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Editorial on the Research Topic

The future food analysis

In the field of nutrition science, food analysis is an essential tool for guaranteeing

the safety, quality, traceability, and nutritional value of foods in order to comply with

legislation and meet rapidly changing consumer demands. With the technical progress

of analytical instruments and methods, especially the advanced development of artificial

intelligence and deep learning algorithms, food analysis has undergone substantial

improvements in accuracy, precision, detection limits, and sample throughput in recent

years, thereby expanding its range of practical applications.

This Research Topic brought together important research contributions applying

advanced and emerging analytical approaches, the results of which have demonstrated

tremendous possibilities for speeding up the resolution of food safety issues; preventing

food fraud for authentication, certification, and traceability purposes; and better

understanding the bioactivity of food and food ingredients at the molecular level.

As these approaches demonstrate, novel analytical methods are starting to replace

conventional techniques, many of which are time-consuming, labor-intensive, and

less accurate.

For instance, Li et al. proposed a classification framework combining multispectral

imaging (MSI) technology with machine learning tools for rapid grading of beef

products. They studied a total of 555 beef cut samples (comprising 200 sirloin, 195

shank, and 160 flank samples), of which 445 were used as the training set to build the

model while the remaining 110 samples were used as the test set to evaluate the model’s

performance. Through the use of feature extraction and fusion strategy, multispectral

images were converted into single-modal and multiple-modal feature sets and further

used as input for machine learning–based classifiers. The results demonstrated that the

multiple-modal fusion feature set outperformed the single-modal feature set, and the

optimized linear discriminant analysis (LDA) classifier using multiple-modal feature

fusion achieved a prediction accuracy rate of over 90%. The MSI-based classification

framework is fast and non-destructive, and is capable of providing accurate results in

real time. It is therefore suitable for use in contemporary food industry settings as a tool

for avoiding fraud and enhancing quality management.
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Terahertz (THz) spectroscopy is a promising novel

analytical method that is less likely to cause damage to

biomolecules, both because the THz waves have relatively

low-photon energy and because it is not easily influenced by

scattering and fluorescent substances. Using THz spectroscopy,

Yang et al. innovatively introduced machine learning methods,

such as convolutional neural networks (CNN), to classify

coffee bean samples based on their different geographical

origins. Principal component analysis (PCA) and genetic

algorithm (GA) were applied to wavelength screening,

leading to a smaller feature set that best described the

difference between origins. They showed that the CNN-based

method has a strong predictive ability, with an accuracy

rate of 90%. THz spectroscopy combined with the machine

learning method significantly enhanced the accuracy of coffee

bean origin classification, demonstrating that it has strong

application potential in the classification and identification of

agricultural products.

Additionally, Sun et al. used terahertz time-domain (THz-

TDS) spectroscopy and spectral imaging technologies to explore

the feasibility of the detection of insect foreign bodies in finished

tea products. Using THz-TDS, significant signals differences

between tea leaves and insect foreign bodies can be observed

in the range of 0.3–1.0 THz. In addition, the locations and

outlines of insect bodies were able to be presented via the

THz-TDS image. The binary classification model was used on

176 samples of tea and insect mixtures to determine whether

the tea contained insect foreign bodies. Three algorithms,

including adaptive iteratively reweighted penalized least squares

(AirPLS), were used for spectral preprocessing in order to reduce

baseline drift and enhance effective spectral information. The

results demonstrated that the K-nearest neighbor (KNN) and

partial least squares–discrimination analysis (PLS-DA) models

showed great performance after AirPLS correction. THz-TDS

spectroscopy technology was capable of detecting insect foreign

bodies in finished tea products; the THz-TDS imaging was able

to observe the position and the profile of the insect foreign

bodies and therefore provided a visual detection method for

tea containing insect foreign bodies. Ultimately, these results

showed that THz-TDS and imaging technology provided an

effective tool for non-destructive testing of low-density and

organic foreign bodies in food processing.

Aquaphotomics, another emerging analytical technology,

was also employed for food analysis within this Research

Topic. Aquaphotomics uses changes in specific disturbance

factors (e.g., temperature, pressure, the addition of other

components) to perform dynamic spectral measurement of

aqueous-system samples. It further uses the chemometric

method to study high-dimensional spectra corresponding to

perturbation, thereby achieving quantitative and qualitative

analysis of the characteristic in the aqueous-system samples.

