

3.2.1. Physical Modification Method

The physical modification of cellulose involves changing its morphology and surface
structure via physical and mechanical means, without changing its chemical composition
or the chemical reaction. The most commonly used physical method is polyelectrolyte
adsorption, which is the only method described in the following section [56], and it can
be divided into two categories: polyelectrolytes and nonelectrolytes physically adsorbed
on the cellulose surface. Uncharged polymers can bind to cellulose via van der Waals
and hydrogen-bonding forces. The modified nanocellulose was firstly adsorbed with the
cationic polyelectrolytes poly(DMDAAC), poly(allylamine hydrochloride), and poly(PEI),
and, alternatively, the anionic polyelectrolyte poly (4-sodium allyl sulfonate); then, the mod-
ified nanocellulose was adsorbed with cationic polyelectrolytes; and finally, the complex
material of nanocellulose and nano-silver was prepared by loading silver nanoparticles [57].
The results obtained from studying the antimicrobial activity of this complex material
against Staphylococcus aureus and Klebsiella pneumoniae showed that both the polyelec-
trolytes and nanosilver were effective; however, the antimicrobial effect of nanosilver was
crucial. Finally, it was used as a filler for starch-based coating-modified eucalyptus blue
paper, and the application potential of the antibacterial paper products was studied. Ther-
mally responsive nanocellulose was prepared via the adsorption of thermally responsive
polyelectrolytes onto nanocellulose. Three block copolymers consisting of quaternized
poly(2-dimethylamino) ethyl methacrylate (PDMAEMA) as the polyelectrolyte block and
poly(ethylene glycol) methyl ether methacrylate (PDEGMA) as the thermoresponsive block
were synthesized [56]. Block copolymers were synthesized through two-atom transfer
radical polymerization (ATRP), in which PDMAEMA macromolecular chains were first
synthesized as macromolecular initiators for the synthesis of PDEGMA polymers. Among
the three block copolymers, the lengths and charges of the PDMAEMA blocks remained
the same, whereas the molecular weights of the three PDEGMA blocks were different.
PDMAEMA block quaternization introduced a positive charge; then, the block copolymer
was adsorbed onto the negatively charged nanocellulose dispersed in water. It was also
shown that a polyelectrolyte was present in nanocellulose. The modified nanocellulose
exhibited thermally responsive behavior in solution upon heating and cooling, indicating
that the properties of the polyelectrolyte could be transferred to cellulose. Non-electrolyte
adsorption involves the physical binding of cellulose to a non-electrolyte polymer. Exam-
ples of cellulose surface-adsorption copolymers have been reviewed, some of which have a
better ability to bind cellulose [58] (Figure 4).
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Figure 4. Physical adsorption [58].

3.2.2. Chemical Modification Method

The chemical modification of cellulose occurs mainly through a chemical reaction
involving -OH of the cellulose molecular chain and compound esterification, an etherifica-
tion reaction, to produce cellulose ethers and other derivatives. The surface properties of
cellulose fibers can be modified by chemical reactions on the surfaces of the fibers, which
can introduce small molecular groups (polar or non-polar) or polymers. The active sites
where chemical reactions occur are generally the hydroxyl groups of cellulose fibers or
the functional groups generated before or during cellulose fiber pretreatment. Cellulose
fiber pretreatment is primarily used to reduce energy consumption, whereas cellulose fiber
surface modification is used to improve the compatibility or dispersion between cellulose
and other substances.

However, cellulose modification is prone to carboxylation. The 2,2,6,6-tetramethylpiperidin-
1-oxyl radical (TEMPO) oxidizer is a pretreatment agent that promotes nanofiber separation
by selectively introducing carboxyl (acidic) groups at the C6 position of the glucose unit [59].
This method was used as a pretreatment to enhance the mechanical decomposition of cel-
lulose, during which cellulose secondary alcohols were first oxidized to aldehyde groups
by sodium iodate and then converted to carboxyl groups with sodium chlorite during
the reaction. The degree of nanofibrillation of hardwood cellulose pulp was improved
via homogenization using a periodate-chlorite continuous-zone selective oxygenation
method. When the carboxyl group content in the oxidized cellulose was in the range of
0.38–1.75 mmol/g, the nanofibers formed high-viscosity transparent gels with a yield of
85–100% without blocking the homogenizer. Based on the field emission scanning elec-
tron microscopy images, the typical width of the obtained nanofibers was approximately
25 ± 6 nm. Based on the wide-angle X-ray diffraction results, all nanofiber samples main-
tained the crystalline structure of cellulose I, with a crystallinity index of approximately
40% [60].

Cellulose can be esterified with organic acids, acyl halides, acid anhydrides, and
inorganic acids to produce mono-, di-, and tri-substituted cellulose esters, but from the
point of view of process and industrial applications, the most important of these is cellulose
nitrate. The effects of the mixed acid composition, mass ratio, nitration temperature, and
time on the properties and yield of cellulose nitrate prepared from unconventional raw
materials, such as oat hulls from large-tonnage grain processing residues, were investigated.
Cellulose nitrates were prepared under optimal synthesis conditions with 98% solubility in
alcohol–ether mixtures [61].

3.2.3. Comparison of Different Modification Methods

The physical method of cellulose pretreatment is simple, convenient, and easy to oper-
ate, but the performance of modified products is unstable and the modifier easily falls off
from the cellulose, resulting in a reduction in product performance. The chemical method
is a better modification method, and it results in other properties of cellulose without
changing its performance. Regarding the advantages and disadvantages of each cellulose
modification method, a detailed comparison of the physical and chemical modification
methods is presented in Table 2, which provides a theoretical basis for future modification
methods for different samples. With improvements in the processing technology of cellu-
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lose materials, it will be possible to gradually replace traditional petroleum products to
alleviate energy and environmental pressures as needed in the future.

Table 2. Comparison of different modification methods.

Extraction Methods Advantages Disadvantages

Physical modification method
Simple and convenient
pre-processing, easy to

operate

(1) Unstable product
performance

(2) Modifier easily comes
off from the cellulose,
resulting in a decrease in
product performance

Chemical modification
method

Imparting other properties to
cellulose without changing its

properties

(1) Pollution of the
environment

(2) Has reagent residue

4. Hemicellulose

Hemicelluloses represent promising renewable biomass as plant cell wall polysaccha-
rides synthesized by glycosyltransferases on Golgi cell membranes and biopolymers; they
are second only to cellulose in plant fibers. The hexose in hemicellulose is used in fermen-
tation to produce fuel alcohol [62]. It also results in a reduction in sorbitol production [63].
Further, hemicellulose has been produced using xylose [64], xylitol [65], furfural [66], and
feed yeast [67].

4.1. Separation and Extraction Methods
4.1.1. Alkali Treatment Method

The solid residue obtained from hydrothermal pretreatment was loaded into the
reactor with 100 g of pretreated corn stover fibers and 900 mL of deionized water containing
NaOH after pretreatment. After 2 h, the insoluble residue was recovered via filtration,
washed to neutrality, and dried to a constant weight at 45 ◦C. The pH of the combined
filtrates was adjusted to 5.0 using 6 mol of HCl. Three times the volume of 95% ethanol
(v/v) was then added to precipitate hemicellulose for 2 h [43]. After filtration, the solid
residue was freeze-dried to obtain the hemicellulose. Sweet sorghum stem hemicellulose
can be extracted using similar methods. In one study, sweet sorghum stems were soaked in
a 2.0% KOH aqueous solution at 90 ◦C for 3 h of continuous extraction with water; solids
were filtered through a Bronsted funnel; and 60% ethanol was used for precipitation to
obtain hemicellulose with a content of 76.3% [45]. In the ultrasonically-assisted alkaline
extraction of hemicellulose from sugarcane bagasse pith, the total hemicellulose yield was
up to 23.05% under the optimal conditions of an ultrasonic treatment time of 28 min, a KOH
mass concentration of 3.7%, and an extraction temperature of 53 ◦C. The total hemicellulose
yield was significantly increased by 3.24% compared with the case without ultrasonically-
assisted extraction [68]. Alkaline peroxides can cause hemicellulose to be released into the
sample under certain conditions, and this treatment does not change the overall structure of
the hemicellulose. For the isolation and purification of hemicellulose polysaccharides from
the dietary fiber of okara, which is rich in dietary fiber, the method comprised mixing the
sample with 21.2 mL of 10% NaOH after pre-treatment at 35.5 ◦C and extraction for 5.3 h.
Under these conditions, the yield of polysaccharides reached 30.21% [69]. At present, the
separation and extraction of hemicellulose from insoluble dietary fiber has a low extraction
rate and low quality, and cannot meet industry demands.

4.1.2. Separation and Extraction of Organic Solvents

Unlike the alkali treatment method, organic solvent separation and extraction can
separate and extract hemicellulose without pretreatment or the separation of cellulose
and lignin. Organic solvents can effectively prevent the removal of acetyl groups from
the hemicellulose functional groups in plant cells, resulting in high purity and proximity
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to the original hemicellulose structure [70]. Currently, dimethyl sulfoxide is the organic
solvent used for the separation and extraction of hemicellulose. The effect of the aqueous
extraction of hemicellulose from wheat straw using a mixture of formic acid, acetic acid, and
ethanol on its content was investigated. Formic acid–acetic acid–H2O was the best system,
producing 76.5% of the original hemicellulose from wheat straw. Moreover, organic solvent
extraction is the most convenient and produces the highest hemicellulose content among all
available separation and extraction methods [49]. In this study, the hemicellulose content
extracted from barley straw and corn stalk cell walls using organic solvent extraction was
visualized. Aqueous solutions of 90% neutral dioxane, 80% dioxane (containing 0.05 mol
HCl), dimethyl sulfoxide, and 8% KOH were used to successfully extract 94.6% and 96.4%
of the original hemicellulose from barley straw and corn stalks, respectively [71].

4.1.3. Basic Hydrogen Peroxide Extraction Method

Alkaline hydrogen peroxide extraction is a common method for separating plant
hemicellulose. Hydrogen peroxide, under alkaline conditions, not only has a removal and
bleaching effect on lignin, but also improves the solubility of large-molecular-size hemicel-
luloses [72]. Thus, it can be used as a mild hemicellulose solubilizer. A comparative study
of two methods for the separation of hemicellulose from rice straw using alkali extraction
and alkaline hydrogen peroxide showed that 67.2% hemicellulose could be obtained with
alkali extraction alone, and the addition of different concentrations of hydrogen peroxide
increased the hemicellulose content to 88.5%. It also had a whiter color [73]. The optimal
conditions for the extraction of bagasse hemicellulose from alkaline hydrogen peroxide
solution were investigated in depth, and the best reaction conditions were determined to be
6% H2O2 mass fraction, 4 h reaction time, 20◦C reaction temperature, and 0.5% magnesium
sulfate addition, under which the hemicellulose content reached 86% and the product
contained very little conjugated lignin (only 5.9%) [52].

4.1.4. Comparison of Different Isolation and Extraction Methods

Regarding the advantages and disadvantages of each hemicellulose separation and
extraction method, a detailed comparison of the three methods (alkali treatment, organic
solvent extraction, and alkaline hydrogen peroxide method) is presented in Table 3 to
provide a theoretical basis for the future separation and extraction of hemicellulose, as well
as for the development of insoluble dietary fiber hemicellulose from okara.

Table 3. Comparison of different isolation and extraction methods.

Extraction Methods Advantages Disadvantages

Alkali treatment method
(1) Low cost
(2) Pure and non-polluting

products

(1) Stronger bases generate
new amino acids

Organic solvent extraction
method

(1) Low cost
(2) Pure and non-polluting

products
(3) Removal of lignin and

bleaching

(1) Peroxide has strong
oxidizing properties and
the possibility of
combustion

Alkaline hydrogen peroxide
method

(1) Direct and effective
(2) Closest to the original

structure

(1) High energy efficiency
consumption

(2) Some chemical reagents
will produce
precipitation

4.2. Modification

Unmodified hemicellulose cannot be fully utilized because of the complexity of its
structure. To explore the potential applications of hemicellulose, its modifications have been
investigated both domestically and internationally. Because of the presence of numerous
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hydroxyl groups in both the main and side chains of hemicellulose [74], semifibers can be
modified by oxidation, esterification [75], etherification [76,77], and grafting copolymeriza-
tion [78].

Oxidation is the process of converting alcohol hydroxyl groups of hemicellulose into
aldehyde or carboxyl groups. Oxidative modification can create carboxylic acids, the further
reactive modification of which can solve the problem of the poor stability of hemicellulose-
based materials. Carbonylated anionic galacturonic acid derivatives were prepared using
a combined biological enzyme-oxidation reaction system [79]. When hemicellulose is
combined with hydrophobic materials as a raw material, the hydrophilic property limits
its interfacial integration with the resin, which in turn affects the mechanical properties
of the synthesized product [80], and the esterified hemicellulose can solve the problem of
excessive hydrophilicity [81]. The hydrophilic properties and polysaccharide attributes
of hemicellulose make it advantageous for food preservation, microbial culture, and bio-
pharmaceuticals. However, the excessive hydrolytic properties of hemicellulose under
conditions of high humidity also limit its application, especially as a biopharmaceutical
membrane material which requires good stability and surface activity; therefore, modifi-
cation via etherification is necessary [82]. Copolymerization modification can also cause
hemicellulose to acquire the properties of some grafting groups: i.e., grafting halogen
groups to improve flame retardancy; grafting hydroxyl and aldehyde groups to improve
hydrophilicity; and grafting acyl groups to increase the hydrophobicity of the material [83].

4.2.1. Etherification Modification

One of the most common methods for carboxymethylation in etherification reactions
involves changing the properties of hemicellulose by introducing a carboxymethyl group
into its hydroxyl group. In the case of konjac glucomannan, the hydrogen in the glucoman-
nan molecule is replaced by a carboxymethyl group (etherification) during the reaction with
chloroacetic acid in a sodium hydroxide solution, resulting in carboxymethyl glucoman-
nan [84]. For the preparation of co-blended membranes from quaternate hemicellulose (QH)
and carboxymethyl cellulose (CMC), the QH and CMC solutions were first mixed to form a
homogeneous suspension and then dried under a vacuum to prepare the hybrid film. From
the results of the mechanical properties and water vapor permeability (WVP), the blended
film exhibited good tensile strength and transmittance and low WVP for applications in
coatings and packaging [85].

4.2.2. Transesterification Modification

In addition to etherification, the hemicellulose esterification reaction results in new
functions for hemicellulose, with its advantages including water resistance, hydrophilicity,
thermal stability, and surface activity. Hemicellulose can be esterified using a variety of
compounds, such as sulfuric acid reagents, chloride, and acid anhydride. The sulfation
of hemicellulose is a process in which the hydroxyl group of hemicellulose reacts with
the sulfonic acid group to dehydrate it. Xylan sulfate was obtained from alkali-soluble
bagasse via sulfation with chlorosulfonic acid and N,N-dimethylformamide. Previously, a
product with a degree of substitution of 1.49 and a molecular weight of up to 148,217 could
be obtained in a flow system, even at room temperature, within 10 min [86].

4.2.3. Comparison of Different Modification Methods

The advantages and disadvantages of hemicellulose modification methods for both
etherification and esterification reactions are listed in Table 4. With the development of
technology, the extraction of hemicellulose will become increasingly easier, and there will be
an increasing number of modification methods. Moreover, the modified hemicellulose can
be widely used in various industries, which will bring great social and economic benefits.

64



Foods 2023, 12, 2473

Table 4. Comparison of different modification methods.

Extraction Methods Advantages Disadvantages

Etherification modification (1) Strong cationic properties
(2) Strongly water-soluble

(1) Decrease in water
content

(2) Increase in
hydrophobicity

Esterification modification

(1) Results in new properties
for hemicellulose

(2) Enhanced water resistance
and hydrophilicity

(3) Increased thermal stability
and surface activity

(1) Reaction is reversible

5. Lignin

5.1. Separation and Extraction Methods

Lignin separation and extraction are prerequisites which are important for the high-
value utilization of lignin. Lignin has a complex molecular structure, containing crosslinked
polymers of phenolic monomers, particularly p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol [36] (Figure 5). Lignin can be used for different industrial and biomedical
applications, including chemical substances, polymers, biofuels, and drug delivery, which
are applications for the development of nano-materials [87]. Currently, lignin is mainly
used as a binder, dispersant, chelating agent, stabilizer, emulsifier, and composite material,
but associated research is still limited. Previously, the market share was low [88]. However,
recently, the colloidal nature of lignin has attracted widespread attention for industrial
applications, and the preparation of lignin for stabilizing emulsions [89] and the delivery of
hydrophobic molecules shows promise as an alternative to toxic nanoparticles [90]. Based
on this, several lignin extraction methods have been discussed, including DES, organic acid
extraction, and ionic liquid (IL) treatment.

 
Figure 5. Chemical structures of lignin (p-coumaryl alcohol, coniferyl alcohol, and sinapyl alco-
hol) [36].

5.1.1. DES Method

The DES method is characterized by the formation of a homogeneous and clarified
solvent mixture by heating a hydrogen bond acceptor, choline chloride, with a different
hydrogen bond donor while stirring at higher temperatures [91]. When a dietary fiber
component is separated and extracted, the hydrogen bond donor is replaced to achieve
the desired result. DESs have become promising for lignocellulosic biomass fractionation
because of their high selectivity and environmentally friendly nature [92]. ChCl and LA
were mixed in a sealed glass vial at 60 ◦C at a 1:2 molar ratio in a vacuum oven for 2 h,
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with regular stirring, until a homogeneous and clear liquid was obtained. Lignin was not
consistently separated during pretreatment with hot water. A lignin content of 30.97%
was successfully extracted from red winter wheat straw using a synergistic DES solvent-
assisted hot water synergistic treatment. However, the complex interlocking structures of
cellulose, hemicellulose, and lignin and the unique properties of lignin limit its value-added
utilization [93]. The preparation of DES has been achieved from choline chloride-lactic acid
(ChCl-LA) to extract lignin nanoparticles from herbal biomass (wheat straw) [94] (Figure 6).
Further, the DES was found to be able to extract high-purity lignin (up to 94.8%) from
wheat straw.

 
Figure 6. Link between deep eutectic solvent (DES) and single components [95].

5.1.2. Organic Acid Processing

The difficulty of isolating lignin is attributed to its complex structure, including non-
hydrolyzable monomers and isomerism. Organic acid treatment is one of the most effective
methods for separating lignin, and it promotes the degradation of carbohydrates during
the treatment process [95]. Lignin can also be extracted from sugarcane bagasse using a
phosphorylation solution. Bagasse was placed in a conical flask and heated in a water
bath. The solid–liquid ratio was determined to be 1:20, and the reaction was carried out at
80 ◦C for 20 min using a p-TSOH solution with a concentration of 80%. Further, sugarcane
bagasse achieved 88.81% lignin removal after phosphorylation [96]. Different preparation
conditions are used to separate lignin from biomass depending on the production needs, as
well as the production purpose. When the pretreatment effect is unsatisfactory, an organic
acid treatment is used. The separation of cellulose fibers and lignin from red hemp bast
using microwave-assisted organic acid treatment has also been studied [97]. Red hemp bast
(12 g) was placed into four different solvents, including lactic acid, formic acid, acetic-acid,
and a formic acid/acetic acid/water mixture, with a liquid–solid ratio of 20:1 and a removal
rate of 94.68% after heating and stirring at 130 ◦C for 30 min [98].

5.1.3. IL Treatment Method

ILs are organic salts composed of organic cations or anions in a liquid state at room
temperature, and can also be called room-temperature ILs [99]. These represent a new type
of solvent with the advantages of almost no vapor pressure, non-flammability, non-volatility,
and good chemical stability and recyclability. This is thus referred to as a “green chemical
solvent”, which can also be used as an alternative to low eutectic solvents. Preliminarily,
it was shown that IL pretreatment could effectively disrupt the macromolecular structure
of lignin and achieve its initial depolymerization. Lignins comprise various aromatic and
phenolic compounds. In one study, an ionic (H2P204−) solution was mixed with wheat
straw and rice husks, which dissolved 73% of the lignin at 100 ◦C for 2 h [100].

5.1.4. Comparison of Different Methods

The advantages and disadvantages of different lignin extraction methods are shown
in Table 5.
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Table 5. Comparison of different lignin extraction methods.

Extraction Methods Advantages Disadvantages

DES method See Section 3.1.4 for details See Section 3.1.4 for details

Organic acid extraction
(1) Obtains lignin quickly
(2) High-purity lignin is

obtained

(1) Organic solvents are not
easily recovered

(2) Pollutes the
environment

Ionic liquid method Similar to DES method Similar to DES method

5.2. Modification Technology

Lignin contains many active functional groups, including carbonyl, methoxy, and
hydroxyl groups. Several chemical modification methods for lignin have been discussed,
including etherification and graft co-polymerization. Lignin can also be used as an an-
tioxidant [101,102] and flame retardant [103]. Combined with polymer materials, this can
reduce the production cost of polymer materials and the plasticity and fluidity of the
products, thus increasing the performance and adding value to the products.

5.2.1. Etherification Modification

The most commonly used etherification method involves the modification of propylene
oxide in an alkaline solution to prepare lignin-based epoxy resins. The resulting solution is
treated with epichlorohydrin and cured via crosslinking with m-phenylenediamine [104].
Etherification reactions can produce new polyols, and are among the most promising
modification methods available [105]. Insoluble lignin and other solids can be converted
into water-soluble polyols through treatment with various organic solvents. This method
has been used extensively for different biopolymers and bio-based materials containing hy-
droxyl groups, such as chitosan [106], corky [107], corn starch [108], and beet pulp [109,110].
This modification method allows for the extraction of a wide range of polyols from var-
ious biomass residues, which can be used to produce new polymeric materials, such as
polyurethane foams [111]. The addition of lignin improves the mechanical and thermal
properties of epoxy resins, which is attributed to the presence of aromatic groups in the
lignin structure [112].

5.2.2. Graft Co-Polymerization Modification

Graft co-polymerization is the formation of a chain bond between polymer B and
polymer A, which can be expressed as A-graft-B or A-g-B. Graft copolymers improve the
mechanical properties of composites, reduce friction, and decrease flammability. Insoluble
dietary fiber is one of the main components of okara. A single fraction of insoluble
dietary fiber isolated from okara was used to produce graft polymers. This was performed
by mixing okara with water in a 75% suspension, followed by homogenization. This
suspension was placed in a 250 mL triangular flask equipped with a stirrer and a nitrogen
line, and the suspension was treated with nitrogen for 15 min and then heated to 70 ◦C for
15 min under a stream of nitrogen. After adding the initiator APS (144 g) and maintaining
it at 70 ◦C for 30 min under a stream of N2, a solution was prepared by adding 7.2 g of
AA to 16.6 mL of water. The reaction mixture was maintained under N2 at 70 ◦C for 5 h.
After graft polymerization was complete, the reaction mixture became a viscous product
called Ok-PAA. Then, 10.3 g of the resulting viscous product was suspended in deionized
water and centrifuged at 11,000 rpm for 20 min. The precipitate was collected, washed
with water, centrifuged for 3 h, freeze-dried, and named OK-PAA (pre) (yield: 0.588 g).
The supernatants were collected, combined, freeze-dried, and named Ok-PAA (sup) (yield:
0.815 g) [113] (Figure 7).
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Figure 7. Synthesis and post-treatment procedures for Ok−PAA graft polymers [113].

Graft polymerization involves the addition of different initiators to the polymer to be
grafted, and the final reaction product after graft polymerization is obtained by heating and
stirring the mixture for a certain period. Lignin’s co-polymerization with vinyl improves
the reactivity of lignin and generates new graft copolymers. Previously, the polymerization
reaction was initiated with ferrous chloride and hydrogen peroxide, and the grafting
efficiency was maintained at approximately 18%, independent of the mass fraction of the
initiator [114]. The grafting efficiency of methyl methacrylate with lignin was reduced by
side reactions with phenolic hydroxyl groups when free-radical initiators were used [115].
This method provides a foundation for the preparation of lignin–graft co-polymers.

5.2.3. Comparison of Different Modification Methods

Etherification and graft co-polymerization are the most commonly used methods for
modifying lignin. The advantages and disadvantages of both methods are listed in Table 6.
However, this chemical modification method is difficult to use for the development of
edible lignin. Therefore, further research on lignin will be of great significance for achieving
green development.

Table 6. Comparison of different modification methods.

Extraction Methods Advantages Disadvantages

Etherification modification Better dissolution of lignin
(1) Not friendly to the

environment
(2) Highly polluting

Graft co-polymerization
method Increased lignin reactivity (1) Most initiators are toxic

6. Conclusions

In the current world of energy scarcity and severe environmental pollution, sustainable
development is imperative. This paper reviews methods for the separation and extraction
of cellulose, hemicellulose, and lignin from insoluble dietary fiber. Further, technology for
the modification of single components in insoluble dietary fibers is discussed scientifically,
allowing for a detailed understanding of this topic.

Although this review describes a variety of methods for the isolation and extraction of
insoluble dietary fiber monomers, the most commonly used methods involve sugarcane
and bamboo. However, these gramineous plants are not as rich in dietary fiber. For example,
sugarcane contains only 0.60 g of dietary fiber per 100 g. The soybean consumption level
in China is among the highest in the world, and most okara is currently discarded as
feed or waste and is not fully and reasonably utilized. Many resources are wasted, which
also pollutes the environment. Currently, there are few methods or theoretical bases for
separating and extracting single fractions of insoluble dietary fiber from okara, making
this the foundation for future development. For example, cellulose in insoluble dietary
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fiber from soybean residue is a renewable biomass resource that can be converted into
biofuels such as biogas, bioethanol, and biodiesel through biomass energy conversion
technology in the near future, which may be used as a secondary energy source. In
addition, cellulose can also be converted into energy sources such as biohydrogen and
biomethane through biomass fermentation technology, and can also be used to produce
chemicals and materials. Therefore, the application of okara-insoluble dietary fiber to
separate and extract single components has improved in various industries. For example,
it can be used in food packaging bags, nano-materials, and sensors. This application also
improves the utilization value of okara-insoluble dietary fiber. Okara-insoluble dietary
fiber can also be used to produce rubber and bioindicators using modified technology. The
use of okara-insoluble dietary fiber represents the rational use of byproducts to meet the
need to conserve resources, as well as for sustainable human development.
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Abstract: A dysphagia diet is a special eating plan. The development and design of dysphagia foods
should consider both swallowing safety and food nutritional qualities. In this study, the effects of
four food supplements, namely vitamins, minerals, salt and sugar, on swallowing characteristics,
rheological and textural properties were investigated, and a sensory evaluation of dysphagia foods
made with rice starch, perilla seed oil and whey isolate protein was carried out. The results showed
that all the samples belonged to foods at level 4 (pureed) in The International Dysphagia Diet
Standardization Initiative (IDDSI) framework, and exhibited shear thinning behavior, which is
favorable for dysphagia patients. Rheological tests showed that the viscosity of a food bolus was
increased with salt and sugar (SS), while it decreased with vitamins and minerals (VM) at shear
rates of 50 s−1. Both SS and VM strengthened the elastic gel system, and SS enhanced the storage
modulus and loss modulus. VM increased the hardness, gumminess, chewiness and color richness,
but left small residues on the spoon. SS provided better water-holding, chewiness and resilience by
influencing the way molecules were connected, promoting swallowing safety. SS brought a better
taste to the food bolus. Dysphagia foods with both VM and 0.5% SS had the best sensory evaluation
score. This study may provide a theoretical foundation for the creation and design of new dysphagia
nutritional food products.

Keywords: dysphagia; IDDSI; swallowing; rheological property; sensory evaluation

1. Introduction

Dysphagia is considered to be a swallowing disorder in that food fails to pass smoothly
down the esophagus from the oral cavity to the stomach, which can limit food intake
and nutrient absorption [1]. In the case of newborns and the elderly who are prone to
swallowing disorders, in particular, it greatly impacts their normal lives and growth [2]. An
unformed food bolus or the misclosure of the pharyngeal epiglottis during oral processing
caused by poor chewing and swallowing abilities increase the risk of malnutrition, choking
and pneumonia in dysphagia patients [3,4]. The prevalence of dysphagia is about 13%
in people over 65 years old and about 51% in institutionalized elderly [5]. Along with
increased population aging, dysphagia is affecting more and more elderly in terms of their
quality of life, and mental and physical health. Actually, this swallowing disorder frequently
bothers patients with postoperative muscle loss, neurological impairment and Alzheimer’s
disease, resulting in additional time and expense required for patient treatment [6,7].
Therefore, it is necessary to work on dysphagia foods.

Thicker products such as pastes and purees are often considered more suitable for dys-
phagia patients because of the delayed flow of liquid and more time for safe swallowing [8].
Softer, more uniform, easier to chew and more elastic foods seem to take fewer oral efforts
to swallow [9,10]. Thus, to meet these needs of special populations, the modification of
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food texture by adding hydrocolloids such as starches and proteins has received attention.
For instance, beef patties obtained a softer texture with tapioca starch added [11], and carrot
puree showed a better viscosity with xanthan gum added [12], which was more suitable for
dysphagia patients. The International Dysphagia Diet Standardization Initiative (IDDSI),
was established worldwide to provide better dietary recommendations for individuals with
dysphagia [13]. A series of easy-to-run tests (flow test, fork drip test, spoon tilt test, etc.)
are used by the IDDSI framework to evaluate the dysphagia-relevant characteristics based
on food texture and flow thickness, classifying all foods from fully liquid to fully solid on
a scale of 0~7, a total of 8 levels [14]. Dysphagia foods prepared with mung bean starch
and flaxseed protein as gel with calcium salts added were classified as level 5 (minced and
moist) and level 6 (soft and bite-sized) foods in the IDDSI framework [15]. In addition,
the desirability and quantity of dysphagia foods can be increased by optimizing taste and
shape, for instance by adding small doses of salt to mask the fishy flavor of fish sauce with
increased chewiness and elasticity [16], and 3D printing to enhance the attractiveness and
interest of thickened foods made from black fungus [17].

The texture-modified products may be poorer in nutrients and more likely to result
in malnutrition and muscle weakness than ordinary foods [18,19]. A total of 18.6% of
elderly with dysphagia are undernourished [20]. Energy and protein intakes were both
lower in dysphagia patients receiving the texture-modified diet than those treated with
a normal hospital diet [21]. For dysphagia patients, the food is usually thickened by
adding hydrocolloids such as starch, xanthan gum, and guar gum as thickening agents to
suit their compromised swallowing ability, thus reducing the nutrient density of original
food [22]. In addition, dysphagia diets are generally deficient in fruits, vegetables and
whole grains, which leads to a demand for nutritional diversity of foods for dysphagia
patients [22]. Nutritional intake deficiencies occur from the energy intake of basic nutrients
such as carbohydrates and proteins and the absorption of micronutrients such as vitamins
and minerals [23]. Compared to vegetable oils, perilla seed oil is known to contain up
to 67% α-linolenic acid, which can well meet the unsaturated fatty acid requirements of
the elderly today, as well as lowering blood lipids, improving memory, liver protection
and other effects that are among the reasons behind its popularity [24]. On the other
hand, in Britain’s aging population, vitamin B12 deficiency accounts for 12% and folic acid
deficiency for 15% of elderly [25], and 67.8% of the over 65s have varying degrees of vitamin
and mineral inadequacy [23]. Furthermore, a vicious loop is created when malnutrition
exacerbates dysphagia through neuromuscular dysfunction [26]. Due to a single nutritional
pattern, using dysphagia food prepared by combining carrot puree with xanthan gum
and κ-carrageenan gum may make it challenging to satisfy the nutritional requirements of
patients [12]. Therefore, the design of dysphagia food products should also consider the
wide range of food matrices and nutritional properties [7].

More and more attention is being paid to the dysphagia population and suitable
dysphagia foods. Currently, the development of most dysphagia products is focused on
improving the texture properties of natural foods, which could lead to inadequate nu-
tritional composition and single-product patterns. In this paper, the most fundamental
ingredients (rice starch, whey isolate protein and perilla seed oil) were used to construct a
dysphagia food bolus model based on nutritional requirements that gives more design pos-
sibilities with regard to swallowing foods. The effects of common supplements (vitamins,
minerals, salt and sugar) on the swallowing characteristics and texture properties were
investigated. Moreover, the correlations between rheology, texture and sensory evaluation
were explored to provide a theoretical basis for developing more practical and nutritional
dysphagia foods.

2. Materials and Methods

2.1. Materials and Chemicals

Rice starch (RIS) (≥99%) was obtained from Wuxi JinNong Biology Science and
Technology Co. (Wuxi, China). Whey isolate protein (WPI) (protein, 89%; moisture,
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4.7%; ash, 2.7%; fat, 1.3%; and lactose, 0.1%) was bought from Hilmar Corporation (Hilmar,
LA, CA, USA). Perilla Seed Oil (PSO) (≥99%) was purchased from KangShanYuan Fats &
Oils Co. (Nanchang, China). Salt and sugar were obtained from Tianhong supermarket
(Nanchang, China). Mixed vitamins and mixed minerals were obtained from RuiPu
Biotechnology Co. (Tianjin, China). The materials above were all food grade. All of the
trials were conducted with Millipore ultrapure water.

2.2. Sample Preparation
2.2.1. The Design of a Simple Dysphagia Food System

RIS, WPI and PSO were used as carbohydrate, high quality protein and fatty acid
suppliers, respectively and their energy coefficients were 17 kJ/g, 17 kJ/g and 37 kJ/g,
respectively. The ratio of flour to water was 1:5, in each 100 g of material powder, containing
PSO (X g), RIS (Yg) and WPI (Z g). According to the General Rules for Formula Food for
Special Medical Purposes (GB 29922-2013) [27] and the Chinese Dietary Reference Intakes
(2013) [28] published by the Chinese National Health and Family Planning Commission,
dysphagia food boluses were designed to satisfy the following requirements:

(i) No less than 295 kJ energy per 100 g of ready-to-eat products:

37X + 17Y + 17Z ≥ 295 × (1 + 5); (1)

(ii) At least 0.7 g protein per 100 kJ energy:

Z ≥ [(37X + 17Y + 17Z)/100] × 0.7; (2)

(iii) A total of 50–65% energy from carbohydrates and 20–30% energy from fats:

50% ≤ 17Y/(37X + 17Y + 17Z) ≤ 65%, (3)

20% ≤ 37X/(37X + 17Y + 17Z) ≤ 30%. (4)

According to Equations (1) and (4), the PSO content is 9.73~16.45%. To simplify the
formulation and calculation, PSO content was set to 10% and 15% for follow-up design.

According to Equations (2) and (3), the contents of RIS and WPI were set as follows:
A: When the PSO content is 15%, the RIS content is 58.82~76.47%, and the WPI content

is 14.00~26.18%. To simplify the formulation and calculation, the RIS and WPI contents
were set to 60% and 25%, 65% and 20%, and 70% and 15%, respectively.

B: When the PSO content is 10%, the RIS content is 55.88~72.65%, the WPI content is
13.30~34.12%. To simplify formulation and calculation, the RIS and WPI contents were set
to 60% and 30%, 65% and 20%, and 70% and 15% respectively.

The dysphagia food bolus components are shown in Table 1.

Table 1. The design of the dysphagia food bolus.

Dysphagia Food PSO RIS WPI

A
15%

60% 25%
B 65% 20%
C 70% 15%

D
10%

60% 30%
E 65% 25%
F 70% 20%

2.2.2. The Design of the Dysphagia Food Bolus with Supplementary Materials

According to the National Food Safety Standard Determination of General Rules for
Formula Food for Special Medical Purposes (GB 29922-2013) [27], the vitamin, mineral, salt
and sugar contents were added by relying on Tables 2 and 3. Because the weight of the
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supplementary materials is very small, the additional contents are on top of the RIS, PSO
and WPI total weight.

Table 2. The nutrient requirements of dysphagia food (the additional contents are on the top of the
RIS, PSO and WPI total weight).

Supplementary Materials

GB 29922-2013 for People
over 10 Years of Age Special
Medical Food Requirements

for Nutrients/100 kJ

Nutrient Contents in
Mixed Vitamins and

Mixed Minerals/g

Additional
Contents in Food

Bolus

Mixed minerals

Mg (mg) ≥4.4 130

1%
Fe (mg) 0.20–0.55 9.5
Zn (mg) 0.1–0.5 6
Ca (mg) ≥13 260
P (mg) ≥9.6 189

Mixed vitamins

VA (μg) 9.3–53.8 3376

0.20%

VB1 (mg) ≥0.02 3.906
VB2 (mg) ≥0.02 3.9
VB6 (mg) ≥0.02 3.91
VB12 (μg) ≥0.03 9.8
VC (mg) ≥1.3 525
VD (μg) 0.19–0.75 4.075
VE (mg) ≥0.19 36

Nicotinic acid (mg) ≥0.05 62.5
Folic acid (μg) ≥5.3 1300

Pantothenic acid
(mg) ≥0.07 12.512

Salt ≤5.0 g/d 0.5%, 1%
Sugar ≤10.0 g/d 0.5%, 1%

Table 3. The design of dysphagia food with supplementary materials (the additional contents are on
the top of RIS, PSO and WPI total weight).

Dysphagia Food RIS:WPI:PSO
Mixed

Minerals
Mixed

Vitamins
Salt Sugar

F

70%:20%:10%

- - - -
F-VM 1% 0.2% - -

F-0.5%SS - - 0.5% 0.5%
F-1%SS - - 1% 1%

F-VM + 0.5%SS 1% 0.2% 0.5% 0.5%
F-VM + 1%SS 1% 0.2% 1% 1%

The corresponding proportions of substances were weighed and dissolved in water
with stirring to obtain suspensions, which were then heated in a magnetic stirring water
bath from room temperature to 95 ◦C for another 10 min to produce mud-like dysphagia
food bolus.

2.3. Water-Holding Capacity (WHC)

The WHC of the food sample was estimated by the centrifugation method [29]. Sam-
ples weighing 5 g were centrifuged at 10,000× g for 10 min at room temperature and the
supernatants were removed.

WHC (%) = (m2 − m0)/(m1 − m0) × 100%, (5)

where m0 is the weight of the empty tube, m1 is the total weight of the sample and
tube before centrifugation, and m2 is the total weight of the precipitate and tube after
centrifugation.
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2.4. IDDSI Test Methods

Definitive IDDSI levels of the food bolus were determined by the fork drip test and
spoon tilt test [30]. Fork drip test: the samples were held up and examined to see if they
would trickle through the tines or prongs of a fork. Spoon tilt test: the states of samples
were observed when the spoon was placed steadily and tilted sideways, along with the
appearance of the spoon after they slid off.

2.5. Rheological Characterization

In order to better emulate the effects of oral shear on the rheology and viscoelasticity
of the food bolus, the samples were equilibrated in a water bath at 37 ◦C (human body
temperature) for 2 h. Then, the sample was set up between parallel plates (40 mm diameter
and 1.0 mm gap) equipped with clamps and finally measured by a DHR-2 rheometer (TA
Instruments, New Castle, DE, USA) [28].

2.5.1. Steady-State Viscous Flow Tests

Flow sweep was used in shear rates (γ) of 0.1–100 s−1 with 1% strain to study the
variation of viscous flow behavior, and the flow curves were fitted with a power-law
model (η = Kγn), where consistency K (Pa·sn), the flow behavior index (n) and the apparent
viscosity (η) at 0.1, 1, 10, 50 and 100 s−1 of samples were recorded [31].

2.5.2. Small Amplitude Oscillatory Shear Tests

The viscoelastic changes of the dysphagia food bolus were evaluated by the storage
modulus (G′) and loss modulus (G′′), which were examined using an oscillatory frequency
model in the frequency range of 0.1 Hz–16 Hz with 1% strain [6,31–33].

2.6. Back Extrusion Test for Swallowing the Food Bolus

The texture properties of the samples were performed using a texture analyzer (TA-XT
plus, Stable Micro System Co., London, UK) for the back extrusion test after equilibrating
at 37 ◦C for 2 h [34]. Parameter settings: cylindrical probe was P/36R, the pre-test, test and
post-test speeds were 1 mm/s, compression deformation was 15%, and trigger force was
5 g.

2.7. Structural Characteristics Tests
2.7.1. Scanning Electron Microscopy (SEM)

A freeze-dried food bolus was fixed and sprayed on the sample stage with gold via
a JFC-1600 ion sputtering device (JEOL Ltd., Tokyo, Japan). The gold-sprayed sample
was observed using SEM (JSM6701F, Tokyo, Japan) with 5 kV accelerating voltage, and
digital images were captured using XT Microscope-Control software (version FESEM 1.0,
JEOL Ltd., Tokyo, Japan) [35].

2.7.2. X-ray Diffraction (XRD) Analysis

Freeze-dried samples were tested at 40 kV and 40 mA with Cu Kα radiation using an
X-ray diffractometer (D8 Advance, Bruker, Karlsruhe, Germany). The determined range
was from 5◦ to 40◦ with a scanning rate of 1 ◦/min [36].

2.7.3. Confocal Laser Scanning Microscopy (CLSM)

The food bolus (500 mg) was dissolved in 10 mL ultrapure water to prepare the
suspension. Nile red solution (0.01% in methanol, w/v) and Nile blue A solution (0.01%
in methanol, w/v) were first mixed in a ratio of 2:1 as the dyeing agent. Then, a 1 mL
suspension was mixed with 40 μL dyeing agent for 10 min. The CLSM images were
observed by confocal laser scanning microscopy (Leica TCS SP8, Leica Microsystems GmbH,
Wetzlar, Germany) with excitation wavelengths of 488 nm and 633 nm, respectively [16].
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2.8. Color Measurements

The boluses were laid flat on the bottoms of dishes after being balanced at 37 ◦C for
2 h, and color parameters (lightness, L*; redness/greenness, a*; yellowness/blueness, b*;
chroma, Cab*; hue, hab*; and color variations, ΔE*) were recorded and calculated using a
portable colorimeter (HP-2136, Puxi, Shanghai, China) [37].

Cab* = [(a*)2 + (b*)2]1/2 (6)

hab* = arctan(b*/a*) (7)

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (8)

2.9. Sensory Evaluation

The sensory evaluation conformed with the ethical and testing requirements in the
national standard (GB/T 10220-2012) published by the Standardization Administration of
China [38]. A team of 6 students aged 20–25 years, majoring in food science and having
undergone courses in sensory analysis, took part in the study as panelists. Before sensory
testing, the evaluation participants were trained in dysphagia, dysphagia foods and scoring
criteria for each indicator to ensure that the evaluation results were informative [10,34,37].
Samples were kept at 37 ◦C for evaluation, and water was provided for oral rinsing after
each sample was tested to avoid bias [16]. The evaluation criteria for sensory evaluation
were referred from the studies by Ribes et al. [37] and Xie et al. [16], and color, organization,
taste, flavor, adhesion and swallowing were selected (Table 4). The scores of every level
were referred from the study by Xie et al. [16]. In order to emphasize the swallowing
characteristics of the food bolus, the scores of each criterion were modified, especially the
percentage of the swallowing score in the total score, which was increased.

Table 4. Score criteria for the sensory evaluation of dysphagia samples.

Criteria Standard for Evaluation Score

Color
Not uniform 0–6

Generally uniform 7–11
Very uniform 12–16

Organization
Loose structure, poor elasticity and chewiness. 0–6

Tight structure, normal elasticity and chewiness 7–11
Tight structure, good elasticity and chewiness 12–16

Taste
Poor taste and hard texture 0–6

Average taste and soft texture 7–11
Good taste and soft texture 12–16

Flavor
Strange smell and unacceptable 0–6

Light smell and acceptable 7–11
Good smell and very acceptable 12–16

Adhesion
More oral residue after swallowing 0–6
Less oral residue after swallowing 7–11

No residue in oral after swallowing 12–16

Swallowing
Hard to swallow 0–7

Normal to swallow 8–13
Easy to swallow 14–20

2.10. Statistical Analysis

Data are expressed as mean ± SD for at least triplicate determinations, while IBM SPSS
Statistics (version 26.0, Chicago, IL, USA) and OriginPro (version 9.0, Stat-Ease Company,
Northampton, MA, USA) software were used for statistical analysis, and one-way ANOVA
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was used for intergroup analysis, followed by Duncan’s method for post hoc multiple
comparisons, with p < 0.05 considered as significant difference.

3. Results

3.1. Construction of the Dysphagia Food System
3.1.1. WHC and IDDSI Level of the Dysphagia Food System

The mixed suspensions of RIS, WPI and PSO were heated to form different textural
dysphagia food boluses by cross-linking interactions between each other and the water
molecules [39]. Under the heating process, starch molecules absorb water and expand, the
crystalline structures are broken, and on cooling, starch molecules are rearranged to form a
stable gel system [29]. Proteins and oils can be present in the gel network formed by the
rearrangement of starch molecules to form starch–protein complexes, starch–oil complexes
or starch–protein–oil complexes [40]. Evaluation of the physicochemical properties of
potato-starch-based foods and their interactions with milk protein and soybean oil was
carried out. When the RIS content was definite, comparing samples A and D, samples B
and E, and samples C and F, it was found that WPI could give better WHC to the swallowed
food bolus than PSO, which may be due to the fact that proteins with more hydrophilic
groups are more likely to cross-link with starch to form more hydrogen bonds, and possess
better hydrophilicity than hydrophobic oils [40] The food bolus showed the best water
holding capacity when RIS was 70%, PSO was 10% and WPI was 20% (Figure 1A). The
better WHC endowed the dysphagia food bolus with a softer texture and more lubrication
with less resistance in accessing the esophagus and stomach [16].

Figure 1. The water holding capacity (A) of gels used to construct the dysphagia food system. The
different letters are significantly different (p < 0.05). IDDSI tests (B) of gels used to construct the
dysphagia food system. A–F are prepared dysphagia food bulus rely on Table 1. The fork driptest
(I raw) and spoon tilttest (II, III and IV raws corresponding before, during and aftertilting the spoon).

From the fork drip test (Figure 1(B-I)), all samples accumulated over the fork top and
formed a fishtail shape underneath but did not drip off. In the spoon tilt test (Figure 1
(B-II~IV)), the samples were able to stack well on the spoon and slowly slide off when
tilted, indicating that all six samples may be classified as level 4 (pureed) of the IDDSI
framework [14]. Samples D, E and F slipped from the spoon with only a very small
residue and a clear film appeared on the spoon surface, while samples A and B had much
larger residues, which suggested that boluses A (PSO:RIS:WPI = 15%:60%:25%) and B
(PSO:RIS:WPI = 15%:65%:20%) could be highly susceptible to residual food debris in the
pharynx, with a strong risk of accidental aspiration during swallowing [1].

3.1.2. Rheological Properties

As shown in Figure 2, the apparent viscosity of all samples decreased with increasing
shear rate, exhibiting a shear thinning behavior, which was suitable for dysphagia patients to
slow down the swallowing process [41]. Sample F (PSO:RIS:WPI = 10%:70%:20%) exhibited
the highest apparent viscosity (η) and also a lower flow behavior index (n = 0.193 ± 0.005),
indicating more pseudoplastic behavior and better safety of swallowing [42].
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Figure 2. Apparent viscosity (A), storage modulus (G′) (B), loss modulus (G′′) (C) and loss factor
(Tanδ) (D) curves of the dysphagia food system.

The loss factor Tanδ is the ratio of loss modulus (G′′) to storage modulus (G′), which
indicates the viscoelastic characteristics [42]. When the food Tanδ is higher than 1, it is
harder to control for people with poor chewing and swallowing abilities, because the food
tends to be more liquid and its flow rate is higher and difficult to control, so that it could
easily enter the airway to cause choking and coughing [41]. For dysphagia patients, a soft
gel with a Tanδ less than 1 is very suitable, not only because the flow rate is easy to control,
but the food is more easily deformed and passed smoothly through the esophagus [41]. G′
is greater than G′′ for all samples, which is the distinctive feature of dysphagia foods [43].
Similar viscoelastic patterns are shown in Figure 2B–D, but F exhibited the highest modulus
values than the others, especially G′. This shows the high elasticity property of food
bolus F. The Tanδ value also indicates the energy loss of the food during chewing and
compression [43] Among all samples, F had the smallest Tanδ, indicating that F could
require less energy to be consumed during chewing and compression, which is easier for
dysphagia patients. In order to make the swallowing of the food bolus safer, the F bolus
with 70% RIS, 10% PSO and 20% WPI was chosen to continue the investigation of the effects
of the supplementary materials on the texture and swallowing characteristics.

3.1.3. The CLSM of the Food Bolus

In order to verify the feasibility of the food bolus construction, CLSM was used to
observe the food bolus structure, especially the distribution of oils and proteins, as the
content of both was lower than that of starch. Proteins and oils were stained with Nile blue
A and Nile red, respectively. Protein was marked in green (Figure 3a), and oil was marked
in red (Figure 3b). From the results, the protein and oil could be uniformly dispersed in
the gel system. In the combined image of them (Figure 3c), the common distribution of
green and red indicates that the mixing distribution of protein and oil in food bolus F was
relatively consistent, which also shows that the three materials could be well mixed in the
starch-based system from the side [16]. The result indicates that the food bolus construction
is successful.
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Figure 3. The CLSM images of food bolus F. From left to right are WPI staining with Nile blue A (a),
WPI staining with Nile red (b), and the combination of the two (c), respectively.

3.2. Effects of Supplementary Materials on the WHC of the Food Bolus

The effects of different supplementary materials on the WHC of the dysphagia food
bolus are shown in Figure 4A. Compared to F, VM did not significantly affect the WHC
of the food system (p < 0.05), but the 1% SS caused a clear increase from 87.69 ± 0.49%
to 90.13 ± 0.53%. In the formative dysphagia gel system, salt ions might contribute to an
enhanced hydrophobic interaction that blocked the migration of free water to trap more
water in gel space [44]. It has been reported that sucrose could also enhance the WHC of the
system by forming some small cavities in gels [45]. However, compared to F-SS, the WHC
of F-VM-SS was reduced by the addition of VM, which could be attributed to the fact that
the released Ca2+ and Mg2+ resulted from the presence of Cl− replacing Na+. Furthermore,
the Ca2+ increased the linkage between proteins and weakened the cross-linking among
different molecules, leading to the aggregation of proteins and the formation of a rough gel
structure, with a decrease in WHC [35].

Figure 4. The WHC (A) of the food boluses with supplementary. The different letters are significantly
different (p < 0.05). IDDSI tests (B) of the food boluses with supplementary materials. The fork
driptest (I raw) and spoon tilttest (II, III and IV raws corresponding before, during and aftertilting
the spoon).

3.3. Classification of the Dysphagia Food Bolus with Supplementary Materials

The results of the fork drip test and spoon tilt test for all samples based on the IDDSI
framework are shown in Figure 4B. From the fork drip result, all samples could be well
stacked on the top of the fork and there was no dripping from the slit. The samples
could accumulate well above the spoon and slide slowly when tilted, indicating that the
gels all belonged to level 4 (pureed foods) in the IDDSI framework [14]. However, after
slipping down, there were still small residues of F-VM and F-VM + 1%SS sticking to the
spoon surface, which is unsafe for dysphagia patients. After swallowing, less material still
remained in the pharynx and did not enter the esophagus, leading to a more dispersed
bolus, which could have a high probability of slipping into the trachea and causing serious
aspiration [1]. Compared to the F bolus with a clear film on the spoon, F-0.5%SS, F-1%SS
and F-VM + 0.5%SS were found to have better swallowing characteristics in that spoons
were clearer and smoother after slipping off, making them more suitable for those suffering
from dysphagia.
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3.4. Rheological Analysis of the Effects of Supplementary Materials on the Food Bolus
3.4.1. Flow Rheological Properties of the Food Bolus with Supplementary Materials

Figure 5A shows the viscous flow behavior of samples with added excipient. At the
shear rate of 50 s−1, which was simulated for normal human oral chewing, the apparent
viscosities (η) of the food bolus were enhanced with SS, while decreased with VM (Table 5).
However, the elderly or dysphagia groups have impaired chewing and swallowing abilities,
which prevents the oral shear rate from increasing to 50 s−1 [46]. Herranz et al. rheolog-
ically characterized three commercial thickening products for dysphagia patients. They
highlighted the importance of measuring the viscosity at low shear rates as a transient
increase in apparent viscosity of the bolus is accompanied by the decrease in shear rate
associated with the swallowing process [6]. The lower shear rates of 0.1, 1 and 10 s−1 were
chosen to compare the η values of food samples. The addition of VM increased the η of the
food system compared to F, while at 50 s−1, it decreased. This suggests that F-VM may be
more suitable for dysphagia patients than F at lower shear rates, and also that F-VM could
have stronger shear thinning. This may provide the possibility for people with varying
degrees of swallowing problems to choose foods with the appropriate apparent viscosity
and shear characteristics to suit them better [6] The food bolus with SS already added
showed a similar tendency, where VM reduced the n at 50, 10, 1 and 0.1 s−1 shear rates.
The strong water absorption of SS led to more water molecules present in systems with
enhanced η, while the divalent mineral ions were involved in hindering intermolecular
linkages resulting in a decreased η [16,35]. The flow behavior index (n) was obtained by
fitting a power-law model to flow curves from six groups, and significant differences were
observed (p < 0.05). The curves were in good agreement with R2 higher than 0.95 [47].
As shown in Table 5, all supplementary materials decreased the n values and increased
the shear thinning behaviors of the gel system. The η of thickened products would be
reduced to a very small value with the increasing shear rate at a lower n value, which did
not facilitate swallowing [48]. Nevertheless, the samples in this study were maintained in
the range of pudding-type food consistency (K) in the NDD standard even at higher shear
rates, which could enable a safe swallowing process [49].

Figure 5. Apparent viscosity (A), storage modulus (G′) (B), loss modulus (G′′) (C) and loss factor
(Tanδ) (D) curves of the food boluses with supplementary materials.
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Table 5. Steady flow and dynamic rheological parameters of dysphagia food with supplementary
materials.

Sample F F-VM F-0.5%SS F-1%SS F-VM + 0.5%SS F-VM + 1%SS

Flow Sweep
η0.1 (Pa·s) 1124 ± 50 c 1740 ± 45 b 1857 ± 85 b 3863 ± 151 a 1850 ± 53 b 1155 ± 16 c

η1 (Pa·s) 167.2 ± 10.3 d 263.6 ± 6.2 b 257.2 ± 5.2 b 462.7 ± 14.1 a 258.2 ± 3.3 b 192.0 ± 0.8 c

η10 (Pa·s) 26.70 ± 2.02 c 35.17 ± 0.77 b 33.87 ± 1.15 b 52.20 ± 1.47 a 33.74 ± 0.50 b 25.75 ± 0.14 c

η50 (Pa·s) 8.437 ± 0.434 b 7.842 ± 0.238 b 8.220 ± 0.450 b 11.39 ± 0.28 a 7.894 ± 0.155 b 6.443 ± 0.025 c

K (Pa·sn) 168.9 ± 10.2 c 247.7 ± 3.5 b 258.8 ± 9.9 b 459.2 ± 13.7 a 249.3 ± 4.8 b 179.1 ± 2.5 c

n (-) 0.225 ± 0.008 a 0.130 ± 0.009 c 0.122 ± 0.005 c 0.055 ± 0.002 d 0.125 ± 0.004 c 0.159 ± 0.005 b

R2 (Power law) 0.988 0.981 0.992 0.970 0.962 0.982
Frequency Sweep

G′
1Hz (Pa) 487.3 ± 26.7 d 598.1 ± 12.6 b c 582.9 ± 4.5 b c 1521 ± 44 a 533.1 ± 10.0 c d 643.7 ± 52.4 b

G′′
1Hz (Pa) 74.13 ± 4.13 b 73.31 ± 2.08 b 79.72 ± 6.72 b 148.0 ± 2.3 a 58.20 ± 3.33 c 62.40 ± 3.06 c

Tan δ1Hz (-) 0.159 ± 0.010 a 0.123 ± 0.002 b c 0.137 ± 0.010 b 0.097 ± 0.003 d 0.109 ± 0.004 c d 0.098 ± 0.009 d

G′
0 498.7 ± 22.2 d 613.2 ± 11.6 b 587.3 ± 10.5 b c 1517 ± 41 a 541.4 ± 9.3 c d 648.3 ± 50.8 b

n′ 0.094 ± 0.005 a 0.075 ± 0.001 c 0.082 ± 0.004 b 0.055 ± 0.002 e 0.072 ± 0.003 c 0.065 ± 0.002 d

R2 (Power law) 0.990 0.976 0.992 0.985 0.991 0.995
G′′

0 74.80 ± 3.83 b 75.31 ± 2.16 b 81.00 ± 5.94 b 152.0 ± 3.5 a 58.94 ± 2.88 c 63.83 ± 3.31 c

n′′ 0.251 ± 0.002 b 0.212 ± 0.002 c 0.148 ± 0.010 d 0.134 ± 0.002 e 0.264 ± 0.007 a 0.267 ± 0.001 a

R2 (Power law) 0.988 0.994 0.982 0.980 0.996 0.976

Mean values ± standard deviation. For each rheological property, mean values without the same letter in the
same row are significantly different (p < 0.05). η0.1, η1, η10, η50 and η100, apparent viscosities at shear rates 0.1, 1,
10, 50 and 100 s−1; K and n, consistency and flow behavior index from the power-law model; R2, determination
coefficient of power-law model; G′

1Hz, storage modulus at 1 Hz; G′′
1Hz, loss modulus at 1 Hz; Tanδ1Hz, loss factor

at 1 Hz; G′
0 and G′′

0, correspond to G′ and G′′ values with frequency (f) at 1 Hz; n′ and n′′, regression coefficients
relating G′ and G′′ with frequency (f) in Hz.

3.4.2. Viscoelastic Properties of Food Boluses with Supplementary Materials

The curves of the dynamic flow properties of all samples are shown in Figure 5B–D.
SS significantly increased the G′ and G′′ of the samples in a dose-dependent manner
(p < 0.05). However, VM was observed to reduce the modulus increases, which was
consistent with the variation in steady-state flow characteristics. In the gel system of
dysphagia foods, mineral ions might interact with starch and protein molecules through
hydrogen bonds or van der Waals forces to modify their own mechanical properties.
Similar conclusions were obtained when Ca2+ was used to act on jicama starches and
proteins, reducing the viscosity and gel strength [35,50,51]. In addition, the G′ and G′′ of
all samples were increased with an increase in angular frequency, and were fitted with
power-law functions (G′ = G0

′fn′ and G′′ = G0
′ ′fn′′) to account for modulus dependence

on frequency [6], where n′ and n′′ denote the dependence of G′ and G′′ on frequency
(f), respectively. As shown in Table 5, SS induced a decrease in the n′ value of gels,
resulting in a lower dependence of G′ on f, suggesting that SS could support stronger
molecular interactions to promote more powerful gels [52]. The n′ values were similar to
the nectar and pudding-like products for dysphagia [53]. The VM and SS had positive
effects on the elastic properties of the prepared gel system, with G′

1Hz increased (Table 5).
Compared to the bolus with SS alone, although F-VM-SS significantly reduced the G′ and
G′′ (p < 0.05), there was no significant difference in Tanδ, indicating that the equilibrium
of the elastic–viscous system in the samples was not changed remarkably.

3.5. Effects of Supplementary Materials on the Mechanical Properties of the Food Bolus

The acceptability of dysphagia food is highly correlated with food texture. For dyspha-
gia patients, better springiness, greater cohesiveness, higher softness and easier chewiness
are preferred [54]. SS increased the springiness, chewiness and resilience of the food bolus
(Table 6), which is beneficial for dysphagia patients, allowing food to pass smoothly through
the pharynx into the esophagus. A high level of Na+ in salt could promote molecular con-
nection and strong water absorption could promote the formation of gels with a more solid
network structure [36,55], thus improving food texture. However, the positive effect of SS
was weakened when all materials were present together. In a study of calcium-ion-induced
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Mesona chinensis polysaccharide–whey protein isolate gels, it was found that calcium ions
increased protein–protein linkage, decreased protein–polysaccharide cross-linking, and
weakened gel strength [35]. More divalent ions in VM were released to drown out Na+,
which served as the bridge to strengthen cross-linking between the same molecules and
weaken that between different molecules [53]. Compared with the SS-only food bolus,
chewiness and resilience were reduced, but springiness was not significantly different,
suggesting that F-VM+SS was still acceptable to dysphagia patients. The cohesiveness of
the six groups was no different. Although SS and VM significantly increased the hardness
and gumminess of the food bolus, they decreased when all supplementary materials were
present at the same time. This suggests that the risk of accidental aspiration was likely to
be minimal when both SS and VM were present, while the texture of the food bolus was
likely to be the softest [4]. In addition, F-VM-1%SS showed a more pronounced decrease
in texture than powders containing 0.5% SS (e.g., chewiness decreased from 271.5 ± 31.4
to 182.5 ± 7.0 at 0.5% added, and from 354.7 ± 28.5 to 211.3 ± 44.1 at 1% added). There
was no significant difference in mechanical properties between the F-VM + 0.5%SS and
F-VM + 1%SS boluses in the study, but a better textural property was still observed than
without any supplementary materials.

Table 6. Effect of supplementary materials on the textural features of food boluses.

Sample Hardness (g) Springiness Cohesiveness Gumminess Chewiness Resilience

F 200.9 ± 18.0 c 0.884 ± 0.010 ab 0.672 ± 0.053 ab 134.8 ± 13.1 d 119.0 ± 10.5 d 0.136 ± 0.008 c

F-VM 395.7 ± 19.2 b 0.940 ± 0.010 a 0.647 ± 0.059 abc 275.0 ± 18.3 b 241.3 ± 31.6 bc 0.261 ± 0.069 ab

F-0.5%SS 534.4 ± 10.8 a 0.911 ± 0.027 a 0.556 ± 0.038 c 308.8 ± 21.0 b 271.5 ± 31.4 b 0.204 ± 0.040 abc

F-1%SS 563.5 ± 71.5 a 0.929 ± 0.032 a 0.683 ± 0.040 a 382.0 ± 29.0 a 354.7 ± 28.5 a 0.281 ± 0.033 a

F-VM + 0.5%SS 377.0 ± 21.3 b 0.850 ± 0.037 b 0.571 ± 0.028 bc 217.7 ± 2.4 c 182.5 ± 7.0 c 0.165 ± 0.035 bc

F-VM + 1%SS 392.4 ± 76.1 b 0.884 ± 0.026 ab 0.608 ± 0.033 abc 206.1 ± 5.3 c 211.3 ± 44.1 bc 0.254 ± 0.070 ab

Mean values ± standard deviation. Mean values without the same letter in the same column are significantly
different (p < 0.05).

3.6. Effects of Supplementary Materials on the Microstructure the Food Bolus

SEM could provide better visualization of the interior structural changes in the sam-
ples [56]. The samples without any supplementary materials showed a laminar structure
with one piece pressed on top of the other (Figure 6A). The addition of VM contributed to
larger holes and erratic cross-linking (Figure 6A). After SS was mixed, a few regular gel
networks could be clearly observed, giving the bolus a harder texture and better gel quality.
In a study of the influence of Nacl on gel properties of Mesona chinensis polysaccharide–
maize starches, it was found that Na+ contributed to forming honeycomb network structure
gels and enhanced the interaction between starch and polysaccharide molecules through
electrostatic interactions to form stronger gels [52]. Moreover, a rupture of gel structure
was observed when adding VM to the system containing SS, which explains why the food
softened when all supplementary materials were added. The presence of more divalent ions
may induce aggregation between homo-molecules, while breaking bonds and connections
between different molecules such as proteins and starches [53].

XRD is an effective method for evaluating the crystal structure of dysphagia food
boluses [57]. The XRD patterns of dysphagia food were all similar, with a broader diffraction
peak at 2θ of 20◦ owing to amorphous structures (Figure 6B). A very broad dispersion peak
was shown between 2θ of 10◦–30◦ in the XRD spectrum under the modified waxy maize
starch with saturated fatty acid chlorides, which was attributed to the broken starch crystal
structure finally being converted to an amorphous one [56]. The addition of supplementary
materials did not affect the general view of the diffraction pattern of the gel systems.
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Figure 6. Scanning electron micrographs (A) and X-ray diffraction curves (B) of food boluses with
supplementary materials.

3.7. Effects of Supplementary Materials on the Color Properties of the Food Bolus

In relation to color analysis (Figure 7A–C and Table 7), the b* and Cab* values of the
F-VM, F-VM + 0.5%SS and F-VM + 1%SS pellets were significantly higher than those of F
(p < 0.05), and the ΔE* values were larger, most likely because various vitamins contained
in VM added more yellow to the food bolus. In VM, VB2, also known as riboflavin, is bright
yellow and exists stably under heating in neutral conditions, VC and VA powders are
generally slightly yellow, VE is yellow-green, folic acid takes the form of yellowish crystals
or flakes, and pantothenic acid is a yellowish sticky material [23]. In addition, nicotinic
acid and VB2 are more stable under heating conditions, which could better maintain
their nutritional properties [23]. The gel system with a network structure formed by the
complexation of starch, protein, oil and water has a good protection effect on unstable VC,
VE, folic acid and pantothenic acid. Proteins and oils could form a V-shaped wrapping
structure through hydrogen bonding after starch molecules absorb water and expand,
which could better wrap or load vitamins without being broken and protect the nutritional
activity [58]. Soybean isolate protein and pectin particles formed a gel system with a
definite network structure as a delivery system which could increase the encapsulation
rate of VE up to 72.1 ± 5.9% and exhibit good in vitro antioxidant activity [58]. Adding
VM together increased the L* of the system compared to adding SS alone to the food
bolus. The L* value reflects the brightness of food. It may be attributed to the fact that the
addition of VM gave the food F-SS a softer structure and a smaller particle size to scatter
more light [59]. Fish sauce with repeated grinding possessed a smaller particle size and
an increased specific surface area, which increased the brightness value of fish sauce by
scattering more light [16]. Compared with F, in F-0.5%SS and F-1%SS it was found that
SS could marginally reduce L*, b*, Cab* and hab* values and their ΔE* values were also
smaller at 5.325 ± 0.324 and 8.364 ± 0.140. However, SS did not affect color changing and
the yellow color increase brought by VM to the food, observed in F-VM + 0.5%SS and
F-VM + 1%SS.
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Figure 7. Redness/greenness, a* (A), yellowness/blueness, b* (B), lightness, L* (C) and average
scores of sensory evaluations (D) of dysphagia food with supplementary materials. The different
letters are significantly different (p < 0.05).

Table 7. Effect of supplementary materials on the color and sensory parameters of the dysphagia
food boluses.

Sample
Chroma Sensory Test

Cab* hab* ΔE* Swallowing Total Score

F 4.300 ± 0.654 c 0.422 ± 0.055 a - 11.17 ± 2.27 c 54.50 ± 3.04 c

F-0VM 8.335 ± 0.068 a −1.169 ± 0.010 e 29.84 ± 0.32 b 11.33 ± 1.11 c 66.33 ± 4.64 b

F-0.5%SS 2.465 ± 0.052 d −0.371 ± 0.080 c 5.325 ± 0.324 e 13.00 ± 1.41 ab 68.67 ± 3.77 ab

F-1%SS 2.079 ± 0.033 e −0.057 ± 0.031 b 8.364 ± 0.140 d 15.00 ± 1.63 a 73.17 ± 2.48 a

F-VM + 0.5%SS 7.999 ± 0.115 a −1.048 ± 0.015 d 31.18 ± 1.58 a 14.17 ± 1.67 a 72.17 ± 4.74 a

F-VM + 1%SS 7.174 ± 0.065 b −1.043 ± 0.020 d 23.11 ± 1.05 c 13.00 ± 1.15 ab 70.33 ± 3.59 ab

Mean values ± standard deviation. Mean values without the same letter in the same column are significantly
different (p < 0.05). Cab*, chroma; hab*, hue; ΔE*, color variations.

3.8. Sensory Evaluation

The addition of supplementary materials could significantly increase the organization,
taste and flavor of the primary food system, with no difference in color and adhesion.
Among all samples, F-VM + 0.5%SS had the most consistent color, while F-VM + 1%SS
provided an optimal flavor and the best organization; F-1%SS also tasted the best and had
the least residue after swallowing (Figure 7D). Furthermore, F-VM + 0.5%SS obtained a
higher sensory total score than F-VM + 1%SS (72.17 ± 4.74 vs. 70.33 ± 3.59) (Table 7). For
swallowing ease, F-1%SS and F-VM + 0.5%SS were rated as easy to swallow and the other
samples were swallowed normally. However, the swallowing scores of food groups with
SS were both significantly higher than those of F and F-VM (p < 0.05), which is consistent
with the IDDSI test results.

3.9. Relationship between Rheology, Texture and Sense

Focusing on the correlation between indexes can be beneficial for the development of
dysphagia foods. As shown in Figure 8, the WHC of samples had a mostly strong positive
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correlation with both textural properties and rheological values (r � 0.72). This suggests
that the WHC could affect the organization and gel properties of samples. The F-1%SS
bolus with the best WHC obtained the highest gumminess, chewiness and rheological
scores, as well as good taste in the sensory evaluation. This was most likely due to the
increased molecular cross-linking, and gel cavities formed to seal in water and strengthen
the gel network structure. Similarly, in a study of the effects of psyllium on corn starch
properties, the gel rheology and pasting properties were modified because psyllium brought
an increase in water-holding capacity [60]. The chewiness, resilience, gel strength and G′ of
steamed cold noodles were enhanced when the WHC of egg whites on wheat starch gel
food was increased from 87% to 94%, relying on the interaction between protein and starch
molecules to form a more powerful network [61]. In addition, the texture properties were
generally correlated positively with the K (0.82 � r � 0.25), G′ (0.78 � r � 0.42) and G′′
(0.74 � r � 0.41), but negatively with n (−0.39 � r � −0.85). Among the sensory attributes,
organization, taste and adhesion were all strongly correlated with hardness (0.69 � r � 0.59),
chewiness (0.48 � r � 0.58) and gumminess (0.60 � r � 0.54) in texture indicators, although
springiness (0.14 � r � 0.02) and cohesiveness (−0.09 � r � −0.25) were weakly correlated.
It is suggested that supplementary materials affect the viscoelasticity and spatial structure
of systems by influencing the contact and interaction between different components in the
network, thus affecting the swallowing experiences of food gels. In the preparation of chia
seed mucilage-modified soups, the maximum area value and the maximum force value in
the texture test were shown to have a strong positive correlation with the oral consistency in
swallowing properties [62]. At a lower shear rate of 10 s−1, there was a strong relationship
between taste (r = 0.62), adhesion (r = 0.67) and apparent viscosity (η), indicating that
high-viscosity food boluses are less likely to remain in the oral cavity after chewing, with
less swallowing-induced malabsorption and discomfort. The Tanδ value, the information
about the balance of the viscoelastic modulus, was negatively linked to sensory properties
(−0.43 � r � −0.79) and swallowing ease evaluation (r = −0.76), suggesting that samples
with higher G′ and lower G′′ might be more favored by dysphagia populations. It has
been reported that foods with great resistance to deformation (high G* values) and great
elasticity (low Tanδ values) could be safe to swallow [6]. Thus, rheological and textural
data can be used to provide some indication of the swallowing characteristics of foods. In
this study, water-holding capacity, apparent viscosity, springiness, chewiness, consistency
and loss modulus were important indicators for regulating food swallowing abilities.

In the principal component analysis (PCA) results (Figure 9), PC1 and PC2 explained
81.5% of the total variance, with PC1 accounting for 62.9% and PC2 for 18.6%, respectively.
The inter-index relationship analysis in the loading plot (Figure 9A) yielded results con-
sistent with Figure 8, where G′

1Hz, G′′
1Hz, η10, K, gumminess, resilience, water holding

capacity, hardness and chewiness were strongly positively related with taste, organization
and swallowing behavior, while strongly negatively related with η and Tanδ. The lower
flow behavior index n indicates that the sample’s apparent viscosity reduces more quickly
with increasing shear rates, which in turn means that the sample has a correspondingly
high viscosity at lower shear rates. Since dysphagia patients typically have a lower oral
shear rate, chewing higher-viscosity foods helps them eat and replenish nutrients [8]. In the
score plot (Figure 9B), the dot of F was visually distant from the other samples, suggesting
that the addition of supplementary materials had greater effects on food system properties.
VM and SS made a large difference in food groups on PC1. However, VM slowed down the
promotion of salt ions on food gels, which was in line with the rheological property results.
F-VM + 0.5%SS and F-VM + 1%SS do not differ either on PC1 or on PC2. However, by com-
paring with F-0.5%SS and F-1%SS, VM exerted a greater effect when SS content was higher,
especially on PC2. Therefore, the comprehensive picture showed that the F-VM + 0.5%SS
food bolus was more suitable for dysphagia patients, due to its good texture, high total
sensory score and appropriate swallowing ease.
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Figure 8. The correlation analysis between rheology, texture and sense of dysphagia food boluses.
Blue represents a positive correlation and red represents a negative correlation.

Figure 9. Principal component analysis (loading plot (A) and scores plot (B)) of dysphagia food with
supplementary materials.

4. Conclusions

This work demonstrated that four supplementary materials (VM and SS) affected the
texture, flow properties and swallowing characteristics of a food bolus, and all samples
belonged to the pureed level 4 in the IDDSI framework. SS changed the spatial structure
and viscoelasticity of the gel system by enhancing the intermolecular interaction forces,
resulting in a more networked gel pattern, which increased the water-holding capacity,
viscosity, storage modulus, chewiness and swallowing ability of dysphagia foods. VM
could endow the food bolus with richer color characteristics but increased the residues
on the spoon, with the attendant risk of accidental aspiration. F-VM + 0.5%SS obtained
a better evaluation than F-VM + 1%SS in terms of sensory properties and swallowing
ease. In addition, the texture and fluidity of a bolus also showed a strong correlation with
swallowing characteristics. The information provided in this work should help to prepare
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nutritional dysphagia foods, but the mechanism of supplementary materials acting together
to influence food swallowing still needs to be explored more deeply.
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Abstract: Numerous investigations have shown that insoluble dietary fiber (IDF) has a potentially
positive effect on obesity due to a high-fat diet (HFD). Our previous findings based on proteomic
data revealed that high-purity IDF from soybean residue (okara) (HPSIDF) prevented obesity by
regulating hepatic fatty acid synthesis and degradation pathways, while its intervention mechanism
is uncharted. Consequently, the goal of this work is to find out the potential regulatory mechanisms
of HPSIDF on hepatic fatty acid oxidation by determining changes in fatty acid oxidation-related
enzymes in mitochondria and peroxisomes, the production of oxidation intermediates and final
products, the composition and content of fatty acids, and the expression levels of fatty acid oxidation-
related proteins in mice fed with HFD. We found that supplementation with HPSIDF significantly
ameliorated body weight gain, fat accumulation, dyslipidemia, and hepatic steatosis caused by HFD.
Importantly, HPSIDF intervention promotes medium- and long-chain fatty acid oxidation in hepatic
mitochondria by improving the contents of acyl-coenzyme A oxidase 1 (ACOX1), malonyl coenzyme
A (Malonyl CoA), acetyl coenzyme A synthase (ACS), acetyl coenzyme A carboxylase (ACC), and
carnitine palmitoyl transferase-1 (CPT-1). Moreover, HPSIDF effectively regulated the expression
levels of proteins involved with hepatic fatty acid β-oxidation. Our study indicated that HPSIDF
treatment prevents obesity by promoting hepatic mitochondrial fatty acid oxidation.

Keywords: insoluble dietary fiber; okara; obesity; fatty acid oxidation; regulatory mechanism

1. Introduction

Obesity is becoming a major public health issue around the world, with its prevalence
rising year after year. Obesity can cause severe consequences, such as type 2 diabetes,
metabolic syndrome, cardiovascular disease, and neurodegenerative diseases [1–3]. HFD
is thought to increase the risk of obesity by increasing lipid synthesis, decreasing fatty
acid oxidation, and impairing triglyceride (TG) export. At present, the primary methods
for treating obesity are dieting, drug treatment, and surgical treatment, all of which have
varying degrees of side effects. In consequence, there is a desperate demand for secure and
effective ways to prevent and manage obesity.

The most active tissue for fatty acid oxidation is the liver. The oxidation of fatty
acids is classified as β-oxidation and particular oxidation modes such as α-oxidation and
ω-oxidation, with β-oxidation being the primary oxidation pathway [4–6]. β-oxidation
occurs in the mitochondria and peroxisomes. AMP-activated protein kinase (AMPK) is a
key signaling element that regulates hepatic fatty acid oxidation. When AMPK is activated,
it inhibits fat accumulation and promotes fatty acid oxidation by regulating the enzy-
matic activities of sterol regulatory element-binding protein-1c (SREBP-1c) and peroxisome
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proliferator-activated receptor-α (PPARα) [7–10]. Silent mating type information regula-
tion 2 homolog-1 (SIRT1) increases the transcriptional activity of PPARα mainly through
proliferator-activated receptor gamma coactivator-1α (PGC-1α) deacetylation, which in
turn promotes the β-oxidation of fatty acids in the liver. In addition, some proteins situated
downstream of the AMPK pathway, such as CPT-1, are intimately related to β-oxidation.
CPT-1 is localized on the outer mitochondrial surface and reduces the intracellular fatty
acid concentration by catalyzing the beta-oxidation of fatty acids [11–13]. Therefore, obesity
can be prevented and controlled by promoting fatty acid oxidation.

Soybean residue (okara) is the insoluble portion remaining after filtering the water-
soluble portion during soymilk or soybean curd (tofu) production. Although large amounts
of okara are yielded by the food industry, most of it is wasted because the high moisture
content. As we all know, okara contains a variety of nutrients, especially dietary fiber (DF),
which is regarded as the seventh nutrient. DF is essential for maintaining human health and
is classified into soluble dietary fiber and IDF according to its water solubility. Numerous
forward-looking studies have demonstrated the critical role of IDF in obesity prevention.
Frank et al. discovered that insoluble cereal fiber supplementation significantly lowered
weight gain and improved insulin sensitivity compared to long-term supplementation
with soluble cereal fiber [14]. Another study showed that IDF from Pleurotus eryngii has a
preventive effect on obesity through its modulation of the gut microbiota [15]. Our previous
study demonstrated that high-purity IDF from okara (HPSIDF) plays a beneficial role in
preventing obesity by regulating hepatic fatty acid synthesis and degradation pathways in
HFD-fed mice. However, the mechanism of intervention is unclear [16].

Therefore, according to the results of previous research, this work was conducted to
further explore the regulatory mechanisms of HPSIDF on fatty acid oxidation by analyzing
the changes in the content of mitochondrial and peroxisomal oxidation-related enzymes,
the production of oxidative intermediates and final products, fatty acid content and compo-
sition, and the expression levels of hepatic fatty acid oxidation-associated proteins in HFD
induced mice.

2. Materials and Methods

2.1. Materials and Reagents

Crude soybean residue with 60% IDF content was purchased from Shandong Sinoglory
Health Food Co., Ltd. (Liaocheng, China). The CDF was used to prepare the HPSIDF by the
enzymatic method. The specific conditions are as follows: α-amylase at 95 ◦C for 35 min,
neutral protease at 60 ◦C for 30 min, and amyloglucosidase at 60 ◦C for 30 min [17]. Kits for
total cholesterol (TC), TG, low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) were derived from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). ELISA kits for free fatty acids (FFA), 3-hydroxybutyric acid
(3-OHB), acetoacetate (ACAC), CPT1, ACOX1, ACS, Malonyl CoA, ACC, hydrogen perox-
ide (H2O2), acetyl-coenzyme A (A-CoA), citrate synthase (CS), and succinyl-coenzyme A
(SCoA) were derived from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai,
China). HPLC-grade methyl tert-butyl ether (MTBE), methanol (MeOH), and n-hexane
were derived from Merck (Darmstadt, Germany). Sodium chloride and phosphate were
acquired from Sigma-Aldrich (St. Louis, MO, USA). A methanol solution of 15% boron tri-
fluoride was bought from RHAWN (Shanghai, China). The antibodies to PPARα, fatty acid
synthase (FAS), and long-chain acyl-coenzyme A dehydrogenase (ACADL) were derived
from Wuhan Sanying Biotechnology Co., Ltd. (Wuhan, China). SREBP-1c, AMPK, CPT1,
SIRT1, phosphorylated adenylate-activated protein kinase (pAMPK), PGC-1α, ACOX1,
long-chain acyl-coenzyme A synthetase (ACSL), and β-actin were provided by Abcam
(Cambridge, UK).

2.2. Animal Experimental Design

The research was carried out in accordance with the Laboratory Animals Guidelines of
Jilin Agricultural University and authorized by the Jilin Agricultural University Laboratory
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Animal Welfare and Ethics Committee (no. 2019 04 10 005). Six-week-old male C57BL/6J
mice (n = 40; 18–22 g) were obtained from the Experimental Animal Center of Jilin Agricul-
tural University. Mice were kept in a temperature-controlled (20–25 ◦C) environment with
a 12-h cycle of light/darkness.

Following the first week of acclimatized feeding, mice were separated into four groups
for 18 weeks: the normal diet (ND) group, the HFD group, the HFD supplemented with HP-
SIDF group (HPSIDF, 1000 mg/kg [16]), and the HFD supplemented with L-carnitine group
(PC, 40 mg/kg). Notably, L-carnitine has been shown to promote fatty acid metabolism
in vivo, which is consistent with the pathway explored in this study, so we chose it as
a positive control [18,19]. The body weight and food intake of mice in each group were
recorded weekly and daily, respectively. At the end of the trial, mice were anesthetized,
and blood was collected through the orbital venous plexus. Then all the animals were
euthanized by carbon dioxide. The blood samples were followed by centrifugation at
3000 rpm for 15 min at 4 ◦C to obtain serum. The liver and fat tissues were obtained by
dissection after the execution of mice, weighed, and immediately stored at −80 ◦C for
further analysis.

2.3. Biochemical Analysis

The levels of TC, TG, LDL-C, and HDL-C in serum were determined using commercial
assay kits. TC and TG levels in the liver were determined using the same kit as the serum
assay. Moreover, the levels of FFA, 3-OHB, and ACAC in serum were determined using the
ELISA kits.

2.4. Analysis of Enzyme Contents Related to Fatty Acid Oxidation

An amount of liver was mixed with saline at 1:9 and homogenized on ice. Then it was
centrifugated at 3000 rpm for 15 min at 4 ◦C to obtain the supernatant. The levels of CPT-1,
ACOX1, Malonyl Coenzyme A, ACC, ACS, A-CoA, CS, SCoA, and H2O2 were analyzed by
ELISA kits.

2.5. Histological Investigation

Liver and epididymal fat were fixed in 4% paraformaldehyde, engrained in paraffin
for making sections (5 μm thickness), and stained using hematoxylin and eosin (H&E).

2.6. Analysis of Hepatic Fatty Acid Composition and Content

The liver samples from each group of mice were thawed, and the samples (0.05 g) were
mixed with 150 μL of MeOH, 200 μL of MTBE, and 50 μL of 36% phosphoric acid/water
(precooled at −20 ◦C). The mixture was vortexed for 3 min at 2500 rpm and centrifuged
at 12,000 rpm for 5 min at 4 ◦C. Then, 200 μL of supernatant was collected into a new
centrifuge tube, blow dry, and 300 μL of a methanol solution of 15% boron trifluoride was
added. The mixture was vortexed for 3 min at 2500 rpm and keep in the oven at 60 ◦C
for 30 min. Then 500 μL of n-hexane and 200 μL of saturated sodium chloride solution
were added accurately at room temperature. After the mixture was vortexed for 3 min
and centrifuged at 12,000 rpm and 4 ◦C for 5 min, 100 μL of n-hexane layer solution was
transferred for further GC-MS analysis.

A GC-EI-MS system was used to analyze the sample derivates. (GC, Agilent 8890" https:
//Agilent.com.cn/ (accessed on 13 March 2019); MS, 5977B System, https://Agilent.com.
cn/ (accessed on 13 March 2019). The following were the analytical conditions: GC column,
DB-5MS capillary column (30 m × 0.25 mm × 0.25 μm, Agilent); Carrier gas, highly pure
argon gas (purity > 99.999%); The heating procedure was started at 40 ◦C (2 min), then
increased at 30 ◦C/min to 200 ◦C (1 min), 10 ◦C/min to 240 ◦C (1 min), and 5 ◦C/min to
285 ◦C (3 min); traffic: 1.0 mL/min; inlet temperature: 230 ◦C; injection volume: 1.0 μL.
EI-MS: Agilent 8890-5977B GC-MS System, Temperature: 230 ◦C; ionization voltage: 70eV;
power transmission temperature: 240 ◦C; four-stage rod temp.: 150 ◦C; solvent postpone:
4 min; scanning method: SIM.
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Qualitative and quantitative analysis. Standard solutions of different concentrations
of 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 50 μg/mL were prepared, and the peak
intensity data corresponding to the different concentrations of the standards were obtained
to plot the standard curves. The integrated peak areas of the detected liver samples were
brought to the standard curve to calculate the concentrations, which were then further
calculated to give absolute content data for the different substances in the actual samples.

The fatty acid content of the sample (μg/g) = c∗V3/1000∗V1/V2/m
Meaning of the letters in the formula:
c: Concentration values obtained by substituting the integrated peak area of the

sample into the standard curve (μg/mL);
V1: Volume of sample extraction solution (μL);
V2: Volume of collected supernatant (μL);
V3: Volume of resolution (μL);
m: The sample weight (g).

2.7. Western Blot Analysis

The liver was homogenized in RIPA lysis solution, centrifuged at a speed of 12,000 rpm
at 4 ◦C for 20 min, and the supernatant was collected. The BCA kit was used to determine
the content of protein, followed by routine protein blotting analysis. Briefly, protein
lysates were isolated by SDS-PAGE and moved to polyvinylidene fluoride (PVDF) films.
The blotting film was closed with 5% defatted skim for 1.5 h and then hatched with the
corresponding elementary antibodies FAS, SREBP-1c, ACOX1, PPARα, AMPK, pAMPK,
SIRT1, PGC-1α, ACADL, ACSL, and CPT1 for the whole night at 4 ◦C, then incubated with
the relevant secondary antibodies for 1.5 h. The bands were analyzed on an iBright CL1000
imaging system using an enhanced chemiluminescence reagent (Invitrogen, Singapore).
β-actin was used as a reference to standardize protein expression.

2.8. Statistical Analysis

SPSS 19.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. A one-way
analysis of variance (ANOVA) and Duncan’s multiple range tests were used to assess the
statistical significance, with p < 0.05 regarded as statistically significant.

3. Results

3.1. Effects of HPSIDF on Body Weight, Food Intake and Fat Accumulation in HFD-Fed Mice

As shown in Table 1, there was no remarkable difference in the initial body weight
of the mice in each group. After 18 weeks of feeding, the body weight gain of mice
was remarkably increased in the HFD group as opposed to the ND group (p < 0.05). In
comparison to the HFD group, there was a decrease in body weight gain in the HPSIDF and
PC groups, especially the HPSIDF group (p < 0.05). There was a significant 15% increase in
body weight in the HFD group compared to the ND group at the end of the experiment.
Compared to the HFD group, weight loss was 15% and 8% in the HPSIDF group and
PC group, respectively. In terms of food intake, only the HFD group had a significantly
higher food intake in contrast to the other groups (p < 0.05), with no significant variation
between the other three groups. In addition, we found that chronic HFD caused abnormal
accumulation of perirenal, subcutaneous, and epididymal fat compared to ND (p < 0.0001)
(Figure 1A–C). However, HPSIDF treatment significantly reduced the weight of perirenal,
subcutaneous, and epididymal fat induced by HFD (p < 0.0001), which was better than
the PC group. As shown in Figure 1D, we also found significant adipocyte hypertrophy
in HFD-fed mice. Interestingly, HPSIDF treatment considerably alleviated HFD-induced
adipocyte hypertrophy compared to the PC group.
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Table 1. The effect of HPSIDF on body weight and food intake in HFD−fed mice.

Items ND HFD HPSIDF PC

Initial body weight (g) 20.02 ± 0.93 20.80 ± 1.19 21.10 ± 1.04 21.45 ± 0.63
Final body weight (g) 27.49 ± 2.09 b 31.78 ± 2.77 a 26.90 ± 2.79 b 28.96 ± 2.24 b

Body weight gain (g) 7.47 ± 1.40 b 10.98 ± 2.94 a 5.99 ± 2.40 c 7.50 ± 2.57 b

Food intake (g) 2.13 ± 0.10 b 2.47 ± 0.04 a 2.08 ± 0.07 b 2.15 ± 0.13 b

ND—normal diet-fed group; HFD—high-fat diet-fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg)
fed group; PC—high-fat diet plus L-carnitine (40 mg/kg) fed group. The same column with different letters (a, b,
c) are markedly different (p < 0.05). Results are shown as average ± SD (n = 10).

Figure 1. Effects of HPSIDF on fat accumulation in HFD−fed mice. (A) Intraperitoneal morphol-
ogy of mice in each group. (B,C) Apparent morphology and weight of white adipose tissues.
(D) Representative H&E staining images of epididymal fat tissue. ND—normal diet-fed group;
HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—
high-fat diet plus L-carnitine (40 mg/kg) fed group. In contrast to the HFD group, **** p < 0.0001.
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3.2. Effects of HPSIDF on Serum Biochemical Indicators in HFD-Fed Mice

As shown in Figure 2A–E, serum TC (p < 0.0001), TG (p < 0.01), LDL-C (p < 0.0001), and
FFA (p < 0.05) contents were memorably elevated in the HFD group in contrast to the ND
group. HPSIDF intervention effectively reduced the serum TC (p < 0.01), TG (p < 0.0001),
LDL-C (p < 0.0001), and FFA (p < 0.001) contents of HFD-fed mice, and there was no
considerable difference when compared to the PC group. Furthermore, the HPSIDF and PC
groups significantly increased serum HDL-C levels in mice fed with HFD (all p < 0.0001).
As shown in Figure 2F,G, the levels of 3-OHB (p < 0.0001) and ACAC (p < 0.05) in the HFD
group were observably higher than those of the ND group, and these alterations were
effectively reversed by the HPSIDF intervention (p < 0.05, p < 0.01). Moreover, ACAC levels
were dramatically reduced in the PC group as opposed to the HFD group (p < 0.0001).

Figure 2. Effects of HPSIDF on serum biochemical factors in HFD−fed mice. (A–E) Serum TC,
TG, HDL-C, LDL-C, and FFA contents. (F,G) Levels of 3-OHB and ACAC. ND—normal diet−fed
group; HFD—high−fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed
group; PC—high−fat diet plus L−carnitine (40 mg/kg) fed group. Compared with the HFD group,
* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

3.3. Effects of HPSIDF on Hepatic Steatosis in HFD-Fed Mice

The chronic HFD resulted in significantly higher liver TC (p < 0.001), TG (p < 0.0001),
and FFA (p < 0.0001) levels than ND (Figure 3A). As expected, the concentrations of TC,
TG, and FFA were remarkably reduced in the HPSIDF (p < 0.01, p < 0.001, p < 0.001) and PC
groups as opposed to the HFD group (p < 0.05, p < 0.01, p < 0.01). In Figure 3B, increased
lipid droplet accumulation with marked steatosis was observed in HFD-induced mice. The
degree of steatosis in the hepatocytes was ameliorated in both the HPSIDF and PC groups,
with red staining of the hepatocyte cytoplasm and reduced lipid droplets.

3.4. Effects of HPSIDF on the Activity of Enzymes Related to Hepatic Fatty Acid Oxidation and
the Production of Intermediate and Final Products in HFD-Fed Mice

We found that ACOX1 (p < 0.0001), malonyl CoA (p < 0.01), ACS (p < 0.01), and
ACC (p < 0.01) levels were observably enhanced in HFD-fed mice compared to ND-fed
mice (Figure 4). However, the levels of ACOX1, malonyl CoA, and ACC were markedly
reduced in the HPSIDF (p < 0.01, p < 0.0001, p < 0.01) and PC (p < 0.05, p < 0.01, p < 0.001)
groups. Interestingly, CPT-1 and ACS were dramatically increased in the HPSIDF (p < 0.01,
p < 0.001) and PC (p < 0.05, p < 0.001) groups as opposed to the HFD group. Furthermore,
HPSIDF treatment notably promoted the production of SCoA (p < 0.05), CS (p < 0.01),
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and A-CoA (p < 0.001) and inhibited the synthesis of H2O2 (p < 0.0001) in the liver of
HFD-fed mice.

Figure 3. Effects of HPSIDF on hepatic steatosis in mice fed with HFD. (A) Levels of hepatic TC, TG
and FFA. (B) H&E staining of the liver. ND—normal diet−fed group; HFD—high-fat diet−fed group;
HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high−fat diet plus L−carnitine
(40 mg/kg) fed group. Compared with the HFD group, * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001.

Figure 4. Effects of HPSIDF on the activity of enzymes related to hepatic fatty acid oxidation and the
production of intermediate and final products in HFD−fed mice. Determination of ACOX1, CPT-1,
Malonyl CoA, ACS, ACC, ScoA, CS, A-CoA, and H2O2 in the liver (A–I). ND—normal diet-fed
group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group;
PC—high-fat diet plus L−carnitine (40 mg/kg) fed group. In contrast to the HFD group, * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.5. Effects of HPSIDF on Hepatic Fatty Acid Content and Composition in HFD-Fed Mice

As shown in Figure 5, long term HFD leads to the accumulation of hexanoic acid
(C6:0), octanoic acid (C8:0), decanoic acid (C10:0), palmitic acid (C16:0), stearic acid (C18:0),
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behenic acid (C22:0), tricosanoic acid (C23:0), lignoceric acid (C24:0), cis-10-pentadecenoic
acid (C15-1), cis-10-pentadecenoic acid (C18-1n9c), trans-9-octadecenoic acid (C18-1n9t),
cis-8,11,14-eicosatrienoic acid (C20-3n6), cis-7,10,13,16,19-docosapentaenoic acid (DPA)
(C22-5), cis-4,7,10,13,16,19-docosahexaenoic acid (C22-6n3) and nervonic acid (C24-1) in
the liver. After HPSIDF intervention, the contents of hexanoic acid (C6:0), octanoic acid
(C8:0), decanoic acid (C10:0), lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0),
heptadecanoic acid (C17:0), stearic acid (C18:0), tricosanoic acid (C23:0), lignoceric acid
(C24:0), myristoleic acid (C14-1), cis-10-pentadecenoic acid (C15-1), cis-10-heptadecanoic
acid (C17-1), linoleic acid (C18-2n6c), γ-linolenic acid (C18-3n6), cis-11-eicosenoic acid
(C20-1), trans-11-eicosenoic acid (C20-1T), cis-11,14-eicosadienoic acid (C20-2), cis-11,14,17-
eicosatrienoic acid (C20-3n3), cis-8,11,14-eicosatrienoic acid (C20-3n6), cis-5,8,11,14,17-
eicosapentaenoic acid(EPA) (C20-5n3), arachidonic acid (C20-4n6), trans-13-docosenoic
acid (C22-1T), cis-13,16-docosadienoic acid (C22-2), cis-7,10,13,16,19-docosapentaenoic acid
(DPA) (C22-5), nervonic acid (C24-1) were memorably reduced in HFD-fed mice. Thus,
the HPSIDF intervention significantly promoted the oxidation of medium- and long-chain
fatty acids in HFD-fed mice.

Figure 5. Effects of HPSIDF on hepatic fatty acid composition and content in HFD−fed mice.
ND—normal diet−fed group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF
(1000 mg/kg) fed group; PC—high-fat diet plus L-carnitine (40 mg/kg) fed group.

3.6. Effects of HPSIDF on the Expression Levels of Hepatic Fatty Acid β-Oxidation-Associated
Proteins in HFD-Fed Mice

As shown in Figure 6A, several key enzymes for fatty acid β-oxidation were deter-
mined in the liver. Long-term HFD markedly upregulated the expression levels of ACSL
(p < 0.01), ACOX1 (p < 0.0001), and SREBP-1c (p < 0.001), while downregulating the levels
of PPARα (p < 0.05) and ACADL (p < 0.05) in contrast to the ND group. However, these
changes were reversed by HPSIDF intervention, except for the ACSL levels, which were
downregulated (p < 0.0001). Moreover, HPSIDF treatment observably upregulated the
expression levels of CPT-1 (p < 0.0001), PGC-1α (p < 0.0001), SIRT1 (p < 0.05), and pAMPK
(p < 0.001), and downregulated the expression levels of FAS (p < 0.05) in contrast to the
HFD group.

100



Foods 2023, 12, 2081

Figure 6. Effects of HPSIDF on the expression levels of hepatic fatty acid oxidation-associated proteins
in HFD-fed mice. The levels of CPT-1, PPARα, PGC-1α, SIRT1, pAMPK, ACADL, ACSL, ACOX1,
FAS, and SREBP-1c were determined using western blot analysis. The comparative intensities
of these protein stripes were analyzed using ImageJ software. β-actin was used as a reference.
(A) Protein-blotted bands measured. (B) CPT-1, PPARα, PGC-1α, SIRT1, pAMPK, ACADL, ACSL
protein expression analysis. (C) Analysis of ACOX1, FAS, and SREBP-1c protein expression. Values
are shown as averages ± SD (n = 10). ND—normal diet-fed group; HFD—high-fat diet-fed group;
HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group. In contrast to the HFD group, * p < 0.05,
** p < 0. 01, *** p < 0.001, and **** p < 0.0001.