Zhang et al. used near-infrared (NIR) spectroscopy combined

with aquaphotomics to study the structure of peanut allergen

protein Ara h1 during the heating process. This method revealed

the interaction between the water structure and Ara h1 from the

perspective of the water molecules and explained the effect of

temperature on the secondary structure and the hydrogen bond

network of Ara h1. The results indicated that, during the heating

process, the mutation temperature was about 55◦C, at which

point the hydrogen bond network was destroyed, free water was

increased, and the content of the protein’s secondary structure

was changed. This study established a method for characterizing

protein structural changes without labeling that is simple to

operate and that has high sensitivity, and that can provide new

technical ideas for the analysis of food processing.

The articles in this Research Topic emphasize and

demonstrate the developments of advanced analytical

techniques for modern food analysis. We hope they

will inspire (young) scientists to push advances in this

area even further, so that they can lead food science

and nutrition research into a new era. We would like

to express our great gratitude to the contributors, and

our thanks to them for providing up-to-date and high-

quality original contributions. We are also very grateful

to the editorial team and reviewers for their support and

excellent cooperation.
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Antihypertensive and
Immunomodulatory Effects of
Defatted Corn Germ Hydrolysates:
An in vivo Study
Jiaqi Zhu 1,2, Jing Li 1, Yiting Guo 1,2, Janet Quaisie 1,2, Chen Hong 1,2 and Haile Ma 1,2*

1 School of Food and Biological Engineering, Jiangsu University, Zhenjiang, China, 2 Institute of Food Physical Processing,
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This study investigated the antihypertensive and immunomodulatory effects of defatted

corn germ hydrolysates (DCGHs) in vivo and their potential regulatory mechanisms.

The systolic blood pressure (SBP) of spontaneously hypertensive rats (SHRs) was

significantly reduced (10.30%) by the long-term intragastric administration of DCGHs

(high doses). Also, there was drastic inhibition of angiotensin-I-converting enzyme

(ACE) activity in the lung, kidney, and heart tissues by 24.53, 22.28, and 12.93%,

respectively. It could regulate the blood pressure by adjusting the balance between

endothelium-derived vasoconstrictor factors and endothelium-derived relaxing factors.

Meanwhile, DCGHs enhanced the phagocytosis of mononuclear macrophages, cellular

immunity, and humoral immunity of ICR mice by increasing the phagocytic index

of mononuclear macrophages (23.71%), ear swelling degree (44.82%), and antibody

levels (52.32%). Moreover, it stimulated the release of immunoactive substances (e.g.,

lysozyme, interferon-γ, immunoglobulin G, and complement 3). Consequently, DCGHs

could suitably be used in the formulation of novel functional foods with antihypertensive

and immunomodulatory properties.

Keywords: defatted corn germ hydrolysates, in vivo study, antihypertensive effect, tissue ACE activity,

immunomodulatory effect

INTRODUCTION

Defatted corn germ (DCG), a by-product of corn germ oil production, is often used as feed,
resulting in a tremendous waste of nutritional value (1). The proteins in DCG are rich and balanced
in most of the essential amino acids and mainly consist of soluble alkali proteins, albumins, and
globulins, with a protein efficiency ratio similar to that of soy protein, and thus, DCG can be
used as a high-quality protein source (2, 3). DCG can produce a significant quantity of active
peptides via protease hydrolysis. Studies have shown that polypeptides have antihypertensive and
immunomodulatory activities, which play an essential role in metabolic regulation and can serve as
functional food ingredients, nutraceuticals, and pharmaceutical additives to improve human health
and prevent diseases (4–6).

Hypertension is a chronic disease in which the blood pressure is higher than
usual [systolic blood pressure (SBP) ≥140 mmHg, diastolic blood pressure ≥90
mmHg] (7). It has the characteristics of high incidence and gradual rejuvenation
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and can cause various diseases, such as cardiovascular disease,
nephropathy, andmyocardial infarction (8). The control of blood
pressure in the body is dependent on the regulation of the
renin-angiotensin system (RAS), and the angiotensin-converting
enzyme (ACE) plays a vital role in the RAS (9). In RAS, renin
acts on angiotensinogen to convert it into angiotensin I (Ang
I), and under the action of ACE, Ang I is converted into
angiotensin II (Ang II), causing an increase in blood pressure
(10). At present, the drugs used to treat hypertension mainly
include calcium channel antagonists, ACE inhibitors, angiotensin
receptor blockers, and β-receptor blockers. However, these drugs
have many side effects, such as skin rashes, disturbance of
taste, dry cough, and allergic reactions (11, 12). Maes et al.
(13) reported that milk protein-derived peptides could lower
blood pressure in vivo by inhibiting the release of endothelin-1
(ET-1) from the endothelial cells of spontaneously hypertensive
rats (SHRs). Alashi et al. (14) indicated that rapeseed peptides
induced antihypertensive effects on SHRs. Therefore, bioactive
substances derived from natural sources, which exert non-toxic
side effects and hypotensive effects, have gradually become the
focus of research.

Immunity protects organisms against harmful foreign bacteria
and viruses (15). The immune system of the body is regulated
by the interactions among macrophages, lymphocytes, and their
immunoactive substances, which is manifested in the promotion
of the growth of the immune organs, proliferation of immune
cells, and release of immunoactive substances (16). Mao et al.
reported that casein peptides obtained via alkaline protease
hydrolysis could mediate immunoregulation by stimulating
the release of ConA-induced lymphocyte proliferation and
interleukin (IL)-2 in mice (5). Sun et al. reported that the
polypeptides from Pleurotus eryngii mycelium could exert
immunomodulatory effects by promoting the proliferation of
macrophages and stimulating the release of tumor necrosis
factor-α (TNF-α), IL-6, nitric oxide (NO), and H2O2 (17). Hence,
the study of food-derived substances with immunomodulatory
properties is gradually receiving widespread research attention.

Therefore, the purpose of this study was to evaluate the
antihypertensive and immunomodulatory effects of DCGHs
through animal experiments to study the more effective
utilization of corn germ oil by-products. The antihypertensive
effect of DCGHs in vivo was evaluated in terms of body
weight (BW), blood pressure, tissue ACE activity, and serum
biochemical indices of SHRs after acute oral and long-term
intragastric administration. Meanwhile, the immunoregulatory
effect of DCGHs was studied by testing the immune organ
indices, phagocytic index of mononuclear macrophages, ear
swelling degree, antibody levels, and serum immunoactive
substance levels in ICR mice.

MATERIALS AND METHODS

Materials
DCG was provided by Sanxing Corn Industry Co., Ltd.
(Shandong, China). ACE with an activity of 0.4U mL−1 was
obtained from pig lungs using the method described by Wu et al.
(18). Captopril, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid, and N-[3-(2-Furyl) acryloyl]-Phe-Gly-Gly were purchased
from Sigma (Shanghai, China). Indian ink was purchased
from Solarbio Technology Co., Ltd. (Beijing, China). The
kits for measuring the levels of renin, Ang II, ET-1, NO,
prostacyclin (PGI2), TNF-α, glutathione-S transferase (GST),
creatine kinase isoenzyme (CK-MB), 2,4-dinitrofluorobenzene
(DNFB), lysozyme, interferon-γ (IFN-γ), immunoglobulins
(IgA, IgG, and IgM), and complement 3 (C3) were purchased
from Senbeijia Biological Technology Co., Ltd. (Nanjing, China).
In addition, 2% sheep red blood cell (SRBC) suspension was
purchased from Senbeijia Biological Technology Co., Ltd. All
other chemicals used in this study were of analytical grade and
purchased from Sinopharm (Shanghai, China).

Preparation of DCGHs
DCGHs was prepared from DCG using the ultrasonic-
assisted enzymatic hydrolysis method, as described in a
previous study (19). Briefly, energy-concentrated dual-
frequency ultrasonic equipment was utilized in pretreating
the substrate before enzymatic hydrolysis. Ultrasonic
treatment was achieved by employing the optimal ultrasonic
conditions from our preliminary study, that is, ultrasonic
power density of 120 W/L, 15min sonication time, and
treatment temperature of 30◦C. After the pretreatment, the
substrate was subjected to enzymatic hydrolysis to obtain
DCGHs under the hydrolysis conditions with a temperature
of 50◦C, a pH of 9.0, an enzyme dosage of 3,000 U/g, and
reaction time of 30min. From the above conditions, a
total protein conversion degree of 63.34% was obtained.
Figure 1 displays the preparation process and the in vivo study
of DCGHs.