4. Discussion

The majority of nutrition studies over the last few years have emphasized the value of
a high fiber intake. The World Health Organization, Food and Agriculture Organization
(WHO/FAO), and the European Food Safety Authority (EFSA) recommend dietary fiber
intake of not less than 25 g/day [20,21]. Although most of the suggested beneficial effects
of fiber intake are attributed to the viscosity of SDF, results from forward-looking cohort
studies concordantly suggest that the intake of IDF, but not SDF, is strongly linked to a
decreased risk of obesity and overweight [22–24]. Therefore, based on the recommended
intake we investigated the effect of different doses of HPSIDF on lipid metabolism in
HFD-fed mice in the previous study. It was found that the high-dose group had better
effects compared to the low and medium-dose groups. Thus, we chose the high-dose
group to explore the effect of HPSIDF on high-fat diet-induced fatty acid oxidation. It is
well known that the main feature of obesity is an excessive amount of fat, which leads
to a variety of complications, such as dyslipidemia, liver steatosis, insulin resistance,
and inflammation [25–27]. In this study, HPSIDF intervention remarkably improved fat
accumulation, dyslipidemia, and hepatic steatosis in HFD-fed mice. This is in line with
the views of Frank et al., who found that supplementation with suitably fermentable
insoluble grain fiber prevented HFD-induced obesity and related metabolic disorders [14].
Furthermore, abnormal fat oxidation can raise ketone body levels above the established
cutoff, which would then result in ketosis. Interestingly, supplementing with HPSIDF
reversed the HFD-induced spike in ketone body levels and brought them back to normal.
On the basis of these results, we further explored the potential mechanism of HPSIDF for
obesity prevention by studying fatty acid oxidation-related enzymes and proteins.
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The liver is an important site of fatty acid metabolism. Huang et al. reported that
fatty acids are generated in a series of enzymatic processes and can be oxidized and me-
tabolized to carbon dioxide and water under an adequate oxygen supply. This process
is accompanied by the release of tremendous energy. β-oxidation is the primary type of
fatty acid oxidation [28]. Kim et al. reported the existence of two different β-oxidation
systems, mitochondria and peroxisomes, in mammals as well as higher animals, including
humans [29]. Mitochondria mainly oxidize short- and medium-length chain fatty acids,
while peroxisomes oxidize substrates such as very-long-chain fatty acids and long-chain
fatty acids [30,31]. Research has shown that the peroxisome plays only a minor role in the
oxidation of long-chain fatty acids, most of which are oxidized in the mitochondria [32,33].
In addition, the oxidation of fatty acids in the peroxisome is partial and just a carbon
chain-shortening reaction. Very long-chain fatty acids enter the peroxisome to form shorter
acyl coenzymes, then undergo β-oxidation in the mitochondria to produce acetyl CoA, and
finally enter the tricarboxylic acid cycle to produce carbon dioxide and water [34,35]. There-
fore, we closely monitored the effects of HPSIDF intervention on the content of enzymes
related to fatty acid oxidation and metabolites during oxidation in the liver of HFD-fed
mice. Notably, intake of HPSIDF markedly reduced the levels of ACOX1, Malonyl CoA
and ACC and increased the levels of CPT-1 and ACS in the liver of HFD-fed mice. Mean-
while, HPSIDF treatment observably promoted the production of SCoA, CS and A-CoA,
inhibited the synthesis of H2O2 and diminished the oxidation of peroxisomal fatty acids.
It is reported that excessive peroxisomal fatty acid oxidation inhibits mitochondrial fatty
acid oxidation, leading to impaired fatty acid oxidation and metabolic disturbances [21].
We speculate that HPSIDF intervention promotes the rate of mitochondrial oxidation.
Chen et al. discovered that chronic consumption of high-erucic acid rapeseed oil caused
hepatic steatosis in both animals and humans. This may be due to the increased production
of hepatic malonyl coenzyme A in rats by peroxides of erucic acid, which inhibit fatty acid
oxidation in mitochondria [36]. Therefore, the levels of malonyl CoA and ACC in the liver
were measured in this study. Long-term HFD feeding resulted in a significant increase
in malonyl CoA and ACC in the liver. The intervention of HPSIDF clearly reversed this
situation. These results demonstrated that HPSIDF promotes overall fatty acid oxidation
by promoting mitochondrial fatty acid oxidation and offers to a theoretical foundation for
further investigation of its mechanism of action at the protein level.

Studies have shown that hepatic fatty acid metabolism is regulated by the AMPK
signaling pathway [37,38]. AMPK contains three subunits: -α, -β, and -γ, among which the
-α subunit contains a catalytic phosphorylation site at its NH2 terminal (Thr172) [27,39].
Activation of AMPK phosphorylation downregulates the expression of SREBP-1c to inhibit
lipid synthesis while stimulating PPARα expression to promote fatty acid oxidation [40].
Meanwhile, the activation of PPARα leads to increased expression of ACSL1 to provide
more conjugated acyl coenzymes for use as fuel via the fatty acid oxidation pathway [41].
Gao et al. also explored the conflicting reports on ACSL, concluding that the destiny of
long-chain acyl-coenzyme A in cells is based on the positioning of ACSL1 [42]. In this study,
we discovered that long-term HFD resulted in a remarkable increase in the expression
levels of SREBP-1C, FAS, and ACOX1. Interestingly, the HPSIDF treatment reversed these
changes while significantly upregulating the expression levels of pAMPK, PPARα, CPT-1,
ACADL, and ACSL. Our findings indicated that HFD inhibits mitochondrial fatty acid
oxidation. This is consistent with our previous hypothesis that HPSIDF intervention could
effectively promote mitochondrial fatty acid oxidation. In addition to AMPK activation,
research suggests that SIRT1 may also be involved in the regulation of PPARα. According to
Cohen et al., fasting and dietary restriction activated SIRT1 and PPARα [43]. Furthermore,
PGC-1α is a key coactivator of PPARα signaling and a direct substrate of SIRT1 [44,45].
Aparna et al. demonstrated that SIRT1 regulated PPARα signaling mainly through the
activation of PGC-1α and that increased levels of SIRT1 stimulated PPARα activity [46–51].
We also determined the protein expression of PGC-1α and SIRT1 in the liver [52–55]. There
was no significant difference in the HFD group in contrast to the ND group, and the HP-
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SIDF intervention greatly upregulated the expression levels of both proteins. Furthermore,
ACSL1 and CPT-1 are key rate-limiting enzymes that catalyze mitochondrial fatty acid
oxidation. Briefly, ACSL1 catalyzes the production of lipid acyl-coenzyme A at the outer
mitochondrial membrane, which is subsequently transported to the mitochondrial matrix
by CPT1 to complete the fatty acid oxidation process. ACADL catalyzes the dehydrogena-
tion of long-chain fatty acyl-coenzyme A in the first step of β-oxidation in mitochondria.
The HPSIDF intervention significantly upregulated the expression levels of the above key
enzymes, which also provided a reasonable explanation for the decrease in the content of
medium- and long-chain fatty acids represented by lauric acid (C12:0), myristic acid (C14:0),
palmitic acid (C16:0), heptadecanoic acid (C17:0), stearic acid (C18:0), and tridecanoic acid
(C23:0) in the HPSIDF group. These results suggest that HPSIDF intervention promotes
hepatic fatty acid β-oxidation in HFD-fed mice by activating AMPK phosphorylation to
upregulate the expression levels of SIRT1, PGC-1α, and PPARα, while stimulating the
expression of downstream proteins such as CPT-1, ACOX1, ACADL, and ACSL.

5. Conclusions

In summary, our results indicated that HPSIDF supplementation effectively alleviated
body weight gain, fat accumulation, dyslipidemia, and hepatic steatosis induced by HFD.
Furthermore, HPSIDF treatment promoted medium- and long-chain fatty acid oxidation
in hepatic mitochondria by increasing the contents of CPT-1 and ACS and inhibiting the
synthesis of ACOX1, malonyl CoA, and ACC. Meanwhile, HPSIDF treatment dramatically
regulated the expression levels of hepatic fatty acid oxidation-related proteins. Overall, our
findings gave new perspectives to elucidate the intervention mechanisms of HPSIDF on
obesity and play an active role in promoting the comprehensive utilization rate and added
value of okara.
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Abstract: In this study, Anoectochilus formosanus polysaccharide (AFP) was acquired a via water ex-
traction and alcohol precipitation method. The immunoregulatory activity of AFP was first evaluated
on cyclophosphamide (Cy)-treated mice. Galacturonic acid, glucose and galactose were confirmed to
be the main components of AFP. AFP demonstrated the ability to stimulate the production of TNF-α
and IL-6 in RAW 264.7 macrophages. Not surprisingly, the activation of the NF-κB signaling pathway
by AFP was validated via Western blot analysis. Furthermore, AFP could alleviate Cy-induced
immunosuppression, and significantly enhance the immunity of mice via increasing the thymus
index and body weight, stimulating the production of cytokines (IgA, IgG, SIgA, IL-2, IL-6 and IFN-γ).
The improvement in the intestinal morphology of immunosuppressed mice showed that AFP could
alleviate Cy-induced immune toxicity. These results have raised the possibility that AFP may act as a
natural immunomodulator. Overall, the study of AFP was innovative and of great significance for
AFP’s further application and utilization.

Keywords: Anoectochilus formosanus; polysaccharide; immunosuppression; bioactivities

1. Introduction

Over the past decade, the burden of cancer in the world has been increasing continu-
ously [1]. Cyclophosphamide (Cy) is an effective anticancer drug commonly used in the
clinic [2]. However, the side effects caused by Cy should not be underestimated. The most
common clinical symptom is that Cy has a strong immunosuppressive effect on human
body [3]. Intestinal mucosal injury is one of the main manifestations of immunosuppression.
Cy not only inhibits the secretion of immune cytokines in mice intestinal mucosa, resulting
in immune dysfunction and intestinal injury, but also destroys the intestinal mucosal bar-
rier and affects the integrity of the epithelium and neighboring cell–cell junctions, thereby
impacting the absorption of food in the intestine [4–7].

Faced with these constraints, people have focused on polysaccharides derived from
natural sources. Studies have proven that polysaccharides have extensive biological func-
tions, such as promoting and protecting intestinal health [8], supporting normal bowel
function, maintaining the regular state of blood glucose and lipids [9], and enhancing immu-
nity [10]. Moreover, polysaccharides can be used as an anti-tumor and anti-inflammatory
drug [11,12]. As an immunomodulator, polysaccharides have no significant side effects
on the body [3]. It has been reported that the polysaccharides extracted from yellow pear
residue markedly improve the immune function of mice [13].

The genus Anoectochilus (Orchidaceae) is a very precious perennial herb with 40 species
worldwide, mainly distributed in China, Japan, India, Nepal, Sri Lanka, and other Asian
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countries. It is regarded as a traditional Chinese medicine and as beneficial to cancer,
hypertension, diabetes mellitus, consumption, and nephritis [14–16]. At present, the
major research species in China are produced in Fujian, Zhejiang, Jiangxi, and Taiwan [17].
Anoectochilus formosanus (AF) is one variety in the Anoectochilus family. According to reports,
the water extract of AF has been shown to act not only as a protective agent in the liver,
but also as an important immunomodulator [18]. In addition, studies have pointed out
that the methanol extract of AF shows potential applicative value in the immunochemical
prevention/treatment of cancer via the lowering of blood glucose, the scavenging of ROS,
and the inhibition of PD-L1 [19]. Polysaccharides extracted from different parts of AF have
shown different antidiabetic activity in vivo due to the different Mw and monosaccharide
compositions [20]. However, the reports on Anoectochilus formosanus polysaccharide (AFP)
are relatively superficial. Little is known about the protective effects of AFP against
immunosuppression. Therefore, exploring the bioactivity of AFP is of great significance in
order to elucidate its function and utilization.

Based on these questions, AFPs were isolated from AF and their chemical properties
were further investigated. The protective effect of AFP against the immunosuppression
of mice induced by Cy was also invested. Therefore, our study was conducted in order
to explore the immunomodulatory activities of AFP and provide a theoretical basis for
developing AF.

2. Materials and Methods

2.1. Materials

Anoectochilus formosanus was obtained from Fujian province and verified by Prof.
Boyun Yang from the Life Science Center of Nanchang University. It was then dried
at 55 ◦C for 48 h before preparation. The monosaccharide standards used, D-Mannose,
L-Arabinose, D-Ribose, etc., were purchased from Merck Co. (Darmstadt, Germany).
Levamisole hydrochloride and cyclophosphamide were purchased from Aladdin Industrial
Inc. (Shanghai, China). Cytokine (IgA, IgG, SIgA, IL-2, IL-6, IFN-γ, TNF-α) detecting
ELISA kits were purchased from Biosharp biological technology Co., Ltd. (Shanghai,
China). Lipopolysaccharide (LPS) and PBS buffer powder were purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China). Commercially available analytical
grade reagents were used in this study.

2.2. Extraction of Polysaccharides

Fresh plants were used as raw material and dried at 55 ◦C in the air-drying oven. After
mechanical crushing, the coarse powder was passed through 80-mesh sieves to obtain a
fine powder. Fat, pigment and small molecule were removed by soaking the powder in 95%
ethanol for 10 h; this was repeated 4 times. After soaking, the powder was centrifuged and
dried. The dried powder was extracted 4 times with distilled water at 80 ◦C with a material-
to-liquid ratio of 1:20 (w/v) for 6 h. The supernatant was collected and the condensed
solution was obtained by using a rotary evaporator under vacuum at 55 ◦C. Then, 85%
ethanol was used to precipitate the polysaccharides with vigorous stirring; this was then
stored at 4 ◦C overnight. The precipitate was collected after 10 min of centrifugation and
washed three times with ethanol and acetone in succession. Finally, the precipitates were
solubilized in distilled water and dialyzed (cut-off Mw 3500 Da) for 48 h with distilled
water, and then concentrated and lyophilized to obtain the polysaccharide named AFP [21].

2.3. Homogeneity and Molecular Weight Distribution of AFP

An Agilent 1260 Infinity system (Agilent Technologies, Amstelveen, The Nether-
lands) equipped with a refractive index detector (RID, G1362A) was used to measure
the homogeneity and molecular weight of polysaccharide fractions via the method of
high-performance gel permeation chromatography (HPGPC), according to a previous
study [22,23].
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2.4. Determination of Chemical Components

Glucose was treated as the standard in order to verify the neutral sugar content,
using the phenol-sulphuric acids method [24]. The meta-hydroxydiphenyl method was
performed according to a previous report, but with some modifications, to determine the
uronic acid content in AFP. D-galacturonic acid was used as a standard [25]. In addition,
protein content was determined using bovine serum albumin as a standard according
to the Coomassie Brilliant Blue method [26]. Fat content was analyzed via the Soxhlet
method [27].

2.5. Monosaccharide Composition Analysis

AFP monosaccharides were identified according to a published report but with some
amendments [28], and the samples were analyzed on an Agilent 1260 Infinity system
equipped with a UV detector (250 nm) and a Diamonsil C18 column (4.6 mm i.d. ×250 mm,
5 μm, Dikma, Foothill Ranch, CA, USA). The temperature of the column was maintained at
35 ◦C. The mobile phase was composed of acetonitrile and 0.1 mol/L PB (pH 6.8) in a ratio
of 17:83 (v/v) at a flow rate of 1.0 mL/min. The injection volume was 20 μL, and the time
of data collection was 50 min. Briefly, the AFP (5 mg) was hydrolyzed in 4 mL of 3 M TFA
at 100 ◦C for 6 h in a sealed glass tube. After hydrolysis, the products were cooled to room
temperature and dried with nitrogen. Diluting them with 1 mL of ultra-pure water, the
hydrolysates were then obtained as derivatized, filtrated, loaded samples and monitored
with the UV detector at an absorbance of 250 nm.

2.6. Fourier Transform Infrared Spectrum

A Thermo Nicolet 5700 infrared spectrophotometer (Thermo Electron, Madison, WI,
USA) was used to characterize the organic functional groups of AFP using the KBr-pellets
method, with the range of 400–4000 cm−1 [29].

2.7. Cell Culture

The murine macrophage RAW 264.7 cell was cultured in Dulbecco’s Modified Eagle’s
medium (DMEM) medium containing 13% (v/v) fetal bovine serum (FBS). The cells were
grown in a humidified incubator at 37 ◦C with an atmosphere comprising 5% CO2.

2.7.1. Cell Viability

The Cell Counting Kit-8 (CCK-8) method was used to verify the cell viability. RAW
264.7 cells (2.5 × 105 cells/well, 100 μL) were plated in 96-well plates for 24 h, followed
by incubation with 100 μL of AFP (50, 100, 200, and 400 μg/mL) or lipopolysaccharides
(LPS) (1 μg/mL) dissolved in DMEM medium for another 24 h. Subsequently, each well
was incubated with 100 μL of diluted CCK-8 solution for another 2 h. Using a microplate
reader, absorbance was measured at 450 nm. The experiment was carried out in triplicate.

2.7.2. Influence of AFP on TNF-α and IL-6 Production of RAW 264.7

RAW 264.7 macrophage cells were plated into a 96-well plate with a density of approx-
imately 2.5 × 105 cells/mL and stimulated with AFP (100, 200, and 400 μg/mL) and LPS
(1 μg/mL). TNF-α and IL-6 were detected in RAW 264.7 cells after 24 h of incubation with
a commercial ELISA kit. The experiment was carried out in triplicate.

2.7.3. Western Blot Analysis

RAW 264.7 cells were co-cultured with different concentrations of AFP (100, 200, and
400 μg/mL) and LPS (1 μg/mL) dissolved in DMEM medium for 24 h. The precipitates of
the different treated cells were obtained using a centrifuge. The cell protein was prepared by
adding 250 μL of Radio Immunoprecipitation Assay Lysis buffer (RIPA) lysate per 106 cells.
The denatured proteins were transferred by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) electrophoresis onto polyvinylidene fluoride (PVDF) (0.45 μm)
membranes pre-activated with methanol and subsequently subjected to immunoreactivity.

109



Foods 2023, 12, 1910

The PVDF membranes were treated successively using the primary antibody (anti-p-NF-κB
p65, anti-NF-κB p65) and secondary antibody, followed by an elution with Tris Buffered
Saline with Tween 20 (TBST) 3 times. Electrochemiluminescence (ELC) was used to visualize
the protein band. Finally, the images were sorted and decolored to analyze the optical
density values of the target bands.

2.8. Animals’ Experiments
2.8.1. Animals and Treatment

SPF female BALB/c mice (20 ± 0.2 g, 6–8-week-old) were purchased from the Hunan
Slac Jingda Laboratory Animal Co. Ltd. (Hunan, China), with the certificate number SYXK
(Xiang) 2019-0004. All mice were maintained in an appropriate environment with free
access to standard rodent chow and water at 22 ± 2 ◦C, with 60 ± 5% relative humidity, and
a 12 h light/12 h dark cycle. The guidelines of Regulations for the Administration of Affairs
Concerning Experimental Animals were strictly followed, and the study was approved by
the State Council of the People’s Republic of China. After one week of acclimatization in the
laboratory, all the mice were randomly divided into six groups, as follows: normal control
group (denoted as NC group), model control group (denoted as MC group), AFP low-dose
group (denoted as AFPL group), AFP medium-dose group (denoted as AFPM group),
AFP high-dose group (denoted as AFPH group) and positive control group (denoted as
PC group). Each group contained 12 mice, which were weighed every experiment day.
The volume of intraperitoneal injection or gavage was one percent of the body weight of
mice. For the first three consecutive days, the NC group received normal saline only as a
normal control, while the other five groups received an intraperitoneal injection with Cy
at a dose of 80 mg·kg−1·d−1 to construct a model of immune suppression [10]. The NC
and MC groups received only normal saline intragastrically for the next seven days, while
the AFPL, AFPM, and AFPH groups were given 50 mg·kg−1 BW, 100 mg·kg−1 BW, and
200 mg·kg−1 BW by gavage, respectively. Levamisole hydrochloride (LH) at 40 mg·kg−1

BW was administered by gavage to the PC group.
All mice were weighed and sacrificed 24 h after the last drug administration. The

serum was obtained and the intact thymus was isolated via dissection. The small intestine
was divided into segments according to the needs of different experiments. All anatomical
tissues were frozen at −80 ◦C for subsequent analysis.

2.8.2. Influence of AFP on Body Weight and Thymus Index

The weight of the mice was recorded every experimental day. After sacrificed, the
intact thymus of the mice was harvested, rinsed with normal saline and blotted on filter
paper before being weighed. Based on the reference formula, the thymus index was
calculated as follows: thymus index = weight of thymus (mg)/weight of the body (g) [30].

2.8.3. Preparation and Staining of Intestinal Section

At this stage, 4–6 cm jejunal tissue was cut and fixed with 10% neutral formalin for
over 48 h. The tissues were dehydrated in a graded concentration of ethanol and embedded
in paraffin wax afterwards. Samples were sliced into 4 μm thick paraffin sections for
further analysis.

For hematoxylin-eosin staining (H&E) staining, paraffin sections were first dewaxed
with xylene, absolute ethyl alcohol, and a gradient concentration of ethanol, respectively.
Next, the sections were washed with distilled water. Secondly, the nucleus was stained with
hematoxylin, and the cytoplasm was stained with Eosin. Thirdly, the sections were made
transparent with xylene and then observed for histological changes. The H&E staining
results were observed via an optical microscope at a 200-fold field of view. The complete
villus and crypts should be present in each random magnified field of view.

For periodic acid schiff and alcian blue stain (AB-PAS) staining, after dewaxing and
washing, the tissues were colored via immersion in 1% Alcian blue for 10–20 min, then
running water was applied to rinse the tissue for 6 min. Following 10 min of oxidation
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with 0.5% periodic acid, the tissues were rinsed with running water for 6 min. Afterwards,
the tissues were placed in the darkness and dipped in Schiff reagent for 15–30 min. Lastly,
the samples were dehydrated, made transparent, fixed, and finally the AB-PAS staining
results were observed using an optical microscope at a 200-fold field of view.

2.8.4. Analysis of Serum Immunoglobulin A (IgA) and Immunoglobulin G (IgG) Secretion

The secretion of serum IgA and IgG was determined using ELISA Kits. The manufac-
turer’s instructions were strictly followed during all operating procedures.

2.8.5. Analysis of Small Intestinal Cytokines Level

The production of small intestinal cytokines (secretory immunoglobulin A, SIgA;
interleukin-2, IL-2; interleukin 6, IL-6; interferon γ, IFN-γ) was evaluated using ELISA Kits.
The manufacturer’s instructions were strictly followed during all operating procedures.

2.9. Statistical Analysis

Experimental data were analyzed and expressed as mean ± standard deviation (SD)
using SPSS22. IBM SPSS22 (SPSS Inc., Chicago, IL, USA) software was used to assess the
statistical differences between groups via one-way analysis of variance (ANOVA) and the
Tukey test. p < 0.05 indicated that the difference was statistically significant.

3. Results

3.1. Characterization and Identification of Polysaccharide from AF

Hot water extraction and ethanol precipitation were used to extract the AFP. The
yield rate of the AFP was designated as approximately 9.20% of the dry weight of raw
material. AFP contained 46.70% neutral sugar, 2.98% protein, 25.07% uronic acid, and
0.23% fat. Single and symmetrical elution peaks were acquired using high-performance gel
permeation chromatography (Figure 1A), indicating that AFP had relatively homogeneous
components. Based on the standard regression equation of dextran and glucose (Figure 1B),
AFP had a homogeneous Mw distribution of 16.41 kDa.

Figure 1. High-performance gel permeation chromatography profiles of AFP (A), and the HPGPC cal-
ibration curve of dextran standards and glucose (B). HPLC chromatogram profiles of monosaccharide
composition of AFP (C). The monosaccharide standards (a) D-Mannose, (b) D-Ribose, (c) L-Rhamnose,
(d) D-Galacturonic acid, © D-Glucose, (f) D-Galactose, (g) D-Xylose and (h) L-Arabinose, respectively,
were used to qualitatively detect and analyze the samples. FT-IR spectra of AFP (D).
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3.2. Monosaccharide Composition Analysis

Figure 1C shows the monosaccharide composition of AFP. Based on the retention time
of the monosaccharide standard, AFP was mainly composed of D-Mannose, D-Galacturonic
acid, D-Glucose, and D-Galactose, accompanied by fewer amounts of L-Rhamnose, D-
Xylose, and L-Arabinose. The mole ratios of D-Mannose, L-Rhamnose, D-Galacturonic
acid, D-Glucose, D-Galactose, D-Xylose, and L-Arabinose were at 6.69%, 3.73%, 14.51%,
44.19%, 17.63%, 6.07% and 7.16%, respectively.

3.3. Fourier Transform Infrared Spectrum

The FT-IR spectra of AFP are shown in Figure 1D. The stretching vibration of O–H was
the broad absorption peak at 3410.62 cm−1. Bands at 2926 cm−1 arose from C–H stretching
vibrations, and the absorption between 1400~1200 cm−1 corresponded to the bending
vibrations of C–H [31]. The absorption band of AFP centered at 1739.6 cm−1 was caused by
an ester carbonyl C=O asymmetric stretching vibration, suggesting the existence of uronic
acid [32]. The band at 1621.78 cm−1 was attributed to the -OH flexural vibrations of the
polysaccharide. Furthermore, the absorption bands centered at 1150 cm−1, 1081 cm−1 and
1023 cm−1 were assigned to the stretching vibrations of the pyranose ring of the glucosyl
residue [29]. In addition, the presence of β-type glycosidic linkages were suggested by the
typical absorption at 894.84 cm−1 of AFP [33,34].

3.4. In Vitro Immunostimulatory Activities on Macrophages of AFP

To explore the immunoregulatory effects of polysaccharides on macrophages, the
ability of macrophages to proliferate in the presence of AFP in various concentrations was
first measured. As shown in Figure 2A, the presence of AFP at various doses significantly
enhanced the proliferation of macrophages in a dose-related pattern compared to the
control group (p < 0.01). The highest proliferation ability was found at 400 μg/mL, which
was up to 1.8 times the value of that of the control group. With respect to TNF-α, the
expression increased with the increment in AFP from 100 to 400 μg/mL, but only notably
upregulated TNF-α expression at 400 μg/mL (p < 0.05). Compared to the control group,
AFP significantly increased IL-6 secretion in a dose-dependent manner (p < 0.05). The
expression of IL-6 was elevated 8-fold by treatment with 400 μg/mL of AFP in comparison
with the control group, and was evidently larger than those in the 100 and 200 μg/mL
groups (p < 0.01).

3.5. Activation of the NF-κB Signaling Pathway by AFP

The immunomodulatory effect of AFP on RAW 264.7 was assessed by detecting the
phosphorylation levels of NF-κB p65 in cells using Western blot analysis. The amount
of p-NF-κB p65 was increased in accordance with the concentrations of AFP in a dose-
dependent manner, as illustrated in Figure 3A. The phosphorylation level of NF-κB p65
was promoted by 1.41-fold after treatment with 1 μg/mL of LPS, relative to the control
group (p < 0.01); this indicated that LPS could promote the phosphorylation of the NF-κB
signaling pathway proteins markedly. Notably, the AFP group enhanced the amount of
phosphorylation in the NF-κB p65 protein of the NF-κB pathway in a surprisingly good
dose-dependent manner, in relation to the control group, and was even higher than that in
the LPS group; this was responsible for the active inflammatory response. These results
suggest that the NF-κB signaling pathway was a key signaling pathway for the immune
activity of AFP in the macrophages.
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Figure 2. Effect of AFP on RAW 264.7 cells. (A) Cell proliferation rate of RAW 264.7 cells pretreated
with AFP; (B) macrophages IL-6 secretion pretreated with AFP; (C) macrophages TNF-α secretion
pretreated with AFP. Data are expressed as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01 compared
with the control group (0 μg/mL).
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Figure 3. Effects of AFP on NF-κB signaling pathway in RAW 264.7 cells. (A) Western blot analysis
of NF-κB induced by AFP in RAW264.7 cells. (B) Histogram represents the quantification of AFP-
stimulated p-p65 in RAW264.7 cells. Data are expressed as the mean ± SD (n = 3). ** p < 0.01,
*** p < 0.001, **** p < 0.0001 compared with the control group (0 μg/mL).

3.6. Influence of AFP on Body Weight and Thymus Index

The variation in the body weight of the mice among the six groups was supervised
every experimental day and the results are shown in Table 1. In comparison with the first
day, the body weight of the Cy-treatment mice decreased dramatically on the fourth day
(p < 0.05). During the remaining days of the experiment, the mice treated with AFP lost
less body weight than those in the MC group. Namely, Cy-treated mice were associated
with a risk of weight loss, whereas AFP could effectively reverse the weight loss caused by
the Cy treatment.

Table 1. Change in body weight of Cy-exposed mice.

Group Initial Weight (g)
Weight on the
Fourth Day (g)

Final Weight (g) Weight Gain (g)

NC 18.14 ± 1.31 18.02 ± 0.95 * 18.59 ± 1.00 0.55 ± 0.69
MC 19.28 ± 1.07 17.20 ± 1.02 # 18.56 ± 0.73 −0.72 ± 0.54

AFPL 18.63 ± 1.16 16.63 ± 1.15 # 18.25 ± 0.69 −0.04 ± 0.84
AFPM 18.44 ± 1.02 16.60 ± 1.40 # 17.90 ± 0.82 −0.17 ± 0.61
AFPH 18.63 ± 0.81 16.57 ± 0.93 # 17.81 ± 0.88 −0.48 ± 0.32

PC 19.29 ± 1.12 17.26 ± 0.87 # 18.69 ± 1.04 −0.38 ± 0.52

The values are presented as mean ± SD, n = 10. * p < 0.05, compared with MC. # p < 0.05, compared with
initial weight.

The thymus index is exhibited in Figure 4. The MC group experienced a dramatic
decline in the thymus index compared to the NC group (p < 0.01), indicating that Cy
caused severe damage to the immune system of the mice. The thymus index of the AFP
groups was raised significantly, relative to the MC group. The results demonstrated the
immunoprotective effect of AFP in Cy-treated mice.

Figure 4. Effect of AFP on the thymus index in mice. Data are expressed as the mean ± SD, n = 10,
** p < 0.01 compared with MC; ## p < 0.01 compared with NC.
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3.7. Effect of AFP on Intestine Tissue

To verify the impact of AFP on the intestinal morphology of Cy-immunosuppressed
mice, hematoxylin and eosin (H&E) staining was conducted. In comparison with the NC
group, relatively severe intestinal mucosa damage was revealed in the MC group; this was
characterized by atrophic and edema villus, a shallower crypt and a disorganized structure.
By contrast, the treatment with AFP moderated the damage to the intestinal mucosa caused
by Cy, and was associated with a neat and compact villus. As shown in Figure 5A, the
villus length of the AFP group was markedly increased compared to that in the MC group
(p < 0.01). A longer villus could enhance the absorption of nutrients and the resistance
ability to bacteria via contacting with intestinal epithelial cells. As Figure 5C indicates, the
villus length/crypt ratio was enhanced significantly in the AFP groups compared to the
MC group (p < 0.01), and was even comparable to the NC group (p > 0.05).

Figure 5. (A) Representative images of the small intestine tissue H&E staining sections (200×) among
6 mice, scale bar: 100 μm. (B) The villus length and crypt depth. (C) The ratio of villus length to
crypt depth. Data are expressed as the mean ± SD (n = 6). ** p < 0.01 compared with MC; ## p < 0.01
compared with NC.

3.8. Effect of AFP on the Goblet Cells and PAS-Positive Area

In this study, the state of goblet cells was evaluated using AB-PAS staining. Goblet
cells were blue in the staining sections of the small intestine tissue. As exhibited in Figure 6,
the numbers of goblet cells in the MC group were obviously inferior to that in the NC group,
indicating that Cy caused severe damage to the intestinal mucous cells. In comparison with
the MC group, the number of goblet cells was gradually restored after being treated with
AFP, but was still lower than the NC group.
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Figure 6. Representative images of the small intestine tissue AB-PAS staining sections (200×) among
6 mice, scale bar: 100 μm.

3.9. Effects of AFP on IgA and IgG Levels in the Serum

As demonstrated in Figure 7, Cy significantly lessened the expression levels of IgA
and IgG in serum in comparison to that of normal mice (p < 0.01). Inversely, the IgA and
IgG content in the serum of mice tended to increase in a dose-dependent manner after being
treated with AFP. AFP remarkably upregulated the expression of IgA in serum compared
with that of the MC group (p < 0.01). The effect of the AFPH group was even similar to that
of the PC group. Nevertheless, only the AFPH group was notably different from the MC
group regarding the promotion of IgG’s expression (p < 0.01); meanwhile, the other two
groups had no distinct effect on the secretion of IgG.

Figure 7. Effect of AFP on the serum IgA (A) and IgG (B) level in mice. Data are expressed as the
mean ± SD (n = 6). ** p < 0.01 compared with MC; ## p < 0.01 compared with NC.

3.10. Effects of AFP on the Cytokine Levels in the Small Intestine

To investigate the change in the small intestinal cytokines in immunosuppressed mice,
the secretion of SIgA, IL-2, IL-6, and IFN-γ was determined via an ELISA kit, and the results
are revealed in Figure 8. As expected, a sharp decline appeared in four small intestinal
cytokines of the MC group, relative to the NC group (p < 0.01). This result suggests that
the immune system was damaged by Cy in mice. As presented in Figure 8A, compared
to the MC group, the AFP-treated groups secreted SIgA at a relatively higher level but
did not show a dose-dependent increase (p < 0.01). The expression of IL-2 and IL-6 was
remarkably enhanced in a dose-dependent manner in comparison with the MC group
(p < 0.01), especially for the AFPH group (AFPH), the effect of which was equivalent to that
of the PC group. In comparison with the MC group, the expression of IFN-γ in the AFPL
and AFPM groups was increased to varying degrees without a significant difference; while
the AFPH group showed a prominent increase (p < 0.05).
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Figure 8. Effect of AFP polysaccharides on the small intestinal cytokine level in mice. (A) SIgA,
(B) IL-2, (C) IL-6, (D) IFN-γ. Data are expressed as the mean ± SD (n = 6). * p < 0.05, ** p < 0.01
compared with MC; ## p < 0.01 compared with NC.

4. Discussion

As a conventional Chinese remedy, AF has been used for centuries to cure cardiovas-
cular diseases, hypertension, fever, osteoporosis lung disease, and so on [18]. As reported,
AFP, the important active component of the AF herb, possesses significant antitumor and
antidiabetic activities. Much of the literature on this component focuses on the partial
bioactivity of AFP. The immunosuppressive activity of AFP following oral administration
is less clear. In this study, the immunosuppressive mice model induced by Cy was used to
evaluate the immunomodulatory effect of AFP.

Macrophages are important effector cells of nonspecific immune response and are
widely distributed in organisms [35]. Studies have shown that polysaccharides can not
only enhance the proliferation of macrophages, but can also activate macrophages to
release cytokines to resist or kill pathogens, thereby improving host immunity [36]. In our
study, a dose-dependent enhancement of cell proliferation, IL-6, and TNF-α was observed
in RAW 264.7 cells treated with 100 to 400 μg/mL doses of AFP. AFP has a significant
immunomodulatory effect on macrophages.

Studies have shown that the immunomodulatory effects of polysaccharides on the
body are mediated via different intracellular signaling pathways [37]. Therefore, we further
explored the potential mechanisms by which AFP regulates the immune activity of the
RAW 264.7 NF-κB transcription factor, which has been suggested to be directly associated
with the expression of apoptosis, senescence, immunity and inflammation-related genes;
it is also an essential signaling pathway that plays a crucial role in the immune system,
of which, NF-κB p65 is the most important subunit and is involved in the expression and
regulation of many genes as an indicator of activated cells [38]. Therefore, we analyzed
the phosphorylation levels of NF-κB p65 in RAW 264.7 cells. In our study, the significantly
enhanced phosphorylation expression levels of NF-κB p65 indicted the good activation of
the NF- κB signaling pathway after AFP treatment. With an increase in the concentration,
the best performance was obtained at the dosage of 400 μg/mL of AFP, which is 1.23-fold
higher than the positive control group and 1.78-fold higher than the control group. These
results suggest that NF-κB is a key signaling pathway via which AFP can exert immune
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activity in RAW 264.7 cells, and may account for the AFP-induced cytokine production in
RAW 264.7 cells.

Body weight and the thymus index are basic physiological conditions of mice. The loss
of body weight indicated that Cy caused a certain degree of damage to the mice, which is in
accordance with the previous literature [39]. In addition, the decrease in the thymus index
was a typical feature of immunosuppressed mice, on account of the weight of the immune
organ correlating with the number of immune cells [40]. After the administration of AFP,
the weight and the thymus index were enhanced, which demonstrated that polysaccharides
can slow down the damage caused by Cy and restore the immune response.

A complete intestinal morphology is a prerequisite for the normal functioning of the
mucosal barrier. The inner wall of the gastrointestinal tract has a layer of mucus that
is produced by goblet cells, thus preventing pathogens from invading the mucosa and
causing intestinal inflammation [41]. The current study found that the number of goblet
cells in the MC group was clearly decreased compared to the NC group, indicating that
Cy caused severe damage to intestinal mucous cells. However, the introduction of AFP
helps to rebuild the secretion of goblet cells, but there is always room to improve compared
with the normal group. Beneath the mucus layer, epithelial cells form another line of
defense in the gut, preventing the invasion of pathogenic microorganisms [42]. Intestinal
villus is a finger-like small protrusion of the epithelium cell protruding into the intestinal
lumen. The length of the intestinal villus is positively correlated with the number of
epithelial cells. In this study, the villus length was obviously shorter after treated with
Cy, suggesting a decrease in the number of epithelial cells. According to the literature,
as the villus becomes shorter, the number of epithelial cells decreases, resulting in the
reduced digestion and uptake of nutrients [43]. The base of each villus is surrounded by
crypts. The crypt depth reflects the regeneration rate of intestinal epithelial cells [44]. The
researchers found that Moringa oleifera polysaccharides restored the villus height and
crypt depth in a Cy-induced mice model of intestinal injury [45]. Consistent with previous
studies, AFP promoted the regular and compact arrangement of the small intestinal villus,
improved the integrity of the physical barrier of the small intestine and enhanced the
villus length and the villus length/crypt ratio. Thus, we could confirm that AFP possesses
pronounced immunomodulatory activities, and plays an essential role in enhancing the
intestinal morphology of the immunological system in vivo.

Cy inhibited the generation of the antibody by mediating B cells. Levels of IgA and
IgG were significantly decreased in immunosuppressed mice. However, both the IgA and
IgG content in the serum of mice tended to increase in a dose-dependent manner after
being treated with AFP. AFP remarkably upregulated the expression of IgA and IgG in
serum compared with that of the MC group (p < 0.01), which is consistent with the results
of a previous study [46]. Once the body was attacked by disease, the IgA and IgG levels
became abnormal [47]. An increase in IgA and IgG helps the body to remove harmful
antigens. On the basis of the above-mentioned results, it could be concluded that AFP
regulates the immune activity of mice from the perspective of humoral immunity.

As the major class of antibody present on intestinal mucosal surfaces [48], SIgA pro-
vides an invaluable barrier that limits the access of intestinal antigens to the intestinal
mucosa, controls the intestinal microbiota and attenuates pro-inflammatory immune re-
sponses. Similar to previous research [49], compared to the MC group, AFP-treated groups
displayed a relatively higher secretion of SIgA, but no dose-related increase (p < 0.01).
The results indicated that AFP could be used as a protective agent in order to alleviate
Cy-induced intestinal damage and immune suppression in mice. To further investigate the
regulatory effect of AFP on the intestinal mucosal barrier, the secretion of small intestinal
cytokine in mice was measured. IL-2 mediates the activation of CD4+ and CD8+ T cells, in-
duces the differentiation of T helper cells and facilitates the proliferation of immunoglobin
synthesis by activated B cells [50]; while IL-6 plays a role in activating B-cells and plasma
cells, involves in the differentiation into plasma cells, and produces IgG [51]. Our data
highlighted that the levels of IL-2 and IL-6 were remarkably heightened compared to the
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MC group (p < 0.01), especially for the AFPH group, the effect of which was equivalent to
that of the PC group. IFN-γ is mainly produced by NK/ILC1 cells and T cells, and plays an
important role in the immune response to bacterial infections [52]. The results of this study
revealed that, compared to the MC group, the expression of IFN-γ in the AFPL and AFPM
groups was increased to varying degrees without a significant difference; this was different
from AFPH group, which exhibited a prominent increase. These results indicated that AFP
has a good alleviating effect on mice immunosuppressed by Cy.

5. Conclusions

In summary, AFP was extracted from Anoectochilus formosanus with a homogeneous
Mw distribution of 16.41 kDa using a water extraction and alcohol precipitation method. To
the best of our knowledge, this was the first in-depth study of AFP’s immunoregulatory
activity and its mechanism in immunosuppressed mice. This study confirmed that AFP has
an ability to enhance the secretion of TNF-α and IL-6 in RAW 264.7 macrophages, as well
as the production of cytokines (IgA, IgG, SIgA, IL-2, IL-6 and IFN-γ) in immunosuppressed
mice. The western blot analysis showed that NF-κB signaling pathways were involved in
macrophage activation induced by AFP. Moreover, AFP could accelerate the recovery of
the thymus index and body weight. Additionally, the repair effects of AFP on the intestinal
morphology of Cy-induced immunosuppressed mice demonstrated the ability of AFP to
help the mice mitigate the immunotoxicity caused by Cy. Our investigations suggested
that AFP might have immunomodulatory effects in vivo and in vitro.

These preliminary investigations will lay the theoretical groundwork for the subse-
quent study of functional food based on Anoectochilus formosanus. However, the interaction
between the structure and immune activity of AFP needs further study.
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Abstract: This study aimed to investigate the effects of water-unextractable arabinoxylan (WUAX)
on the gluten network structure, especially on gliadins and glutenins. The results indicated that
the free sulfhydryl (free SH) of gliadins increased by 25.5% with 100 g/kg WUAX, whereas that of
glutenins increased by 65.2%, which inhibited the formation of covalent bonds. Furthermore, β-sheets
content decreased 5.63% and 4.75% for gliadins and glutenins with 100 g/kg WUAX, respectively,
compared with the control. WUAX increased β-turns prevalence for gliadins, while the content of
α-helixes and random coils had less fluctuation. In glutenins, the contents of α-helixes and β-sheets
decreased and β-turns increased. Moreover, compared with the control, the weight loss rate for
gliadins and glutenins increased by 2.49% and 2.04%, respectively, with 60 g/kg WUAX. The dynamic
rheological analysis manifested that WUAX impaired the viscoelasticity property of gliadin and
glutenin. Overall, WUAX weakened the structure of the gliadins and glutenins, leading to quality
deterioration of gluten.

Keywords: water-unextractable arabinoxylan; gliadins; glutenins; chemical interactions

1. Introduction

Recently, many reports have shown that whole grains decreased the risk of chronic
diseases, such as colorectal cancer, cardiovascular disease, and type 2 diabetes melli-
tus [1]. Thus, whole grain-based products are increasing rapidly for nutritional and
health benefits. Compared with refined grains, whole grains have more healthy com-
ponents, such as dietary fiber, micronutrients, minerals, and polyphenols [2], which
are mainly located in the bran or germ. However, these components lead to a rough
texture and a poor appearance, significantly affecting consumers’ desires. Wheat-based
foods are the most widely consumed cereal products globally, among which whole
wheat foods are increasingly popular for consumers [3]. Wheat bran, a by-product in
the wheat flour processing process, is mainly composed of polysaccharides (56–66%),
protein (15–22%), and lignin (4–8%) [4]. Arabinoxylan (AX) is an important component
of non-starch polysaccharide (NSP) in wheat bran, accounting for approximately 70%
of the NSP of wheat bran [5]. Ferulic acid (FA) is the main phenolic compound present
in the bran and attached to arabinose in the AX side chain. In addition, FA has antioxi-
dant, antithrombotic, and anticancer activities [6], which means that AX has a variety
of nutritional and health effects, such as moistening the bowel and enabling defecation,
reducing cholesterol, regulating blood sugar, anti-oxidation, and immune regulation [7].
According to its solubility in water, AX was classed into water-unextractable AX (WUAX)
and water-extractable AX (WEAX).
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Many researchers reported that the rough texture of whole wheat foods was due to
the AX in wheat bran. Therefore, more and more attention was paid to improving the
texture through physical or chemical methods. Reports showed that the viscoelasticity
and the thermal aggregation of gluten was improved by WEAX during heating. Thus, it
contributed to the dough network’s structural compatibility, among which it enlarged the
loaf volume and made the textural property of Chinese steamed bread softer [8]. However,
the WUAX, which accounted for 90% of total AX in the wheat bran, has significant adverse
effects on the gluten network formation, especially weakening the gas holding capacity
during heating. Therefore, it results in a rough texture, a lower specific volume, and an
undesirable appearance of whole wheat-based products. Wang et al. found that WUAX
competed with gluten for water to weaken the attraction between gluten protein molecules,
which indirectly interfered with the formation of the gluten network [9]. Arif et al. also
found that WUAX weakened the sensory and physical properties of the bread, affecting the
quality of the final product [10]. In addition, our previous study reported that the WUAX
could damage the viscoelasticity and the thermal properties of gluten, which was attributed
to the competition with gluten for water and the disruption of the covalent cross-linking
caused by WUAX, making whole wheat-based foods poor [11]. Moreover, Jiang et al. found
that WUAX hydrolyzed by pentosanase was beneficial to the formation of uniform and
fine crumb structures, leading to the higher volume and lower firmness of wholewheat
Chinese steamed bread [12].

In summary, the mechanism of WUAX’s action in dough mainly focused on the inter-
action between WUAX and the main ingredients of flour, such as starch or gluten. However,
the detailed mechanism of WUAX on the gluten components, especially on gliadins and
glutenins, is still unclear and needs to be further explored regarding the quality deteriora-
tion mechanism in whole wheat-based foods. Therefore, in this work, the gluten protein
was further separated into gliadins and glutenins. In addition, the interaction between
WUAX and gluten protein components was observed by thermal analysis, secondary
structure content, rheological behavior, and other methods in order to provide theoretical
support for the subsequent improvement of whole wheat-based products.

2. Materials and Methods

2.1. Materials and Chemicals

Gluten (protein content was 70%) and wheat bran were gained from Yihai Kerry Co.,
Ltd. (Kunshan, China). 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) were purchased from
Yuanye Co., Ltd. (Shanghai, China). The solvents and the remaining chemicals were of
analytical quality.

2.2. Exaction of Water-Unextractable Arabinoxylans

The WUAX was obtained according to the method of Si et al. with some modifica-
tions [11]. First, wheat bran was defatted with 90% ethanol, and the step was repeated
three times. Next, starch and protein in the wheat bran were removed with amylase and
protease, followed by heat inactivation of the enzyme (100 ◦C, 30 min). The pretreated
bran was then dried at 45 ◦C in a low-temperature oven. WUAX was extracted with
saturated barium hydroxide at 1:15 (w/w), and the extracted suspension was adjusted to
pH 5 with acetic acid in order to precipitate the protein. Subsequently, the supernatant was
dialyzed (Mw cut-off 14 kDa) at 4 ◦C for 72 h to remove small molecular salts, and the crude
polysaccharide solution was then concentrated using a vacuum rotary evaporator. It was
precipitated with a final ethanol concentration of 65% (v/v) and freeze-dried with a vacuum
freezing dryer. Finally, the solid was ground through an 80-mesh sieve, and the obtained
AX powder was stored in a desiccator. The WUAX content was 82.01%, as measured by the
orcinol-hydrochloric acid method, and its moisture content was 4.10 ± 0.49%.
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2.3. Preparation of Wheat Gliadins and Glutenins

Glutenins and gliadins were separated from gluten according to the method of tradi-
tional Osborne-Mendel separation. Gluten was defatted with n-hexane, and the step was
repeated three times. The defatted gluten (100 g) was added to 2400 mL of 65% ethanol,
stirred at 35 ◦C for 3 h, and centrifuged at 5000× g for 20 min. The ethanol in the super-
natant was then removed using a rotary evaporator at 45 ◦C to obtain the gliadins solution.
Glutenins in lower precipitation were extracted with 1200 mL of deionized water using
0.1 M NaOH solution to adjust to pH 10. It was stirred at 50 ◦C for 3 h, and centrifuged
at 5000× g for 20 min. The obtained supernatant was added to a final ethanol concen-
tration of 65% (v/v), and glutenins were obtained by the precipitation method, which
used 0.1 M HCl solution to adjust pH at 7. The glutenins were then washed with 400 mL
of deionized water and stirred at room temperature for 2 h, followed by centrifugation
at 5000× g for 20 min to discard the supernatant. The above step was repeated twice to
obtain glutenins. The precipitations of gliadins and glutenins were freeze-dried, ground,
and passed through a 60-mesh sieve. The moisture contents of gliadins and glutenins
(5.97 ± 0.29% and 6.51 ± 0.44%, respectively) were measured by 44-15A (AACC, 2000).
The crude protein contents of gliadins and glutenins (92.54 ± 0.64% and 90.73 ± 0.49% (wet
basis, w/w), respectively) were measured by the Kjeldahl method (GB 5009.5-2016).

2.4. Sample Preparation

Gliadins (5.0 g) or glutenins (5.0 g) were separately mixed with different amounts of
WUAX (0, 100, 200, 300, 400, and 500 g/kg (protein-based)). 15 mL of deionized water was
added to the mixed powder and stirred well. The mixture was stirred at room temperature
for 3 h and stored at 4 ◦C overnight. Subsequently, all samples were lyophilized with a
vacuum dryer, ground, and passed through an 80-mesh sieve. The final sample (Gliadins-
WUAX and Glutenins-WUAX abbreviated as Glia-W and Glu-W) concentrations of WUAX
were 0, 2, 4, 6, 8, and 10% (w/w, wet weight of protein). The lyophilized powder was used
to determine chemical interaction, the free sulfhydryl (free SH) content, thermal properties,
intrinsic fluorescence spectra, and fourier transform infrared (FTIR) spectroscopy analysis.
The sample without WUAX served as the control group (abbreviated as Glia and Glu).
Samples with WUAX were abbreviated as glia-W and glu-W.

2.5. Determination of Free SH Content

Based on the method of Feng et al., the free SH content of all samples was deter-
mined [13]. The freeze-dried protein powder (30 mg) was added to 5.5 mL Ellman’s
reagent [250 mmol/L Tris-HCl buffer (pH 8.5), propan-2-ol and 4 g/L DTNB) in ethanol
(5/5/1, v/v/v)], stirred for 30 min at room temperature in the dark, and centrifuged at
4800× g for 10 min. Spectrophotometer (T9 type, Puchan universal instrument Co., Ltd.,
Beijing, China) was used to measure the absorbance value of supernatant at 412 nm. Finally,
the free SH content was obtained by the following formula:

SHfree content =
A ∗ V

ε ∗ b ∗ m

where A is the absorption of the sample at 412 nm; m is sample mass, g; ε is the molar
absorption coefficient, ε = 13,600 M−1cm−1; V is the total volume of samples during
determining free SH, L; and b is the thickness of the cuvette, b = 1 cm.

2.6. Measurement of Intrinsic Fluorescence Spectra

The intrinsic fluorescence spectra were determined, according to the method of
Guo et al., with slight modifications [14]. WUAX solutions (2, 4, 6, 8, and 10 g/L) were
prepared. Gliadins (500 mg) were dissolved in 650 mL/L ethanol (250 mL), and glutenins
(500 mg) were dissolved in 0.1 M NaOH solution (250 mL) and centrifuged. WUAX solution
(1 mL) was added to the supernatant (1 mL) and diluted to 10 mL. The protein solution
without WUAX was served as the control group. The solution was set at room temperature
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for 10 min in the dark. Spectrofluorometer (F-7000, Hitachi, Ltd., Tokyo, Japan) was used
to measure the intrinsic fluorescence spectra from 300 to 500 nm at room temperature. The
emission was excited at 280 nm, and the slits of excitation and emission were set at 5 nm.

2.7. Determination of Gliadins and Glutenins Solubility in Different Solvents

Non-covalent interaction was determined according to Wang et al. with some modifica-
tions [15]. Different selective buffer dissolved proteins were used to disrupt ionic, hydrogen
bonds or hydrophobic interactions, prepared in phosphate buffer (0.05 M, pH = 7.0) as
follows: (PA) 0.05 M NaCl; (PB) 0.6 M NaCl; (PC) 0.6 M NaCl and 1.5 M urea; and (PD)
0.6 M NaCl and 8 M urea. Protein powder (200 mg) was added to each solvent (10 mL)
and stirred for 1 h at 25 ◦C, followed by centrifugation at 10,000× g for 20 min. The bicin-
choninic acid (BCA) protein assay kit was used to measure the protein concentration in
the supernatant. A standard was prepared with bovine serum albumin, expressed as g
soluble protein/L of supernatant. The difference between soluble gliadins or glutenins in
PB and PA, PC and PB, and PD and PC represented ionic bonds, Hydrogen bonds, and
Hydrophobic interactions.

2.8. Fourier Transform Infrared Spectroscopy

FTIR was used to research the secondary structure of the protein. 10.0 mg protein
was mixed with 1.0 g KBr, ground, and then pressed into a slice. The FTIR spectrometer
(Antaris II, Thermo Nicolet Corporation, Madison, WI, USA) was used to obtain the spec-
trum over the wavelength range of 400 cm−1 to 4000 cm−1 with 32 scans and at 4 cm−1

resolution. Omnic software package (version 8.0) and PeakFit software (version 4.12) was
used to analyze the secondary structures of all samples [16]. The amide I region spectra were
classified into 1660–1700 cm−1, 1650–1659 cm−1, 1640–1650 cm−1, and 1610–1640 cm−1,
corresponding to β-turns, α-helixes, random coil, and β-sheets, respectively [17].

2.9. Dynamic Rheological Measurements

According to the method reported by Wang et al., with slight modifications [15], the
rheological properties of gliadins and glutenins were determined by the rotational rheome-
ter (DHR-3, TA Instrument, New Castle, DE, USA). Dynamic rheological measurements
were performed using freshly prepared samples of gliadins and glutenins with/without
WUAX. First, the linear viscoelastic region of the protein was obtained by stress scanning
over frequencies ranging from 0.1 to 100 Hz. Subsequently, the sample was placed between
40 mm steel plates (1 mm gap) and allowed to rest for 20 min to relax the residual stresses.
The edge of all samples was covered with a thin layer of silicone oil in order to avert mois-
ture loss during testing. The frequency sweep was measured over the range of frequency
0.1–100 Hz at 25 ◦C, within the linear viscoelastic region at a constant strain of 0.1%.

2.10. Thermal Properties Analysis

According to the method reported by Feng et al. [13], the thermal properties of
glutenins and gliadins were analyzed by thermos-gravimetric analysis (TGA). A Met-
tler Toledo Star (Mettler Toledo Corp., Greifensee, Switzerland) was used to obtain TGA
analysis for all samples (approximately 10 mg), among which a heating rate of nitrogen
atmosphere was set from 50 to 600 ◦C at 10 ◦C /min. STAR software (version 9.01) was
used to analyze the degradation temperature (Td) and weight loss rate.

2.11. Statistical Analysis

The results were described as a mean of three replicates ± SD (standard deviation) and
evaluated for their statistically significant difference with ANOVA using SPSS 26 software,
where p < 0.05 represented statistical significance. All figures were obtained by origin
2018 software.
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3. Results and Discussions

3.1. Free SH Content Analysis

The content of free SH groups can be used to characterize the degree of protein
aggregation, and its content is negatively correlated with the degree of gluten protein
aggregation [18]. Extra WUAX has obvious modification effects on the free SH contents of
gliadins and glutenins, which are summarized in Figure 1. With 10% of WUAX, the SH
content of gliadins increased by 25.5% compared with the control (0.98 μmol/g), which
demonstrated that WUAX inhibited the formation of SS bonds and loosened the molecular
structure of gliadins. The free SH content in glutenins remarkably increased by 65.2%
compared with the control group (1.15 μmol/g) in accordance with the variety of gliadins.
This trend showed that WUAX prompted the unfolding or denaturation of the structure of
glutenins. The addition of WUAX had a more significant effect on the content of free SH in
glutenins than that of gliadins. This was due to the intermolecular SS bonds of glutenins
being readily damaged by the external environment [19]. Our results of the free SH content
for gliadins and glutenins with and without WUAX were consistent with those of Guo et al.,
whose results suggested that additional inulin restrained the formation of the SS bonds in
glutenins and gliadins and loosened the molecular structure of glutenins and gliadins [14].
Therefore, the enhancive free SH content of the gluten protein components caused by
WUAX may be related to the large steric hindrance of WUAX. The physical entanglement
between WUAX and protein decreased the chance of free SH groups contacting each other
and weakened binding interactions between proteins, which hindered the formation of SS
bonds [11].

 
Figure 1. The effect of water un-extractable arabinoxylan (WUAX) on free sulfhydryl (free SH)
content of gliadin and glutenin. Data are means of three independent experiments (n = 3) ± SD.
Different letters above the bar mean significant differences (p < 0.05).

3.2. Intrinsic Fluorescence Spectra Analysis

Intrinsic fluorescence spectrum analysis can be used to characterize the microenvi-
ronment changes of a fluorescent amino acid, and it serves as an essential indicator to
characterize proteins based on their intermolecular interactions, dynamics and conforma-
tion [15].

The effect of WUAX on the intrinsic fluorescence intensity (Imax) and maximum flu-
orescence absorption wavelength (λmax) of gliadins and glutenins is shown in Table 1.
Compared with the gliadins group, the λmax of gliadins with WUAX changed slightly, and
there was no significant difference. These indicated that WUAX had a weak effect on the
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microenvironment of tryptophan residues in gliadins, but the addition of WUAX affected
the hydration process of gliadins, making the structure of gliadins unfold and loosen.
However, the Imax of gliadins with WUAX increased, which means that WUAX increased
the exposure degree of fluorescent chromophobe groups in gliadins. In particular, the
increase in AX content further hindered the aggregation between the subunits of gliadins
and aggravated the structural changes of the gliadins.

Table 1. Fluorescence spectra profiles (Imax and λmax) of gliadin and glutenin.

Sample WUAX Content λmax Imax

Glia-W 0% 339.5 ± 0.3 a 1941.0 ± 2.6 a

2% 339.6 ± 1.0 a 1969.7 ± 8.0 b

4% 339.7 ± 0.4 a 1994.7 ± 6.4 c

6% 340.1 ± 0.9 a 2011.7 ± 6.7 d

8% 340.2 ± 0.5 a 2069.7 ± 8.0 e

10% 340.5 ± 0.8 a 2091.7 ± 12.7 f

Glu-W 0% 339.8 ± 1.0 b 2190.7 ± 6.4 a

2% 339.3 ± 0.7 b 2162.0 ± 15.0 b

4% 339.8 ± 1.4 b 2106.3 ± 17.2 c

6% 340.3 ± 1.3 b 2024.3 ± 13.5 d

8% 343.7 ± 0.5 a 1964.7 ± 12.4 e

10% 343.7 ± 1.9 a 1936.3 ± 15.0 f

Data are mean ± SD (n = 3). Different lowercase letters in the same column mean significant differences (p < 0.05).
Glia-W means gliadin-WUAX and Glu-W means glutenin-WUAX (the same below).

For glutenins, when WUAX content was less than <60 g/kg, the λmax of glutenins
experienced no significant changes. However, the λmax of glutenins occurred the red shift
with the high level of WUAX. This was likely because that the increased concentration
of WUAX caused that WUAX to come into contact with amino acids in the hydrophobic
core of glutenins, and its hydroxyl group on the side chain increased the polarity of the
tryptophan residue microenvironment. After the addition of WUAX, the Imax of glutenins
with WUAX was the opposite of gliadins. A regular decreasing trend was observed (Table 1)
with the increase in WUAX level. However, the change of free SH (Figure 1) showed that
WUAX obstructed cross-linking of glutenins, resulting in protein structure unfolding.
Therefore, we speculated that WUAX caused the decrease in the Imax of glutenins, probably
because WUAX interacted with glutenins to form a new complex, which led to an obvious
quenching effect of tryptophan groups on the surface of glutenins.

Si et al. reported that the addition of WUAX caused a decrease in the Imax and a red
shift of gluten protein [11]. As a result, we speculated that the hydrophilicity of WUAX’s
side chain hydroxyl group altered the polarity of the environment around tryptophan
residues in gliadins and glutenins. However, due to the network structure of glutenins, a
more specific surface area came into contact with WUAX, which resulted in the decrease in
gluten fluorescence intensity. Therefore, we guessed that the addition of WUAX changed
the conformation, dynamics, intermolecular interactions, and the microenvironment of
glutenins and gliadins, thereby resulting in the gluten protein structure change.

3.3. Non-Covalent Interaction Analysis

Non-covalent interactions between proteins are critical in maintaining the three-
dimensional structure and stability of the protein complex. Since different concentrations
of solvents (NaCl and urea) have a destructive effect on the ionic bonds, hydrogen bonds,
and hydrophobic interactions in protein intramolecular or intermolecular, the solubility
of the protein in different solvents indirectly expresses the stabilizing force of the protein
(hydrogen bonds, hydrophobic interactions, and ionic bonds).

The effect of WUAX on the non-covalent bond between wheat glutenins and gliadins
is shown in Figure 2. Hydrophobic interactions played an critical role in maintaining the
conformation of gliadins [20]. However, the main non-covalent forces in glutenins were
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hydrogen bonds and hydrophobic interactions (Figure 2B). The phenomenon suggested
that it was pivotal for maintaining the conformation of gliadins and glutenins [21], resulting
from gliadins and glutenins containing abundant non-polar amino acids, and leading to
more hydrophobic interactions at hydration [22]. The ionic bond strength of the two
proteins was relatively low compared with hydrophobic interactions and hydrogen bonds
(Figure 2), which indicated the presence of weak ionic bonds in proteins formed by few
ionizable amino acid residues [23]. Due to the large molecular weight of glutenins, the
concentration of glutenins dissolved in different solvents was lower than that of gliadins.

 
Figure 2. The effect of a different amount of WUAX on the non-covalent interaction of gliadin (A) and
glutenin (B). Note: Data are means of three independent experiments (n = 3) ± SD. Different letters
above the bar mean significant differences (p < 0.05).

After adding WUAX to gliadins, it was observed that the ionic bond strength of
gliadins decreased, and 4% WUAX had the lowest strength. The hydrogen bonds between
proteins can be broken into low urea concentrations, increasing protein solubility. As
the urea concentration increased, the non-covalent interactions were further destroyed,
resulting in protein solvation [11]. As the amount of WUAX increased, weaker hydrogen
bonds were formed, but the hydrophobic interaction decreased, except for the 10% WUAX.
This phenomenon may result from the large steric hindrance of WUAX, which presents
a linear structure in an aqueous solution. They can entangle and hinder mutual contact
between gliadins, resulting in the reduction of hydrophobic interactions, and this facilitates
the formation of hydrogen bonds within gliadin molecules. A study reported by Guo et al.
found that inulin with a high molecular weight could hinder the molecular movement of
gluten protein and facilitate the formation of weaker hydrogen bonds [14]. However, the
high steric hindrance inhibited the formation of ionic bonds and hydrophobic interactions
in gluten protein and prevented the aggregation of gluten protein.

After adding WUAX to glutenins (Figure 2B), it was observed that the hydrogen
bonds had decreased. However, the hydrophobic interaction increased and then decreased
in accordance with the changing trend of the ionic bond of glutenins. Nonetheless, the
strength of the ionic bond and the hydrophobic interaction were higher than the control,
except for the 10% WUAX. However, the changing trend of glutenins was opposite to
that of gliadins. This may be due to the structural differences between glutenins and
gliadins. Since the network structure of glutenins was more likely to be broken by WUAX,
the addition of WUAX changed the microenvironment of the hydrophobic amino acids
inside the protein, so the protein structure would be unfolded. However, due to the larger
steric hindrance of WUAX, the higher addition of WUAX entangled to form a physical
barrier on the surface of the glutenin molecules, hindering their structure extension and the
form of hydrogen bonding between the glutenins. We thus concluded that WUAX mainly
destroyed the hydrophobic interactions of gliadins and the hydrogen bonds of glutenins.
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Si et al. reported that the effect of adding WUAX on the non-covalent force of gluten protein,
which is consistent with the results of glutenins; this indicated that WUAX might affect
the network structure of gluten protein mainly by changing the spatial conformation of
glutenins, leading to the poor quality of the final product [11].

3.4. Secondary Structure of Protein Analysis

FTIR can quickly analyze the secondary structure content of protein in the amide I
band (1600–1700 cm−1). The characteristic absorption peaks of the amide I band are shown
in Figure 3, and the secondary structure content is summarized in Table 2. It was observed
that the protein’s secondary structure in all samples was mainly β-sheets and β-turns
structure, and random coils and α-helixes account for a low fraction, which was consistent
with the results of Feng et al. [13].

Figure 3. FTIR profiles of gliadin (A) and glutenin (B) treated with different concentrations of WUAX.

Table 2. Secondary structure of gliadin and glutenin with different amounts of WUAX.

Sample WUAX Content β-Sheets α-Helixes Random Coils β-Turns

Glia-W 0% 43.27 ± 0.42 a 13.80 ± 0.28 a 13.28 ± 0.25 a 29.67 ± 0.94 c

2% 42.35 ± 0.48 a 12.50 ± 0.32 b 12.31 ± 0.01 c 32.85 ± 0.79 b

4% 38.93 ± 0.20 b 12.68 ± 0.09 b 12.97 ± 0.08 b 35.43 ± 0.37 a

6% 37.19 ± 0.10 c 12.55 ± 0.57 b 13.30 ± 0.04 a 36.97 ± 0.63 a

8% 37.49 ± 0.06 c 12.18 ± 0.09 b 13.36 ± 0.08 a 36.98 ± 0.04 a

10% 37.64 ± 0.73 c 11.98 ± 0.23 b 13.37 ± 0.06 a 37.02 ± 0.56 a

Glu-W 0% 47.42 ± 0.29 a 12.32 ± 0.20 a 12.09 ± 0.57 c 28.17 ± 0.09 c

2% 46.25 ± 0.39 b 12.24 ± 0.31 ab 12.17 ± 0.38 c 29.33 ± 0.33 bc

4% 46.09 ± 0.14 b 11.85 ± 0.20 bc 12.35 ± 0.03 bc 29.71 ± 0.02 b

6% 43.77 ± 0.51 c 11.49 ± 0.09 c 12.85 ± 0.42 abc 31.89 ± 1.02 a

8% 42.88 ± 0.02 d 11.40 ± 0.08 c 13.34 ± 0.08 ab 32.38 ± 0.03 a

10% 42.67 ± 0.25 d 11.51 ± 0.03 c 13.58 ± 0.59 a 32.24 ± 0.87 a

Data are mean ± SD (n = 3). Different lowercase letters in the same column mean significant differences (p < 0.05).

Table 2 illustrates that there was a fluctuation within a narrow range in the random coil
structure of gliadins after adding WUAX. The β-sheets content and α-helixes decreased,
and the β-turns content increased subjected to the WUAX treatment, which indicated
that the increasing β-sheets were at the expense of β-turns after the addition of WUAX.
Ang et al. reported that β-turns could change the orientation of protein-peptide chains
and achieve multiple reversals of protein structure, thereby making gliadins appear as
prolate ellipsoidal protein [24]. Guo et al. reported that the lower β-turns in gliadins
caused by adding KGM was helpful to the stability of gliadins compared with the control
group [14]. In addition, according to the fact that the structure of the β-sheets was the most
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stable structure [25], our results demonstrated that adding WUAX decreased the stability
of gliadins through the change of secondary structure. Interestingly, when the additional
amount of WUAX was more than 4%, β-sheets and β-turns contents had little change.
This may be due to the mutual entanglement of WUAX to form a larger physical barrier
on the surface of gliadins, which also prevented WUAX from destroying the structure of
the gliadins, so increasing the amount of WUAX (more than 6%) would not damage the
secondary structure of gliadins.

Glutenins presented a fiber structure; thus, the structure of β-sheets played a critical
role in maintaining the secondary structure of glutenins [26]. As demonstrated in Table 2,
the content of the β-sheets presented a decreased trend; the random coils and α-helixes
had a slight increase and decrease, respectively, compared with the control. The changing
trend of β-turns was the opposite of β-sheets. Interestingly, changes in all structures
were relatively low when the addition of WUAX was more than 6%. This confirmed that
the spatial conformation of the conformation change of glutenins caused by WUAX was
limited, which accorded with the change of gliadins. Moreover, Liu et al. studied the
effects of inulin addition with different degrees of polymerization on the contents of the
secondary structure of gliadins and glutenins [27]. With the increase in the degree of inulin
polymerization, the β-sheets of gliadins and glutenins increased, while the β-turns trend
was the opposite.

Based on the changes of free SH, we thought that WUAX induced protein structural
rearrangement at lower levels, reducing the chance of free SH contact between glutenins.
With the increase in WUAX content, the changes in the secondary structure of proteins
tended to be stable, suggesting that the increase in free SH content was likely because the
physical entanglement of WUAX prevented the cross-linking of glutenins.

3.5. Dynamic Rheological Analysis

Gluten protein is composed of glutenins and gliadins, which is a critical component of
wheat protein. As we all know, gliadins confer viscosity and extensibility properties, while
glutenins impart elasticity and strength properties [28]. Therefore, the dynamic rheological
measurement could be used to evaluate the effects of WUAX on the viscoelasticity of the
two proteins. Figure 4 provides the elastic modulus (storage modulus G′) and viscous
modulus (loss modulus G′′) as a function of the frequency for all samples at 25 ◦C subjected
to the WUAX treatment.

As shown in Figure 4, after the addition of WUAX, the viscoelasticity of gliadins
and glutenins with WUAX was lower than the control group. However, it was reduced
and then increased with the increase in the WUAX. When the WUAX was 4% and 6%,
respectively, it reached the lowest point. Unlike the glutenins, the effects of the WUAX
amounts on the viscoelasticity of gliadins were not dramatically distinct. In addition, after
the addition of WUAX, the tan δ of gliadins was increased, followed by the decrement,
but it was higher compared with the control group (Figure 4C), which was consistent
with the change of viscosity and elasticity. Therefore, WUAX damaged the elasticity of
gliadins more readily and formed the soft and viscous gliadins [8], making the rheological
properties of gliadins more liquid-like [20]. The reason may be that WUAX, a hydrophilic
macromolecule polysaccharide, had a higher viscosity, which can maintain the viscosity of
gliadins. For glutenins (Figure 4F), the tan δ gradually increased with increasing WUAX,
which indicated that G′ was close to and just above G′′. Thus, the samples with WUAX
displayed the typical weak gel properties, which suggested that the weak junction zone can
easily be damaged at a low shear rate [29]. The addition of WUAX had a more significant
effect on the viscosity of glutenins than on the elasticity from Figure 4D,E. This might be
due to the high viscosity of WUAX, which can bring some compensation to the viscosity
damage of the protein. In addition, compared with gliadins, the relative solid-like behavior
of glutenins via the tan δ analysis, was caused by the intermolecular disulfide bonds in
glutenins, which created a strong structure for glutenins [30].
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Figure 4. Frequency sweeps of G′ (A,D), G′′ (B,E), and tan δ (C,F) of gliadin (A–C) and glutenin (D–F)
with different amounts of WUAX. Note: Data are the mean of three independent experiments (n = 3).

Compared with gliadins, the WUAX amount obviously influences glutenins, which
might be related to the structure of glutenins and gliadins. There were more sites to form
non-covalent interactions with WUAX in that glutenins had a larger molecular weight
and a certain network structure. The viscoelasticity of both proteins obviously decreased,
which is in harmony with the result of free SH content (Figure 1). Moreover, WUAX could
interact with gluten via non-covalent bonds (hydrogen bonds and hydrophobic interaction),
inhibiting the cross-linking of protein structure, thereby reducing their ductility. On the one
hand, it was related to the good water holding capacity of WUAX. WUAX competed with
protein for water, limiting the hydration of protein, and it finally resulted in the softening
of the protein (lower G′ and G′′) [31]. On the other hand, longer chains of WUAX made it
difficult to establish a cross-link between gliadins/glutenins and polysaccharide polymers.
Therefore, it could be used to explain that whole grains would result in a lower specific
volume of whole wheat-based foods during the heating process.

3.6. Thermal Properties Analysis

The effects of WUAX additions on the thermal properties of gliadins and glutenins
were investigated by TGA analysis. The weight loss profiles of various proteins are shown
in Figure 5. The weight loss at 600 ◦C and the degradation temperature (Td) obtained from
the TGA profile were the main parameters for the characterization of the protein thermal
properties, as shown in Table 3. The weight loss of gliadins and glutenins exhibited the
condition of the protein structure. The higher weight loss presented the protein network
structure as more open and weaker, while a decrease in the weight loss can be related to
the formation of a stronger and more compact protein structure [32]. Our results showed
that protein weight loss was first increased and then decreased after adding WUAX, but
that it was higher than that of the control (except for the gliadins with 10% WUAX). Feng
et al. reported that extra wheat bran increased the weight loss of gliadins, glutenins, and
GMP, which was consistent with our result [13]. Therefore, the lower amount of WUAX
made the structures of the gliadins and glutenins more open and weaker, which might be
because the WUAX hindered the covalent interaction (SS bonds), leading to the stability of
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the two proteins declining. With the increasing WUAX, it can become entangled between
proteins, resulting in structure stability recovery, according to the dynamic rheological
result (Figure 4A,B,D,E).

 
Figure 5. Weight loss profiles of gliadin (A) and glutenin (B) with different amounts of WUAX.

Table 3. TGA profiles [weight loss at 600 ◦C and degradation temperature (Td)].

Sample WUAX Content (g/kg) Weight Loss (%) Td (◦C)

Glia-W 0% 73.74 ± 0.49 c 329.7 ± 1.13 a

2% 74.34 ± 0.40 bc 328.7 ± 1.56 ab

4% 75.78 ± 0.38 a 328.8 ± 2.12 ab

6% 76.23 ± 0.34 a 324.8 ± 2.41 b

8% 75.15 ± 0.17 ab 327 ± 0.85 ab

10% 73.23 ± 0.27 c 331.2 ± 1.83 a

Glu-W 0% 75.28 ± 0.36 b 333.2 ± 0.71 a

2% 76.80 ± 0.27 a 331.3 ± 1.41 ab

4% 76.79 ± 0.21 a 328.7 ± 0.99 b

6% 77.24 ± 0.16 a 333.2 ± 1.13 a

8% 76.86 ± 0.38 a 334.7 ± 2.26 a

10% 76.21 ± 0.23 a 334.8±1.69 a

Data are mean ± SD (n = 3). Different lowercase letters in the same column mean significant differences (p < 0.05).

The TGA profiles of glutenins and gliadins can be divided into two steps (Figure 5):
the water evaporation stage at 50–150 ◦C and the cleavage stage of peptide bonds, disulfide
bonds, O-O, and O-N bonds in the protein at 150–600 ◦C [32]. The Td of samples from
TGA is summarized in Table 3. The result indicated that Td was decreased and then
increased with the addition of WUAX compared with the control group, which was not
significant, and which was consistent with the result of Zhao et al. [8]. They reported
that both the weight loss rate and the Td of gluten were not significantly changed when
subjected to the WEAX treatment. Similarly, Si et al. also reported that the Td of gluten
with WUAX exhibited a slight variation compared with the control group and did not form
new compounds, suggesting that WUAX kept the thermal stability of gluten molecules [11].
Interestingly, our result differed from that of Guo et al., who found that the Td of wheat
gliadins increased after adding inulin, while that of glutenins decreased slightly, which may
be related to the changes of disulfide bonds in the protein caused by inulin [33]. Therefore,
adding WUAX results in the structures of gliadins and glutenins being more open, but
the effect on the stability of the proteins was not significant, which might be related to the
non-covalent interaction between gliadins/glutenins and WUAX.
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4. Conclusions

The study showed that the free SH content of glutenins and gliadins increased
after the addition of WUAX, suggesting that WUAX hindered covalent interaction
between proteins resulting in a more fragile and open network structure. However,
the changing trend of non-covalent interaction (mainly hydrophobic interactions and
hydrogen bonds) between glutenins and gliadins was the opposite when subjected
to the WUAX treatment. WUAX might promote the formation of more weakened
hydrogen bonds for gliadins, while it adversely influences the formation of hydrogen
bonds in glutenins. The rheological results showed that the addition of the WUAX
damaged the viscoelasticity of proteins, and the effect of the amount of WUAX on the
viscoelastic behavior of the gliadins was lower than that of glutenins, which may be
due to the structural differences between the two proteins. Interestingly, the tan δ of
the glutenins increased with the increasing amount of WUAX, which was related to
the higher viscosity of the WUAX itself. When the WUAX acted alone with glutenins,
it partially compensated for the loose structure of the glutenins due to the absence of
gliadins as the binding agent of the glutenins. Moreover, the reduction of β-sheets
content for gliadins and glutenins weakened the rigid structure. Thermal property
analysis suggests that the structure became more open, and the stability of the two
proteins decreased after the addition of WUAX. Therefore, we speculated that after
the addition of WUAX, a small amount of WUAX has a great impact on the covalent
interaction of protein. With increasing WUAX, non-covalent interactions (hydrogen
bond and ionic bond) between WUAX and protein played a critical role in the structure of
the two proteins. The interactions between WUAX and independent gluten components
are a matter of great significance for research into and development of WUAX-gluten
gel products; they also provide a theoretical reserve for enhancing the quality of whole
wheat-based foods. The effect of WUAX on the nutritional and digestive properties of
gliadin and glutenin gels requires further investigation.
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Abstract: This study aimed to test the preventive anti-inflammatory properties of Chinese yam
polysaccharides (CYP) and sulfated Chinese yam polysaccharides (SCYP) on LPS-induced systemic
acute inflammation in mice and investigate their mechanisms of action. The results showed that
SCYP can efficiently reduce plasma TNF-α and IL-6 levels, exhibiting an obvious anti-inflammation
ability. Moreover, SCYP reduced hepatic TNF-α, IL-6, and IL-1β secretion more effectively than CYP,
and significantly altered intestinal oxidative stress levels. In addition, a 16S rRNA gene sequencing
analysis showed that CYP regulated the gut microbiota by decreasing Desulfovibrio and Sutterella and
increasing Prevotella. SCYP changed the gut microbiota by decreasing Desulfovibrio and increasing
Coprococcus, which reversed the microbiota dysbiosis caused by LPS. Linear discriminant analysis
(LDA) effect size (LEfSe) revealed that treatment with CYP and SCYP can produce more biomarkers
of the gut microbiome that can promote the proliferation of polysaccharide-degrading bacteria
and facilitate the intestinal de-utilization of polysaccharides. These results suggest that SCYP can
differentially regulate intestinal flora, and that they exhibit anti-inflammatory effects, thus providing
a new reference to rationalize the exploitation of sulfated yam polysaccharides.

Keywords: yam polysaccharide; sulfation; LPS; anti-inflammation; gut microbiota

1. Introduction

Inflammation is a complicated physiological phenomenon which can be triggered by
either infectious or non-infectious conditions [1,2]. Cytokines, such as tumor necrosis factor
(TNF)-α and interleukin (IL)-6, have been known to play significant roles in inflammatory
responses. They are released from cells, which causes the expression of adhesion molecules
to recruit lymphocytes, monocytes, and neutrophils, and then move out of vessels to tissues,
such as the liver, and induce inflammation and oxidative stress [3]. Lipopolysaccharide, an
ideal inflammatory molding agent, derives from the cell wall of gram-negative bacteria and
is an important component of the bacterial outer membrane, which can be recognized by
the innate immune system [4]. Lipopolysaccharide entering the blood can trigger a systemic
inflammatory response and may further cause multi-organ damage and dysfunction in the
liver, lungs, intestines, kidneys, and brain, which can lead to clinically identified sepsis [5].
To alleviate inflammation, researchers have tried to find biologically active substances of
natural origin. Many plant-derived natural compounds exhibit good biological activities
with low toxic effects, and polysaccharides are one of the macromolecules that have received
much attention for this reason [6].

Many plant-derived natural compounds exhibit good biological activities with low
toxic effects, and polysaccharides are one of the macromolecules that have received much
attention for this reason [6–8]. It has been demonstrated that polysaccharides perform
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a variety of biological activities including antioxidant, anti-inflammatory, antitumor, im-
munomodulatory, and antiviral activities [9,10], and they can be used in the preparation
of new drugs, medicinal materials, and functional foods [9,11]. As a traditional medicinal
food homologous plant, Chinese yam (Dioscorea opposita Thunb.) is rich in a variety of
nutrients and bioactive components, such as polysaccharides, allantoin, saponins, and
glycoproteins, which perform various biological activities and have various pharmaco-
logical effects [12]. The polysaccharides in yams are usually divided into starch and
non-starch polysaccharides, and the yam polysaccharides used in this study were mucilage
polysaccharides (non-starch polysaccharides) [13]. The different biological activities of
polysaccharides are related to their different molecular weights, molecular structures, and
three-dimensional structures, and these can be changed by structural modifications to alter
their original active effects [6,14]. Sulfated polysaccharides are polysaccharides containing
sulfate groups on the polysaccharide units. Some polysaccharides are naturally sulfated
polysaccharides, and some polysaccharides do not originally have sulfate groups, though
these can be prepared by chemical modification of sulfation sites [14]. Because of their
own characteristics, sulfated polysaccharides perform many biological activities, such as
anticoagulant, hypolipidemic, antiviral, antitumor, and antioxidant activities [15–18]. In
recent years, synthetic sulfated polysaccharides have attracted attention for their structural
modifications, by which their biological activities may be enhanced [19]. Aside from the
Wolfrom method and the concentrated sulfuric acid and sulfur trioxide-pyridine method,
some researchers prepare arabinogalactan sulfates with sulfur content up to 11.3% us-
ing ammonium sulfamate as a sulfating reagent [15]. In addition, few of the non-starch
polysaccharides are digested by the mammalian intestine and reach the colon intact to
serve as an energy source for the intestinal flora, stimulating their growth and producing
healthy metabolites [20,21].

The gut microbiota is a diverse ecosystem which exists in symbiosis with the human body
and plays relevant roles in human health, impacting the pathogenesis of many diseases [22].
Certain bacteria can increase intestinal permeability, and their structural components can enter
the organism and trigger a cytokine cascade response to inflammation [23,24]. Other bacteria
can exert effects on the regulatory cells of the immune system, suppressing inflammation
or indirectly performing anti-inflammatory functions through their metabolites [24]. When
the intestinal barrier is damaged and intestinal permeability increases, some substances that
are not supposed to cross the intestinal wall, which is a component of the cell wall of gram-
negative bacteria, escape from the intestinal lumen into the body’s circulation [22]. Bacterial
translocation in the gut can cause damage to other tissues and organs, including the liver. The
colonization of beneficial intestinal bacteria facilitates the alleviation of liver disease, and the
health and homeostasis of the gut are important for liver health [22,24].

Our previous studies have demonstrated that sulfated derivatives of yam polysac-
charides can regulate immune effects in RAW264.7 cells [25]. However, how sulfated
derivatives of yam polysaccharides affect body inflammation and changes in the gut micro-
biota in mice is not well understood. In this study, the anti-inflammatory activities of CYP
and SCYP were investigated by establishing an LPS-induced acute inflammation model
in mice. The alleviating effects of both polysaccharides on the systemic inflammatory
response, including blood circulation, in the liver and at intestinal sites, as well as the
modulating effect on intestinal flora, were the main focuses. This research can provide a
reference for the application of yam polysaccharides in food and medicine.

2. Materials and Methods

2.1. Materials

Lipopolysaccharide (LPS) derived from E. coli 055: B5 was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Acetylsalicylic acid (aspirin) was bought from Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits
were purchased from Boster Biological Technology Co., Ltd. (Wuhan, China). Total protein
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contents (BCA), superoxidase dismutase (SOD), catalase (CAT), and malondialdehyde (MDA)
were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).

Yams were purchased from Ruichang (Jiangxi, China) and prepared as yam pow-
der by crushing. The yam powder was depigmented, water was extracted, alcohol was
precipitated, starch and protein were removed, it was dialyzed, alcohol was again pre-
cipitated, and it was redissolved and lyophilized to obtain CYP [19]. Referring to our
previous study, SCYP was obtained by further sulfation modification of CYP using the
chlorosulfonic acid pyridine method. The ratio of chlorosulfonic acid to pyridine was 1:5
and the degree of substitution (DS) was 0.44 [25]. The two polysaccharides were mainly
composed of galacturonic acid, galactose, glucose, xylose, arabinose, and rhamnose. The
CYP had a molar ratio of 2.77:1.41:0.98:0.91:0.27:0.18, and the SCYP had a molar ratio of
1.99:2.82:0.65:1.97:0.76:0.12 [25].

2.2. Animals and Experimental Design

Male C57BL/6J mice (7–8 weeks old, 22 ± 2 g body weight) were supplied by the
Hunan Slac Jingda Laboratory Animal Co., Ltd. (Changsha, China, certificate number:
SCXK (Xiang) 2016-0002). All the mice were kept at the animal laboratory of the State
Key Laboratory of Food at Nanchang University. Before the experiments began, the mice
underwent a 7-day adaptation period during which they were housed at a temperature
of 18–22 °C, 55% relative humidity, and under a 12/12 h light–dark cycle with ad libitum
access to a standard diet and water. The thirty mice were randomized into 5 treatment
groups (6 mice per group): the normal saline contrast group (N), the LPS model group
(M), the aspirin positive contrast group (P), the CYP group (CYP), and the SCYP group
(SCYP). The specific treatment was as follows: the N and M groups were gavaged with
an equivalent volume of normal saline, the P group was gavaged with aspirin (15 mg/kg
BW), and the polysaccharide groups were gavaged with CYP and SCYP 100 mg/kg BW
(body weight) once a day for 14 days. At the end of 14 days, the N group was injected with
normal saline intraperitoneally, and the rest of the groups were injected with LPS (5 mg/kg
BW) intraperitoneally for 12 h. After recording their weights, the mice were sacrificed by
cervical dislocation.

All the animal experimental operations were carried out in accordance with the
National Institutes of Health (NIH Publication No. 8023, 1978) guidelines for the care
and use of laboratory animals, and all the experimental procedures were approved by
Nanchang University Animal Ethic Review Committee (license No: SYXK (gan) 2015–0001).

2.3. General Indicators

After the mice were sacrificed, the thymus, spleen, and liver were removed and cleaned
with 0.9% NaCl, and the excess solution was aspirated with filter paper and weighed, and the
organ index was calculated. Organ index (mg/g) = organ weight (mg)/body weight (g).

2.4. Determination of Plasma Inflammatory Factors

Blood was collected from the eyes of the mice and centrifuged at 3000 rpm for 10 min
at 4 ◦C. The supernatant was collected as plasma, aliquoted, and stored at −80 ◦C, and the
assay was conducted according to the ELISA kit instructions.

2.5. Determination of Liver Inflammatory Factors

The liver was isolated from each mouse and cut into small pieces with scissors. Ap-
proximately 30 mg liver tissue was collected to make 10% (m/v) tissue homogenate with
pre-cooled PBS, and the supernatant was collected by centrifugation at 12,000× g for 10 min
at 4 ◦C and detected according to the ELISA kit instructions.

2.6. Oxidative Stress Factors and Jejunal Inflammatory Factors

The small intestine was isolated from each mouse, the middle jejunal part was inter-
cepted, and the contents were removed. Approximately 30 mg jejunal tissue was collected
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to make homogenate, and the centrifugal collection of supernatants was conducted in the
same way outlined in Section 2.5. The protein concentrations in the collected supernatants
were determined using a BCA kit, and SOD, CAT, MDA, and IL-1β levels were measured
according to the kit instructions.

2.7. 16S rRNA High-Throughput Sequencing

After the mice were sacrificed, the colon of each mouse was isolated, the colonic
contents were packed in EP tubes by extruding them with forceps, and these were stored
in a −80 ◦C freezer. Total DNA was extracted from the colon contents according to the
DNA extraction kit instructions. The extracted DNA was subjected to 0.8% agarose gel
electrophoresis for molecular size determination and was quantified using a UV spec-
trophotometer. Bacterial 16S rRNA V3-V4 region-specific primers were used for PCR
amplification. The primers were 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R:
5′-GGACTACHVGGGTWTCTAAT-3′. The PCR products were purified using 2% gel
electrophoresis, quantified using the Quant-iT PicoGreen dsDNA Assay Kit, and mixed
according to the amount of data required for each sample. Library construction was per-
formed using the Illumina’s TruSeq Nano DNA LT Library Prep Kit. The libraries were
quality-checked on Agilent Bioanalyzer using the Agilent High Sensitivity DNA Kit and
quantified on Promega QuantiFluor using the Quant-iT PicoGreen dsDNA Assay Kit. For
qualified libraries with concentrations above 2 nM, 2 × 250 bp double-end sequencing was
performed on a MiSeq machine using the MiSeq Reagent Kit V3 (600 cycles).

2.8. Statistical Analysis

Data were shown as the means ± standard deviation (SD). IBM SPSS statistical software 20
was used for statistical analysis. A data significance analysis was performed using one-way
ANOVA and Duncan′s multiple range test. p < 0.05 or p < 0.01 was considered as significant.

3. Results

3.1. Body Weight and Organ Index

Throughout the entire experiment, changes in the body weight of the mice in each
group were monitored (Figure 1A,B). After the intraperitoneal injection with LPS, a 9%
weight loss was observed in the M group compared with the N group (p < 0.05). Compared
with the M group, neither aspirin nor CYP treatment restored the weight loss caused by
LPS. However, the SCYP group exhibited a significant (p < 0.05) improvement in body
weight compared with the M group, indicating that the administration of SCYP could
dramatically inhibit LPS-induced weight loss.

According to the results of the spleen index calculation, the spleens of the mice in
group M were significantly enlarged by the intraperitoneal injection of LPS compared with
those of the normal group (p < 0.05). This result is similar to that obtained in [26], in which
it was found that the and spleen indices increased in the LPS-treated group compared with
the untreated group. The spleen is the largest lymphatic organ and its functions include
blood storage, the removal of aging red blood cells, and immune response, and it can
therefore reflect the body’s inflammatory condition. Thus, the result revealed that the
spleen was swollen, and the body was inflamed. Interestingly, this enlargement was not
reduced by gavage with CYP, but with SCYP (p < 0.05). The liver index was significantly
reduced in the M group compared with the normal group (p < 0.05). The CYP and SCYP
were able to restore the hepatic index to a normal level compared with the model group
(p < 0.05) (Table 1).

3.2. Plasma Inflammatory Cytokines

The results of the plasma pro-inflammatory cytokine changes in the mice are presented
in Figure 1B,C. In normal mouse plasma, low levels of TNF-α and very low levels of IL-6
are typically detected. After LPS stimulation, TNF-α and IL-6 levels were significantly
increased compared with those of the normal mice (p < 0.01). Compared with those of
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the M group, the TNF-α and IL-6 levels showed an extremely significant decrease in both
the CYP-treated group and the SCYP-treated group (p < 0.01). The CYP group showed a
stronger reduction plasma TNF-α and IL-6 levels than the SCYP group (p < 0.05). Overall,
CYP and SCYP were effective in reducing both plasma TNF-α and IL-6 pro-inflammatory
factors (Figure 1C,D).

Figure 1. Percentage change in body weight compared with day 1 for each group (A). Body weight
ratio of day 14/15 for each group (B). Levels of pro-inflammatory cytokines TNF-α (C) and IL-6 (D)
in the plasma. Values are expressed as means ± SD. (n = 6 for A,B and n = 5 for C,D). Different letters
represent significant differences between different groups (p < 0.05).

Table 1. The organ indices of the LPS-induced mice.

Spleen Index Thymus Index Liver Index

N 2.64 ± 0.16 a 1.57 ± 0.07 a 30.42 ± 0.89 b
M 4.02 ± 0.23 c 1.33 ± 0.19 a 28.09 ± 1.07 a
P 4.06 ± 0.30 c 1.33 ± 0.24 a 31.19 ± 0.46 b

CYP 3.92 ± 0.10 c 1.36 ± 0.26 a 30.23 ± 0.60 b
SCYP 3.61 ± 0.27 b 1.35 ± 0.08 a 30.33 ± 2.27 b

Values are expressed as means ± standard deviation (SD). Different lowercase letters represent significant
differences between different groups (p < 0.05) (n = 5).

3.3. Liver Inflammatory Cytokines

Compared with that of the N group, there was a significant increase in the level of
TNF-α in the livers of the mice after LPS stimulation (p < 0.05) (Figure 2A). Compared with
that of the M group, the CYP group showed a slight reduction in TNF-α level. However,
the pre-administration of SCYP caused a significant reduction (p < 0.05). The IL-6 level
was significantly increased in the model group compared with the N group (p < 0.05).
Interestingly, pre-treatment with SCYP resulted in a significant recovery, and even a return
to normal levels (Figure 2B). The level of IL-1β was significantly higher in the M group
compared with the normal group (p < 0.05). CYP and SCYP had comparable effects; they
both significantly reduced the level of IL-1β (p < 0.05) (Figure 2C). In general, CYP and
SCYP both exhibited a great anti-inflammatory effect by decreasing the production of
proinflammatory cytokines, and SCYP showed the better effect than CYP.
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Figure 2. Influence of CYP and SCYP on pro-inflammatory cytokines TNF-α (A), IL-6 (B) and IL-1β (C)
in the livers of LPS-induced mice. Values are expressed as means ± SD. (n = 6). Different letters represent
significant differences between different groups (p < 0.05).

3.4. Jejunal Oxidative Stress Factors and Inflammatory Factors

Indicators related to oxidative stress in the jejunal segment of the small intestine were
tested. For both of the antioxidant enzymes SOD and CAT, the model group showed a
significant decrease compared with the N group (p < 0.05) (Figure 3A,B). The polysaccharide-
treated groups had higher levels of both enzymes than the M group. For the lipid oxidation
hazard MDA, the model group presented a significant elevation compared with the nor-
mal control group (p < 0.05) (Figure 3C). A slight reduction in MDA was found in the
polysaccharide-treated group compared with the M group. A significant difference in the
inflammatory factor IL-1β was not observed in any group (Figure 3D).

Figure 3. Oxidative stress in jejunal tissue evaluated in terms of SOD (A), CAT (B), and MDA (C). Levels
of pro-inflammatory cytokines IL-1β (D) in jejunal tissue. Values are expressed as means ± SD. (n = 6 for
A and n = 5 for B,C). Different letters represent significant differences between different groups (p < 0.05).
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3.5. α-Diversity and β-Diversity Analysis of Colon Microbiota

Alpha diversity refers to the indicator of richness, diversity, and evenness of species,
and larger Shannon–Simpson, Chao1, and observed indices represent higher within-habitat
diversity. Four indices were used to evaluate the effect of LPS modeling and CYP and
SCYP on the α-diversity of the intestinal microflora (Figure 4A). Compared with the N
group, increases in the Shannon–Simpson, Chao1, and observed species indices (p < 0.05)
of the intestinal microflora were observed in the CYP and SCYP groups. No significant
difference in Simpson index was observed in any of the groups. This indicates that CYP
could increase richness and evenness of the gut microorganisms.

Figure 4. α-diversity evaluated using Shannon, Simpson, Chao1, and observed_species indices (A). β-
diversity evaluated according to the PCA (B). (n = 5). Different letters represent significant differences
between different groups (p < 0.05).

A β-diversity analysis was used to evaluate the structural changes in the intestinal
flora. A principal component analysis (PCA) based on Euclidean distance showed that
the individuals in each experimental group exhibited significantly different differential
clustering (Figure 4B). The N group was completely separated from the M, CYP, and SCYP
groups on the x-axis (87.9%), indicating that LPS treatment greatly altered the intestinal
structure of the mice. The CYP and SCYP groups were mostly separate from the M
group and mostly overlapped with the N group on the y-axis (11.9%). This suggests
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that CYP and SCYP treatment affords partial resistance to LPS-induced alterations in gut
microflora structure, and these groups increasingly resembled the normal group. This result
was similar to the aforementioned results in which pre-treatment with polysaccharides
decreased proinflammatory factors when the compared with the absence of such treatment.
This might be because the intestinal flora was not seriously damaged by LPS.

3.6. Microbial Community Composition

According to the phylum-level species composition diagram (Figure 5A), the top
four represented bacteria were Bacteroidetes, Firmicutes, Proteobacteria, and TM7 (in that
order). The specific relative abundance values of each phylum in each group are shown
in Figure 5B–E. The relative abundance of Bacteroidetes was significantly increased in the
M, CYP, and SCYP groups compared with the N group (p < 0.05). The relative abundance
of Proteobacteria increased significantly in the LPS group compared with the N group
(p < 0.05). However, the relative abundance was decreased by the polysaccharide treatment.
A significant decrease in the relative abundance of Firmicutes and TM7 was observed in the
LPS group compared with the N group (p < 0.05). Interestingly, polysaccharide treatment
can reverse the change in gut microbiota caused by LPS.