Molecular Weight Distribution
The molecular weight distribution of DCGHs was determined
using high-performance liquid size exclusion chromatography.
The selected instrument and chromatographic column were
Agilent 1100 liquid chromatography (Agilent, USA) and TSK-
gel column (G2000, 300 × 7.8mm, Tosoh, Tokyo, Japan),
respectively. Bovine serum albumin (67,000 Da), cytochrome C
(12,500 Da), bacitracin (1,450 Da), and L-tryptophan (204 Da)
were used as standards.

In vivo Blood Pressure-Lowering
Experiment
Animals and Experimental Protocol
All the experiments were approved by the Institutional Animal
Care and Use Committee of Jiangsu University and met the
guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Thirty 13-week-old male-
specific pathogen-free SHRs were purchased from Vital River
Experimental Animal Technical Co. Ltd. (Beijing, China) (No.
11400700249349). They were raised in the barrier system of
the Laboratory Animal Research Center of Jiangsu University.
The conditions of the breeding room were temperature of 25
± 2◦C, humidity of 50 ± 5%, and daily light-dark cycle of
12 h. Before the administration test, the SHRs were subjected
to a 1-week adaptation period. After a week of acclimatization,

Frontiers in Nutrition | www.frontiersin.org 2 May 2021 | Volume 8 | Article 6795839

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Zhu et al. DCGHs Antihypertensive and Immunomodulatory Effects

FIGURE 1 | The flow chart of the preparation process and the in vivo study of DCGHs.

30 SHRs were randomly divided into five groups (n =

6): control (administered a sterile saline solution), captopril
(administered captopril at a dose of 30 mg/kg BW), low-
dose (administered DCGHs at a dose of 500 mg/kg BW),
middle-dose (administered DCGHs at a dose of 1,000 mg/kg
BW), and high-dose (administered DCGHs at a dose of 1,500
mg/kg BW). At the beginning of the administration of these
substances, the SBP of SHRs was measured and recorded
every 3 from 0 to 12 h to perform the acute oral test. The
SHRswere then intragastrically administered the aforementioned
substances (depending on the group) daily for 5 weeks to
perform a long-term administration test. The SBP of SHRs was
measured using the tail-cuff method with an ALC-NIBP non-
invasive blood pressure system once a week (Allcott Biotech
Co. Ltd. Shanghai, China). Each measurement was repeated
three times and the average was recorded. The same person
performed all measurements at the same time of day and
within the same environment to minimize blood pressure
measurement errors.

Determination of Body Weight and Organ Index
In the long-term intragastric administration experiment, the BW
of the SHRs was measured once a week. After 5 weeks, 1.5mL of
chloral hydrate solution (10%) was injected into the abdominal
cavity of SHRs to induce anesthesia, following which the rats
were euthanized and dissected. The celiac artery blood of the
SHRs was collected using blood collection tubes not containing
anticoagulants and stored at 25 ± 2◦C for subsequent use. The
heart, liver, spleen, lung, and kidney of SHRs were excised and

weighed, and the organ index was calculated according to the
following Equation (1):

Organ index (%) =
Organ weight

BW
× 100% (1)

Determination of Tissue ACE Activity
The extraction of ACE and determination of its activity in the
lung, kidney, heart, and artery were performed using the method
described by Guo et al. (20).

Biochemical Index Analysis of Serum
The celiac artery blood of the SHRs collected as described in
section Determination of Body Weight and Organ Index was
stored for 1 h to coagulate spontaneously and then centrifuged
at 3,000 rpm for 10min. The supernatant (serum) was aliquoted
into different centrifuge tubes and stored at 4◦C for further use.
The levels of renin, Ang II, ET-1, NO, PGI2, TNF-α, GST, and
CK-MB in the serum of the SHRs were determined using the
experimental kits described in section Materials. The operation
method referred to the kit instructions (20).