Figure 5. Species composition of colon microbiota at the phylum level (A). Relative abundance of
colon microbiota at the phylum level (B–E). Values are expressed as means ± SD. (n = 5). Different
letters represent significant differences between different groups (p < 0.05).

The overall species composition of the top 20 bacteria at the genus level is shown
in Figure 6A, and the specific relative abundance values for each genus are shown in
Figure 6B–G. The relative abundance of Lactobacilllus was significantly reduced in the
LPS group compared with the N group (p < 0.05), and preventive administration of both
polysaccharides did not restore the relative abundance. The relative abundances of Shigella,
Desulfovibrio, and Sutterella were significantly elevated in the LPS group compared with
the N group (p < 0.05). Compared with group M, shigella was less abundant in the CYP
and SCYP groups, but the difference was not significant. Desulfovibrio was significantly
reduced in both the CYP and SCYP groups, in which it reached the level of group N
(p < 0.05). Moreover, the relative abundance of Sutterella was significantly reduced in the
CYP group (p < 0.05). There was no significant difference in Prevotella in the N, M, and
SCYP groups, though a significant elevation was observed in the CYP group compared
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with these (p < 0.05). There was no significant difference in the relative abundance of
Coprococcus in the N, M, and CYP groups, though a significant elevation was observed in
the SCYP group compared with these (p < 0.05).

Figure 6. Species composition of colon microbiota at the genus level (A). Relative abundance of colon
microbiota at the genus level (B–G). Values are expressed as means ± SD. (n = 5). Different letters
represent significant differences between different groups (p < 0.05).

3.7. Biomarker Bacteria

A linear discriminant analysis effect size (LEfSe) combining the rank sum test and a
discriminant analysis was used to identify significantly changed microbial taxa. The clado-
gram demonstrates the taxonomic hierarchical distribution of marker species in each group
of samples, with larger solid nodes representing more significant enrichment (Figure 7A).
Setting 4 as the LDA score threshold, the histogram shows the biomarker bacteria and their
significance, with longer bar lengths representing more significant differences (Figure 7B).
In group N, p_Firmicutes, f_Lactobacillaceae, o_Lactobacillales, c_Bacilli, g_Lactobacillus, and
f_Rikenellaceae were specific. p_Proteobacteria, c_Gammaproteobacteria, f_Enterobacterianceae,
o_Enterobacteriales, and g_Shigella were the biomarkers in group M. The CYP group was
enriched with p_Bacteroidetes, c_Bacteroidia, o_Bacteroidales, f_Prevotellaceae, g_Prevotella,
f_Flavobacteriaceas, o_Flavobacteriales, and c_Flavobacteriia. The SCYP group was enriched
with f_Bacteroidaceae, g_Bacteroides, and g_Pasteurella.

Figure 7. Taxonomic cladogram of the LEfSe analysis (A). Distribution histogram of the LEfSe
analysis (B). The LDA threshold is 4. (n = 5).
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4. Discussion

Inflammation is part of a protective reaction against damage caused by invading
microorganisms. It is essential to trim or adjust it to avoid any increasing morbidity or
shortening of life resulting from its excessive interactions. Chinese yam, a traditional
Chinese medicinal and edible plant, has immunoregulatory functions. SCYP, a complex
polysaccharide obtained from Chinese yam, was used to explore its effect on inflammation.
In the present study, the administration of SCYP was found to alleviate inflammation by
changing the composition of the gut microbiota. In order to simulate systemic inflammation
induced by infectious injury, an intraperitoneal injection of LPS was used to establish the
disease model. This model can be used to identify bioactive substances that can effectively
prevent and alleviate inflammation in various parts of the organism. The body and organs
have their normal weight ranges, and abnormal changes are associated with abnormal
body conditions. Lipopolysaccharides can cause abnormal weight loss, possibly due to
increased leptin levels [27]. Previous studies have shown that LPS causes the atrophy
of the thymus and the enlargement of the spleen [26,28]. Splenomegaly is a common
symptom of immune disorders and infectious inflammation, and this study found that
SCYP can alleviate splenomegaly by establishing that SCYP can reduce the spleen index in
cy-induced immunosuppressed mice [19]. Abnormal liver weight is a very obvious sign of
the development of liver disease, and LPS not only causes the enlargement of the liver, but
also its atrophy [29]. In the present study, liver weight was reduced after LPS damage, but
was effectively prevented by both CYP and SCYP (Table 1).

In a study by Guo et al., LPS stimulation for 4 h was found to induce 5- to 10-fold
increases in TNF-α and IL-6 in the blood, numbers that were even higher in this study after
stimulation for 12 h [30]. Increased inflammatory cytokines in the blood, especially TNF-α
and IL-6, are the main features of LPS-induced acute inflammation in mice [30]. TNF-α is a
multifunctional cytokine that increases vascular permeability, induces fever, has potent pro-
inflammatory effects, and plays a role in the induction of other inflammatory factors [31,32].
TNF-α is positively associated with a variety of inflammatory diseases, such as rheumatoid
arthritis, acute liver injury, and lung cancer [30]. IL-6 is a more complex cytokine because
it can be produced by immune and non-immune cells in multiple organ systems and act
on multiple organ systems [31,33]. IL-6 has proinflammatory and pyrogenic functions,
and overproduction exacerbates local or systemic inflammation [30]. IL-6 and TNF-α are
always present together, showing the same trends, and are likewise positively correlated
with various inflammatory diseases. SCYP can effectively reduce the concentration of
TNF-α and IL-6 in the blood, indicating that both polysaccharides can inhibit the secretion
of systemic pro-inflammatory factors and exert an anti-inflammatory effect (Figure 2).

Intraperitoneal injection of LPS can cause very typical acute liver injury and inflam-
mation in mice. LPS, a typical pathogen-associated molecular pattern (PAMP), binds to
pattern-recognition receptors (PRRs) on hepatic immune cells to initiate inflammatory
responses after transport to the liver via portal blood [34]. In the response process, the
lipopolysaccharide stimulates the immune cells to release a variety of inflammatory fac-
tors and chemokines which accelerate the recruitment of neutrophils, macrophages, and
other immune cells, resulting in the release of more pro-inflammatory factors, including
TNF-α, IL-6, and IL-1β [35–37]. Variations in IL-1β concentrations are associated with
pathophysiological changes in different disease states and can be used to monitor disease
progression [36,38]. In the present study, stimulation of LPS greatly increased the release of
pro-inflammatory cytokines from the liver. Although CYP did not decrease the secretion of
TNF-α in the liver, it successfully reduced the production of IL-6 and IL-1β. SCYP effec-
tively reduced the production of three pro-inflammatory factors and was more effective
than CYP. One study showed that 50 mg/kg sulfated Cyclocarya paliurus polysaccharides
reduced IL-6 to normal levels in the liver, and in this study, 100 mg/kg SCYP also reduced
IL-6 to normal levels (12 ng/mL). Sulfated polysaccharides were more effective than nat-
ural polysaccharides in both studies [29]. Overall, both CYP and SCYP could alleviate
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the inflammatory response of the liver caused by LPS, and the effectiveness of SCYP is
superior (Figure 3).

The α-diversity analysis revealed that the LPS treatment did not cause a difference
between the mice in the LPS group and those in the normal group (Figure 4), a result which
is consistent with those of other studies [39]. CYP increased three indices, indicating its
ability to increase the diversity of the microbial community, and SCYP did not show this
effect. In the β-diversity analysis, it was seen that treatment with both yam polysaccha-
rides could partially change the community structure, distinguishing it from the model
group (Figure 4).

At the phylum level, Bacteroidetes and Firmicutes are the two most abundant bacteria
in the normal intestine [40], and the ratio of Bacteroidetes to Firmicutes increased after
LPS treatment, indicating that the homeostasis of the organism’s intestinal environment
was disrupted, resulting in an imbalance [41]. The addition of polysaccharides slightly
reversed this imbalance. The abundance of Proteobacteria increased after LPS treatment.
Most Proteobacteria are pathogenic gram-negative bacteria, and as markers of dysbiosis
in the intestinal flora, their abnormally elevated levels are associated with inflammatory
diseases [39]. There was a tendency for Proteobacteria to decrease after treatment with
yam polysaccharides (Figure 5). Sulfated Cyclocarya paliurus polysaccharides reduced the
relative abundance of Proteobacteria to 5% in one study, and SCYP was similarly reduced to
5% in this study [40].

At the genus level, two yam polysaccharides have the effect of altering the relative
abundance of certain genera. Shigella is a kind of pathogenic bacteria belonging to the Enter-
obacteriaceae family which is positively correlated with metabolic endotoxin levels and the
severity of systemic inflammation, and its increase may lead to intestinal barrier damage
and increased permeability, exacerbating bacterial invasion and translocation [42,43]. Desul-
fovibrio, a kind of gram-negative conditional pathogenic bacteria, is classified as a genus of
pro-inflammatory bacteria because of its high endotoxin content [44]. Desulfovibrio can reduce
sulfate to produce H2S, which can trigger epithelial apoptosis and intestinal barrier damage,
and is associated with obesity and inflammation [45,46]. Sutterella is an important kind of
commensal bacteria found in the intestinal tract, and changes in its levels have been associated
with diseases including autism, depression, Down syndrome, obesity, and inflammatory
bowel disease [47–50]. Sutterella, a member of the Proteobacteria classification, is abnormally
increased in intestinal flora disorders [49]. Numerous studies have shown that intraperitoneal
injection of LPS causes an increase in the genera Shigella, Desulfovibrio, and Sutterella, and the
results of the present study are consistent with this observation [51]. Pretreatment with both
polysaccharides had a tendency to reduce Shigella. Both CYP and SCYP were effective in
reducing Desulfovibrio to normal levels, and SCYP showed better effects. Additionally, CYP
effectively inhibited Sutterella. The above results indicate that both polysaccharides inhibit the
growth of harmful bacteria with different strengths.

Prevotella is a dominant genus of bacteria in the human intestine which is associated
with plant-based diets rich in carbohydrates and fiber, and which helps to break down
polysaccharides [52,53]. Prevotella can produce propionic acid, which has the effect of
preventing obesity and reducing the risk of diabetes [53,54]. CYP increased Prevotella,
indicating that CYP effectively changed the mouse enterotype so that the mouse intestine
could better utilize polysaccharides to produce SCFAs. Coprococcus can synthesize acetate
and butyrate. Acetate may be a source of energy for endurance exercise, and butyrate is
not only the main source of energy for colonic cells but can also play an anti-inflammatory
role [20,55–57]. The experimental results suggest that SCYP may have a beneficial effect on
intestinal health by increasing the proportion of Coprococcus in the intestine. These results
suggest that the two polysaccharides regulate the intestinal flora by promoting the growth
of different beneficial bacteria.

The LEfSe analysis revealed that, in the LPS group, Proteobacteria, Gammaproteobacteria,
Enterobacterianceae, Enterobacteriales, and Shigella were the dominant species, and most of
these are pathogenic or conditionally pathogenic bacteria [39,42]. Bacteroidia, Bacteroidales,
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Prevotellaceae, Prevotella, Flavobacteriaceas, Flavobacteriales, and Flavobacteriia were biomarkers
of CYP and are associated with the degradation of biopolymers [58,59]. This indicates
that CYP promoted the proliferation of polysaccharide-degrading bacteria and facilitated
the intestinal de-utilization of polysaccharides. Bacteroidaceae, Bacteroides, and Pasteurella
became SCYP biomarkers. Bacteroidaceae was the dominant bacterial family, indicating
that SCYP promoted the proliferation of polysaccharide-utilizing bacteria. Pasteurella
appeared somewhat anomalously, as was the case in a cactus polysaccharide study in
which Pasteurella became the dominant bacterium in the polysaccharide group [60].

Substrate specificity is a key facet of the microbial response to complex carbohydrates.
Thus, polysaccharides with different structures will be fermented with different kinds of
microbiota, resulting in a new component of the gut microbiota. The present study revealed
that the two polysaccharides selectively modulated the composition of the gut microbiota,
among which SCYP produced different regulatory effects on the gut microbiota and exerted
different anti-inflammatory effects from those of CYP, possibly because of its higher number
of sulfate groups, higher galactose content, and larger Mw [25]. The effect of the intestinal
flora was mediated via the gut–liver axis, where SCYP had a better prophylactic and anti-
inflammatory effect than CYP, probably because SCYP was better able to indirectly act on
the hepatic receptors to produce a response. The intestinal flora results showed that, overall,
CYP was more able than SCYP to promote beneficial bacteria to become the dominant
bacteria, a result consistent with the better effect of CYP on alleviating inflammation in the
blood circulation. Our previous study showed that sulfation modification could enhance
the immunomodulatory activity of yam polysaccharides [19,25], and this present study
has shown that sulfation modification can improve the anti-inflammatory activity of yam
polysaccharides in certain organs, supporting the notion that chemical modification has
different effects on different biological activities. To clarify the differential effects of CYP
and SCYP, further research on the anti-inflammatory molecular mechanisms of both should
be studied.

5. Conclusions

The present study has demonstrated that sulfated yam polysaccharide has preventive
alleviating effects on LPS-induced systemic acute inflammation, including the restoration
of body weight and organ index and the reduction of inflammatory factors (TNF-α, IL-6,
and IL-1β) released in the blood and liver, which may be associated with maintaining
normal intestinal flora and reversing intestinal flora imbalance. CYP and SCYP reduced
pathogenic bacteria; CYP increased Prevotella, and SCYP increased Coprococcus. CYP and
SCYP have different effects on the regulation of the intestinal flora and have different ad-
vantageous anti-inflammatory effects on different organ systems, which can be attributed
to the changes in molecular structure after sulfated modification. This study also showed
that both polysaccharides, as natural and modified active substances, can be expected
to improve the health of the body when used as prebiotics, and that they may also have
the potential to be used as prophylactic agents for the treatment of inflammatory dis-
eases. The molecular mechanisms involved in the sulfated yam polysaccharides can be
further researched.
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Abstract: The bioactive components in soybeans have significant physiological functions. However,
the intake of soybean trypsin inhibitor (STI) may cause metabolic disorders. To investigate the
effect of STI intake on pancreatic injury and its mechanism of action, a five-week animal experiment
was conducted, meanwhile, a weekly monitor on the degree of oxidation and antioxidant indexes
in the serum and pancreas of the animals was carried out. The results showed that the intake of
STI had irreversible damage to the pancreas, according to the analysis of the histological section.
Malondialdehyde (MDA) in the pancreatic mitochondria of Group STI increased significantly and
reached a maximum (15.7 nmol/mg prot) in the third week. Meanwhile, the antioxidant enzymes
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), trypsin (TPS), and somatostatin
(SST) were decreased and reached minimum values (10 U/mg prot, 87 U/mg prot, 2.1 U/mg prot,
10 pg/mg prot) compared with the Group Control. The RT-PCR results of the expression of SOD,
GSH-Px, TPS, and SST genes were consistent with the above. This study demonstrates that STI causes
oxidative structural damage and pancreatic dysfunction by inducing oxidative stress in the pancreas,
which could increase with time.

Keywords: soybean trypsin inhibitor; pancreas; oxidative damage; genetic expression

1. Introduction

The anti-nutritional factors in soybeans can inhibit the growth of animals by interfering
with digestion, absorption, and utilization of nutrients [1,2], which limits the application
of soybeans in foodstuff and animal feeding because of the necessity of heat treatment
and temperature control in this process. As one of the main soybean anti-nutritional
factors, soybean trypsin inhibitors (STI) is a polypeptide composed of 72–197 amino acid
residues [2], which may cause some physiological reactions, such as pancreatic hypertrophy
and even pancreatic cancer [3,4]. The ingestion of diets containing STI by animals can
result in the formation of a complex between trypsin and chymotrypsin with the STI in
the intestinal tract. This complex can then be excreted, leading to a reduction in enzyme
activity. Consequently, the pancreas may attempt to compensate for the reduced enzyme
activity by increasing its secretion and synthesis of trypsin [4,5]. In addition, the synthesis
of DNA, mRNA, and enzymes require ATP for purine and pyrimidine synthesis, as well
as the activation of amino acids. However, the production of ATP also generates free
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radicals. Similarly, a large amount of ATP is required by the STI-stimulated pancreas for
trypsin synthesis. As a result, consuming STIs may also result in elevated levels of oxygen
free radicals.

The excess free radicals, regardless of whether they are generated by the mitochondrial
respiratory chain or NAD(p)H, can cause oxidative stress, which has a direct impact on cells.
This can result in cell damage and eventually various diseases [6–9], such as cardiovascular
diseases, cancer, neurological disorders, diabetes, ischemia/reperfusion, and aging [10–17],
which is also one of the risks of STI intake. In vivo, Vitamin C (VC) can react with oxygen
free radicals through redox reactions, thereby neutralizing them and safeguarding the body
against their damaging effects. Therefore, VC is widely recognized as an antioxidant that
can effectively prevent oxidative damage to the pancreas.

While STIs were initially developed as drugs, their potential side effects on the body
from daily consumption were not thoroughly understood. This study was conducted to
examine the impact of STI consumption on the pancreas, including its effects on pancreatic
structure, function, and gene expression in mice with varying growth cycles. Additionally,
it investigated the effects of STI on free radical levels during different stages of growth and
the degree of oxidative damage to the mouse pancreas, which the potential mechanism was
studied, and explored whether the intake of antioxidants can reduce pancreatic oxidative
damage. This work offered a theoretical foundation for identifying endogenous strategies
to prevent pancreatic injury resulting from the intake of STIs.

2. Material and Methods

2.1. Main Reagents and Reasons for Selection

Soybean trypsin inhibitors (STI), the most common enzyme inhibitors in soybeans,
are the most significantly damaging to the pancreas by their ingestion. Additionally, as a
strong antioxidant, Vitamin C (VC) has a theoretical potential to mitigate oxidative damage
to the pancreas. Therefore, both were chosen to conduct this study.

STI, in which the activity was identified as 4600 BAEE U/mg, was provided by
the College of Food Science and Engineering, Jilin Agricultural University. Vitamin C
(Ascorbic acid, A8100) was provided by Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China).

2.2. Animals and Diets

Four- to six-week-old KM male mice were purchased from Changchun Yisi Experi-
mental Animal Technology Co., Ltd. (Changchun, China). All animals were housed under
a controlled condition in individual cages at 23 ± 2 ◦C and 50 ± 10% relative humidity
with a 12 h light/dark cycle in a specific pathogen-free environment and were allowed free
access to food and water.

After one week of acclimatization, the mice were divided into three groups randomly:
the control group (control diet, n = 10), Group STI (control diet containing 2.0 mg/g STI,
n = 10), Group STI + VC (STI diet supplemented with 1500 mg/kg VC, n = 10). A total
of five intergroup parallels were set up for each group for the weekly sacrifice of animals
(Total: 150 mice). All the mice were sacrificed after a 5-week feeding. All the animal
experiments were approved by the Institutional Animal Care and Use Committees of Jilin
Agricultural University (Protocol code No.20130530001, May 2013), following the National
Research Council Guidelines. The composition of the control diet is shown in Table 1.

152



Foods 2023, 12, 1691

Table 1. Composition of the control diet a.

Ingredient Diet (g/kg)

Protein Casein 200
Carbohydrates Corn starch 660

Fat Soybean oil (without STI) 50
Fiber Cellulose powder 30

Others
Mineral mixture b 50
Vitamin mixture c 10

Note: The control group chow diet in pellet form (standard chow diet) was provided by the Changchun Yisi
Experimental Animal Technology Co., Ltd., Jilin, China. The chow diets of the STI group and the STI + VC group
were prepared by adding STI (2.0 mg/g) and VC (1500 mg/kg) into the standard chow diet, respectively, and
then pelleted (prepared by the Agricultural Products Processing and Storage Engineering Laboratory of Jilin
Agricultural University). a The diets were semi-purified (added mineral and vitamin complex additives), and
isoenergetic was calculated according to China national standard GB14924.1-2001 (group I 16.3 MJ/kg, group II
15.7 MJ/kg, group III 15.5 MJ/kg). b The mineral mixture provides the following amounts (g/kg diet): Ca, 4; K,
2.4; Na, 1.6; Mg, 0.4; Fe, 0.12; trace elements (mg/kg diet): Mn, 32; Cu, 5; Zn, 18; Co, 0.04; I, 0.02. c The vitamin
mixture provides the following amounts (mg/kg diet): retinol, 12; cholecalciferol, 0.125; thiamin, 40; riboflavin, 30;
pantothenic acid, 140; pyridoxine, 20; inositol, 300; cyanocobalamine, 0.1; ascorbic acid, 1600; (dL) α-tocopherol,
340; menadione, 80; nicotinic acid, 200; para-aminobenzoic acid, 100; folic acid, 10; biotin, 0.6; choline, 2720.

2.3. Sample Preparation

At the end of each week, the mice that were to be sacrificed were fasted for 12 h but
had free access to deionized water. Blood was obtained from the eyeballs of mice and
centrifuged at 4000× g for 3 min at 4 ◦C using a high-speed desktop refrigerated centrifuge
(TGL-16G, Shanghai Anting Scientific Instrument Factory, Shanghai, China), and serum
was separated and stored at −20 ◦C for a maximum of 16 weeks. Then mice were sacrificed
by decapitation, and the pancreas was quickly removed, gently rinsed in ice-cold PBS
(Wuhan Punuosai Life Technology Co., Ltd., Wuhan, China), and cut into 50–100 mg/100 g
body weight, frozen in liquid nitrogen and stored at −80 ◦C for the follow-up experiments.
After thawing at 4 ◦C, tissue samples were homogenized using a MagNALyser instrument
(Roche Diagnostics, Mannheim, Germany) at 4000× g for 50 s twice, and then diluted
with 9 volumes ice-cold 0.9% NaCl solution, then centrifuged at 4000× g for 15 min at
4 ◦C. Functional compounds, oxidative, and antioxidant activity were analyzed using
the supernatants collected from the samples. All operations were done at 4 ◦C. Protein
content was measured using the method of Lowry (Lowry et al., 1951) with bovine serum
albumin as a standard, assuming it to be 100% pure. Protein content was expressed as
BSA equivalents.

2.4. Analytical Methods
2.4.1. Determination of Oxidation and Antioxidant Parameters

The malondialdehyde (MDA) content was measured using the TBA reaction method
of Koca et al. [18]. After the preparation, according to the kit used (A003-1-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), samples were incubated in a 95 ◦C
water bath for 40 min and centrifuged at 3500× g for 10 min. The absorbance of the super-
natant was measured with a double beam UV-Vis spectrophotometer (T6 New Century,
Beijing General Instrument Co., Ltd., Beijing, China) at 532 nm, which was attributed so
that the MDA could be condensed with TBA to form a red product with the maximum
absorption peak at 532 nm. Results were expressed as units nmol/mg of protein for pan-
creas samples, and nmol/mL for serum samples. The activity of superoxide dismutase
(SOD) was measured using the method of Beauchamp & Fridovich [19]. The samples were
prepared according to the instructions of the kit (A001-1-1, Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China) and then placed in a water bath at 37 ◦C for 40 min. In the
process, O2

−· was produced by the reaction system of xanthine and xanthine oxidase and
could oxidize hydroxylamine to form nitrite. Under the action of a chromogenic agent,
nitrite could appear purple-red and have a maximum absorption peak at 550 nm, and
results were expressed as units U/mg of protein for pancreas samples and U/mL for serum
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samples. Glutathione peroxidase (GSH-Px) activity was measured according to the method
of Sabuncu et al. [20], and results were shown as units U/mg of protein for pancreas
samples and U/mL for serum samples.

2.4.2. Determination of Trypsin Activity and Hormone Levels

The trypsin (TPS) activities in serum and tissue samples were assayed at 410 nm using
the substrate N-benzoyl-DL-arginine p-nitroaniline hydrochloride (BAPNA) (A080-2-2,
Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according to the
manufacturer’s instructions [21]. TPS could react with BAPNA to release p-nitroaniline
with a maximum absorption peak at 410 nm. Somatostatin (SST) of serum samples and
pancreas tissue samples were measured using a radio-immunoassay method (bs-1132R,
Anti-Somatostatin/GR, Beijing Huaying Bioengineering Institute, Beijing, China) [22]. The
specific antibodies were bound to a solid-phase carrier to form a solid-phase antibody
and then combined with the corresponding antigen in the samples to form an immune
complex. Then the enzyme-labeled antibody was bound to the antigen in the immune
complex to form an enzyme-labeled antibody-antigen-solid phase antibody complex. This
complex could be colored by adding a substrate and was with a maximum absorption peak
of 450 nm.

2.4.3. Transmission Electron Microscopy (TEM) of the Pancreas

Pancreas tissues that had been fixed with 2.5% glutaraldehyde (Sigma Aldrich Co.,
St. Louis, MO, USA) were removed from the glutaraldehyde and treated as follows: Samples
were post-fixed with 1% osmic acid at 4 ◦C for 2 h, dehydrated with gradient concentrations
of acetone (once with 50%, 70%, and 90% acetone and three times with 100% acetone for
15 min each), and embedded in Epon812 (Beijing Zhongjing Keyi Technology Co., Ltd.,
Beijing, China) at room temperature (22–25 ◦C) overnight. The samples were sliced into
5 μm sections with a rotary microtome (Leica Microsystems (Shanghai) Trading Co., Ltd.,
Shanghai, China), counterstained with 2% (w/v) uranyl acetate and lead citrate (SPI-CHEM,
West Chester, PA, USA), and then observed using TEM at 80 kV and a magnification of
12,000× (Hitachi High-tech (Shanghai) International Trade Co., Ltd., Shanghai, China).

2.4.4. RNA Extraction and Real-Time PCR

Total RNA was obtained from the pancreas samples using an RNeasy Minikit
(Qiagen, Hilden, Germany). The pancreas sample was fully ground, then 20 mg was taken
out, 350 μL of lysate was added, and RNA extraction was performed according to the
instructions of the kit and resuspended in 50 μL RNase-free water (included with the kit).
Synthesis of cDNA was primed by oligo d (T) using a PrimeScript RT Enzyme (Takara,
Beijing, China) according to the Power SYBR Green PCR Master Mix (Life Technologies,
Beijing, China) instructions. The primers were synthesized by Shanghai Biological Engi-
neering Design Services Ltd. (Shanghai, China). The reaction system for the synthesis of
the first strand of cDNA was 5× PrimeScript buffer 4 μL, Template RNA 1 μL, PrimeScript
RT Enzyme Mix I 1 μL, Oligo dT primer 1 μL, RNase-free dH2O 12 μL, and Random 6
mers 1 μL, total reaction volume 20 μL. Before adding the reverse transcriptase, the mixed
solution was first dried at 700 ◦C for 3 min. After taking it out, the temperature inside and
outside the tube was the same, then reverse transcriptase was added, and the 37 ◦C water
bath was used for 15 min. Immediately after it taking out, it was put in a dry bath at 85 ◦C
for 5 s to obtain cDNA solution and stored at −80 ◦C until used. The reactions were done
in a thermocycler StepOne™ Real-Time PCR System. The master mix prepared for analysis
of each gene was composed of 0.5 μL forward primer, 0.5 μL reverse primer, 10 μL of 2×
SYBR premix, and 1 μL cDNA in a total volume of 20 μL. Each sample was analyzed in
triplicate. RT-PCR was done using the following conditions: reverse transcription at 50 ◦C
for 2 min, PCR activation at 95 ◦C for 10 min followed by 40 cycles of denaturation at 95 ◦C
for 15 s, annealing at 60 ◦C for 1 min, and a final extension at 72 ◦C for 10 min. β-Actin
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was the internal reference gene. Sequences of primers are shown in Table 2 (Designed by
Shanghai Biotech Biotechnology Co., Ltd., Shanghai, China).

Table 2. The sequence of primers designed for the RT-PCR studies.

Gene Product Primer Sequence
T

(◦C)
PCR
(bp)

Glutathione Peroxidase
(GSH-Px)

5′-TGGCATTGGCTTGGTGATTACTGG-3′(F) 59
1505′-GGTGGAAAGGCATCGGGAATGG-3′(R) 60

Superoxide Dismutase
(SOD)

5′-CCTTGTGACTGGCATCCCTTAGC-3′(F) 58
1055′-AGGCAGACTGTTAGATGGCTTGTTC-3′(R) 59

Somatostatin (SST)
5′- CCTCTCCCATTCCTCCCTTTTGTTC-3′(F) 59

1085′-GGGCATCATTCTCTGTCTGGTTGG-3′(R) 58
Somatostatin Receptor 5

(SSTR5)
5′-CGTCTGTGCTGGGCTTCTTTGG-3′(F) 60

1365′-ATGCGAGTCACCTTGCGTTCTG-3′(R) 58

Trypsin (TPS) 5′-TCCTCATCTCTACCCACAACATTGC-3′(F) 60
965′-CACTTCCGAACCATAACCGTAGGC-3′(R) 58

2.5. Statistical Analysis

Data were reported as mean ± SD, n = 10 (per week). Differences between mean
values were determined using a one-way ANOVA followed by comparisons using the
Newman-Keuls multiple range test. Differences with p < 0.05 were considered significant.
Statistical analyses were done using the Statistical Program for the Social Sciences, SPSS
software (Version 22.0, SPSS Inc., Chicago, IL, USA).

3. Results

3.1. The Pancreas Index, Oxidative and Antioxidant Parameters in Serum and Pancreas of Mice

As shown in Table 3, the pancreas weight of the STI group and STI + VC group showed
a trend of first increasing and then decreasing, as compared to the control group. However,
due to significant individual differences, there was no significant difference except for the
first week.

Table 3. Effect of different diets on the ratio of Pancreas/body weight in mice.

Treatment 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk

Control 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.02 0.09 ± 0.01 0.08 ± 0.01
STI 0.11 ± 0.01 * 0.10 ± 0.02 0.12 ± 0.02 0.11 ± 0.02 0.10 ± 0.01

STI + VC 0.10 ± 0.02 0.10 ± 0.01 0.11 ± 0.01 0.09 ± 0.02 0.09 ± 0.02
*: Represents the significant difference compared to the control group (p < 0.05, n = 10).

The levels of MDA in the serum and pancreas increased and subsequently decreased
in both the STI and STI + VC groups, with the maximum levels observed during the 3rd
week. (Table 4). Mice fed STI and STI + VC showed a significant increase (p < 0.05) in the
serum MDA content compared with the control group in the first 4 weeks and showed no
differences in the 5th week. The addition of VC caused a significant decrease (p < 0.05) of
the MDA level in the serum than mice in the STI group, except in the 2nd and 5th weeks.

In the pancreas, it showed a significant increase (p < 0.05) in MDA content in the STI
group and STI + VC group in comparison with those of the control mice, except in the 5th
week. MDA content of the STI + VC group was significantly decreased (p < 0.05) when
compared with those in the STI group in the 3rd, 4th, and 5th weeks.
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Table 4. MDA content in serum and pancreas.

Treatment 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk

Serum
(nmol/mL)

Control 2.5 ± 0.3 3.4 ± 0.2 3.8 ± 0.2 4.1 ± 0.2 4.5 ± 0.3
STI 4.4 ± 0.2 * 4.7 ± 0.1 * 7.6 ± 0.2 * 5.6 ± 0.1 * 4.9 ± 0.1

STI + VC 3.2 ± 0.1 # 4.6 ± 0.4 * 5.9 ± 0.2 # 4.6 ± 0.3 * 4.8 ± 0.1

Pancreas
(nmol/mg

prot)

Control 4.2 ± 0.2 4.9 ± 0.3 5.5 ± 0.3 7.4 ± 0.2 8.1 ± 0.3
STI 6.3 ± 0.1 * 8.3 ± 0.2 * 15.7 ± 0.4 * 11.7 ± 0.4 * 9.6 ± 0.3 *

STI + VC 6.1 ± 0.1 * 8.1 ± 0.2 * 13.7 ± 0.3 # 9.6 ± 0.4 # 8.6 ± 0.3

*: Represents the significant difference compared to the control group (p < 0.05, n = 10). #: Represents the significant
difference compared to the STI group (p < 0.05, n = 10).

As shown in Tables 5 and 6, as the feeding periods increased, SOD and GSH-Px
activities of the three groups in both the serum and pancreas decreased and then increased
and, in the 3rd week, reached a minimum. Compared with the control animals during the
whole time, mice fed STI and STI + VC showed a significant decrease (p < 0.05) in SOD and
GSH-Px activities. Meanwhile, the activities of SOD and GSH-Px in the STI + VC group
were significantly higher (p < 0.05) than those in the STI group for the majority of the time.
Therefore, STI can significantly reduce the level of SOD and GSH-Px in mice, and STI + VC
can slightly increase the level of SOD and GSH-Px compared with the STI group.

Table 5. SOD activity in serum and pancreas.

Treatment 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk

Serum
(U/mL)

Control 174 ± 3.2 162 ± 4.5 135 ± 3.5 147 ± 3.8 117 ± 3.5
STI 150 ± 2.8 * 120 ± 10 * 62 ± 1.8 * 83 ± 0.4 * 92 ± 1.9 *

STI + VC 162 ± 1.1 # 133 ± 3.0 * 77 ± 1.7 # 94 ± 2.2 # 106 ± 4.0 #

Pancreas
(U/mg

prot)

Control 81 ± 4.7 68 ± 1.3 50 ± 1.0 39 ± 1.5 22 ± 1.8
STI 49 ± 3.5 * 38 ± 2.8 * 10 ± 1.7 * 18 ± 0.3 * 16 ± 0.2 *

STI + VC 55 ± 3.5 * 47 ± 1.3 # 18 ± 0.4 # 23 ± 1.2 # 18 ± 1.7 #

*: Represents the significant difference compared to the control group (p < 0.05, n = 10). #: Represents the significant
difference compared to the STI group (p < 0.05, n = 10).

Table 6. GSH-Px activity in the serum and pancreas.

Treatment 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk

Serum
(U/mL)

Control 693 ± 33 359 ± 28 260 ± 10 496 ± 35 1380 ± 30
STI 481 ± 32 * 315 ± 57 * 165 ± 31 * 410 ± 10 * 577 ± 45 *

STI + VC 540 ± 28 # 345 ± 41 # 240 ± 10 # 456 ± 44 # 640 ± 30 *

Pancreas
(U/mg

prot)

Control 287 ± 12 190 ± 10 180 ± 10 240 ± 10 384 ± 1.7
STI 134 ± 14 * 96 ± 4.5 * 87 ± 4.8 * 108 ± 5.5 * 143 ± 4.5 *

STI + VC 176 ± 20 # 143 ± 5.0 # 138 ± 5.0 # 180 ± 10 # 230 ± 10 #

*: Represents the significant difference compared to the control group (p < 0.05, n = 10). #: Represents the significant
difference compared to the STI group (p < 0.05, n = 10).

3.2. Trypsin Activity and Hormone Levels

The activities of TPS are summarized in Table 7. As the time increased, the TPS activity
of the STI group and STI + VC group in both the serum and pancreas decreased initially
and then increased and, in 3rd week, reached a maximum. Mice fed STI and STI + VC
showed significant decreases in TPS activity when compared with the control animals
during the whole period. Whereas the TPS activity in the STI + VC group was significantly
higher (p < 0.05) than those in the STI group in the majority of the whole periods.
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Table 7. Change of TPS activity in serum and pancreas.

Treatment 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk

Serum
(U/mL)

Control 84 ± 3 92 ± 3 95 ± 3 97 ± 1 98 ± 1
STI 44 ± 3 * 39 ± 2 * 25 ± 2 * 35 ± 3 * 44 ± 2 *

STI + VC 68 ± 5 # 62 ± 3 # 48 ± 5 # 63 ± 2 # 69 ± 1 #

Pancreas
(U/mg

prot)

Control 7.0 ± 0.1 7.8 ± 0.2 8.5 ± 0.3 9.1 ± 0.1 9.0 ± 0.2
STI 3.5 ± 0.2 * 3.3 ± 0.2 * 2.1 ± 0.1 * 3.1 ± 0.1 * 3.6 ± 0.2 *

STI + VC 5.2 ± 0.3 # 4.3 ± 0.1 # 3.7 ± 0.1 # 4.3 ± 0.1 # 5.2 ± 0.1 #

*: Represents the significant difference compared to the control group (p < 0.05, n = 10). #: Represents the significant
difference compared to the STI group (p < 0.05, n = 10).

The contents of SST are summarized in Table 8. With the increase in feeding periods,
the SST contents of three groups in both the serum and pancreas were decreased and then
increased and, in the 3rd week, reached a minimum. Mice fed STI and STI + VC showed
a significant decrease (p < 0.05) in SST content when compared with the control animals
during the whole period except for that in the serum for the 2nd and 3rd week and the
pancreas for the 3rd week. Meanwhile, the SST content in the STI + VC group was higher
(p < 0.05) than that in the STI group for the majority of the whole period.

Table 8. Change of SST levels in serum and pancreas.

Treatment 1 Wk 2 Wk 3 Wk 4 Wk 5 Wk

Serum
(pg/mL)

Control 50 ± 10 20 ± 5.7 20 ± 10 45 ± 4.3 50 ± 10
STI 27 ± 3.5 * 16 ± 4.2 14 ± 0.3 19 ± 3.7 * 23 ± 2.8 *

STI + VC 30 ± 10 * 21 ± 5.1 16 ± 5.6 30 ± 10 * 30 ± 10 *

Pancreas
(pg/mg

prot)

Control 29 ± 1.2 25 ± 1.5 12 ± 0.4 29 ± 2.0 98 ± 1.7
STI 21 ± 1.8 * 19 ± 1.7 * 10 ± 0.2 20 ± 1.5 * 38 ± 0.5 *

STI + VC 24 ± 2.3 # 22 ± 0.1 # 10 ± 0.1 22 ± 1.1 * 87 ± 1.6 #

*: Represents the significant difference compared to the control group (p < 0.05, n = 10). #: Represents the significant
difference compared to the STI group (p < 0.05, n = 10).

3.3. Analysis of Relative Gene Expression

Five relative genes: GSH-Px, SOD, TPS, SST, and SSTR5, were analyzed using RT-PCR
(Figure 1). The transcription levels of GSH-Px, SOD, TPS, SST, and SSTR5 genes in the
three groups exhibited a decreasing trend during the initial 3 weeks, reaching a minimum
in the 3rd week, followed by a subsequent increase during the next 2 weeks. During the
whole experimental period, there was a significant decrease (p < 0.05) in the transcription
levels of GSH-Px, SOD, TPS, and SST genes in the mice of the STI group compared to the
control group. Mice in the STI + VC group exhibited significantly higher transcription
levels (p < 0.05) of SOD, GSH Px, TPS, and SSTR5 genes, as compared to those in the STI
group, although still lower than the control group.

3.4. TEM of Pancreas Tissue

Figure 2 shows the ultrastructure changes in the pancreas of three groups of mice. The
analysis of the pancreas showed no pathological alterations in control mice. The nuclear
envelope, nucleus, mitochondria, and endoplasmic reticulum were normal. Zymogen gran-
ules were diffusely distributed in the cytoplasm (Figure 2a). Since the oxidative damage
was less pronounced in the STI group during the first week, the electron micrographs
exhibited similarity to those of the control group. Observable damage appeared in the 3rd
week, with micrographs of the pancreas of the STI group displaying mitochondrial vac-
uolization, swelling, and dilatation of the endoplasmic reticulum. The zymogen granules
of STI-diet mice were significantly fewer than that of control mice (Figure 2b,d,f,h,j). The
protective effect of VC in mice was evident in the form of a moderate increase in zymogen
granules, as well as normal mitochondria and endoplasmic reticulum. Mild swelling of the
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endoplasmic reticulum and mitochondria were also observed, indicating the efficacy of VC
in preventing damage caused by STI, as compared to the STI group (Figure 2c,e,g,i,k).

Figure 1. RT-PCR gene expression analysis of relative gene expression. (a) SOD; (b) GSH-Px; (c) TPS;
(d) SST; (e) SSTR5; Different letters indicate significant differences between the groups (p < 0.05,
n = 10).
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4. Discussion

The lipid peroxidation process is initiated by reactive oxygen species in the phospho-
lipids present in biofilms, triggering a free radical chain reaction [23]. As MDA is the result
of lipid peroxidation, its concentration can be used as an indicator to measure the extent of
lipid peroxidation. The results indicated a significant rise in the MDA level in the serum
and pancreas of the STI group when compared to the control group. These results indicated
that STI induced a significant increase in lipid peroxidation, indirectly indicating a rise in
the levels of free radicals in the pancreas of mice. As the feeding time increased, it was
observed that MDA levels in the STI group increased significantly, reaching their peak in
the 3rd week. Studies have shown that in the myocardial ischemia and hyperlipidemia
animal model [24,25], the level of MDA will rise first and then decline, which was consistent
with the findings of this study. The results indicated that MDA levels exhibit periodic
fluctuations and are influenced by feeding time, consistent with the pattern observed for
free radicals in the experiment. This further demonstrated that the growth cycle of mice
influences the level of free radicals affected by STI, with the highest level reached in the 3rd
week. TEM analysis of the pancreas also revealed that oxidative damage to the pancreas
was most severe in the 3rd week.

As a free radical scavenging system, superoxide dismutase (SOD) and glutathione
peroxidase (GSH) exist in all oxygen-metabolizing cells, which can prevent free radical
damage to cells and provide an oxidative membrane component of repair mechanism [14],
reflecting the capacity of the non-enzymatic antioxidant defense system. Therefore, the
aforementioned parameters were utilized to evaluate alterations in the antioxidant status
of the pancreas. The findings showed a decrease in the antioxidant indices of both the
serum and pancreas in the STI group, which was caused by the STI increasing the level
of oxygen free radicals. To maintain the balance between oxidation and antioxidants, the
body requires a significant amount of antioxidants. However, this high demand results
in damage to the antioxidant defense system, leading to a weakened antioxidant capacity
within the body. The activity of SOD in both the serum and pancreas displayed a pattern
of initially decreasing, followed by increasing and subsequently reaching the lowest level
during the third week. However, the activity of GSH-Px showed an opposite trend. RT-PCR
results indicated the down-regulation of transcription levels of SOD and GSH-Px genes in
the STI group when compared to the control group. This is due to the STI leading to an
increase in free radicals.

The expression of SOD and GSH-Px genes can be inhibited by free radicals, leading
to a significant reduction in the activity of SOD and GSH-Px [26]. These results provide
more insight into the alteration in antioxidant capacity following oxidative stress, which
could be associated with the level of oxygen-free radicals and the developmental stage of
the organism.

It was observed that the TPS of the STI group and STI + VC group exhibited a decreas-
ing trend, followed by an increasing trend as the feeding time increased, which reached
their minimum value in the third week. TPS, produced in the pancreas, is an endopeptidase
that binds to trypsin inhibitors to create a complex of enzymes and inhibitors. During the
last two weeks, as oxidative damage decreased, the activity of TPS increased, which led
to the formation of these complexes that can be excreted in feces, causing a decrease in
trypsin levels.

SST is a natural, ubiquitous neurohormone found in the central nervous system and
most major peripheral organs, including the salivary glands, stomach, pancreas, and in-
testine [27]. It is believed that this peptide has negative effects on various physiological
functions. The action of SST is mediated by the 5-somatostatin receptor subtype, known as
SSTR1-5. The levels of SSTR5 in the pancreas were higher than those of the other four re-
ceptors. SST inhibits the secretion of both insulin and glucagon, which is mediated through
distinct SST receptors [28]. In addition, SST has the ability to not only directly impact islet
secretion function but also modulate islet function by influencing the responsiveness of islet
cells to physiological or pharmacological stimuli [29,30]. Recent studies have shown that
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various factors that stimulate the release of SST from cells can also trigger the production
of intracellular ROS. Wenger’s study concluded that the SST analog octreotide impacted
oxygen-free radical metabolism by reducing liver re LPO, increasing GSH-Px and SOD
activity [31]. The results of this experiment showed that the SST content in the STI group
first increased, then decreased, and peaked during the 3rd week. However, RT-PCR results
indicated that the transcription levels of SST and SSTR5 genes in the STI group exhibited an
inverse correlation. This may be due to the inhibition of the expression of the SST gene and
the SSTR5 gene during transcription due to the production of free radicals. The possible
reason for the increase in SST content is the autocrine and paracrine factors of SST. In other
experimental conditions, SST has demonstrated its effectiveness as an inhibitor of insulin
secretion [32]. While promoting SST production, insulin secretion is suppressed. However,
in our study, we observed an opposite trend between insulin and SST levels.

VC is involved in metabolic processes in the body and acts as a potent antioxidant by
directly or indirectly neutralizing free radicals to prevent cellular damage and immune system
disorders [33]. The results of this study suggest that VC may alleviate the oxidative stress
caused by STI, thus mitigating the oxidative damage caused by reactive oxygen species.

5. Conclusions

The current research indicates that STI exhibits the harmful effect of inducing oxidative
stress by increasing the formation of lipid peroxidation and overall impairing enzymatic
and non-enzymatic antioxidant defenses in the STI diet-fed mice, which cause structural
damage and secretory dysfunction of the pancreas. Moreover, the RT-PCR results for the
expression of SOD, GSH-Px, TPS, SST, and SSTR5 genes further demonstrated the above
results. In addition, these harmful effects are periodic. Meanwhile, the inference that
free radicals generated by STI intake where the main contributor to pancreatic injury was
confirmed by the improvement in pancreatic injury after VC intake. This suggested that
adding VC, especially soy protein products, to ingredients containing STIs, whether food
or feed, is a good way to mitigate the damage caused by STIs to the pancreas or that there
are practical implications of consuming soy protein (containing STI) along with Vc.
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Abstract: A cavitation jet can enhance food proteins’ functionalities by regulating solvable oxidized
soybean protein accumulates (SOSPI). We investigated the impacts of cavitation jet treatment on
the emulsifying, structural and interfacial features of soluble soybean protein oxidation accumulate.
Findings have shown that radicals in an oxidative environment not only induce proteins to form
insoluble oxidative aggregates with a large particle size and high molecular weight, but also attack the
protein side chains to form soluble small molecular weight protein aggregates. Emulsion prepared by
SOSPI shows worse interface properties than OSPI. A cavitation jet at a short treating time (<6 min)
has been shown to break the core aggregation skeleton of soybean protein insoluble aggregates,
and insoluble aggregates into soluble aggregates resulting in an increase of emulsion activity (EAI)
and constancy (ESI), and a decrease of interfacial tension from 25.15 to 20.19 mN/m. However, a
cavitation jet at a long treating time (>6 min) would cause soluble oxidized aggregates to reaggregate
through an anti-parallel intermolecular β-sheet, which resulted in lower EAI and ESI, and a higher
interfacial tension (22.44 mN/m). The results showed that suitable cavitation jet treatment could
adjust the structural and functional features of SOSPI by targeted regulated transformation between
the soluble and insoluble components.

Keywords: soybean protein; soluble oxidized aggregates; emulsifying properties; rheological proper-
ties; cavitating jet

1. Introduction

Soybean is an important crop with seeds that contain abundant protein of approxi-
mately 40% [1]. The soybean protein has different physiological impacts including dropping
blood lipids, blood pressure, and inhibiting cardiovascular and cerebrovascular disease
indirectly [2]. Therefore, soybean proteins have been extensively exploited in food and
feed plants due to their superior nutritious rate, high functional features, and low price [3].
Studies have revealed that in 2019, global soy production reached 366.67 million tons [4],
which caused huge storage and transportation pressures. In addition, soy protein is vulner-
able to oxidative attack during storage and transportation. The parties within the molecule
re-syndicate to create oligomers following disclosure, owing to the oxidative denaturation
of soy protein, which further forms macromolecular aggregates due to hydrophobicity and
electrostatic attraction [5]. It is challenging to use oxidized soy protein in food manufac-
turing, because the formation of insoluble aggregates in protein aggregates is a significant
factor in the loss of some biological and functional features of proteins, for instance, protein
solubility, emulsifying effects, and emulsifying stability [6].

The physical control of oxidized protein aggregates is currently the subject of extensive
research. The degree of whey protein isolate (WPI) aggregation’s cross-linking could be
controlled, and its gel and emulsifying characteristics could be improved, expanding the
use of WPI in food processing, according to [7]. A decrease in the aggregate concentration of
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β-conglycinin and a rise in the size of the solvable accumulates for glycinin and soy protein
insulate were found by Keerati-U-Rai et al. (2009) [8], who also established that dynamic
extra-pressure homogenization triggered a transformation from insoluble aggregate to
soluble aggregate. Additionally, Cao et al. (2021) [9] discovered that using ultrasound
might modify the intermolecular interactions, alter the shape and accumulation of oxidized
quinoa proteins, and increase the quantity of soluble aggregates, refining the functional
attributes of the quinoa proteins. In a study by Zhang (2020) [10], it was demonstrated that
ultrasonic treatment could prevent casein molecules from self-aggregating in a solution, as
well as deteriorate the accumulation brought on by interfacial adsorption through foam
fractional process, resulting in an improved protein aggregate function. Physical fields
can therefore cause subunit dissociation and aggregation to directly regulate the protein
structure, which eventually results in an improvement in the functional characteristics of
protein aggregates. However, because of their high power requirements and limited effort
capabilities in food processing procedures, high-pressure homogenization and ultrasonic
processes were unable to be extensively utilized.