In vivo Immunomodulation Experiment
Arterial
Animals and Experimental Protocol
One hundred and sixty 6-week-old female-specific pathogen-
free ICR mice were obtained from the Laboratory Animal
Research Center of Jiangsu University (Jiangsu, China) (No.
201728221; No. 201726607). The breeding conditions of the
ICR mice were the same as those of the SHRs and complied
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with the animal experiment guidelines described in section
Animals and Experimental Protocol. The immunomodulatory
effect of the ICR mice was evaluated using four tests: I (carbon
clearance test), II (delayed-type hypersensitivity reaction (DTH)
test), III (serum hemolysin test), and IV (serum immunoactive
substance test). Each test (I, II, III, and IV) consisted of 40
ICR mice, which were randomly divided into four groups
(n= 10): control (administered a sterile saline solution), low-
dose (DCGHs administered at a dose of 100 mg/kg BW), middle-
dose (DCGHs administered at a dose of 500 mg/kg BW), and
high-dose groups (DCGHs administered at a dose of 1,000mg/kg
BW). These substances were administered intragastrically daily
for 5 weeks. After the fifth week, the BW of ICR mice in the
four tests were recorded and the body weight gain before and
after the long-term administration experiment was calculated.
Simultaneously, the spleen, thymus, heart, lung, liver, and kidney
of ICR mice subjected to the test IV were excised and weighed
to study the effect of DCGHs on the organ index of ICR mice.
The organ index was calculated by Equation (1) in section
Determination of BodyWeight andOrgan Index. Then, ICRmice
subjected to tests I, II, III, and IV underwent carbon clearance,
DTH, serum hemolysin, and serum immunoactive substance
tests, respectively, to analyze the immunomodulatory effect of
DCGHs on the body after long-term intragastric administration.

Determination of Macrophage Phagocytic Index, Ear

Swelling Degree, and Antibody Levels
The macrophage phagocytic index, ear swelling degree, and
antibody levels of ICR mice were measured using the
carbon clearance (I), DTH (II), and serum hemolysin (III)
tests, respectively.

The carbon clearance test (I) referred to the method described
by Suzuki et al. (21) with some modifications. After long-term
intragastric administration, the tail vein of ICRmice was injected
with diluted Indian ink (100 mL/kg BW). Blood samples (20
µL) were collected from the retro-orbital venous plexus of ICR
mice at the second and tenth minute after the injection and
then immediately added to 2mL of 0.1% Na2CO3 solution.
The optical density (OD) at 600 nm was measured using a
Multiskan spectrum microplate spectrophotometer (Infinite 200
PRO, Tecan Co., Ltd., Germany), and Na2CO3 solution was used
as the control. The phagocytosis index was calculated using the
following equation:

Phagocytic index =
BW

Liver weight + Spleen weight
(2)

×
3

√

lgOD1 − lgOD2

t2 − t1

where OD1 and OD2 are the ODs at times t1 (secondminute) and
t2 (tenth minute), respectively.

The DTH test (II) was performed as described by Sakai et al.
(22) with somemodifications. The abdominal skin of each mouse
was wiped with barium sulfide, shaved, and then 50 µL of 1%
DNFB in acetone-seed oil (1:1) was evenly applied to the area to
sensitize the skin of the mice. After 5 days, the right ears were
challenged with 10 µL of 1% DNFB in acetone-seed oil (1:1), and
the left ears were untreated. After 24 h, the ears with a diameter
of 8mm were removed using a hole punch and weighed. Ear
swelling was expressed as the weight difference between the left
and right ears.

The serum hemolysin test (III) was performed as described by
Tort et al. (23). After the long-term administration experiment,
the ICR mice in test III were intraperitoneally injected with
0.2mL 2% SRBC. After 5 days, the retro-orbital venous plexus
blood of ICR mice was collected in blood collection tubes not
containing anticoagulants and stored at room temperature for
1 h for spontaneous blood coagulation. Next, the blood samples
were centrifuged at 3,000 rpm for 10min, and the serum was
collected and diluted different multiples by the double dilution
method. Then, 100 µL serum of different concentrations and
100 µL 0.5% (v/v) SRBC suspension were added to the micro
hemagglutination test plate in turn. After mixing evenly, they
were placed in a moist flat plate and incubated in an incubator at
37◦C for 3 h. The degree of hemagglutination was observed and
the antibody level was calculated by the following equation:

Antibody level = S1 + 2S2 + 3S3 + . . . + nSn (3)

where 1, 2, 3. . . , n, represent the index of double dilution, S
represents the level of agglutination.

Determination of Serum Immunoactive Substances
The process of immune regulation is often accompanied by
changes in the content of immunoactive substances. The ICR
mice subjected to test IV underwent a serum immunoactive
substances test, and the determination method referred to the
article by Huang et al. (16). The serum of ICR mice was
collected by the aforementioned method in the serum hemolysin
test (III). After centrifugation, the serum was aliquoted into
different centrifuge tubes and stored at 4◦C for use. The levels
of lysozyme, IFN-γ, IgA, IgG, IgM, and C3 in the serum of
ICR mice were determined using the experimental kits described
in section Materials. The operation method referred to the kit
instructions (17).

Statistical Analysis
The experimental data were expressed as the mean ± standard
deviation (SD). The differences between groups were evaluated
using the one-way analysis of variance (ANOVA). The statistical
tests were analyzed using SPSS 19.0 (SPSS Inc., USA) at the
significance levels of p < 0.05 and p < 0.01.

TABLE 1 | Molecular weight distribution of defatted corn germ hydrolysates (DCGHs).

Molecular weight distribution range (Da) >2,000 1,000–2,000 200–1,000 <200

Percentage (%) 36.56 ± 0.45 17.15 ± 0.37 35.97 ± 0.14 10.32 ± 0.31
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RESULTS AND DISCUSSION

Molecular Weight Distribution
The molecular weight composition of peptides is an important
index to evaluate the nutritional value of enzymatic hydrolysate,
which is closely related to the absorption rate and physiological
activity of enzymatic hydrolysate (24, 25). The molecular weight
distributions of the DCGHs prepared using ultrasonic-assisted
enzymatic hydrolysis are presented in Table 1. The fraction
with a molecular weight of more than 2,000 Da accounted for
the largest proportion (36.56%), followed by the range of 200–
1,000 Da (35.97%), 1,000–2,000 Da (17.15%), and <200 Da
(10.32%). Studies have shown that the polypeptide fractions with
larger relative molecular weight prepared by hydrolysis could
effectively utilize the protease in the gastrointestinal tract and
have high biological activity after gastrointestinal digestion, even
reaching or exceeding the functional activity level of traditional
polypeptides (26). The result showed that DCGHswithmolecular
weight >2,000 and 200–1,000 Da accounted for more than
80%, which is similar to the results of the molecular weight
distribution of walnut proteolysis products studied by Liu et al.
(27), indicating that DCGHs may have good biological activity
for application.

In vivo Blood Pressure-Lowering
Experiment
BW and Organ Indices of the SHRs
The BW gain and organ indices are shown in Table 2. In the
whole experiment, the BW gain of the SHRs in the tested groups
was not significantly different from that of the control group
(p > 0.05). In contrast, the BW gain of the SHRs in the captopril
group was significantly lower than that in the control group
(p < 0.01). Although captopril (an ACE inhibitor) has been
prescribed for the treatment of cardiovascular disease, long-term
use could cause some side effects such as vascular edema, rash,
and dyspepsia (28). Hence, the weight of SHRs in the captopril
group was significantly lower than that of the control group. Also,
the organ indices of the SHRs in the tested groups and captopril
group were not significantly different from those in the control
group (p > 0.05), indicating that DCGHs and captopril did not
affect the growth of organs in SHRs.

Blood Pressure of SHRs
In the acute oral intragastric administration experiment,
variations in SBP in different groups of SHRs are shown in
Figure 2A. The SBP of the control group showedminimal change
within 12 h. Compared with the control group, the SBP of the
high-dose and captopril groups decreased significantly during the
first 3 h (p < 0.05), especially in the captopril group (p < 0.01),
which reached the maximum decrease of 25.81 mmHg. At 6 h,
the SBP of the captopril group showed a significant reduction
of 18.46 mmHg compared with the control group (p < 0.01).
In the meantime, the SBP of the middle-dose and high-dose
groups was significantly lower than that of the control group
(p < 0.01), decreasing by 12.23 and 16.89 mmHg, respectively.
After 9 h, the SBP of the tested groups and captopril group
gradually returned to the initial level. Although the captopril T
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FIGURE 2 | Effect of defatted corn germ hydrolysates (DCGHs) on systolic