A cavitation jet is a water jet that can produce the cavitation effect; it can induce the
rapid vaporization of the liquid to form many cavitation bubbles. After the liquid flows
into the high-pressure zone, these cavitation bubbles will collapse and extinguish, resulting
in the generation of an extra-velocity turbulent shear and a substantial pressure differential
and molecular impact, which could cause big particles to break up into smaller ones and
the structure of food to be refined, which will affect its functional characteristics [11]. The
cavitation jet technique provides benefits over alternative mechanical treatments, includ-
ing ease of use, speedy processing, low processing temperatures, and cheap processing
costs [12]. Thus, in the realm of food processing, the cavitation jet treatment may be em-
ployed as an effective and energy-saving processing method. Cavitating jets could alter
the structure and characteristics of proteins, as well as eliminate the hydrophobic and
electrostatic connections between molecules. Based on this, researchers have shown that
cavitation treatments may change the structures of the protein isolate and promote emulsi-
fying characterizations [13]. The previous research results revealed that the appropriate
time of cavitation jet treating could damage the structure of protein-oxidized accumulates
and improve the emulsification and interface properties. In addition, this outcome might be
associated with the regulation of the cavitation jet on the oxidized masses and the induction
of conversion between the soluble and insoluble oxidized aggregates. Nevertheless, in the
current work, the research on the transformation law between the soluble and insoluble
components of protein oxidative aggregates was less. It is limited by the tender of the
cavitation jet physical field in the governing of the protein accumulates and the analysis of
its mechanism.

Thus, in this study, soybean protein was utilized as the investigation entity, and 2,2′-
azobis(2-amidinopropane) dihydrochloride (AAPH) was employed to create an oxidation
aggregation system of soy protein. By mimicking the definite creation of oxidized protein
accumulates in the means of factory storing, the oxidized protein accumulates were treated
with several cavitation jet times (0–15 min), and the soluble aggregates with the cavitation
jet treatment were obtained during the centrifugation. We studied the change of the
structure and the emulsifying and interfacial descriptions of the soluble component in
protein accumulates after cavitation jet treatment. The mechanisms of the cavitation jet
governing the oxidative accumulates of soybean protein and transformation law between
soluble and insoluble components were explained at the molecular level. This might cause
enhancements in the function of the cavitation jet in the soy protein plant, and deliver a
theoretic base for the claim of the development, alterations, storing, and shipping of the
soybean protein stuffs.
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2. Materials and Methods

2.1. Materials

Shandong Yuwang ecological food industry Plant Limited provided the soy protein
isolate (92.4% protein) (Shandong, China). From Beijing Dingguo Changsheng Biotechnol-
ogy Co. Ltd., chemicals such as 2,2′-dithiobis(5-nitropyridine) (DTNP) and 8-Anilino-1-
Naphthalene Sulfonate (ANS) were acquired (Beijing, China).

2.2. Formulation of Soluble Soybean Protein Oxidized Accumulates

According to a prior work, the soluble oxidized accumulates of soybean protein
(SOSPI) were produced [14]. To generate a 10 mg mL−1 soybean protein mix, the soy-
bean protein was liquified in a phosphate buffer solution (PBS) with a phosphate dose of
0.01 mol L−1, a pH of 7.2, and 0.5 mg mL−1 of NaN3. The final concentration of AAPH was
increased to 0.5 mmol L−1 by adding AAPH. The soybean protein oxidized accumulate mix
with a 12 h oxidation period was prepared after oxidating treatment for 12 h at 37 ◦C and
became murky. Dialysis was performed at 4 ◦C for 72 h using a 14,000 kDa dialysis bag,
and the deionized water (dH2O) was replaced every 6 h. The samples were gathered and
given the designation OSPI after spray drying. The soybean protein oxidized accumulate
mix underwent a 12 h oxidation process before standing centrifugated at 4 ◦C for 20 min at
a rapidity of 9000 rpm to discrete the soluble components from the insoluble components.
The samples were gathered and given the name SOSPI after spray drying.

2.3. Formulation of Samples for Cavitation Jet Treatment

The 2 L OSPI (25 ◦C, 10 mg mL−1) was poured into the SL-2 cavitation jet machine
(Zhongsen Huijia Technology Development Co., Ltd., Beijing, China) to treat at 80 MPa
for six diverse times: 2, 4, 6, 8, 10, and 15 min. The SOSPI was liquified in 0.01 mol/L PBS
(pH 7.2, comprising 0.5 mg mL−1 NaN3). After treatment, the protein was immediately
chilled in an ice bath for 15 min, and trailed by 20 h of centrifugal treatment at 4 ◦C
and 9000 rpm to remove the insoluble parts. Spray drying was used to create all sample
solutions, which were given the names SCOSPI-2 min, SCOSPI-4 min, SCOSPI-6 min,
SCOSPI-8 min, SCOSPI-10 min, and SCOSPI-15 min. Three groups of parallel samples
were taken.

2.4. Measuring the Particle Size Dispersal

Based on the technique labeled by Ma et al. (2019), the particle size dispersal (PSD)
was estimated via a laser scattering Mastersizer S (Malvern, UK) and a 300 inverse Fourier
lens with the relief of a He–Ne laser λ = 633 [15]. The protein’s refractive index was 1.33
when the amount was made at room temperature (RT, 25 ± 2 ◦C). Before measurement,
the samples were diluted with dH2O to 50 mg/mL, and the particle sizes ranged between
0–10,000 μm.

2.5. Measurement of the Molecular Weight Circulation

Following Ma et al. (2019) [15], examples of soybean protein were examined using an
HPLC unit (Milford, MA, USA). Briefly, the molecular weight of the proteins at 280 nm was
determined via a Waters 2175 UV finder (Milford, MA, USA).

2.6. Measurement of the Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy

A Bruker Vertex 70 was used to analyze the materials using Fourier transform infrared
(FTIR) (Bruker Optics GmbH, Ettlingen, Germany). At 0.5 cm−1 tenacity and RT (25 ± 2 ◦C),
a total of 64 scans were found between 4000 and 400 cm−1. The secondary structure was
determined using the FTIR spectra’s secondary-derivation and deconvolution processes,
and it was based on the amide I band (1600–1700 cm−1). According to Tang et al. (2009),
the method involved the secondary structure of the proteins being examined using Peakfit
Ver., 4.12 software, and the algorithm utilized was Gaussian peak fitting [16].
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2.7. Measuring of the Fluorescence Emission Spectra

According to the technique used by Jiang et al. (2014), the fluorescence emission spectra
of the materials were found via a Hitachi F-7000 fluorescence spectrophotometer (Hitachi
Inc., Tokyo, Japan) [17]. The soybean protein trials were thinned in 0.01 mol L−1 PBS to
a protein dose of 0.2 mg mL−1 to produce emission spectra at an excitation wavelength
of 295 nm and from 300 to 400 nm. By employing a fixed 5 nm for both the emission and
excitation in triplicate, the bandwidths were attained.

2.8. Measurement of the Sulfhydryl Content

According to the Wu et al. (2019) approach, the amounts of disulfide bonds and free
sulfhydryl (SH) assemblies were measured [18]. DTNP was used in a variation of Ellman’s
approach to ascertain the SH cluster insides in the trial. The molar extinction constant
(13,600 M−1 cm−1) was utilized to represent the SH contents as a nmol mg−1 protein.

2.9. Measuring of the Transmission Electron Microscopy (TEM)

TEM was dedicated by utilizing a previously described technique [19]. After being
diluted 350 times in dH2O, the sample was dispensed in 30 μL droplets and applied on a
carbon net (200 mesh). The surplus was wiped away using permeable paper after 120 s.
The net was air-dehydrated on sieve paper after the samples were dyed for 3 min with a 2%
uranyl acetate solution. Benefitting a TEM-JEM-1230 (JEOL, Tokyo, Japan) with a hastening
voltage of 80 kV, the morphology of the sample was examined.

2.10. Measuring of the Emulsifying Activity Index (EAI) and Emulsion Solidity Index (ESI)

The Kevin et al. (1978) approach was used to evaluate the EAI and ESI [20]. A high-
rapidity homogenizer (T-25 homogenizer, IKA, Staufen, Germany) was used to combine a
15 mL sample of a 0.1% (w/v) protein mix with 5 mL of maize oil at 7200× g for 10 min to
create an emulsion. The emulsion was then detached from the lowest of the centrifuge tubes
and normalized for 0 and 30 min before being diluted 100 times with 5 mL 0.1% sodium
dodecyl sulfate. A spectrophotometer was used to test the absorbance at 500 nanometers
(Beckman DU 500, Fullerton, CA, USA). The EAI and ESI were stated as:

EAI
(
m2/g

)
= 2×2.303×DF×A0

(1−θ)×C×φ×10000

ESI(%) = A0
A0−A30

× 10

where A0 is the absorbance at 0 min of the thinned emulsion, DF is the dilution aspect
(×100), c is the model dose (g mL−1), φ is the pictorial path, θ is the portion of the oil (0.25),
and A30 is the absorbance after 30 min.

2.11. Measurement of the Confocal Laser Scanning Microscope (CLSM)

The Leica TCS SP2 CLSM was used to study the microstructure of emulsions. To create
an emulsion, 15 mL of a 0.1% (w/v) protein mix was normalized with 5 mL of maize oil
at 7200× g for 30 min. A 1 mL of emulsion was added to the dye (40 μL), which included
0.02% Nile red dye and 0.1% Nile blue dye. After that, a coverslip was put on top of the
colored emulsion in the middle of the slide. To prevent the water from evaporating, silicone
oil was sprayed to the superiority of the coverslip. The emphasis plane was originally
changed following an inspection with a 100× impartial lens, while the slide was mounted
on a laser confocal microscope phase. Pre-examining was performed with Ar ion at 488 nm
and a He/Ne ion laser at 633 nm. A fluorescence figure was composed with a visualizing
intensity of 1024 × 1024.

2.12. Measuring of the Quantity of Adsorbed Proteins at Interface (AP%)

According to Liang and Tang, the amount of adsorbed proteins at the interface (AP%)
of these emulsion samples was calculated [21]. A 10,000 g centrifuge was used to spin
each new emulsion (1 mL) for 45 min at RT. A cream coat (or concerted oil droplets) at
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the upper of the tube and the aqueous stage of the emulsion at the bottom were visible
after centrifugation. A 0.22 μm filter was utilized to sieve the supernatant after the cream
layer was delicately detached using a syringe (Millipore Corp.). The Lowry technique was
utilized to estimate the filtrate’s protein content, with a BSA serving as the reference. To
estimate the protein intensity (Cs) in the upper phase, the initial protein mix was likewise
centrifuged under identical circumstances. The AP (%) was expressed as:

AP (%) =
CS − Cf

C0
× 100

where Cs is the content of preliminary protein solution in the supernatant (mg), Cf is the
content of protein in filtrate after centrifugation (mg), and C0 is the preliminary protein
intensity of the protein mixes concerned for the emulsion formulation (mg).

2.13. Measurement of the Interfacial Tension

Various materials’ surface tension was estimated via an automated surface tensiometer
(DCAT21, Data Physics Instruments GmbH, Filderstadt, Germany). A total of 20 mL of
the sample mix was then put into a 25 mL cylinder after the protein model had first been
dissolved in dH2O (1%, m/v). The apparatus’s measuring variety was always between
1 and 100 mN m−1, with a SD that never went beyond 0.03 mN m−1.

2.14. Measurement of the Viscoelastic Properties

The Sun et al. (2012) approach is used to assess the viscoelastic characteristics of emul-
sions [22]. An RST-CPS rheometer was used to measure the sample emulsions’ rheological
characteristics (Brookfield, Middleboro, MA, USA). At a temperature of 40 ◦C, the samples
were sandwiched between two parallel plates with 1 mm space among them. A strain
examining the analysis performed at an incidence of 1 Hz was used to identify the linear
viscoelastic area of each sample. Each protein sample’s elastic and storage moduli were
determined in the linear viscoelastic area.

2.15. Measurement of the Apparent Viscosity

Rendering to the technique delineated by Swa et al. (2020), rheological tests were
carried out via an AR 1500 regulated stress rheometer (TA, West Sussex, UK) outfitted with
cone and bowl geometries (40 mm, angle 1◦, and gap 0.100 mm) [23]. The same technique
was used to create the sample emulsions. The sample emulsions were divided into 2.0 mL
aliquots and placed on the stage for measurement at 25 ± 0.1 ◦C. After 5 min, the viscosity
ranged from 0 to 200 s−1. Using the program, the measuring was performed in triplicate.
We matched the investigational flow curves to Sisko’s pattern that provided the finest fit
and was signified by:

η = η0 + Kγn−1

where η is the ostensible viscosity (Pa·s), η0 is the vintage ostensible viscosity (Pa·s), K is
the consistency index (Pa·sn), γ is the shear ratio (s−1), and n is the performance index
(dimensionless).

2.16. Statistical Analysis

Statistical assessment was accomplished via SPSS ver. 20.0. The outcomes were
imperiled to Duncan’s multiple series and ANOVA tests. All the rates gained are stated as
the mean ± SD in triplicate. A p-value ≤ 0.05 was measured significantly.

3. Results

3.1. Particle Size Distribution and Molecular Weight Circulation

The SEC-HPLC and particle size dispersal can characterize the molecular weight, size,
and aggregation degree of the soluble components in soybean protein oxidized aggregates
treated by cavitation jet. It can be seen from Figures 1 and 2 and Table 1 that, equated
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with SPI, the particle size of OSPI showed a unimodal particle size and lifted to the right,
meaning the average particle size increased significantly. Furthermore, the elution time
of the first molecular weight peak of OSPI diminished and the peak quantity increased.
However, as a soluble component in OSPI, the particle size of SOSPI displayed a bimodal
particle size, the initial particle size peak transferred to the left, and the average particle
size decreased. The elution time of the first molecular weight peak of SOSPI increased
and the peak area decreased. The results revealed that after the oxidation treatment, the
oxidized accumulates with a huge particle size and a high molecular weight were insoluble
aggregates, and the soluble components were proteins with a small particle size and a
low molecular weight. Radicals in the oxidative environment could induce proteins to
form insoluble oxidative aggregates through covalent crosslinking, but they will also attack
protein side chains to form small molecular weight soluble proteins [24].

With the increase of the cavitation jet treatment time, the retention time of the initial
elution peak and the peak area of the protein components with a small molecular weight
of SCOSPI decreased, and the particle size peak of SCOSPI lifted to the right. When the
cavitation jet treatment time was 8 min, the first particle size peak of SCOSPI moved to the
maximum right, and the average particle size achieved the highest. The outcomes displayed
that the molecular weight and particle size of SCOSPI with the cavitation jet treatment
increased, and the low molecular weight and small particle size protein components
declined. The cavitation jet treatment could promote the depolymerization of insoluble
aggregates in OSPI and transform them into soluble oxidized aggregates through high
shear and cavitation effects, developing an increase of the particle size and molecular
weight of the soluble oxidized accumulates [8]. Moreover, the cavitation jet would intensify
the collision between the small molecule soluble aggregates, and then polymerize into
a bigger particle size and molecular weight soluble protein molecule, resulting in the
reduction of small molecular weight protein components [16,25]. When the cavitation jet
treatment time exceeded 8 min, the first particle size peak of SCOSPI moved to the left
and the retaining time of the initial elution peak and the peak area of protein substances
with small molecular weight of SCOSPI amplified, indicating that when the treatment time
was too long, the protein molecular weight of SCOSPI decreased and the small molecular
weight protein component increased. The thermal effect and free radical effect of the
cavitation jet, on the one hand, could promote the further aggregation among proteins to
form insoluble aggregates, which were removed by centrifugation. On the other hand, it
would split some peptide chains, resulting in soluble protein components dominated by
small molecular weight and particle size protein molecules [16,26]. Combined with the
research of the team in the early stage [27], cavitation jets can break losing the disulfide
bonds and protein skeleton structures that declined the amassed sizes and molecular
weights of oxidized aggregates. However, how these components of protein aggregates
mutually transform is unclear. Through the particle size and molecular weight of this
research, we can obtain that a cavitation jet can also induce the insoluble aggregates to
break down under high shear stress and transform into soluble aggregates, ensuing in the
rise of the particle size and molecular weight of the solvable accumulates. Consequently,
a suitable cavitation jet treatment could adjust the structural and functional attributes of
OSPI by inducing the cleavage of insoluble oxidized aggregates and transforming them
into soluble aggregate components.
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Figure 1. Particle size distribution (PSD) of natural, oxidized soybean protein, and the cavitation jet
treated on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

Figure 2. SEC profiles of natural, oxidized soybean protein, and cavitation jet treated on soluble
soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

Table 1. Particle size and protein dispersibility index (PDI) of natural, oxidized soybean protein, and
cavitation jet treated on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10,
and 15 min).

Samples Particle Size (nm) PDI

SPI 181.59 ± 2.77 h 0.76 ± 0.11 a

OSPI 3836.18 ± 66.82 a 0.19 ± 0.03 d

SOSPI 97.38 ± 1.63 i 0.17 ± 0.01 d

SCOSPI-2 min 551.03 ± 5.07 e 0.14 ± 0.02 ef

SCOSPI-4 min 639.27 ± 18.31 d 0.11 ± 0.04 f

SCOSPI-6 min 705.81 ± 15.33 c 0.29 ± 0.04 c

SCOSPI-8 min 776.14 ± 11.91 b 0.15 ± 0.01 e

SCOSPI-10 min 538.15 ± 9.52 f 0.28 ± 0.03 c

SCOSPI-15 min 443.96 ± 22.28 g 0.33 ± 0.01 b

Note: Comparisons were carried out between values of the same column; values with a different letter(s) indicate
a significant difference at p ≤ 0.05.
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3.2. FTIR Spectroscopy

Fourier transform infrared spectroscopy can be utilized to elucidate the secondary
structure change of proteins during aggregation and disaggregation [28]. Figure 3 is
the FTIR spectra, and Table 2 is the secondary structure of oxidized accumulates and
soluble oxidized aggregates after the cavitation jet treatment. Oxidized treatment raised the
compounds of β1, β-turn, and γ-random coil in the OSPI and declined the compounds of
α-helix. Compared with OSPI, the components of β1 and γ-random coil in SOSPI declined,
and the compounds of α-helix increased. α-helix has structured secondary structures
featured by high inflexibility and recurrence structure, while γ-random coil has unordered
secondary structures featured by plasticity and the deficiency of a recurrence structure [29].
The marker structure of aggregation (β1) is created by molecular interactions during
protein oxidation [30]. Changes in the constancy of the H-bond between the amino parties
and the polypeptide chain’s carbonyl parties are primarily responsible for the changes
in the amount of α-helices [31]. Since the hydrogen connection among the amino and
carbonyl groups in the polypeptide chain is unstable, oxidation may attack the amino
acid residues in the primary peptide chain, reducing the amount of α-helix present. The
spatial structure of a protein heavily influences its functional activities, and proteins with
a suitably organized and compact structure exhibit beneficial functional behaviors [32].
Compared with other samples, the lowest α-helix content of OSPI referred that excessive
oxidation would seriously demolish the ordered structure of protein. This might be one
of the important reasons for the decline of OSPI functional activity [33]. Comparing the
results of OSPI and SOSPI, we can find that oxidized protein with several β1 existed in
OSPI, while SOSPI has more rigid and ordered structures.

Figure 3. FTIR spectra of natural, oxidized soybean protein, and cavitation jet treated on soluble
soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

With the increase of the cavitation jet treatment time, β1 of SCOSPI increased first, then
decreased and then increased, and other structures showed no obvious regular change trend.
Combined with the outcomes of particle size and molecular weight, the superior pressure
and superior shear strengths of the cavitation jet at a fleeting treatment time could lead to
the cleavage of protein accumulates by weakening the protein–protein interactions and
induce insoluble aggregates with high contents of β1 to transform into soluble aggregates
resulting in the increase of the β1 contents [34]. Nevertheless, after the treatment time of
the cavitation jet exceeded 6 min, the components of β1 of SCOSPI decreased first and then
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increased. The cavitation jet with long treatment time could induce the soluble aggregate
in OSPI to aggregate further, due to the thermal impact and extra-speed instability and
formed the insoluble aggregates with high β1 components which were centrifuged and
removed, resulting in the decrease of the β1 content. When the cavitation jet treatment
time was 8–15 min, the β1 content of SCOSPI increased. Combined with the previous
research results of the team [27] during this timeframe, the β1 of the protein oxidized
accumulates and soluble aggregates both increased, which showed that continuously
extreme cavitation jet treatment can cause the formation of more β1 structures with the
aggregation characteristics of soluble and insoluble components. Integrated with the
particle size and molecular weight findings, we could find that the particle size and
molecular weight of SCOSPI decreased with a long cavitation jet treatment time. This
showed that the cavitation jet could depolymerize the soluble components and at the same
time could induce the aggregation reaction between protein molecules, resulting in more
β1 structures. The above results showed that the control of cavitating jet is an extremely
complex process. The cavitation jet might dynamically govern the depolymerization and
reaggregation of soluble soybean protein oxidized accumulates through the transformation
of the protein spatial structure.

Table 2. Secondary structure content of natural, oxidized soybean protein, and cavitation jet treated
on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

Content (%)
Anti-Parallel

Intermolecular
β-Sheet (β1)

Parallel
Intermolecular
β-Sheet (β2)

Intramolecular
β-Sheet

α-Helix β-Turn
γ-Random

Coil

Wavenumber (cm−1) 1608–1622 1682–1700 1622–1637 1646–1662 1662–1681 1637–1645
SPI 9.27 ± 0.28 d 15.95 ± 0.23 a 18.41 ± 0.18 a 26.35 ± 0.18 c 21.33 ± 0.17 f 8.69 ± 0.15 e

OSPI 13.58 ± 0.19 a 7.16 ± 0.18 f 17.18 ± 0.13 b 17.82 ± 0.19 d 26.66 ± 0.20 e 17.41 ± 0.20 a

SOSPI 9.05 ± 0.26 d 9.74 ± 0.22 b 13.58 ± 0.25 f 27.84 ± 0.19 a 28.28 ± 0.18 d 10.51 ± 0.22 b

SCOSPI-2 min 11.28 ± 0.08 c 8.54 ± 0.26 d 13.38 ± 0.07 g 26.27 ± 0.08 c 30.61 ± 0.13 b 9.92 ± 0.17 c

SCOSPI-4 min 12.70 ± 0.10 b 7.84 ± 0.19 e 13.80 ± 0.26 e 24.52 ± 0.19 e 31.82 ± 0.02 a 9.32 ± 0.18 d

SCOSPI-6 min 12.77 ± 0.01 b 9.02 ± 0.25 c 13.58 ± 0.05 f 23.36 ± 0.04 f 31.92 ± 0.22 a 9.35 ± 0.06 d

SCOSPI-8 min 11.42 ± 0.19 c 9.83 ± 0.01 b 15.80 ± 0.19 c 22.72 ± 0.14 g 29.66 ± 0.22 c 10.57 ± 0.16 b

SCOSPI-10 min 12.78 ± 0.06 b 6.78 ± 0.22 g 13.70 ± 0.03 ef 26.68 ± 0.20 b 30.73 ± 0.24 b 9.33 ± 0.30 d

SCOSPI-15 min 13.51 ± 0.13 a 6.76 ± 0.05 g 15.36 ± 0.15 d 25.09 ± 0.06 d 29.79 ± 0.15 c 9.49 ± 0.18 d

Note: Comparisons were carried out between values of the same column; values with a different letter(s) indicate
a significant difference at p ≤ 0.05.

3.3. Fluorescence Emission Spectra

Fluorescence spectra can characterize the polarity changes of aromatic amino acids
in the microenvironment, so as to predict alterations in the tertiary structure of soluble
protein aggregates [35]. Figure 4 is the intrinsic fluorescence spectra of the soluble soy-
bean protein oxidized aggregates. Compared with SPI, the fluorescence intensity of OSPI
declined significantly and λmax was blue shifted. Compared with OSPI, the fluorescence
intensity of SOSPI raised and λmax was red shifted. Free radicals in the oxidizing situation
could induce the crosslinking, condensation, and nucleation of SPI, and then form the
protein aggregation with a tighter structure [36]. Comparing the fluorescence spectrum of
OSPI and SOSPI, we could find that the components with tighter structures in the OSPI
components exist in insoluble oxidized aggregates. On the other hand, this showed that
the change of the structural tightness degree could reflect the conformational change law
of the transformation from a soluble protein to an insoluble protein. With the prolongation
of the cavitation jet treatment time, SCOSPI λmax initially raised and then declined, and
achieved the supreme when the treatment time was 6 min. This showed that the cavita-
tion jet could alter the spatial structure of SCOSPI to regulate the functional activity. The
cavitation jet could cleave and break some insoluble soybean protein oxidation aggregates
and induce the creation of soluble oxidation accumulates with a loose structure and a
larger particle size. This could cause the increase of the number and exposed degree of
aromatic amino acid elements of SCOSPI; to show polar solute circumstances, a red move
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of λmax of SCOSPI was noted. However, with the further extension of the treatment time,
some soluble oxidized aggregates of the soybean protein regrouped and transformed into
insoluble aggregates, which were centrifuged, resulting in the reduction of the number of
aromatic amino acid elements of SCOSPI [37]. In addition, the other soluble aggregates
could form β1 structures and aggregate through covalent cross-linking and hydrophobic
interaction in the collision, so that the aromatic amino acids of SCOSPI were buried in the
structure [38]. Consequently, excessive cavitation jet treatment will, through this dual effect
of aggregation and depolymerization together, cause the λmax of SCOSPI blue shift.

Figure 4. Fluorescence emission spectra of natural, oxidized soybean protein, and cavitation jet
treated on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

3.4. Sulfhydryl Content

SH/SS replacement reactions play a key role in protein accumulation, which can
reproduce the impact of physical fields on the depolymerization mechanisms of protein. As
shown in Table 3, the free sulfhydryl and total sulfhydryl quantity of OSPI decreased, and
the disulfide bond quantity increased compared with SPI. However, compared with OSPI,
the free sulfhydryl content of SOSPI rose, and the disulfide bond content decreased. The oxi-
dation treatment could promote the creation of disulfide bonds via the disulfide/sulfhydryl
switch reaction. More disulfide bonds reflect the tighter spatial structure of soybean protein,
so that the oxidation increased the tightness of the soybean protein molecular space struc-
ture [39]. This showed that oxidation could adjust the compactness of the protein structure
by changing the disulfide bond, thus affecting its functional activity [40]. In addition, the
total sulfhydryl content was also decreasing, and the decay of free sulfhydryl quantity
was higher than the raise of disulfide bond content, signifying that oxidation also had a
non-reversible oxidation reaction on the soybean protein, inducing the transformation of
free sulfhydryl into sulfur compounds without a disulfide bond [41]. For soluble com-
ponents in OSPI, namely SOSPI, the disulfide bond quantity decreased. Combined with
the results of the particle size and fluorescence emission spectra, the oxidized treatment
diminished the particle size and amplified the fluorescence intensity of SOSPI, indicating
that the oxidized masses of soybean protein after the oxidation treatment were mainly
insoluble aggregates, and most of the soluble components show a small particle size and a
loose and unfolded structure [40]. With the addition of the cavitation jet treatment time,
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the contents of free sulfhydryl, total sulfhydryl, and disulfide bonds of SCOSPI amplified
first and then declined, but the processing time, corresponding to a maximum value of
the three, is inconsistent. This is because there was more than one conversion reaction
between free sulfhydryl and disulfide bonds in the system. The cavitation jet treatment
could break the core aggregation skeleton of SCOSPI, destroy the intermolecular force
and spatial structure, and induce the conversion of disulfide bonds into free sulfhydryl
groups, resulting in the increase of the free sulfhydryl content of the soluble oxidized
aggregates. At the identical time, combining with the increase particle size findings of
SOSPI after the cavitation jet, cavitation could also promote the transformation from insolu-
ble aggregates with high disulfide bonds content into soluble aggregates, so the number
of soluble aggregates increased [42], which instigated the expansion of disulfide bond
content and free sulfhydryl content of soluble oxidized aggregates. Nevertheless, when the
cavitation jet treatment time was too long, high intensity, long-time cavitation, turbulence,
and thermal effects would cause the re-aggregation of soluble aggregates and also cause
the cracking of all accumulates, which was an irreversible denaturation for protein [43].
To be more specific, when the treatment time was maximized, the cavitation jet would
destroy the spatial structure and intermolecular force of the oxidized aggregates, resulting
in the reduction of the disulfide bond content, which is well matched with the finding of a
decreased particle size. However, the free sulfhydryl groups, formed by the disulfide bond
breaking in OSPI, would aggregate with each other to form SCOSPI with a tighter spatial
structure, ending in a reduction in the quantity of free sulfhydryl groups. This is matched
with the findings of FTIR spectroscopy and fluorescence emission spectra. At the same
time, cavitation jet also induced the irreversible reaction of protein sulfhydryl groupings
to generate the sulfur-comprising components with non-disulfide bonds. Moreover, the
conversion of soluble oxidized aggregates to insoluble oxidized aggregates will also lead to
the fluctuation of the disulfide bond and free sulfhydryl quantity. These factors together
caused the reduction of free sulfhydryl and disulfide bond quantity. The inconsistent pro-
cessing time, corresponding to the maximum value of the free sulfhydryl, total sulfhydryl,
and disulfide bond, showed that the process of aggregation and depolymerization and
the conversion between soluble and non-soluble was a very complex process and needs
further research.

Table 3. Sulfhydryl content of natural, oxidized soybean protein, and cavitation jet treated on soluble
soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

Samples
Free Sulfhydryl

(nmol/mg)
Total Sulfhydryl

(nmol/mg)
Disulfide Bond

(nmol mg−1)

SPI 11.72 ± 0.15 a 15.64 ± 0.32 a 1.96 ± 0.11 c

OSPI 4.05 ± 0.23 h 10.78 ± 0.14 g 3.37 ± 0.13 a

SOSPI 8.06 ± 0.22 e 10.99 ± 0.12 f 1.47 ± 0.16 d

SCOSPI-2 min 8.65 ± 0.17 c 11.95 ± 0.16 e 1.65 ± 0.17 cd

SCOSPI-4 min 8.92 ± 0.21 b 12.56 ± 0.18 c 1.82 ± 0.13 c

SCOSPI-6 min 8.87 ± 0.19 bc 13.29 ± 0.22 b 2.21 ± 0.15 b

SCOSPI-8 min 8.21 ± 0.14 d 12.15 ± 0.19 d 1.97 ± 0.16 c

SCOSPI-10 min 7.65 ± 0.16 f 10.69 ± 0.15 g 1.52 ± 0.16 d

SCOSPI-15 min 7.15 ± 0.18 g 10.07 ± 0.16 h 1.46 ± 0.19 d

Note: Comparisons were carried out between values of the same column; values with a different letter(s) indicate
a significant difference at p ≤ 0.05.

3.5. Transmission Electron Microscopy (TEM)

To better understand SPI and compare the differences among SPI, OSPI, SOSPI, and
SCOSPI, the apparent morphology was visualized by TEM, as shown in Figure 5. Compared
with SPI, the aggregation degree of OSPI was increased, and OSPI formed a dense network
structure with intense central part. The skeleton structure of SOSPI mainly presented
short and small wormlike structures. Oxidation led to the conformational changes of SPI
and exposed the side chain groups of hydrophobic aliphatic and aromatic amino acids
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entrenched within, inducing cross-linking aggregation through hydrophobic interaction.
Furthermore, they can also attack the sulfhydryl groups of proteins and convert them into
disulfide bonds, showing insoluble protein accumulates with a large particle size and highly
cross-linked clusters in OSPI [44]. However, SOSPI showed short rod protein molecules
with a small particle size; this is because the proteins with a high degree of cross-linking
were transformed into insoluble aggregates and removed by centrifugation [25], as the
soluble components of the protein are mainly in the shape of short and small rods. With
the increase of the cavitation jet treatment time from 2 min to 8 min, the aggregation degree
of SCOSPI increased. Most of the protein aggregates heavily bonded, which consisted of
agglomerated smaller worm-like particles, and the skeleton structure became larger and
more branches appeared. This is well matched with the outcomes of the particle size and
molecular weight. On the one hand, it might be because the cavitation jet broke the disulfide
bond of the aggregates, and the insoluble aggregation with large, clustered morphology,
resembling those of compact reticulation, was cracked. Then, the insoluble aggregation
transformed into soluble aggregates, which led to the amplification of the number of soluble
aggregates in the supernatant and presented a cluster structure. On the other hand, it might
be that under the cavitation treatment, the fragmentation of the skeleton structure increased.
This result promoted the mutual collision between soluble protein molecules and the
binding probability of free sulfhydryl clusters, resulting in the enlargement and additional
branches of the originally short rod-shaped skeleton structure [26]. However, with the
further conservation of the cavitating jet treatment time, the mesh skeleton structure was
seriously broken and gradually transformed into a short bar structure. When the treatment
time reached 15 min, the mesh structure disappeared, and the skeleton structure presented
a slender bar. Combined with the above results, the cavitation jet has the dual effects of
breaking and reassembling the protein skeleton structure. In addition, it also induces a
mutual transformation between the soluble and insoluble aggregates. Therefore, the long-
time cavitation jet can induce the soluble aggregates to transform into insoluble aggregates
and be removed by centrifugation, and decrease the content of the soluble aggregates. In
addition, under high temperatures, great pressure, and the shear force conditions of the
long-time cavitation jet, the skeleton structure of the protein was broken. These two works
together resulted in the decrease of the cementation and intercross network structure of the
soluble aggregates, and the formation of a small and slender skeleton structure.

Figure 5. Backbone structure of natural, oxidized soybean protein, and cavitation jet treated on
soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).
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3.6. Emulsion Capacity and Stability

Due to its good emulsifying activity, proteins are usually used in food emulsions and
artificial fats. However, emulsifying features differ both on the capability of the protein
adsorbed on the oil droplet superficially and the protein intermolecular binding, and it
is related to the shape, size, and superficial hydrophobicity of the protein molecules [45].
The EAI and ESI of the emulsions stabilized by the soluble soybean protein oxidized
accumulates are shown in Table 4. The oxidization treatment decreased the EAI and ESI
of emulsions steadied by OSPI and SOSPI. In addition, the EAI of SOSPI was superior
to that of SPI, but the ESI was relatively inferior. The oxidation treatment could form a
highly ordered intermolecular β-sheet between proteins, which were poor supports to the
flexible body. The molecular flexibility of OSPI decreased and formed insoluble oxidized
aggregates whose structure is difficult to relax, resulting in the reduction of protein interface
activity and the decline of the binding ability between the protein and oil, which induced
the EAI and ESI of OSPI, inferior than that of SPI [46]. However, compared with the
OSPI, the SOSPI contained abundant free sulfhydryl groups and short worm-like skeleton
structures. In the process of forming the emulsions, the SOSPI moved to the interface in
smaller particle size aggregates, which increased the exchange area between the protein
and the oil–water interface and made SOSPI easier to absorb and relax at the interface, so
that the EAI of SOSPI were higher than that of OSPI. Nevertheless, it is difficult for proteins
with a miniature particle size to adsorb stably on the interface for a long time, resulting in a
decrease of the ESI of SOSPI.

Table 4. Emulsion capacity and solidity of natural, oxidized soybean protein, and cavitation jet
treated on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

Samples EAI/(m2·g−1) ESI/min

SPI 91.61 ± 1.17 a 186.19 ± 3.89 a

OSPI 46.97 ± 2.24 g 137.20 ± 3.51 e

SOSPI 89.92 ± 2.37 a 126.75 ± 3.18 f

SCOSPI-f-2 min 57.17 ± 1.89 f 149.08 ± 3.15 d

SCOSPI-f-4 min 71.92 ± 1.91 e 156.24 ± 2.89 c

SCOSPI-f-6 min 86.24 ± 2.39 b 163.17 ± 2.68 b

SCOSPI-f-8 min 81.64 ± 2.64 c 152.56 ± 3.37 cd

SCOSPI-f-10 min 76.95 ± 2.19 d 147.89 ± 2.90 d

SCOSPI-f-15 min 72.68 ± 2.64 e 140.27 ± 3.64 e

Note: Comparisons were carried out between values of the same column; values with a different letter(s) indicate
a significant difference at p ≤ 0.05.

With the extension of the cavitation jet treatment time, the EAI and ESI of SOSPI
initially amplified and then declined, and achieved the highest when the cavitation jet
treatment time was 6 min. The high pressure, shear, and cavitation effects shaped by the
cavitating jet could cleave oxidized aggregates and induce some insoluble aggregates to
change into soluble aggregates, so that the content of the soluble protein accumulates
increased. The cavitation jet could also abolish the intermolecular binding of SCOSPI,
and the structure of SCOSPI is altered. These two results result in the amplification of the
number of exterior hydrophobic parties and polar groups, particle size, and molecular
flexibility of SCOSPI to improve the emulsifying activity and emulsifying constancy [47].
Additionally, the intercross networks structure, cross-connected by the protein, were useful
in the creation of the emulsion [48]. Combined with the TEM results, it can be found that
after the cavitation jet treatment, the mesh skeleton structure of SCOSPI became larger
than was beneficial to the formation and stability of the emulsion. However, when the
cavitation jet treating time exceeded 6 min, the long-time high temperature, pressure, and
shear force produced by cavitation jet impacted the hydrophilic and hydrophobic clusters
and interior binding of the protein molecules, which unfavored the aptitude of SCOSPI
to adsorb at the oil–water interface. In addition, during the long time cavitation jet, the
SCOSPI gradually formed a small molecular protein with a more highly ordered β-sheet
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structure, difficult relaxation, and low molecular flexibility, resulting in the reduction of the
emulsifying activity and emulsifying stability of SCOSPI [49].

3.7. Confocal Laser Scanning Microscope (CLSM)

The CLSM was utilized to explore the fluctuations in the microstructure of the soybean
protein emulsion after pretreating it with the cavitation jet, as displayed in Figure 6. The
green fluorescence in CLSM micrographs signified the protein piece, the red fluorescence
represented the soybean oil, and the vivid yellow fluorescence signified the proteins ad-
sorbed on the oil droplets. The small spherical droplets were evenly distributed throughout
the emulsion system, which was prepared from SPI. After the oxidation treating, the floc-
culation of the emulsion dewdrops prepared from OSPI and SOSPI were serious, and
the red areas in the unceasing phase increased significantly and gathered on the surface
of emulsion droplets, showing the phenomenon of oil–water separation. The oil–water
separation of OSPI was more serious than SOSPI. The oxidative treatment caused the
accumulation and solubility of the protein molecules to decrease, causing difficulty for the
formation of steady interfacial film in the emulsification procedure, thus showing a red oil
droplet accretion area in a large aggregation area [50]. Nevertheless, compared with OSPI,
the particle size and skeleton structure of SOSPI were smaller, and it had better adsorption
ability at the oil–water interface. Most of the oil droplets are encapsulated in the emulsion
droplets prepared by SCOSPI, and there was only a small-scale accumulation of red oil
droplets. This shows that macromolecules and insoluble protein oxidation aggregates
formed during the oxidation were the key to causing significant decline in emulsifying
activity. Therefore, regulating the macromolecules and insoluble proteins aggregates could
improve the function activity of OSPI.

During the treatment of the cavitation jet, the green area of the emulsion prepared
with SCOSPI in the CLSM image increased gradually, and the red area gradually decreased
and showed the wrapped state in the green area, and a steady protein interfacial film
was shaped at the oil–water interface. The cavitation jet treatment could induce the
insoluble oxidation aggregates, which are difficult to relax at the interface, to transform
into soluble aggregates with smaller steric hindrance and a more flexible structure, as
well as to expand the adsorption, relaxation, and reordering effects of SCOSPI at the
interface, so as to improve the steadiness of the oil–water interface [51]. In addition, the
number of surface hydrophobic groups and polar groups in SCOSPI were increased, which
promoted additional protein molecules to be adsorbed at the oil–water interface to produce
a steadier interfacial film, and could improve the interfacial activity and emulsifying
features [52,53]. Therefore, the proteins discolored green were consistently and firmly
spread across the oil droplets that efficiently avoided coalescence. However, with the
further delay of the cavitation jet treatment time, in the CLSM images of the emulsion
prepared by SCOSPI, the red area of oil increased gradually, and the green area of the
protein was mainly concentrated. Excessive cavitation jet treatment would increase the
content of the anti-parallel intermolecular β-sheet, surface hydrophobicity, and ζ-potential
reduction of SCOSPI, and the specific surface area declined, which was not encouraging for
distribution to crossing and extension on the oil–water interface [54]. Finally, the binding
capacities of SCOSPI to oil were weakened, resulting in the increase of free oil droplets and
serious oil–water separation. A cavitation jet can affect the flocculation and stability of the
emulsion by regulating the transformation between insoluble and soluble aggregates.
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Figure 6. CLSM micrographs of natural, oxidized soybean protein, and cavitation jet treated on
soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min). Note:
(a) represents the proteins, (b) represents the oil droplets, and (c) represents the proteins adsorbed on
the oil droplet.
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3.8. Quantity of Adsorbed Proteins at Interface (AP%)

The quantity of the adsorbed proteins at the interface has a key impact on the constancy
of the emulsion. The higher interfacial protein amount, the stronger capability of protein
adsorption to the oil–water interface [55]. As shown in Figure 7, the AP% of the emulsion
made by OSPI and SOSPI decreased compared with SPI, and the AP% of the emulsion made
by SOSPI was lower than OSPI. It is generally considered that proteins undergo a certain
amount of structural extension and relaxation when dissolved in an aqueous solution [56].
The more flexible the structure of the proteins, the better it is for structural expansion
and the more prone they are to bulk diffusion, adsorption at the interface, unfolding, and
rearrangement, inducing the increase of AP% [57]. During oxidation, the level of protein
accumulation creased, and the structural flexibility of highly clustered OSPI was reduced
and its rigidity was enhanced, which was not favorable to the expansion and adsorption
at the interface, resulting in the decrease of AP% [58]. In addition, the decrease of AP%
might be largely ascribed to the fabrication of the bridged emulsions, e.g., two particular oil
droplets allocated an identical protein particle layer, facilitated by the oxidization-induced
aggregation of SPI [59]. At the time of the formulation of the emulsion, large molecules
can be transported to the oil–water interface in preference to small molecules because of
the convective mass transport effect of high-pressure homogenization, i.e., large molecules
can adsorb more quickly than small molecules [60]. Compared with OSPI, SOSPI had a
small particle size and low molecular weight, which affected the protein adsorption ratio to
the oil–water interface, subsequent in lower AP% [61]. However, the protein with a small
particle size, low molecular weight, and a high solubility contributes to improving the
connection region with the oil–water interface and the affinity of protein to the interface;
foremost there was only a small-scale accumulation of red oil droplets in the emulsion
prepared by SOSPI. Therefore, the AP% is not the only consideration in deciding the
characteristics of emulsion.

Figure 7. AP% of emulsions of natural, oxidized soybean protein, and cavitation jet treated on soluble
soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min). Note: Values with a
different letter(s) indicate a significant difference at p ≤ 0.05.

With the expansion of the cavitation jet treatment time, the AP% of SCOSPI boosted
first and then diminished, and touched the highest when the treatment time was 6 min.
The high-velocity turbulent flow, high-speed shearing, and large pressure produced by the
cavitation jet acted on cross-linked aggregates to realize the transformation from insoluble
aggregates to soluble aggregates and directional regulation for amorphous soluble aggrega-
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tion, which improved the soluble protein content and molecular flexibility of the soluble
proteins. It promoted more proteins with structural relaxation and overall flexibility to be
adsorbed, unfolded, and rearranged at the interface. Then, it enhanced the AP% of the
emulsion prepared by SCOSPI, and increased to interfacially prepare and bulk stabilize
the oil–water systems [62]. Nevertheless, when the cavitation jet treating time was too
long, the majority of the soluble protein components were dominated by a small molecular
weight and particle size protein molecules, and the content of β1 in SCOSPI was increased,
designating that the content of the methodical structure augmented and that the structure
was relatively tight and complex, which was not favorable for the adsorption and unfolding
of protein at the oil–water interface and the formation of a dense interface interfacial film.
These results together led to the decrease of AP% of emulsion prepared by SCOSPI [63].

3.9. Interfacial Tension

A key element in the investigation and analysis of emulsion stability is the interfacial
tension at the liquid–liquid interface, which can also describe the exterior activity of proteins
at the oil–water interface [64]. As shown in Figure 8, the interfacial tension of the emulsion
prepared with natural soy protein was 21.29 mN/m. After the oxidation treatment, the
interfacial tension of the emulsions made by OSPI and SOSPI were raised, and SOSPI
was higher than OSPI. The oxidation treatment would promote a protein aggregate to
form insoluble oxidation aggregates with a larger particle size, low molecular flexibility,
and poor solubility [39]. In addition, the exact surface region of the protein molecules
was reduced, and the steric hindrance was increased, which were not beneficial to the
adsorption and reordering of protein at the oil–water interface, resulting in an increase
in the protein interfacial tension [65]. The soluble components in SOSPI were more easily
dissolved in the water phase, the particle size was lesser, and the ordered structure was
greater. The ability to form stable interfacial film was significantly reduced, resulting in a
higher interfacial tension and lower emulsion stability.

Figure 8. Interfacial tension of emulsions of natural, oxidized soybean protein, and cavitation jet
treated on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).
Note: Values with a different letter(s) indicate a significant difference at p ≤ 0.05.

After the cavitation jet treatment, the interfacial tension of SCOSPI decreased first and
was then amplified, achieving the bottom when the treatment time was 6 min. Combined
with the results of the particle distribution and TEM, it could be seen that the particle size
of SCOSPI increased and the protein skeleton widened, indicating that the cavitation jet
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could break the insoluble soybean protein oxidation aggregate and transform it into soluble
oxidation aggregate, resulting in the increase of hydrophobic clusters of soluble protein
components and a more complex conformational space [53]. Protein molecules were not
easily soluble in the aqueous phase, which improved the expansion and reordering of
the protein molecules at the interface and declined the interfacial tension [66]. However,
when the cavitation jet treatment time was too long, the quantity of β1 increased and the
γ-random coil (Table 2) decreased. Additionally, particle size (Table 1) was reduced and
soluble oxidized aggregates with a more orderly structure and lower molecular flexibility
were formed, with the result that adsorption energy barricaded at the boundary was higher,
and the adsorption efficacy was decreased. This affected the adsorption and evolving of
the protein at the oil–water interface and caused an increase of interfacial tension [67].
Combined with the results of EAI, ESI, CLSM, and AP%, we can find that when the
cavitation jet treatment was 6 min, the soluble soybean protein oxidized aggregates showed
the best emulsification interface characteristics. This provided a simple and effective
technology for the application of soybean protein in the food industry.

3.10. Viscoelastic Properties

Rheological quantities deliver evidence on the physical performance and steadiness
of lotion [68]. Elastic modulus G′ is a measurement of elasticity and signifies the storing
modulus of the energy of stress that could be reinstated when the stress is liberated,
while the viscous modulus G” signifies the viscous substances, which assumes the flow
defiance of the sample [69,70]. G’ and G” of emulsion are shown in Figure 9. Both the
elastic modulus (G′) and viscous modulus (G”) gradually amplified within the oscillation
frequency range. In all samples, the G′ was superior to the G” and exhibited an elastic
character. It showed that the protein on the interface formed a viscoelastic adsorbed film
and suggested an elastic network structure of emulsion. The G′ and G” of the emulsion
formulated by OSPI were both higher than SPI, while the SOSPI showed the opposite results.
The rheological features of the interface layer were mainly impacted by the hydrophobic
interaction and disulfide bonds among proteins adsorbed at the oil–water interface [71].
After the oxidation treatment, the quantity of the disulfide bonds in the protein aggregates
increased significantly. In addition, under the hydrophobic interaction, they were bound to
the proteins that have been adsorbed on the interface layer. Therefore, the formation of the
oxidative aggregates enhanced the binding between protein molecules at the interface, thus
amending the interfacial elastic modulus of the emulsion prepared by OSPI. However, the
soluble soybean protein aggregates were transformed into insoluble oxidized aggregates
after the oxidation treatment. The soluble components with smaller molecular proteins
were more likely to dissolve in the water phase and were unable to shape a protein-bound
film, resulting in a decline in G′ and G” of emulsion equipped by SOSPI [72].

With the cavitation jet treatment, the G’ of the emulsion fabricated by SCOSPI increased
first and then declined, and the G” presented no obvious change. With the delay of
cavitation jet treatment time, the skeleton of soluble oxidized aggregates became wider, the
particle size was larger, the exposure of hydrophilic and lipophilic groups in components
raised, the electrostatic revulsion among emulsion droplets was also amplified, the protein
content adsorbed on the oil–water interface layer was more and more, and the thickness
of the interfacial film slowly augmented, subsequent to the increase of interfacial elastic
modulus. When the cavitation jet treating time was maximized, the SCOSPI through β1
would form protein aggregates with a high aggregation degree, small particle size, and
weak reticular structure, which had negative impacts on the interface activity and resulted
in the decrease of G’ [73,74].
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Figure 9. Viscoelastic properties of natural, oxidized soybean protein, and cavitation jet treated on
soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10, and 15 min).

3.11. Apparent Viscosity

Figure 10 and Table 5 depict the emulsions’ rheological behavior. All the emulsions’
flow curves could be matched with Sisko’s model. With flow performance indices fluctuat-
ing from 0.059 to 0.271, all the emulsions displayed shear-thinning behavior. Intermolecular
bindings among aggregated molecules, which result in the creation of weak transient
networks, may be the motive of shear-thinning actions for the stabilized emulsions [65].
Emulsions steadied by OSPI exhibited a higher ostensible viscosity and K than those sta-
bilized by SPI, but those steadied by SOSPI had an inverse relationship between their
apparent viscosity and K. The volume proportion of the dispersed phase and the size of
the combinations created from the proteins determined the rheological parameters of the
emulsion. The higher the number and size of these masses, the higher the viscosity [75,76].
This led to a higher initial apparent viscosity in the emulsion made from oxidized soy
protein aggregates. After the oxidation process, the initially soluble oxidized aggregates
eventually changed into insoluble oxidized aggregates. A reduction in the K and apparent
viscosity resulted from the remaining soluble components, which were primarily made
up of tiny protein molecules that tended to dissolve in the aqueous phase and enclose oil
droplets [42,77,78]. The ostensible viscosity and K of the emulsion produced by SCOSPI
grew initially and subsequently dropped with the length of the cavitation jet treatment time.
Particle size and TEM results show that an effective cavitation jet treatment could encourage
the conversion of insoluble aggregates into soluble aggregates, increase the particle size and
skeleton structure of soluble soybean protein oxidation masses, and ultimately, increase
the ostensible viscosity and K of the emulsion created by SCOSPI. However, the prolonged
cavitation jet treating period might lead to an increase in insoluble aggregates that were
unfavorable to the steadiness of the emulsion, lowering K and its apparent viscosity. By
modifying the structure and content of the soy protein soluble oxidized accumulates and
controlling the reciprocal transformation of protein constituents, the cavitation jet treatment
can alter the rheological characteristics of the emulsion.
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Figure 10. Apparent viscosity and shear rate relationship of emulsions of natural, oxidized soybean
protein, and cavitation jet treated on soluble soybean protein oxidized accumulates at several times
(2, 4, 6, 8, 10, and 15 min).

Table 5. Fitting result of Sisko’s model of emulsion of natural, oxidized soybean protein, and
cavitation jet treated on soluble soybean protein oxidized accumulates at several times (2, 4, 6, 8, 10,
and 15 min).

Samples K (Pa·sn) n R2

SPI 0.066 0.271 0.99
OSPI 0.626 0.059 0.99

SOSPI 0.021 0.169 0.99
SCOSPI-2 min 0.539 0.183 0.99
SCOSPI-4 min 1.380 0.216 0.99
SCOSPI-6 min 2.673 0.219 0.99
SCOSPI-8 min 3.343 0.173 0.99

SCOSPI-10 min 3.123 0.154 0.99
SCOSPI-15 min 2.676 0.152 0.99

Note: The K signifies the consistency index. The n signifies the behavior index.

4. Conclusions

Oxidized treatment influenced the structure of the SOSPI, causing a decline in their
emulsifying properties and interfacial features. A cavitation jet at a short treating time can
break the insoluble soybean protein oxidation aggregate and transform it into a soluble
oxidation aggregate, causing the expansion of particle size, protein skeleton, and disulfide
bond content. This also improved the emulsion activity and state of SOSPI and raised
the quantity of adsorbed proteins at the interface while decreasing the interfacial tension
of the emulsion. A long cavitation jet treatment time could induce the soluble oxidized
aggregate to gradually form a small molecular weight protein with difficult relaxation and
low molecular flexibility, which were not favorable to the solidity of emulsion, resulting in
the decrease of EAI, ESI, apparent viscosity, K, and an increase of interfacial tension.
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Abstract: Oxidative stress is involved in maintaining homeostasis of the body, and an in-depth study
of its mechanism of action is beneficial for the prevention of chronic illnesses. This study aimed to
investigate the protective mechanism of yam polysaccharide (CYP) against H2O2-induced oxidative
damage by an RNA-seq technique. The expression of genes and the function of the genome in the
process of oxidative damage by H2O2 in IEC-6 cells were explored through transcriptomic analysis.
The results illustrated that H2O2 damaged cells by promoting cell differentiation and affecting tight
junction proteins, and CYP could achieve cell protection via restraining the activation of the MAPK
signaling pathway. RNA-seq analysis revealed that H2O2 may damage cells by promoting the IL-17
signaling pathway and the MAPK signaling pathway and so forth. The Western blot showed that the
pretreatment of CYP could restrain the activation of the MAPK signaling pathway. In summary, this
study demonstrates that the efficacy of CYP in modulating the MAPK signaling pathway against
excessive oxidative stress, with a corresponding preventive role against injury to the intestinal barrier.
It provides a new perspective for the understanding of the preventive role of CYP on intestinal
damage. These findings suggest that CYP could be used as oxidation protectant and may have
potential application prospects in the food and pharmaceutical industries.

Keywords: intestinal barrier; yam polysaccharide; RNA-seq; oxidative damage; signaling pathways

1. Introduction

Oxidative stress is a response of the body’s cells and tissues to stimuli that increase
reactive oxygen species and free radicals, resulting in the dysregulation of the intracellular
oxidative–oxidative system [1]. When oxidative stress occurs in cells, the expressions of
superoxide dismutase, catalase, and glutathione peroxidase in the body are significantly
altered. Meanwhile, the harmful superoxide anion generated is catalyzed to H2O2, which is
further decomposed into water and molecular oxygen [2,3]. Oxidative stress also disrupts
the intestinal environmental balance and changes intestinal permeability, giving rise to
intestinal damage and triggering a range of intestinal diseases [4]. Stress response can
induce intestinal cells to produce ROS metabolites in quantity, lipid peroxidation, protein
denaturation, cell apoptosis, and, ultimately, resulting in intestinal mucosal damage and
inflammatory intestinal diseases [5].

Irritation of the gastrointestinal tract by multiple factors can lead to gastrointestinal
dysfunction, which is one of the most vulnerable systems [6]. The intestinal barrier is
considered to be the first line of defense against host invasion by pathogens [7]. Imbalances
in the gut microbiome and impaired intestinal mucosal barrier have been linked to damage
from inflammation, oxidative stress, and various systemic diseases, such as inflammatory
bowel disease (IBD), irritable bowel syndrome (IBS), liver fibrosis, diabetic nephropathy,
lupus nephritis, and sepsis [8,9]. H2O2 is naturally present in various cells of the body and
also stimulates cells by oxidative stress that occurs with the body, and excess H2O2 will
disrupt the oxidative–antioxidant balance within the cells, giving rise to the production of
ROS [10], altering the permeability of intestinal cells, as well as decreasing the intestinal
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barrier function [9]. There are many studies investigating the activation of related proteins
on intracellular signaling pathways via Western blot technique, but there are few reports
on the expression of intracellular tight junction proteins in intestinal epithelial cells in
response to some stimuli, and the intracellular signaling pathway activation pathways are
still not clear.

Polysaccharides extracted from yams by water extraction and alcohol precipitation
methods have biological effects, such as antitumor, antioxidant, and modulating immune ac-
tivity [11,12]. In vitro antioxidant activity of floral mushroom polysaccharides showed that
they scavenged 79.46% and 74.18% of DPPH and hydroxyl radicals (OH), respectively [13].
The effect of yam polysaccharides on I-type diabetic mice has also been reported, and after
treatment with yam polysaccharides, the reactive oxygen species and malondialdehyde
(MDA) content in diabetic mice were reduced, indicating that yam polysaccharides have an-
tioxidant effects in diabetic mice, thus validly guarding against multifarious complications
of diabetes [14]. In addition, yam polysaccharides can reduce DPPH radicals, hydroxyl
radicals, and superoxide radicals’ production so as to promote endometrial epithelial cell
proliferation [15,16]. However, the recent studies on the antioxidant activity of yam polysac-
charides mainly focused on the scavenging ability of free radicals in vitro, while the role
of oxidative damage at the cellular level is still less and the mechanism of action has not
been reported. Therefore, to explore the protective effect of yam polysaccharides against
oxidative damage from the cellular level is need.

RNA-Sequencing (RNA-seq) is regarded as a new method to analyze gene functions
and interactions at the histological level, and the current RNA-seq method can determine
the expression levels of all most genes, which has been broadly used in frontier fields,
such as molecular biology [17,18]. Wang et al. [19] analyzed the resistance of periplaneta
Americana peptide to human ovarian granulosa cell apoptosis under hydrogen peroxide
poisoning, and RNA-seq analysis showed that activation of IL-6 trans-signaling pathway
in retinal endothelial cells caused gene expression changes. In addition, the combined
RNA-seq and cytobiology techniques illustrated that Cyclocarya paliurus polysaccharide
has protective effects against H2O2-induced oxidative damage in L02 cells and regulates mi-
tochondrial function, oxidative stress, and PI3K/Akt and MAPK signaling pathways [20].

This study aimed to probe the underlying molecular mechanism of CYP against H2O2-
induced oxidative lesions and the protective role on the gut barrier by transcriptomic
sequencing technology based on the IEC-6 cell model.

2. Materials and Methods

2.1. Reagents

Fresh yams (Dioscoreae Rhizoma) were purchased from Jiujiang, Jiangxi, China. Fetal
bovine serum (FBS) was obtained from Viva cell Biosciences Ltd. (Shanghai, China).
Dulbecco’s modified eagle medium (DMEM) was purchased from Solarbio (Beijing, China).
Antibodies were gained from Cell Signaling Technology (USA). The IEC-6 cell line was
purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).

2.2. Preparation of CYP

We weighed 300 g of yam powder and added 6 L of ultrapure water in the ratio of
1:20. Then, we stirred while heating at 80 ◦C, centrifuged, and concentrated the mixture to
1/10 of the original volume. Then, we added 95% ethanol and precipitated the mixture
4 ◦C overnight. The next day, the precipitate was redissolved and treated with glycosylase,
α-amylase, and papain after adjusting the pH of the solution to 4.5 and 6.5, respectively.
Finally, the Sevage method was used to deproteinization, followed by dialysis in a dialysis
bag (retention capacity of 8000–14,000 Da). The dialyzed solution was lyophilized after
secondary alcohol precipitation with anhydrous ethanol to obtain the crude polysaccha-
ride [21,22]. The contents of carbohydrate, uronic acid, and protein were 33.62%, 34.95%,
and 5.26%, respectively, and the molecular weight was 20.89 kDa [23].
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2.3. Cell Culture

IEC-6 cells in good growth condition were taken and inoculated in 6-well plates at a
cell density of 2 × 105 cells/mL for subsequent experiments. Cells were pretreated with
different concentrations of CYP for 24 h after cell apposition, and the polysaccharide sam-
ples were incubated with the configured H2O2 solution for 4 h. Groups were divided
as follows: Blank control group—cells were cultured daily with medium containing 10%
FBS; Model group—cells were cultured with medium containing 10% FBS and treated with
300 μmol/L H2O2 solution on the last day; Low-concentration polysaccharide group—treated
with 200 μg/mL of yam polysaccharide solution for 24 h, followed by 300 μmol/L of H2O2
solution; Medium-concentration polysaccharide group—treated with 400 μg/mL of yam
polysaccharide solution for 24 h, followed by 300 μmol/L of H2O2 solution; and High-
concentration polysaccharide group—treated with 800 μg/mL of yam polysaccharide solution
for 24 h, followed by 300 μmol/L of H2O2 solution.

2.4. RNA-Seq Analysis

Total RNA was collected and purified from cell samples using the Trizol reagent
kit (Invitrogen, Carlsbad, CA, USA) on the grounds of the manufacturer’s certificate,
and subsequent library preparation and sequencing was performed at Shanghai Personal
Biotechnology (Shanghai, China). RNA-seq libraries were identified using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) to evaluate the quality of the RNA.
Appropriate libraries were sequenced on the Illumina NextSeq500 platform (Illumina, San
Diego, CA, USA).

Read Count values were statistically compared to each gene using HTSeq as the bench-
mark for gene expression. DESeq was used to analyze the difference of gene expression,
and |log2 fold change| > 1 and p < 0.05 were selected as the condition of screening dif-
ferentially expressed genes (DEGs). In Gene Ontology (GO) analysis, topGO was used to
map the DEGs to their specific directed acyclic graphs (DAGs) structure, and the intensity
of the color depended on the enrichment fraction. Then, the P-value was estimated by
a super geometric allocation method to calculate the p-value (significant enrichment is
defined as p < 0.05) to recognize GO terms that were apparently enriched in differential
genes in comparison with the entire genomic background, and thus determined the pri-
mary biological effect exercised by the differential genes. KEGG enrichment analysis was
executed with the cluster-profiler where the gene list and gene number of each pathway
were estimated through the differential genes annotated in the KEGG pathway, and then
the P-value was calculated by the hypergeometric allocation method (the criterion for
significant enrichment was p < 0.05) to pick out the target genes. The KEGG pathways that
are significantly enriched in differential genes contrast with the gross genomic background
are then used to identify the major biological functions executed via the differential genes.

2.5. Inhibition of MAPKs Using Specific Inhibitors

PD98059 is a potent and selective ERK inhibitor that specifically inhibits MAPK kinase
activation in both in vivo and in vitro experiments [24,25]. In order to judge if the activating
effect of CYP on IEC-6 cells is via the MAPK signaling pathway, the PD98059 inhibitor
was added to DMEM medium and configured as a 10 μM solution. The configured ERK
inhibitor solution was added an hour prior to the addition of H2O2 damage to the cells.
The proteins in the cells were extracted at the end of H2O2 damage and Western blot was
applied to estimate the expression of the relevant proteins.

2.6. Western Blot Analysis

Western and IP Cell Lysis Solution were used for lysing cells at −20 ◦C and then the
lysate was transferred to an EP tube and centrifuged (4 ◦C, 10,000 r/min, 8 min.) After
centrifugation, the supernatant was collected and the protein concentration was estimated
with the BCA kit in line with the procedure, followed by the addition of SDS-PAGE loading
buffer (6×) and denaturation at 95 ◦C for 5 min. After the electrophoresis, the gel was cut
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out at the destination position according to the molecular weight, indicated by the marker.
The electrode was covered and sent to the membrane transfer apparatus to transfer the
membrane at 25 V for 7 min. After the transfer, the protein strips were cut according to the
experimental purpose, submerged in the blocking solution (5% BSA), and shaken at room
temperature for 1 h. The target primary antibody was selected for overnight incubation,
and the secondary antibody was added after three washes with TBST for 15 min each time
on the next day. Eventually, target protein bands were captured and photographed by
chemiluminescence imaging system.

2.7. Statistical Analysis

All experimental values are from at least three tinning sessions and data were ex-
pressed as mean ± standard deviation (SD). Differences among data mean values were
tested for statistical significance at the p < 0.05 level using One-way ANOVA analysis of
variance by SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Purity and Quality of Isolated RNA

The quality of the resulting RNA was evaluated by agarose gel electrophoresis. The
total RNA electrophoresis bands of the samples were clear, with a total of three bands, from
large to small, 28S, 18S, and 5S, with decreasing brightness. The 28S band was brighter
than the 18S band (Figure 1), which was twice as bright, while 5S was very light, in normal
condition, without obvious trailing and smears, with good RNA integrity and no significant
degradation of mRNA. The results mentioned met the requirements of the subsequent
experiments and could be carried out in the next step.

Figure 1. Determination of total RNA quality.

3.2. Expression Difference Result Statistics

RNA-seq is broadly applied to study molecular mechanisms associated with the
pharmacological activity of natural drugs’ polysaccharides [26,27]. Figure 2A shows the
differential gene values in the form of bar graphs. In the blank control group compared with
the CYP group, it identified 2637 gene sequences and the up-regulated genes consisted of
1563 and the down-regulated ones were 1074; in the model group compared with the CYP
group, it identified 1407 differentially expressed genes, of which the up-regulated genes
consisted of 358 and the down-regulated ones were 1049; in comparison to blank and model
groups, there were 3712 differential gene sequences, of which 2630 were upwardly adjusted
and 1082 were downgraded. The heat map shown in Figure 2B is expressed at the gene level,
with one sample in each column, with red for highly expressed genes and blue for low-
expressed genes. Due to the similarity of gene expression mode, gene sequence samples can
be clustered for analysis. It can be seen that the correlation coefficients are greater than 0.9
for samples within the same group and less than 0.8 for samples between different groups
(Figure 2C), indicating good sample parallelism between groups. On the basis of results
of the one-way analysis of variance (ANOVA), the Wayne plot was able to calculate the
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number of unique differential genes shared between the comparable groups. The number
of genes differing among the comparison groups and the overlapping relationship among
the comparison groups were indicated. In the Venn diagram (Figure 2D), it can be seen that
there are the same 417 differentially expressed genes in the three two-by-two comparisons.

(A) (B) 

(C) (D) 

Figure 2. Changes in the mRNA expression profile of IEC-6 cells induced by H2O2 after CYP pre-
treatment. (A) Statistics of differentially expressed genes between groups. (B) DEGs thermogram
representation between groups. (C) Correlation test between groups. (D) Venn diagram between groups.

3.3. Functional Prediction Analysis by GO Enrichment

GO enrichment analysis starts by mapping all DEGs into each term of the GO database,
using the whole genome as the background, subsequently calculating the P-value by
hypergeometric distribution algorithm to determine the GO term, which is prominently
captured in differential genes within the whole genome background, thereby ascertaining
the biological effect represented by the differential genes [28]. The regulatory role of CYP on
IEC-6 cells is still unclear at the transcriptome level. Figure 3B–D showed the classification
of biological processes (BP), molecular functions (MF), and cellular components (CC) on the
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grounds of sequencing analysis, respectively. GO function analysis revealed 26 BP terms,
20 MF terms, and 18 CC terms in the DEGs.

The functional groups that changed significantly in terms of model group and control
group were the development of anatomical structures, course of development, development
of multicellular organisms, cell differentiation, processes of cell development, system de-
velopment, positive regulation of biological processes, and protein binding. The functional
groups that changed significantly in the CYP group were the development of multicellular
organisms, system development, development of anatomical structures, course of develop-
ment, regulatory signals, regulation of cell communication, the developmental processes,
cell differentiation, development of animal organs, regulation of responses to stimuli, regu-
lation of signal transduction, negative regulation of biochemical reactions, movement in
motor cells or subcellular components, protein binding, positive regulation of biochemical
reactions, signal transduction regulation, and cell differentiation. The functional groups
that changed remarkably in the CYP group compared to the model group were the de-
velopment of anatomical structures, cell developmental processes, system development,
development of multicellular organisms, cell differentiation, regulation of multicellular
biological processes, bio-adhesion, cell adhesion, cell surface receptor signaling pathways,
regulation of cell differentiation, regulation of multicellular biological development, and
metal ion transport activity across membranes (Figure 3A). The above sequencing data
indicates that CYP can regulate the mechanism of oxidative damage in IEC-6 cells.

3.4. Signaling Pathway Analysis by KEGG Enrichment

The KEGG database integrates genomic, biochemical information, and signal path-
ways condition in one, using the pathway mapping process to link the genome to life as a
reference [19]. To identify H2O2-induced signaling pathways activated by IEC-6 cells, the
quantity of DEGs in the KEGG analysis were calculated. KEGG analysis was confirmed
with bubble plots showing the top 20 canonical pathways.

The pathways that changed significantly in the model group compared to the control
group were IL-17 signaling pathway, tumor necrosis factor, MAPK, and cAMP signaling
pathways, cytokine receptor interactions, endocrine resistance and atherosclerosis, TGF-
beta pathway, and FoxO. The pathways that changed more significantly in CYP were tumor
necrosis factor, neuro glioma, MAPK, p53, PI3K-Akt, IL-17, cytokine–cytokine receptor
interaction, HIF-1, FoxO, calcium signaling pathways, cellular senescence, and cell cycle.
The functional groups that changed remarkably in the CYP group in comparison to the
model group were tumor necrosis factor signaling pathway, IL-17 signaling pathway,
protein digestion and absorption, cytokine–cytokine receptor interaction, cGMP-PKG
signaling pathway, and mineral uptake. The MAPK pathway was significantly changed
in the control group compared with both the model group and CYP group (Figure 4).
Therefore, the above results indicated that CYP may make sense in protecting cells from
oxidative damage by affecting MAPK signaling pathway subsequent validation from the
MAPK pathway as proposed.

3.5. Effect of ERK Inhibitor on MAPK Pathway of H2O2-Induced Oxidative Damage in IEC-6
Cells

Our preceding study has illustrated that the phosphorylated expression of
three proteins, JNK, ERK, and P38, in the MAPK pathway activated by H2O2 was sig-
nificantly reduced in the presence of CYP, which was able to inhibit the activation of the
MAPK pathway [23]. In consequence, to bear out that activating the MAPK signaling
pathway in RNA-seq results, ERK inhibitor (PD98059) was added before treating the cells
with H2O2. Compared with the H2O2 group, pretreatment with ERK inhibitor was ef-
fective in reducing the ratios of p-ERK to ERK, p-P38 to P38, and p-JNK to JNK, and the
phosphorylation content of both JNK and ERK proteins’ gray value was declined by the
co-treatment of ERK inhibitor with CYP, but not as strongly as CYP alone (Figure 5). Our
results indicated that the combination of ERK inhibitor with CYP did not have an enhanced
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inhibitory effect, which may be due to the negative effect of the addition of PD98059 on
the protective effect of CYP. According to the above results, CYP has a similar effect to
ERK inhibitors in declining the expression of protein phosphorylation and inhibiting the
activation of MAPK pathway.

(A) 

B

Figure 3. Cont.
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D

Figure 3. GO enrichment analyses of DEGs identified in H2O2-stimulated IEC-6 cells. (A) GO
enrichment analyses of DEGs. The x-axis represents the number of DEGs and the y-axis represents
the enriched GO terms. The size of the point indicates the number of DEGs enriched in the pathway,
and the redder the color, the more significant the enrichment result is. (B–D) Thumbnails view of
directed acyclic graphs (DEGs) on BP, CC, and MF.
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Figure 4. Enrichment analysis diagram of KEGG in H2O2-stimulated IEC-6 cells. (A) Control group,
(B) Model group. (C) CYP group. The top 20 classical pathways obtained through KEGG enrichment
are shown in the figure.

Figure 5. Effect of ERK inhibitor on H2O2-induced IEC-6 cell injury through MAPK pathway.
(A) Western blot showing the protein expression of ERK, p-ERK, p38, p-p38, JNK and p-JNK.
(B–D) The quantification of JNK, p-JNK, ERK, p-ERK, p38, and p-p38 expression. Results shown are
expressed as means ± SD (n = 3). # p < 0.05, ## p < 0.01 compared with normal group, ** p < 0.01
compared with H2O2 group alone.
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3.6. Effect of CYP on Intestinal Tight Junction Proteins ZO-1, Occludin, and Claudin-1

Intestinal tight junction proteins have a positive impact on protecting intestinal cells
as a barrier for intestinal mucosal cells [29]. The, ZO-1, Claudin-1, and Occludin expres-
sions were decreased after H2O2 treatment compared with the control group (Figure 6),
indicating that H2O2 treatment impaired the intestinal barrier function. After pretreatment
with CYP at 200 μg/mL, the expression of all three tight junction proteins was up-regulated
to some extent, whereas when the concentration of CYP was increased to 400 μg/mL,
the expression of Occludin showed a decrease, and when soaring again to 800 μg/mL,
the expression content of ZO-1 and Claudin-1 was lower than that of the control group.
The results illustrated that the gut mucosal barrier of IEC-6 cells can be protected un-
der low concentration of CYP treatment, but too-high concentration of CYP can have a
negative effect.

Figure 6. Effects of CYP on ZO-1, Occludin, and Claudin-1 levels of H2O2-induced IEC-6 cells.
(A) Western blot showing the protein expression of ZO-1, Occludin and Claudin-1 in IEC-6.
(B–D) The quantification of Occludin, ZO-1, and Claudin-1 expression. Results shown are expressed
as means ± SD (n = 3). # p < 0.05, ## p < 0.01 compared with normal group, ** p < 0.01 compared with
H2O2 group alone.

4. Discussion

The protective mechanism of yam polysaccharides in opposition to H2O2-induced
oxidative lesions in IEC-6 cells was investigated based on RNA-seq technology, while
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the protective efficacy of CYP against H2O2-induced injury in IEC-6 cells was explored
in the MAPK pathway, and the effect of combined use of ERK inhibitors on MAPK path-
way was further selected to validate the effect of CYP based on the results of KEGG
enrichment analysis.

RNA sequencing is a method that allows the evaluation of a complete set of organisms’
transcribed genes, non-coding RNAs, and their transcriptomes [27]. Therefore, we used
sequencing to screen all transcripts of CYP against H2O2-induced oxidative damage in
IEC-6 cells. In this study, the expression of differential genes was detected via using
RNA-seq technology and further classified based on the information from the differential
gene analysis to analyze which functions these genes are referred to. Experimental results
illustrated that there are many differentially expressed genes in both CYP and model
groups versus the control group, manifesting a large number of genes expressed after H2O2
stimulation of cells with pretreatment of CYP. GO database provides biological annotation
of sample genes in the light of effect, biological pathway, and cellular localization [19,30].
GO enrichment analysis showed that the functional groups were significantly changed
during this process with cell differentiation and development of multicellular organisms
and so on, indicating that CYP can influence the physiological function of IEC-6 cells. In
addition, in comparison to GO analysis, KEGG enrichment analysis possesses a mighty
graphical representation, which could utilize diagrammatic form instead of text material
to demonstrate a range of signal pathways, offering more intuitionistic and all-sided
information. For the sake of investigating the signaling pathway of CYP affecting IEC-6
cells, we found that MAPK and IL-17 signaling pathways were remarkably enriched.

Enzymes in the MAPK signaling pathway jointly regulate cell growth, differentia-
tion, environmental stress adaptation, inflammatory response, and other important cell
physiology [31]. The functional groups that are significantly changed from inside the
GO enrichment analysis are cell differentiation, which coincides with the function of the
MAPK pathway. The MAPK signaling pathway is mainly activated through the sequence
of MAPK kinase, phosphorylation-activated MAPK kinase, and MAPK (transmission of
downstream information) activation to complete [25]. To keep off mutual interference,
the MAPK cascade is split into fixed modules using scaffold proteins. Among mammals,
the MAPK signaling cascade is usually classified into four subgroups: the extracellular
signal-regulated protein kinase 1 and 2 (ERK1/2) cascade, the c-Jun N-terminal kinase
(JNK) cascade, the p38 MAPK cascade, and the ERK5 cascade [32,33]. These subgroups are
connected to signaling pathways with various biochemical actions. For example, ERK1/2
gains command of cell growth and differentiation [34], JNK is correlated with stress, p38
MAPK is relevant to immune regulation and inflammatory response [35], and ERK5 is
associated with multifarious diseases, especially cardiovascular disease and cancer [36].

Western blot protein bands indicated that pretreatment with CYP inhibited the phos-
phorylated expression of three proteins in the pathway and suppressed MAPK pathway
activation. Further validation with the combination of ERK inhibitors showed that CYP
exerted an inhibitory effect on the phosphorylated expression of the related proteins in the
MAPK pathway and that the effect was similar to that of ERK inhibitors. This indicates
that CYP can inhibit the MAPK pathway and, thus, reduce the oxidative damage in cells.
Consistent with our results, polysaccharides from Agrocybe cylindracea residue mitigate
the liver and colon injury in type II diabetes through p38 MAPK signaling pathway [37].
Maintaining the integrality of the intestinal mucosal barrier is essential to protecting the
host from gut microbes, food antigens, and toxins. Huang et al. [38] investigated the effects
of CYP and SCYP on intestinal microbiota in vitro study. Consequently, it is speculated
that CYP may affect the gut barrier. The present study found that low concentration of CYP
can promote the expression of intestinal compact junction protein, which plays a role in
protecting the intestinal tract.
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5. Conclusions

To sum up, our study demonstrated that cells differentiated and protein binding
genes changed significantly according to the sequencing results and CYP-regulated MAPK
signaling pathways with ERK inhibitor to prevent excessive oxidative stress responses and
protect the intestinal barrier by affecting intestinal proteins (Figure 7). Indeed, this is the
first comprehensive study of the potential protective mechanism of CYP, which provides
an original perspective for incisive understanding of the protective role of CYP on the gut,
and likewise offers a theoretical foundation for the CYP-relevant products’ development.

Figure 7. Schematic of mechanism in CYP on H2O2-induced oxidative damage in IEC-6 cell.
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Abstract: Exopolysaccharide (EPS) from probiotic Enterococcus hirae WEHI01 was isolated and pu-
rified by anion exchange chromatography and gel chromatography, the results of which show
that the EPS consists of four fractions, namely I01-1, I01-2, I01-3, and I01-4. As the main purifi-
cation components, I01-2 and I01-4 were preliminarily characterized for their structure and their
immunomodulatory activity was explored. The molecular weight of I01-2 was 2.28 × 104 Da, which
consists mainly of galactose, and a few other sugars including glucose, arabinose, mannose, xylose,
fucose, and rhamnose, while the I01-4 was composed of galactose only and has a molecular weight of
2.59 × 104 Da. Furthermore, the results of an evaluation of immunomodulatory activity revealed
that I01-2 and I01-4 could improve the viability of macrophage cells, improve phagocytosis, boost
NO generation, and encourage the release of cytokines including TNF-α and IL-6 in RAW 264.7
macrophages. These results imply that I01-2 and I01-4 could improve macrophage-mediated immune
responses and might be useful in the production of functional food and medications.

Keywords: Enterococcus hirae WEHI01; exopolysaccharide; immunomodulatory properties

1. Introduction

Exopolysaccharides (EPSs) are peculiar polymers of extracellular high-molecular-
weight which can be produced by a variety of microorganisms (e.g., bacteria, fungi, and
microalgae) [1]. EPSs isolated from lactic acid bacteria (LAB) are generally recognized as
safe (GRAS) and are crucial natural additives in the food, cosmetic, and pharmaceutical
industries [2,3]. EPS-producing LAB strains have great commercial potential due to their
capability to enhance the rheology, texture, and mouthfeel of food [4–7]. Growing evidence
demonstrated that EPSs from LAB possess various beneficial physiological effects including
antioxidant [8], antimicrobial [9], antitumor [10], immunomodulatory [11], anti-biofilm [12],
anti-viral [13], and cholesterol-lowering activities [14].

A growing number of publications demonstrated the immune-modulating effects
of LAB-derived EPSs. Nikolic et al. reported that the EPS of Lactobacillus paraplantarum
BGCG11 induced a significant immunoreaction [15]. The EPS of Lactobacillus plantarum
JKL0142 could stimulate the immune activity of immunosuppressed mice macrophages [16].
Other reports demonstrated that LAB-derived EPSs increased particular cellular and
humoral immune responses to antigens by promoting T/B-lymphocyte proliferation
and boosting macrophage phagocytic activity, promoting the production of NO and cy-
tokines [11,17,18]. In addition, the immunomodulatory activities of EPS are involved
with their physicochemical properties such as their molecular weight and composition of
monosaccharides [19].

Among EPS-producing LAB strains, in addition to the most studied Lactobacillus and
Bifidobacterium, some Enterococcus strains are also known for their potential probiotic prop-
erties and desirable physical and chemical properties, and are preferred for use in many
commercial probiotic feed additives to poultry and cattle [20,21]. Daillere et al. showed
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that the anti-tumor efficacy of cyclophosphamide relies on two gut commensal species,
Enterococcus hirae and Barnesiella intestinihominis [22]. Hamid et al. found that adding
E. hirae UPM02 to the diet of hybrid catfish successfully influenced immune responses and
improved the expression of the immunity-related genes [23]. Recently, EPS from probiotic
Enterococcus has also received more and more attention, on which most reports have fo-
cused on the EPS’s physicochemical characterization [24], antioxidant [25], antibiofilm [26]
and anti-adhesion of the pathogen [27], but little is known about the immunomodulatory
activity of EPS from probiotic enterococci. Our previous studies showed that the probiotic
strain E. hirae WEHI01 isolated from healthy infants’ feces [28] was proven to alleviate
inflammation, improve type 2 diabetes, regulate intestinal flora [29], and lower choles-
terol [30] in rats. However, as an important component, the EPS of E. hirae WEHI01 has not
yet been investigated, and its structure and function are still unknown.

In the host defense systems, macrophages are the bridge between innate and adaptive
immunity [31]. Activated macrophages directly neutralize xenobiotics through phagocy-
tosis and kill cancer cells and pathogenic microorganisms by secreting proinflammatory
cytokines, including IL-1β, TNF-α, IL-6, and cytotoxic molecules NO [32,33]. Therefore,
macrophages are considered to be crucial target cells in immunomodulatory effects.

In the present study, we purified EPS from E. hirae WEHI01 by using anion ex-
change chromatography and gel chromatography and characterized the primary structure
by using Absolute Molecular Weight Analyzer, Fourier-transform infrared (FT-IR), and
gas chromatography–mass spectrometry (GC-MS). Furthermore, we investigated the im-
munomodulatory activity of EPS fractions using a murine macrophage RAW 264.7 cell.
This study aimed to reveal the primary structure of EPS from E. hirae WEHI01 and its
capacity for immune regulation.

2. Materials and Methods

2.1. Materials and Reagents

The Cell Bank of the Chinese Academy of Sciences (Beijing, China) provided the
murine macrophage cell line RAW 264.7 for use in research. Trimethylchlorosilane, hex-
amethyldisilane, pyridine, and trifluoroacetic acid (TFA) were obtained from Aladdin
Biological Technology Co., Ltd. (Shanghai, China). Rhamnose, arabinose, xylose, fucose,
mannose, glucose, and galactose were purchased from YuanYe Bio-Technology Co., Ltd.
(Shanghai, China). Lipopolysaccharides (LPSs), Brain Heart Infusion (BHI), Mw cut-off
8000–14,000 Da MWCO membranes (MD34), and 0.1% neutral red stain solution were
bought from Solarbio Life Science and Technology Co. Ltd. (Beijing, China). Bovine calf
serum was purchased from Sigma Chemical Co., Ltd. (Saint Louis, MO, USA). ELISA
kits for the analysis of TNF-α and IL-6 were purchased from Neobioscience Technology
Co., Ltd. (Shenzhen, China). Cell Counting Kit-8 (CCK-8) was purchased from Beyotime
Biotechnology Co. Ltd. (Shanghai, China). A kit for measuring nitric oxide (NO) was
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2. The Culture of Strain

The EPS-producing probiotic bacteria were previously isolated from healthy infant’s
feces and named E. hirae WEHI01 [28], and cultured in BHI under anaerobic conditions at
37 ◦C.

2.3. Extraction, Production and Purification of EPS

Briefly, E. hirae WEHI01 was cultured in BHI for 20 h at 37 ◦C under anaerobic condi-
tions, then underwent centrifugation at 9000× g for at least 5 min to collect supernatant
and precipitated by mixing with two volumes of pre-cooled absolute ethyl alcohol. The
precipitation was then collected by centrifugation (10,000× g, 20 min) and re-dissolved in
Milli-Q water [27]. After deproteinized by Sevag reagent [34], dialysis of crude EPS against
milli-Q water and lyophilized. To determine the yields of EPS, the supernatant (50 mL) was
collected at different time intervals ranging from 0 to 50 h for EPS extraction. Using glucose
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as a standard, the EPS contents were determined by the phenol-sulfuric acid method and
the absorbance was measured at 490 nm.

The purification of crude EPS according to our previous method, and the use of the
phenol-sulfuric acid technique to determine the amount of carbohydrates in the eluate
(2.0 mL/tube) [35]. Peak fractions were concentrated and further fractionated by a Superdex
G-200 column (10 mm × 300 mm) and then eluted with 0.2 M NH4HCO3. The EPS fractions
eluted in one peak were pooled together and dialyzed against ultrapure water, and finally
concentrated by freeze-dried (SCIENTZ-10N, Ningbo SCIENTZ Biotechnology Co., LTD,
China) for further analyses.

2.4. Structure Characterization of EPS
2.4.1. Purity and Molecular Weight

The UV spectrum of I01-2 and I01-4 (0.1 mg/mL) was obtained on a U-3900 UV/VIS
Spectrophotometer over a range of 200–600 nm. The homogeneity and molecular weight of
EPS were determined using PL aquagel-OH MIXED (7.5 mm × 300 mm, 8 μm) (Aglient,
Santa Rosa, CA, USA) equipped with Differential Refractometer (BI-DNDC/GPC,
Brookhaven Inc., New York, NY, USA) and Molecular Weight Analyzer (BI-MwA, Brookhaven
Inc., New York, NY, USA) according to our previous report [27].

2.4.2. FT-IR Spectroscopy Analysis

FT-IR was recorded using the KBr-disks method [36] with the FT-IR spectrophotometer
(Nicolet Nexus 470, Thermo Nicolet Co., Madison, WI, USA). The EPS measurement range
was 400–4000 cm−1, as previously reported [37].

2.4.3. Analysis of Monosaccharide Composition

With a slight modification based on our previously reported method [38], the monosac-
charide composition was analyzed by GC-MS after acetylation. Firstly, I01-2, I01-4, and
standard sugars were hydrolyzed with 2.0 M TFA at 110 ◦C for 4 h. The TFA residue
was then removed by washing the hydrolysate twice with methanol and drying it under
nitrogen. The product was then reduced with NaBH4, and acetylated with acetic anhydride
(AC2O). To create the derivatives, chloroform was used to extract the substance. Then, the
acetate derivatives were analyzed through GC-MS apparatus (Shimadzu GCMS-QP 2010, Japan)
equipped with an RXI-5 SIL MS chromatographic column (30 m × 0.25 mm × 0.25 μm) (J&W
Scientific, Folsom, CA, USA). The GC-MS operation was performed under the following
conditions: Helium (carrier gas) at a constant flow velocity of 1.0 mL/min, injection tem-
perature: 250 ◦C, initial column temperature: 120 ◦C and holding for 5 min, increasing to
250 ◦C at a rate of 3 ◦C/min, and holding at 250 ◦C for 5 min.

2.5. Immunocompetence Assays
2.5.1. Cell Culture and Its Viability Assay

The murine macrophage cell line RAW 264.7 was cultured in DMEM supplemented
with 10% bovine calf serum at 37 ◦C in an atmosphere of 5% CO2. Cells in 96-well plates
(5.0 × 104 cells/well) were treated with various concentrations (50, 100, 200, 400, 800. and
1000 μg/mL) of I01-2 and I01-4 for 24 h. Additionally, the proliferation of RAW 264.7
was detected by CCK-8 according to the manufacturer’s protocol. The absorbance was
measured at 450 nm by a microplate reader (Varioskan Flash, Thermo Scientific, Waltham,
MA, USA). Cell viability was calculated using the following equation:

Cell viability (%) =
A2

A1
× 100

where A1 is the absorbance of the blank group, and A2 is the absorbance of cells after
treatment with EPS.
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2.5.2. Phagocytosis Assay and Morphology Observation

The phagocytic capacity of RAW 264.7 cells was evaluated by neutral red uptake
assay [39]. The intervention of RAW 264.7 cells was made with various concentrations of
I01-2, I01-4, and LPS (1 μg/mL) for 24 h in a 96-well plate. After washing the cells twice
with Hanks, add 100 μL of 0.1% neutral red stain solution to each well. After incubation
at 37 ◦C for another 3 h, the cells were washed three times with Hanks and then lysed by
adding 200 μL lysate (anhydrous ethanol and acetic acid in a 1:1 ratio) to incubate for 1 h at
room temperature. The absorbance at 540 nm was measured with a microplate reader. An
optical microscope (Olympus, Tokyo, Japan) was used to observe the morphology.

2.5.3. NO and Cytokines Secretion

Briefly, I01-2, I01-4, or LPS were incubated with RAW 264.7 cells in 6-well plates
(1.0 × 106 cells/well) for 12 h [40], and the quantities of NO, TNF-α and IL-6 in the
supernatants were measured using commercial kits in accordance with the manufacturer’s
instructions.

2.5.4. Gene Expression Analysis by RT-qPCR

RAW 264.7 cells were handled as described above in 6-well plates. Following the
manufacturer’s instructions, total RNA was obtained using the MiniBEST Universal RNA
Extraction Kit. PrimeScript TM RT Reagent Kit with g DNA Eraser was used by the
directions to create single-strand cDNA. Using SYBR Premix Ex Taq II kit quantitative
real-time PCR (qPCR) was carried out to examine the transcription level of iNOS, TNF-α,
and IL-6 genes. The qPCR was run using the following cycling profile: preheating at 95 ◦C
for 5 min, followed by 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. The
2−ΔΔCt method was used to analyze real-time PCR, which was carried out in triplicate. The
β-actin gene served as a reference gene. Table 1 contains a list of the primers used.

Table 1. Primers used for qPCR.

Genes Forward Primer (5′-3′) Reverse Primer (5′-3′)
iNOS GCGAAAGGTCATGGCTTCAC TCTTCCAAGGTGCTTGCCTT
TNF-α CGAGTGACAAGCCTGTAGCC ACAAGGTACAACCCATCGGC

IL-6 GTCCTTCCTACCCCAATTTCCA CGCACTAGGTTTGCCGAGTA
β-actin GCTCCTCCTGAGCGCAAGTA CAGCTCAGTAACAGTCCGCC

2.6. Statistical Analysis

At least three different replications of the experiment’s findings were made and all
data were then presented as mean ± SD. Independent one-way ANOVA tests were utilized
for statistical analysis in the Origin 2022 software (OriginLab, Northampton, MA, USA).

3. Results and Discussion

3.1. Extraction and Purification of EPS

EPS reached a maximum value of 606 mg/L, while the cell counts maintained
10.26 log CFU/mL at 30 h. The rough EPS was isolated from E. hirae WEHI01 and purified
by chromatography. As shown in Figure 1A, four fractions (I01-1, I01-2, I01-3, and I01-4)
were obtained by a HiTrap Q HP column and calculated by the number of crude EPS,
the recovery rates of I01-1, I01-2, I01-3, and I01-4 were 12.2%, 21.6%, 8.1%, and 15.9%,
respectively. The major fractions I01-2 and I01-4 were further purified by Sephadex G-200
gel permeation chromatography, and the result showed that each eluting peak was a sep-
arate fraction (Figure 1B,C), which was used for subsequent analysis. I01-1 is a neutral
polysaccharide and the other three purified components are acidic polysaccharides. Similar
results were observed in our previous study that the EPS from E. faecium WEFA23 was also
composed of four fractions [27].
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Figure 1. Elution profile of E. hirae WEHI01 crude EPS on HiTrap Q HP chromatography column with
NaCl solutions (0, 0.5, 0.7, and 1 M) (A) and elution profile of I01-2 (B) and I01-4 (C) on Sephadex G-200
gel chromatography column with 0.2 M NH4HCO3 (B). –�–, 490 nm for the detection of carbohydrate.

3.2. Mw and Monosaccharides Composition of I01-2 and I01-4

An Absolute Molecular Weight Analyzer was used to confirm the homogeneity and
establish the average molecular weight distribution of I01-2 and I01-4. The curve of I01-2
and I01-4 were unimodal symmetrical peaks, as shown in Figure 2A,B. This indicates that
the two fractions after purification were homogeneous, and the molecular weight of I01-2
and I01-4 was calculated to be 2.28 × 104 and 2.59 × 104 Da, respectively. By using GC-MS,
the monosaccharide compositions of I01-2 and I01-4 were examined and their retention
times were compared to reference sugar standards. As shown in Figure 2C, I01-2 was
composed of galactose, glucose, arabinose, mannose, xylose, fucose, and rhamnose with a
molar ratio of 1:0.296:0.262:0.120:0.08:0.08:0.048. However, the I01-4 fraction was composed
of galactose only.
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Figure 2. SEC-LLS analysis of I01-2 (A) and I01-4 (B) and GC chromatograms of the monosaccharide
composition (C).

3.3. FT-IR Spectrum Analysis of I01-2 and I01-4

The FT-IR spectrum of I01-2 and I01-4 is shown in Figure 3. I01-2 and I01-4 exhibited
intense and broad peaks around 3415 and 3423 cm−1, respectively, which were assigned to
the O-H stretching vibrations’ absorption peaks of sugar compounds [41]. The peaks at
2934 and 2917 cm−1 were due to the C-H stretching vibration [42]. The carbonyl absorption
peak is a strong C=O stretching absorption band in the 1900–1600 cm-1 region, and I01-2
and I01-4 each have an absorption peak at 1653 and 1632 cm−1, respectively, corresponding
to the characteristic peak of C=O and indicating the presence of uronic acid [43]. Moreover,
the absorption peaks at 1416 was attributed to the stretching vibrations of carboxylic groups
(COO-), which indicated that the purified I01-4 was acidic polysaccharides, and the loca-
tions of these peaks was similar to the study of Sibiraea laevigata (L.) Maxim polysaccharides
by FT-IR [44]. The 1260 cm−1 of I01-4 were assigned to O-H deformation vibrations [45].
The band between 1600 cm−1 and 1650 cm−1, which is assigned to the bending vibration
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of the coordinated water molecule, should be classified as a water band [46]. In addition,
the absorption peaks at approximately 845 and 1090 cm−1 indicate the presence of the
glycosidic bonds of both α and β configurations in I01-4 [47].

 

Figure 3. FT-IR spectra of I01-2 and I01-4 in the range of 400–4000 cm−1.

3.4. Immunomodulatory Activities of I01-2 and I01-4 on RAW264.7 Cells
3.4.1. Effect of I01-2 and I01-4 on Cell Viability of RAW264.7

Macrophages considered the crucial target cells for immunomodulatory effects, play a
crucial role in the host’s first-line defense against various infections and cancer [48,49]. In
the current study, the macrophage RAW 264.7 cell was used to evaluate the immunomodu-
latory activity of I01-2 and I01-4. By using the CCK-8 assay, the impact of I01-2 and I01-4 on
cell viability was assessed. In Figure 4, I01-2 and I01-4 at concentrations of 50–1000 μg/mL
exhibited non-toxicity to RAW 264.7 cells. On the other hand, both I01-2 and I01-4 in-
creased the proliferation of RAW264.7 cells. The largest boosting effects for I01-2 and
I01-4, respectively, were at 800 g/mL and 200 g/mL, reaching a maximum of 173.10% and
196.6%, respectively. Remarkably, the proliferation effect of I01-4 was obviously stronger
than that of I01-2 at 50–400 μg/mL. Our result was in agreement with previous reports
that EPS0142 (50–1000 μg/mL) from L. plantarum JLK0142 had no toxicity on RAW 264.7
cells [16] and EPS (5–1000 μg/mL) from L. plantarum NTU 102 promoted the cell viability
of RAW 264.7 macrophages [50].
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Figure 4. The effect of I01-2 and I01-4 on the viability of RAW 264.7 cells. Data were expressed
as mean ± SEM. *** p < 0.001 (vs. I01-4 at concentrations of 0 μg/mL), ### p < 0.001 (vs. I01-2at
concentrations of 0 μg/mL).

3.4.2. Effects of I01-2 and I01-4 on Phagocytosis of RAW 264.7 Cells

Phagocytosis is one of macrophage activation’s most distinguishing features [51].
Macrophages become antigen-presenting cells after phagocytic uptake and interplay with
lymphocytes to modulate the adaptive immune response [52,53]. The effect of I01-2 and
I01-4 on macrophage phagocytosis was measured by neutral red uptake assay in the present
study. In contrast to the control, LPS dramatically increased the phagocytosis of RAW
264.7 cells, as seen in Figure 5. As for I01-2 and I01-4, the phagocytosis of RAW 264.7 cells
was significantly higher than that of the negative control (0 μg/mL), with the strongest
phagocytosis at a concentration of 50 μg/mL and 200 μg/mL, respectively. This result
indicates that I01-2 and I01-4 enhanced the pinocytosis of RAW 264.7 cells, which was
consistent with a previous report that EPS from Lactobacillus significantly improved the
phagocytosis of RAW 264.7 cells [11,16,54].

3.4.3. Effects of I01-2 and I01-4 on the RAW264.7 Cells’ Morphology

An inverted fluorescent microscope was employed to observe the RAW264.7 cells
to determine whether I01-2 and I01-4 had any impact on their morphology. As shown
in Figure 6, the RAW264.7 cells in the blank control group were round in shape and
showed to be aggregated and growing under a white light 20× objective lens, whereas the
cell morphology markedly changed to polygonal and dendritic when treated with LPS.
Similarly, after treatment with I01-2 and I01-4, the morphology of RAW264.7 cells also
showed concentration-dependent dendritic changes, and the morphological changes of
RAW264.7 caused by I01-2 were more significant than those of I01-4.
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Figure 5. The effect of I01-2 (A) and I01-4 (B) on the phagocytosis of RAW 264.7 cells. The group
was incubated with medium (0 μg/mL of I01-2 and I01-4) as a negative control and LPS (1.0 μg/mL)
treatment as a positive control. Different superscript letters (a–d) indicate significant differences
(p < 0.05) between the groups.

 

Figure 6. The effect of I01-2 and I01-4 on the morphology of RAW264.7 cells.
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3.4.4. Effects of I01-2 and I01-4, Respectively, on the Generation of NO and the Secretion of
IL-6 and TNF-α

Macrophages play a potential immunoregulatory role through the production of
various mediators and cytokines and are therefore a significant part of host defense systems.
While iNOS is a crucial NOS isoform that triggers NO synthesis, NO is an intracellular
messenger molecule that plays a role in immunological responses and controls a diverse
range of physiological processes, including the regulation of apoptosis [55–58]. Therefore,
another indicator of macrophage activation in this investigation was the level of NO
production. As can be seen from the data in Figure 7A,B, cells without EPS secreted a
bit of NO, whereas I01-2 and I01-4 improved the production of NO at 50–400 μg/mL of
I01-2 and 100–800 μg/mL of I01-4 in a dose-dependent manner, and reached the maximum
of 85.67 and 59.12 μmol/L, respectively. Notably, however, excessive NO generation is
hazardous and may cause apoptosis in macrophages [59]. As a result, we hypothesized
that the decreased cell viability and phagocytic capacity of I01-2 and I01-4 with an increase
in concentration from 400 μg/mL or 1000 μg/mL, respectively, might be caused by an
excessive build-up of NO in macrophages. Additionally, the NO levels in groups receiving
EPS treatments were weaker than those in the group receiving LPS treatments, indicating
that the EPS effects were more moderate than that of LPS [60].

 

Figure 7. The effect of I01-2 and I01-4 on the production of NO (A,B), TNF-α (C,D), and IL-6 (E,F) in
RAW 264.7 cells, respectively. The group incubated with medium only (0 μg/mL of I01-2 and I01-4)
was used as a control. Different superscript letters (a–g) indicate significant differences (p < 0.05)
between the groups.

Activated macrophages can also produce a variety of cytokines other than NO that
regulate cellular and humoral immune responses. TNF-α is a pleiotropic cytokine that
regulates a wide spectrum of physiological processes, including cell proliferation, differen-
tiation, apoptosis, and inflammation, and it is required for macrophage function [61,62].
However, IL-6 plays a key role in response signaling, which is associated with inflamma-
tory regulation and antigen-presenting [63]. As shown in Figure 7C–F, the control group
secreted a basal level of TNF-α and IL-6, while the intervention of I01-2 and I01-4 at all
tested concentrations (50–1000 μg/mL) resulted in a remarkable (p < 0.05) increase in a
dose-dependent manner, in which I01-2 showed better immune activity than I01-4—and its
IL-6 and TNF-α contents reached maximums of 8.64 × 104 and 1.01 × 105 pg/mL, respec-
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tively, which were 1977 and 41 times those of I01-4, respectively. Similar results have been
found that L. plantarum NTU 102-EPS exhibited strong immunomodulatory activities at the
level of TNF-α and IL-6 [50] as EPS from L. helveticus LZ-R-5 enhanced the immunological
activity by stimulating the secretion of TNF-α, IL-1β, and IL-6 in RAW264.7 [11]. However,
EPS from L. rhamnosus KL37 could induce the release of IL-10 in RAW 264.7 cells [64].

Previous studies have confirmed that the activation of macrophages is regulated
by immune-related genes [65]. To confirm the effects of I01-2 and I01-4 on the mRNA
expression of cytokines in this study, RT-qPCR was used to detect the gene transcription
level of iNOS, TNF-α, and IL-6. In Figure 8A–F, the mRNA levels of iNOS, TNF-α and IL-6
also showed a significant increase in cells treated with I01-2, I01-4, or LPS when compared
to the control group, which was consistent with the NO, TNF-α, and IL-6 secretion levels. It
was also found that the EPS from L. plantarum RS20D could up-regulate pro-inflammatory
cytokines at the mRNA level [66]. Furthermore, all I01-2 and I01-4 treated groups had
lower levels of iNOS, TNF-α, and IL-6 at the mRNA level than that of the LPS-treated group
(p < 0.05), which is consistent with the results corresponding to NO production, TNF-α,
and IL-6 secretion. Studies demonstrated a relationship between the structural traits of
polysaccharides and their biological activity, including the chemical make-up, molecular
weight, conformation, glycosidic linkages, and degree of branching [39]. The structure
of EPS, in terms of functional groups and glycosidic bonds, is very intimately related
to their immunomodulatory activities [26]. A high level of immunomodulatory action
was noted in some acidic, galactose-rich EPS, according to several publications [57,67,68].
Hidalgo-Cantabrana et al. reported that EPSs with a negative charge and/or small size can
operate as mild stimulators of immune cells and that the galactose content of EPSs may
enhance their immunomodulatory effects on the macrophages [69,70]. In our study, I01-2
exhibited an immunomodulatory activity superior to that of I01-4, which may also be due
to their differences in monosaccharide composition. All of these findings suggested that
I01-2 and I01-4 could cause macrophages to produce more NO, TNF-α, and IL-6, therefore
improving the immunological activity, which might play a protective role in host defense
against infections or cancer.

 

Figure 8. The effects of I01-2 and I01-4 on mRNA levels of iNOS (A,B), TNF-α (C,D), IL-6 (E,F) in RAW
264.7 cells, respectively. Different superscript letters (a–g) indicate significant differences (p < 0.05)
between the groups.
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4. Conclusions

In the present study, the production, purification, characterization, and immunomod-
ulatory activity of EPS from E. hirae WEHI01 were investigated in vitro. I01-2 and I01-4,
which were major fractions therein, were described for their preliminary structure and
in vitro immunomodulatory activities. I01-2 and I01-4 are acidic polysaccharides with
molecular weights of 2.28 × 104 and 2.59 × 104 Da, respectively. The composition of I01-2
was mainly composed of galactose and a few other sugars, namely galactose, glucose,
arabinose, mannose, xylose, fucose, and rhamnose, while galactose only constituted I01-4.
Additionally, I01-2 and I01-4 also showed strong immunomodulatory action by accelerating
macrophage phagocytosis, producing more NO, and encouraging the release of TNF-α and
IL-6 in RAW 264.7 cells. According to all of these findings, I01-2 and I01-4 demonstrated
immunomodulatory action and might have positive effects on the production of functional
foods and medications.
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Abstract: The aim of this study was to investigate the effects of hydrothermal treatment at different
temperatures and times on the structure and functional properties of quinoa protein isolate (QPI). The
structure of QPI was investigated by analyzing changes in the intrinsic fluorescence spectrum, ultra-
violet (UV) spectrum, and Fourier transform infrared spectrum. The solubility, water/oil-holding
capacity, emulsifying activity, and emulsion stability of QPI were studied, as were the particle size
and the thermogravimetric properties of QPI. The results showed that the average particle size of
QPI gradually increased with the increase in hydrothermal treatment time and temperature, and
reached a maximum value of 121 ◦C for 30 min. The surface morphology also became rough and its
thermal stability also increased. The endogenous fluorescence and UV spectral intensity at 280 nm
decreased gradually with increasing hydrothermal treatment time and temperature, and reduced to
the minimum values at 121 ◦C for 30 min, respectively. After hydrothermal treatment, the secondary
structure of QPI tended to be disordered. The functional properties of QPI after treatment were all
superior to those of the control. The results of this study might provide a basis for the processing and
utilization of QPI.

Keywords: quinoa (Chenopodium quinoa Willd); protein isolate; hydrothermal treatment; structure;
functional properties

1. Introduction

Chenopodium quinoa Willd is a kind of quasi-grain. Its protein content is 12.0–23.0%,
which is higher than rice, maize and barley [1]. Quinoa protein isolate (QPI) is rich in all
the essential amino acids needed by the human body, with a balanced amino acid content,
and is easily absorbed by the human body [2]. Quinoa protein is mainly composed of 37%
11S globulin and 35% 2S albumin; disulfide bonds are the key to stabilizing the protein
structure, while gluten and gliadin are less so [3]. In addition,11S globulin is a hexamer
composed of a 22–23 kDa basic group and a 32–39 kDa acidic group [4]. 2S Albumin is a
heterodimer linked by about 30–40 and 60–90 residues via disulfide bonds (Mw 8–9 kDa) [5].
Compared with most grain proteins, QPI is closer to milk and meat, and is a sustainable
high-quality plant protein. In recent years. QPI has gradually become a research hotspot
due to its good functional and physicochemical properties that could be used in the food
industry [6]. Studies have shown that the emulsifying activity and emulsion stability
of QPI are higher than those of wheat protein and soybean protein [7]. QPI has strong
water and oil-holding capacities which are higher than those of oats, soybeans, and wheat
proteins [8–10].

The structure and functional properties of protein determine its application scope in
food processing. The commonly used modification methods in the food industry include ul-
trasound, high pressure, pH and heat treatment, among which heat treatment has attracted
wide attention due to its simple operation and low cost [11–15]. Heat treatment causes
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thermal denaturation through the destruction of covalent bonds, which increases the expo-
sure of hydrophobic and thiol (SH) groups, and has a substantial impact on the functional
properties of food proteins such as solubility, foaming, and emulsifying properties [11].
Heat treatment and alkali treatment can improve the performance of rice protein [16].
Ultrasonic heat treatment reduced the relative content of α-helix and β-sheet in soybean
protein secondary structure, and increased the relative content of random coil, resulting
in loose tertiary structure [17]. Heat treatment significantly affects the conformation of
Cuminum cyminum protein, resulting in a surface hydrophobicity increase [15]. Heat treat-
ment at 85 ◦C for 15 s increased the particle size, turbidity, zeta potential, and surface
hydrophobicity of goat milk proteins, further improving their functional properties [18].
Studies also have shown that heat treatment has an effect on the structural and functional
properties of faba bean protein [19], protein isolate from Stauntonia brachyanthera seeds [20],
and sunflower protein [21]. Up to the present, there are few reports indicating the potential
effect of heat treatment on QPI. Previous studies have shown that different kinds of heat
treatments significantly affected the structural and functional properties of QPI [22]. In
addition, the degree of aggregation of QPI can be changed by adjusting the hydrothermal
treatment conditions [23]. The water retention capacity improved considerably in the
heat-modified and frozen QPI [24]. Mir et al. (2021) have investigated the effects of heat
treatment at 80, 90, and 100 ◦C for 15 and 30 min on the functional properties of QPI [25].
However, the aims of present study are to analyze the effects of the ordinary hydrothermal
treatment and simulated autoclaving hydrothermal treatment on the new variety “Longli-1”
quinoa protein isolate. We focused on the effects of ordinary hydrothermal treatment and
simulated autoclaving on the secondary and tertiary structure of QPI and their effects on
functional properties, which are important for processing. The results of this study provide
some valuable information for the application of quinoa protein in a variety of foods.

The aims of this study were to (1) determine the changes in the particle size of quinoa
protein under different temperature and time hydrothermal treatments; (2) investigate the
effects of hydrothermal treatment conditions on the thermal stability of quinoa protein;
(3) study how hydrothermal treatment affects the secondary and tertiary structure of
quinoa protein; and (4) measure the different functional properties of quinoa protein after
hydrothermal treatments.

2. Materials and Methods

2.1. Materials

The “Longli-1” quinoa was kindly supplied by Gansu Academy of Agricultural Sci-
ences (Lanzhou, China). After mechanical shelling, quinoa was packed in woven bags and
the samples were stored at room temperature (22 ± 3 ◦C, RH 55–60%) for 7 d. Sodium
dodecyl sulfate (SDS) and phosphate buffer saline were purchased from Shanghai Yuanye
Biological Technology Co., Ltd., (Shanghai, China). Edible soybean oil was purchased from
a local supermarket.

2.2. Isolation of QPI

The quinoa seeds were crushed and passed through a 60-mesh sieve. The quinoa
powder was defatted (petroleum ether, 30–60 ◦C) 3 times and placed in a fume hood to air
dry. The defatted quinoa flour and deionized water were mixed in a ratio of 1:20 g·mL−1

and the suspension was then prepared. This suspension was adjusted to pH 10, stirred for
2 h in a water bath at 47 ◦C, and centrifugated (5000 rpm, 15 min) to take the supernatant.
The pH of the supernatant was adjusted to 4.5 (1 M HCl) and the precipitate was collected
by centrifugation (5000 rpm, 15 min, 4 ◦C). The precipitate was reconstituted and washed
with deionized water 5 times. The washed precipitate was redissolved in phosphate buffer
saline solution at pH 7.0 and placed in a dialysis bag with a molecular retention of 8 kDa.
Then the dialysis bag was placed in primary water for dialysis for 48 h (4 ◦C), and the water
was replaced every 3 h. The suspension was vacuum freeze-dried (LyoQuest-85, Telstar
Lab, Madrid, Spain) to obtain QPI [26].
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2.3. Hydrothermal Treatment of QPI

A 5% QPI solution was prepared using phosphate buffer saline and treated at different
temperatures of 25, 60, 70, 80, 90, 100, and 121 ◦C for 5, 10, 20, and 30 min (60–100 ◦C
was carried out in a water bath, HH-4, Guohua Electric Co., Ltd., Shanghai, China, 121 ◦C
was carried out in an autoclave, MLS-3750, SANYO Corporation, Osaka, Japan), and then
quickly cooled. (25 ◦C in the text refers to QPI without hydrothermal treatment, i.e., natural
QPI, which is recorded as control.) The hydrothermally treated QPI solution was vacuum
freeze-dried (LyoQuest-85, Telstar Lab, Madrid, Spain) to obtain freeze-dried QPI [27].

2.4. Structural Properties of QPI
2.4.1. Particle Size

Laser particle size analyzer (Bettersize 2600, Dandong Better Instruments Co., Ltd.,
Dandong, China) was used to measure the particle size of the QPI. The measurement
temperature was 25 ◦C, the refractive index of the sample and the dispersant were 1.46 and
1.33, respectively, and the refractive index was 1.20–1.40% when measured. The QPI was
added to cuvette dropwise till the refractive index reached between 5.00% and 10.0% [28].

2.4.2. Thermogravimetric Characteristics

The thermogravimetric analysis of QPI was determined by TGA (TGA 550, TA In-
struments Co., Ltd., New Castle, DE, USA). Freeze-dried QPI (5–10 mg) was placed in a
platinum–rhodium alloy tray, the scan rate was set to 50 ◦C/min, and the temperature
range was 50 to 700 ◦C. TGA was performed on QPI under nitrogen atmosphere [29].

2.4.3. Intrinsic Fluorescence Spectrum

Intrinsic fluorescence of QPI was determined using a Fluorescence spectrophotometer
(F-4700, Hitachi High-Tech Science Co., Ltd. Naka Office, Naka, Japan). Freeze-dried QPI
was mixed with phosphate buffer saline to prepare 0.15 mg/mL QPI solutions (the solution
was filtered through a 0.45 μm aqueous filter). The setting parameters were: excitation
wavelength 290 nm, emission spectrum was recorded in the range of 300–460 nm, and
excitation and emission slits were both 5 nm [30].

2.4.4. Ultra-Violet (UV) Spectrum

Freeze-dried QPI was mixed with phosphate buffer saline to prepare 1 mg/mL QPI
solutions (the solution was filtered through a 0.45 μm aqueous filter), and performed UV
spectrum scanning (UV-2450, Shimadzu Instruments Co., Ltd., Tokyo, Japan). The scanning
wavelength and scanning rate were set to 200–400 nm and 2 nm/s, respectively [31].

2.4.5. FTIR

FTIR of freeze-dried QPI was characterized using an FTIR spectrum (FTIR920, Tianjin
Tuopu Instrument Co., Ltd., Tianjin, China). The freeze-dried QPI and KBr were mixed
uniformly at a ratio of 1:200, then pulverized and compressed for determination. The mea-
surement temperature was the ambient temperature (25 ◦C), the wave number, resolution
and wave number accuracy were set to 400–4000 cm−1, 4 cm−1 and 0.01 cm, respectively,
and the number of scans was 64 times [32].

2.5. Determination of Functional Properties of QPI
2.5.1. Solubility

The freeze-dried QPI was dissolved in phosphate buffer saline pH 7 (0.500%), magnet-
ically stirred at ambient temperature (25 ◦C) for 20 min, and then centrifuged (4000 rpm,
20 min) [33].

The solubility of QPI was expressed as follows:

Solubility/ % =
Protein content in supernatant

Total protein content in the sample
× 100 (1)
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The protein content in the supernatant, i.e., the content of soluble protein, was de-
termined by the Coomassie brilliant blue method (CCB) [34]. The specific steps were as
follows: Coomassie brilliant blue G-250 was used for color development, and bovine serum
albumin (BSA) was used as the reference substance. The content of soluble protein was
determined by visible spectrophotometry at the detection wavelength of 595 nm (2700,
UV–Vis Spectrophotometer, Co., Ltd. Shimadzu, Tokyo, Japan). The standard curve used
was Y = 0.0009X + 0.1834 (R2 = 0.9898). The total protein content was determined by
Kjeldahl method (total nitrogen × 6.38). In this method, 0.5 g freeze-dried quinoa protein
powder was used as a sample for determination.

2.5.2. Water-Holding Capacity (WHC) and Oil-Holding Capacity (OHC)

Freeze-dried QPI (0.5 g) was placed in a dry centrifuge tube and mixed with 10 mL
of deionized water. The mixture was magnetically stirred at 25 ◦C for 30 min and then
centrifuged (4000 rpm, 30 min). After decanting the supernatant, the centrifuge tube
was tilted (45◦) for 30 min to remove excess water. The total mass of the centrifuge tube
and sediment was recorded. The water-holding capacity (WHC) was calculated using
the equation:

WHC/ % =
m2 − m1

0.5
× 100 (2)

where m1 is the mass of freeze-dried QPI and centrifuge tube (g), m2 is the mass of sediment
and centrifuge tube (g).

Freeze-dried QPI (0.5 g) was placed in a dry centrifuge tube and mixed with 3 mL of
soybean oil. The mixture was vortexed at room temperature (25 ◦C) for 30 min and then
centrifuged (4000 rpm, 30 min). After decanting the supernatant, the centrifuge tube was
tilted (45◦) for 30 min to remove excess oil. The mass of the sediment is recorded. The
oil-holding capacity (OHC) was calculated as follows:

OHC/ % =
m2 − m1

0.5
× 100 (3)

where m1 is the mass of QPI (g), and m2 is QPI’s sediment (g) [35].

2.5.3. Emulsifying Activity (EA) and Emulsion Stability (ES)

A mixed solution of 24 mL hydrothermal treatment QPI solution (1.00%, w/v) and
8 mL soybean oil was whipped with a high-speed shearing dispersing emulsifier (FA25,
FLUKO Equipment Shanghai Co., Ltd., Shanghai, China) at 10,000 rpm for 5 min at 25 ◦C.
The emulsion (0.05 mL) and 5 mL of sodium dodecyl sulfate (SDS) solution (0.100%) were
mixed and immediately shaken to mix. The absorbance of the emulsion after being placed
for 0 min and 10 min were measured at a wavelength of 500 nm with 0.100% SDS solution
as a control. The emulsifying activity (EA) was calculated using the equation:

EA
(

m2/g
)
=

2 × 2.303 × A0 × DF
C × ρ× θ× 10000

(4)

where A0, DF, ρ, and θ are the absorbance value of the sample, dilution factor (100), optical
path (1 cm), and oil volume fraction (0.25), respectively.

The emulsion stability (ES) was calculated as follows:

ES/ % =
EA10

EA
× 100 (5)

where EA10 is the emulsifying activity (m2/g) at 10 min after being placed [36].

2.6. Data Analysis

The indicators involved in the test were measured three times. All data were calculated
using Excel 2007 (Microsoft, Redmond, WA, USA) to calculate the mean and standard devi-
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ation, Origin 8.5 (Origin Lab, Northampton, MA, USA) was used for graphing, SPSS 17.0
(International Business Machines, Armonk, NY, USA) was used for one-way ANOVA, and
Peak Fit V4.12 (Reachsoft, Beijing, China) was used for fitting analysis of infrared spectra.

3. Results and Discussion

3.1. Structural Properties of QPI
3.1.1. Particle Size

The functional properties of proteins are affected by protein particle size [37]. The
results showed that compared with the control, the particle size distribution of QPI after
hydrothermal treatment became wider, and the overall distribution shifted to the right
with the increase in hydrothermal treatment time and temperature, and 121 ◦C had the
most significant effect on it (Figure 1A–D). The volumetric mean particle size D[4,3] of
QPI gradually increased with increasing hydrothermal treatment time and temperature,
and the effect was most significant of 121 ◦C, reaching a maximum at 121 ◦C for 30 min,
which was 3.31 times higher than the control (p < 0.05) (Table 1). D[5,0] can reflect to some
extent the aggregation of proteins, a key factor in the evaluation of protein quality [36].
D[5,0] of QPI increased with increasing hydrothermal treatment time and temperature,
reaching a maximum at hydrothermal treatment conditions of 121 ◦C for 30 min, which
was significantly higher than the control by 3.93 times (p < 0.05) (Table 1).

Table 1. Effects of different hydrothermal treatment conditions on D[4,3] and D[5,0], nm. A–F indicates
the significant differences between different temperatures and a–c indicates the significant differences
between different times (p < 0.05).

Size (nm) Temperature (◦C)
Time (min)

5 10 20 30

25 11.54 ± 1.10 Ea 11.54 ± 1.10 Fa 11.54 ± 1.10 Ea 11.54 ± 1.10 Fa

60 13.57 ± 0.53 Db 14.23 ± 0.99 Eab 14.35 ± 0.59 Dab 15.67 ± 1.09 Ea

70 14.78 ± 0.65 Db 16.13 ± 0.53 Db 16.44 ± 1.10 Cb 18.61 ± 0.96 Da

D[4,3] 80 16.76 ± 0.64 Cc 18.84 ± 0.98 Cb 21.09 ± 0.79 Ba 22.01 ± 0.77 Ca

90 18.11 ± 0.45 Cb 20.59 ± 1.11 BCb 21.24 ± 0.61 Bb 21.64 ± 1.30 Ca

100 20.20 ± 0.31 Bc 21.87 ± 0.48 Bb 20.52 ± 0.46 Bc 24.47 ± 0.74 Ba

121 34.49 ± 0.41 Ac 143.02 ± 0.49 Ab 49.58 ± 0.41 Aa 49.69 ± 0.87 Aa

25 7.37 ± 0.52 Da 7.37 ± 0.52 Da 7.37 ± 0.52 Da 7.37 ± 0.52 Ea

60 10.90 ± 0.40 Cb 9.62 ± 0.54 Cc 10.04 ± 0.43 Cbc 12.94 ± 0.62 Da

70 9.69 ± 0.44 Cc 10.37 ± 0.45 Cbc 10.92 ± 0.34 Cb 11.95 ± 0.62 Da

D[5,0] 80 9.85 ± 0.36 Cb 10.36 ± 0.46 Cb 14.60 ± 0.30 Ba 15.49 ± 0.35 Ca

90 9.84 ± 0.13 BCd 13.05 ± 0.44 Bc 14.87 ± 0.37 Bb 15.72 ± 0.35 Ca

100 12.33 ± 0.28 Bd 13.94 ± 0.36 Bc 15.03 ± 0.18 Bb 17.87 ± 0.61 Ba

121 24.51 ± 0.42 Ac 30.55 ± 0.39 Ab 36.16 ± 0.16 Aa 36.36 ± 0.65 Aa

We also found that the average particle size of QPI increased with the increase in
temperature, and the degree of particle size inhomogeneity also increased, which is similar
to the results from the study of the influence of heating on the particle size of lotus (Nelumbo
nucifera Gaertn.) seed protein. The results showed that all heat treatments resulted in a
significant increase in protein particle size compared to native QPI [38]. Previous studies
showed that the particle size of rice gluten increased gradually during heat treatment [39].
The possible reasons may be due to hydrothermal treatment, which causes the 7S and 11S
globulins in the protein to cross-link through disulfide bonds to form aggregates and the
intact 11S globulin monomers to readily form covalent aggregates, leading to an increase in
the particle size of the protein [40]. It is suggested that the hydrothermal treatment causes
changes such as cross-linking or aggregation between protein molecules, generating a large
number of aggregates, and the degree of protein aggregation increases during the heat
treatment, which is consistent with the findings of Wang et al., (2020) [22]. In addition,
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similar results were found in a study on the effect of heat treatment on the particle size of
sunflower protein isolates [21]. This suggests that hydrothermal treatment causes QPI to
form aggregates leading to a significant increase in its particle size. However, the results
are in contradiction with the results of Mir et al., (2021) who observed a reverse kind of
trend whereby the particle size of all QPI samples after heat treatment was smaller than
that of native QPI [25]. Among all the heat-treated QPI, the decrease in QPI particle size
was the highest at 80 ◦C for 30 min, and the decrease in QPI particle size was the lowest at
100 ◦C for 30 min. However, in our results hydrothermal treatment significantly increased
the particle size of QPI. The possible reasons for this may be due to the quinoa used in this
study is a new variety, Longli-1, which is cultivated in China. Studies have shown that the
chemical composition and amino acid profile of different varieties of grains are different,
which has a great impact on the physicochemical properties of proteins, therefore affecting
the degree of aggregation and particle size [41,42].

Figure 1. Effects of hydrothermal treatment of 5 min (A), 10 min (B), 20 min (C), 30 min (D) on
particle size distribution of QPI.

3.1.2. Thermogravimetric Characteristics

The effect of hydrothermal treatment on the thermal stability of QPI was investigated
by thermogravimetric analysis of QPI. The results showed that different temperatures had
significant effects on the thermogravimetric properties of QPI. The thermal degradation
of QPI was divided into three stages, the first stage was from 50 to 200 ◦C; the weight
loss in this stage was due to the evaporation of residual water and the degradation of low
molecular weight volatiles. The second stage was from 200 to 400 ◦C. As the temperature
increased further, both non-covalent and covalent bonds in QPI broke, including covalent
peptide bonds, disulfide bonds, O-O and O-N, resulting in the complete breakdown of the
QPI protein backbone and the release of various gases, such as CO, CO2, and NH3 [43]. The
third stage was from 400 to 700 ◦C, during which the slope of the TGA curve changed, the
weight loss slowed down, and the degradation of the control began at about 200 ◦C, while
the degradation of the QPI hydrothermally treated at 121 ◦C began at about 230 ◦C. This
showed that the QPI after heat treatment had higher thermal stability, and when the heat
treatment temperature was 121 ◦C, the thermal stability of QPI was the highest (Figure 2A).
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In all three degradation stages, the weight loss of QPI was lower after hydrothermal
treatment compared to the control. A similar phenomenon was also found in phosphate-
modified peanut protein isolates [44] and protein concentrate of an edible seaweed named
Kappaphycus alvarezii (Doty) Doty [45]. Similar trends were observed when Malik and Saini
investigated the thermogravimetric properties of heat-treated sunflower protein [46].

 
Figure 2. Effects of different hydrothermal treatment temperatures on thermogravimetric (A) and
derivative thermogravimetric curve (B) of QPI.

The derivative thermogravimetric (DTG) curve of QPI showed a unimodal change
with a distinct peak (Figure 2B). Corresponding to TGA curve analysis, this peak was
mainly caused by the breakage of both non-covalent bonds and covalent bonds in QPI. QPI
obtained the maximum decomposition rate at the DTG peak [23]. The decomposition rate
of the control was the highest and the decomposition rate of QPI treated at 121 ◦C was
the smallest, which was consistent with the results of TGA. Similar results were reported
by Zhang et al., (2019) [47]. The possible reasons for this may be due to hydrothermal
treatment of QPI led to protein defolding and subsequent cross-linking of denatured protein
molecules, resulting in higher thermal stability [21]. In conclusion, hydrothermal treatment
increased the thermal stability of QPI. In addition, Mir et al., (2021) also found that the
thermal stability of QPI was significantly improved after heat treatment by a DSC study of
quinoa protein [25]. This is consistent with our results in this study.

3.1.3. Intrinsic Fluorescence Spectrum

The QPI after hydrothermal treatment had the same peak shape as the control
(Figure 3A–D). However, the hydrothermal treatment significantly affected its maximum
absorption wavelength and its corresponding maximum fluorescence intensity. The maxi-
mum absorption wavelength of QPI increased gradually with the increase in hydrothermal
treatment time and temperature, and reached the maximum when the hydrothermal treat-
ment condition was 121 ◦C for 20 min, which was 2.25% higher than that of the control
(Figure 3E). The maximum fluorescence intensity of QPI decreased gradually with the
increase of hydrothermal treatment time and temperature, and dropped to the lowest
when the hydrothermal treatment condition was 121 ◦C for 30 min, which was lower than
that of control by 55.3% (Figure 3F). This was probably because hydrothermal treatment
increased the hydrophobicity of the QPI and subsequently enhanced the intermolecular
hydrophobic interactions of the exposed tryptophan residues, resulting in a decrease in
intrinsic fluorescence intensity [21]. A similar phenomenon was observed in the study of
heat treatment on sunflower protein isolates near an isoelectric point [46]. However, the
results are in contradiction with the results of Chao et al., (2018) who observed a reverse
kind of trend whereby the 100 ◦C pretreated cowpea protein isolates had an increased
fluorescence intensity at pH 7.0 when compared to the untreated protein [48]. A plausible
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reason is that the QPI used in this work had higher surface hydrophobicity, which could
enhance protein–protein interactions as compared to the cowpea proteins.

Figure 3. Effects of hydrothermal treatment of 5 min (A), 10 min (B), 20 min (C), and 30 min
(D) on endogenous fluorescence spectrum, maximum absorption wavelength (E), and maximum
fluorescence intensity (F) of QPI.

In addition, this study found that hydrothermal treatment at 121 ◦C for 20 min had the
most significant effect on the endogenous fluorescence intensity of tryptophan in QPI, and
the maximum endogenous fluorescence emission wavelength was significantly red-shifted
(increased from 355.4 nm to 363.4 nm), which was 2.25% higher than that of the control.
This result indicated that the degree of denaturation of QPI was greater at this time, the
tertiary structure of QPI was destroyed, and tryptophan residues were gradually exposed
on the protein surface. At the same time, some amide groups initially located on the main
peptide chain of the protein were exposed [49]. A similar phenomenon was observed in
the study of heat treatment on the tertiary structure of salt-soluble proteins of Pacific oyster
(Crassostrea gigas) [50]. This suggests that hydrothermal treatment could alter the tertiary
structure of QPI.
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3.1.4. Ultra-Violet (UV) Spectrum

In this study, we found that the hydrothermally treated QPI had the same UV ab-
sorption peak shape as the control, but its absorption peak intensity decreased with the
increase in hydrothermal treatment temperature and time (Figure 4A–D). This is probably
because the tyrosine or tryptophan content of QPI decreases during the hydrothermal
treatment [51]. The minimum absorption peaks at 220 nm and 280 nm were observed
in QPI hydrothermally treated at 121 ◦C for 30 min, which were 5.07% and 6.35% lower
than the control, respectively (p < 0.05) (Figure 4E,F). Furthermore, the wavelength of the
maximum absorption peak near 220 nm was blueshifted by 6 nm compared to the control.
This is probably due to the aggregation of the microstructure of QPI by high-temperature
treatment, where the color-emitting groups are wrapped and the UV-absorbing groups are
reduced [52]. It was shown that hydrothermal treatment reduced the tyrosine, phenylala-
nine and tryptophan in QPI and the framework structure of QPI was changed. However,
the result was inconsistent with the report of He et al., (2014). They observed that the
UV absorption peak intensity of rapeseed protein increased after heat treatment [53]. In
addition, when compared to the native rapeseed protein, the near-UV CD spectra peak at
262 nm underwent a red shift of 3–5 nm after heat treatment. The possible reasons for this
may be due to the difference in the type and quantity of amino acids contained in rapeseed
protein and QPI.

 

Figure 4. Effects of hydrothermal treatment of 5 min (A), 10 min (B), 20 min (C), and 30 min (D) on
the UV absorption spectrum of QPI and the absorption value at wavelengths of 280 nm (E) and 220
nm (F), respectively.
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3.1.5. Fourier Transform Infrared Spectrum (FTIR)

Conformational information on protein secondary structure could be efficiently ana-
lyzed by FTIR [54]. Figure 5A–D showed the original infrared spectra of QPI for different
hydrothermal treatment conditions. Previous studies have shown that the FTIR region of
the amide I band corresponds to the secondary structure in proteins as follows: 1610–1640
cm−1 belongs to β-sheet, 1660–1670 cm−1 belongs to β-turn, 1650–1658 cm−1 belongs to
α-helix, and 1640–1650 cm−1 belongs to random coil [31]. The deconvolution and curve-
fitting of the amide I region of QPI to obtain its second derivative spectrum (Figure S1).
The relative content of each secondary structure was obtained according to the second
derivative spectrum of the amide I band of QPI (Figure 5E–H).

 

Figure 5. Effects of hydrothermal treatment of 5 min (A), 10 min (B), 20 min (C), and 30 min (D) on
the Fourier infrared spectrum of QPI, 60 ◦C (E), 70 ◦C (F), 80 ◦C (G), 90 ◦C (H), 100 ◦C (I) and 121 ◦C
(J) on the relative content of the secondary structure of QPI.

The relative contents of α-helix, β-sheet, β-turn, and random coil in the secondary
structure of QPI all changed significantly after hydrothermal treatment (p < 0.05). When
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the temperature was kept constant, the relative contents of α-helix in the QPI secondary
structure gradually decreased with the increase in heat treatment time, while the relative
contents of β-turn showed the opposite trend. In addition, the changing trends of the
relative contents of β-sheets and random coils were irregular with the increase of heat
treatment time. However, the relative contents of β-sheet in the QPI after hydrothermal
treatment were lower than the control. In addition, when the temperature was lower than
100 ◦C and the hydrothermal treatment was performed for 30 min, the relative contents of
random coils of QPI were greater than that of the control (Figure 5E–H). This is probably
due to the destruction of the hydrogen bonds between adjacent peptide chains in the QPI
during the heating process, resulting in the unfolding of the most compact α-helix in the
protein molecule and the β-sheet aggregated inside the protein [55]. The relative content of
α-helix in the protein gradually decreased with the heating time, which is consistent with
our results. Moreover, similar results were found in the study of the effect of heat treatment
on the secondary structure of camelina seeds protein isolates [56].

The results of this study indicated that the α-helix and β-sheet of QPI were transformed
into β-turn and random coil. This structural change might be related to the denaturation
of molecules in QPI under hydrothermal treatment [46]. The protein molecules that are
denatured have their internal hydrogen bonds broken, and the protein molecules are
unfolded, while the α-helix and β-sheet structures mainly use hydrogen bonds as the
force, so the breakdown of hydrogen bonds leads to a decrease in the content of both [57].
Furthermore, β-turn and random coil may be transformed from more ordered structural
units, and the β-sheet between the molecules of the thermal aggregates is also easily
transformed into β-turn, which leads to an increase in the relative content of β-turn and
random coil [58]. It is inferred that β-turn and random coil play an important role in the
formation of thermal aggregates. Moreover, the findings of this study are consistent with
the results of Mir et al., (2021) [25]. In the study of the secondary structure changes of

QPI after heat treatment by circular dichroism, they found that the secondary structure
of native and heat–treated QPI was dominated by α-helix and β-sheet, and heat treatment
led to the destruction of α-helix in the secondary structure of QPI.

3.2. Determination of Functional Properties of QPI
3.2.1. Solubility

Solubility, as the basis for other functional properties of proteins, is one of the most
important functional properties of proteins and has a very close relationship with emulsifi-
cation, foaming, and other properties of proteins. It also accurately reflects the degree of
aggregation of proteins and whether their internal structure is denatured [27]. It is generally
believed that proteins aggregate after heat treatment, thereby reducing solubility. However,
some studies have shown that moderate heat treatment could improve the solubility of
proteins [59]. In this study, we found that when the heat treatment time was kept constant,
the solubility of QPI showed a trend of first increasing and then decreasing in the range
of 60–121 ◦C, and reached a maximum of 90 ◦C for 30 min, which was higher than that
of the control by 33.4% (p < 0.05). Previous studies showed that the solubility of soybean
proteins after treatment at 85 ◦C was higher than those of samples treated at 55 ◦C [60].
This is probably due to the fact that poorly water-soluble proteins expose more hydrophilic
groups after proper heat treatment, and these groups can subsequently interact with water,
leading to a higher water solubility [61].

When the temperature was 100 ◦C and 121 ◦C, the solubility of QPI decreased slowly
with the increase in hydrothermal treatment time, and finally reduced to the minimum at
121 ◦C for 30 min (Figure 6). Similar results were reported by Lv et al., (2017) [62]. The
possible reason for this may be that the high temperature causes the protein to form a large
number of insoluble aggregates. This is consistent with the findings of Yu et al. (2021)
on the effect of heat treatment on the solubility of soybean protein. This suggests that
high–temperature treatment can reduce protein solubility [63]. In addition, the results
indicated that the solubility of QPI extracted by alkali-soluble acid precipitation ranged
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from 28.34% to 78.46%, while the solubility of the native QPI was 44.12%. This may be
due to differences in extraction pH, which lead to changes in the interaction between the
protein and water, resulting in different solubility [6].

 
Figure 6. Effects of different hydrothermal treatment conditions on the solubility. A–F indicates the
significant differences between different temperatures and a–c indicates the significant differences
between different times (p < 0.05).

3.2.2. Water-Holding Capacity (WHC) and Oil-Holding Capacity (OHC)

WHC and OHC are the ability of a substance to bind water and oil under limited
water and oil conditions [64]. In this study, it was found that the WHC and OHC of QPI
after hydrothermal treatment were significantly higher than those of the control, and the
WHC and OHC of QPI increased first and then decreased with the increase in temperature.
In the range of 60–90 ◦C, the WHC and OHC of QPI increased gradually with the increase
in hydrothermal treatment time and reached a maximum of 90 ◦C and 30 min, which
were 12.50% and 14.18% higher than those of the control, respectively (p < 0.05) (Table 2).
Previous studies found that the WHC and OHC of peanut seed albumin increased gradually
with the increase in heat treatment temperature from 15 to 55 ◦C [65]. In addition, different
heat treatments significantly increased the WHC of guar proteins [66]. This is probably due
to the fact that the spatial structure of the protein is opened after heating, which allows
some polar groups inside to be transferred to the surface, therefore increasing its WHC
and OHC [67]. Furthermore, the findings of this study are consistent with the results of
Cerdan et al., (2019) who observed that the WHC and OHC of the heat-treated QPI were
2-fold and 10-fold higher than those of the native QPI, respectively [24]. However, such an
increase is much higher than the results of this study, which may be because they used a
method of vacuum drying at 35 ◦C is different from the method in this study.

The WHC and OHC of QPI decreased gradually with the increase in hydrothermal
treatment time when the temperature was higher than 90 ◦C, and the minimum values of
145% and 157% were reached when the heat treatment conditions were 121 ◦C for 30 min,
respectively. It was also found that excessive temperature could significantly reduce its
WHC and OHC in the study of heat–treated sunflower protein [20]. This is probably due to
the complete denaturation of the protein at high temperature, leading to the exposure of
the hydrophobic groups hidden inside, which leads to the reduction in WHC and OHC.
Moreover, the OHC of the QPI in this study was slightly higher than that in the previous
report [29], which is probably due to the different quinoa varieties used, and the protein
content and composition were different. In this study, the trends of WHC and OHC of QPI
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were found to be in good agreement with solubility. Therefore, we speculate that the WHC
and OHC of QPI might be related to its solubility.

Table 2. Effects of different hydrothermal treatment conditions on the water–holding capacity and
oil–holding capacity, %. A–E indicates the significant differences between different temperatures and
a–c indicates the significant differences between different times (p < 0.05).

Capacity (%) Temperature (◦C)
Time (min)

5 10 20 30

25 143.53 ± 2.30 Da 143.53 ± 2.30 Aa 143.53 ± 2.30 Ea 143.53 ± 2.30 Ea

60 144.80 ± 0.95 Da 145.33 ± 3.97 Aa 145.87 ± 1.52 Da 146.07 ± 1.08 Da

70 147.40 ± 0.31 Cb 152.47 ± 2.36 Aa 152.07 ± 0.72 Ca 152.80 ± 0.95 Ca

water 80 153.73 ± 1.54 Ba 153.93 ± 3.62 Aa 154.27 ± 0.74 Ba 157.20 ± 2.60 Ba

90 153.00 ± 3.85 Bb 158.13 ± 1.83 Aa 161.67 ± 0.85 Aa 161.47 ± 1.15 Aa

100 161.47 ± 3.62 Aa 152.13 ± 0.99 Ab 147.60 ± 1.00 Dc 145.73 ± 1.14 Dc

121 152.33 ± 5.28 Ba 151.20 ± 0.47 Aab 146.53 ± 0.92 Dab 145.00 ± 3.59 DEc

25 151.80 ± 0.64 Ea 151.80 ± 0.64 Ea 151.80 ± 0.64 Ea 151.80 ± 0.64 Ea

60 152.87 ± 2.16 DEa 154.33 ± 1.90 Da 155.40 ± 3.60 Da 156.00 ± 1.40 Da

70 154.00 ± 1.87 Db 154.53 ± 0.63 Db 155.80 ± 2.17 Dab 159.87 ± 3.67 Ca

oil 80 159.27 ± 2.16 Cb 166.73 ± 3.38 Aa 167.40 ± 2.06 Aa 168.00 ± 1.56 Ba

90 163.40 ± 0.36 Bc 166.20 ± 1.17 Abc 167.67 ± 2.33 Ab 173.33 ± 2.42 Aa

100 171.33 ± 2.73 Aa 162.20 ± 5.46 Bb 162.13 ± 4.30 Bb 157.07 ± 0.90 Db

121 160.60 ± 2.54 Ca 159.07 ± 4.03 Ca 159.67 ± 5.49 Ca 156.60 ± 1.56 Da

3.2.3. Emulsifying Activity (EA) and Emulsion Stability (ES)

EA and ES characterize the ability of protein to adsorb to the oil-water interface and to
form a stable emulsion, respectively [68]. In this study, we found that the EA and ES of QPI
after hydrothermal treatment were significantly higher than those of the control. When
the temperature was less than 90 ◦C, the EA and ES of QPI increased with the increase
in temperature, and reached a maximum of 90 ◦C for 30 min of hydrothermal treatment,
which was significantly higher than those of the control by 84.4% and 27.1% (p < 0.05)
(Tables 3 and 4). This is similar to the results of the study in which the ES of faba bean
protein concentrate heat-treated at 95 ◦C for 15 min was significantly higher than that of the
control [26]. However, when the temperature was 100 ◦C and 121 ◦C, the EA and ES of QPI
decreased gradually with the extension of hydrothermal treatment time, and the minimum
value was reached at 121 ◦C, 30 min heat treatment; at which time, the EA was lower than
the control by 5.95%, while the ES was higher than the control by 10.1% (p < 0.05). The
reason for this result might be a change in the solubility of QPI [69].

Table 3. Effects of different hydrothermal treatment conditions on the emulsifying activity, m2·g−1. A–
D indicates the significant differences between different temperatures and a–c indicates the significant
differences between different times (p < 0.05).

Temperature
(◦C)

Time (min)

5 10 20 30

25 6.55 ± 0.38 Da 6.55 ± 0.38 Da 6.55 ± 0.38 Ca 6.55 ± 0.38 Da

60 7.65 ± 0.25 CDb 7.72 ± 0.39 CDb 8.06 ± 0.73 BCb 9.17 ± 0.30 BCa

70 7.95 ± 0.28 BCDc 8.73 ± 0.46 BCbc 9.46 ± 0.52 Bb 10.57 ± 0.64 ABa

80 9.56 ± 0.68 ABb 10.19 ± 0.40 ABb 11.57 ± 0.71 Aa 11.68 ± 0.66 Aa

90 11.05 ± 0.38 Aa 11.76 ± 0.67 Aa 11.82 ± 0.58 Aa 12.05 ± 0.38 Aa

100 10.31 ± 0.59 Aa 9.84 ± 0.80 Bab 8.68 ± 0.36 Bb 8.64 ± 0.59 Cb

121 9.28 ± 0.29 ABCa 8.46 ± 0.37 BCab 7.72 ± 0.39 BCb 6.16 ± 0.56 Dc
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Table 4. Effects of different hydrothermal treatment conditions on the emulsion stability, %. A–F
indicates the significant differences between different temperatures and a–c indicates the significant
differences between different times (p < 0.05).

Temperature
(◦C)

Time (min)

5 10 20 30

25 56.08 ± 0.59 Da 56.08 ± 0.59 Da 56.08 ± 0.59 Ca 56.08 ± 0.59 Fa

60 57.13 ± 0.88 CDb 64.37 ± 2.70 Ca 65.87 ± 0.68 Ba 66.10 ± 2.14 Ca

70 58.13 ± 1.73 Cb 65.34 ± 2.30 BCa 68.51 ± 0.86 Aa 68.00 ± 0.41 Ba

80 63.57 ± 0.66 Bb 68.62 ± 1.42 Aa 68.86 ± 1.06 Aa 64.21 ± 0.50 Db

90 64.15 ± 1.10 Bb 69.63 ± 0.39 Aab 68.62 ± 1.42 Aab 71.25 ± 1.60 Aa

100 70.49 ± 1.74 Aa 69.27 ± 1.45 Aa 67.37 ± 0.74 ABab 64.48 ± 1.79 CDb

121 70.55 ± 0.45 Aa 66.31 ± 2.20 Bb 65.80 ± 2.09 Bb 61.76 ± 1.27 Ec

It was shown that the EA and ES of vicilin-rich proteins isolated from kidney beans
after high-temperature treatment were elevated under moderate heating conditions and
decreased after excessive heating [70]. The possible reasons for this may be because
the moderate heating induced structural changes in the protein in favor of EA and ES,
which might be the driving force for improving the EA and ES of the protein [29]. A
hydrothermal treatment temperature greater than 90 ◦C will cause more unfolding of the
protein, exposing their internal hydrophobic groups, resulting in a decrease in solubility,
which in turn reduces EA and ES [71]. Therefore, we speculate that protein solubility might
have an effect on its EA and ES. The above results show that the EA and ES of QPI could
be improved by heat treatment below 121 ◦C, which is similar to the results of Mir et al.,
(2021) [25]. They found that the EA and ES of QPI increased significantly after water a bath
treatment at 80, 90 and 100 ◦C for 15 and 30 min

4. Conclusions

In this study, the QPI after hydrothermal treatment was studied from the perspective of
structure and functional properties. The results indicated that hydrothermal treatment had
significant effects on both the structural and functional properties of QPI. Hydrothermal
treatment at 60–121 ◦C for 5–30 min increased the particle size and thermal stability of QPI,
and significantly changed its secondary and tertiary structures. In addition, hydrothermal
treatment at 60–90 ◦C for 5–30 min had a positive effect on improving the functional prop-
erties of QPI such as WHC, OHC, EA, ES, and solubility, while hydrothermal treatments
at 100 and 121 ◦C damaged these properties of QPI. Overall, the functional properties of
the QPI after hydrothermal treatment were all superior to those of the control. Moreover,
several other functional properties of QPI appeared to depend on the the its solubility.
Insights gained from this study may help improve the functional properties of QPI by
adjusting the hydrothermal treatment conditions. Moreover, our findings provide further
support for studying the structure and functional properties of QPI after hydrothermal
treatment, which is crucial for their application in food. These findings demonstrate that
QPI could be added to foods involving thermal processing. Furthermore, based on the
abundant nutritional value of QPI and its good functional properties after heat treatment,
it can also be added to functional foods to increase the added value of the product.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11192954/s1, Figure S1: Deconvolution and curve fitting of
the Amide I region for QPI with different hydrothermal treatment conditions.
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