blood pressure (SBP) of spontaneously hypertensive rats (SHRs). Acute oral

administration (A) and long-term intragastric administration (B). C represents

the control group (sterile saline solution); L, M, and H represent the low-dose,

middle-dose, and high-dose groups of mice administered DCGHs,

respectively; Cap represents the captopril group. *Significantly different (p <

0.05) and **Significantly different (p < 0.01) compared to C (sterile saline

solution) at the same time point.

group exerted a more rapid blood pressure-lowering effect than
the tested groups initially, there was no difference between
the tested groups and the captopril group after 6 h. Cui et al.
(29) studied the antihypertensive effect of milk macromolecular
peptides in the acute oral intragastric administration experiment.
They found that the blood pressure of SHRs in the tested groups
also reached the maximum decline at 6 h. The results initially
showed that DCGHs had an antihypertensive effect in vivo
in a short time, which was consistent with the result of milk
macromolecular peptides.

The SBP of the control, tested, and captopril groups during the
long-term intragastric administration test is shown in Figure 2B.
The SBP of the captopril group was significantly lower than that
of the control group from the first week to the fifth week and
reached the maximum decrease of 29.25 mmHg at the fifth week
(p < 0.01), revealing that the antihypertensive effect of captopril
was rapid and long-lasting. All the tested groups presented a
significant antihypertensive effect on SHRs from the second week

(p < 0.05). The SBP of the high-dose group decreased more
rapidly than that of the control group in the second week and
maintained a downward trend until the fifth week, which attained
the maximum decrease of 18.94 mmHg. In comparison with the
control group, the SBP of the low-dose and middle-dose groups
tended to be stable from the fourth week to the last week and
decreased by 8.97 mmHg (p < 0.05) and 13.93 mmHg (p < 0.01),
respectively, in the last week. The results showed that different
doses of DCGHs also had a long-term and stable antihypertensive
effect on SHRs, especially in the high-dose group. Wu et al. (30)
found that different doses of ACE inhibitory peptides prepared
from soy protein could significantly reduce the blood pressure
of SHRs compared with the control group, which was consistent
with our results. Therefore, DCGHs has good antihypertensive
effect in vivo.

ACE Activity in the Tissues of SHRs
The ACE activity values are presented in Table 3. The ACE
activity of the lung, kidney, heart, and aorta in the tested groups
and captopril group decreased to different degrees than those
in the control group. In comparison with the control group,
ACE activity in the lung tissues of the middle-dose, high-dose,
and captopril groups exhibited a significant reduction of 17.10,
24.53, and 30.83% (p < 0.01), while the low-dose group showed
no significant changes (p > 0.05). Compared to the control
group, ACE activity in the kidney and heart tissues of the
high-dose group showed a significant reduction of 22.28% (p
< 0.01) and 12.93% (p < 0.05), respectively, and the captopril
group exhibited a marked decrease of 34.11% (p < 0.01) and
25.70% (p < 0.01), respectively, while the other tested groups
showed minimal changes (p > 0.05). There were limited changes
in ACE activity in the aorta among the control, tested, and
captopril groups. Previous studies have shown that ACE exists
widely in epithelial cells, neuroepithelial cells, and vascular
endothelial cells in many organs (31). As shown in Table 3, the
low-dose group showed limited effects on ACE activity in the
tissues, the middle-dose group showed significantly reduced ACE
activity in the lung tissues, and the high-dose and captopril
groups showed significantly reduced ACE activity in the lung,
kidney, and heart tissues. Moreover, DCGHs showed a dose-
response relationship with ACE inhibitory activity. Therefore,
DCGHs could exert an antihypertensive effect by inhibiting
ACE activity in the lung, kidney, and heart tissues. Guo
et al. (32) found that the corn germ peptides, prepared by an
enzymatic membrane reactor with a new gradient diafiltration
feeding working-mode (processing duration of 660min), could
significantly increase the tissue ACE activity of SHRs in a
long-term intragastric administration. DCGHs can therefore be
compared to corn germ peptides since they have similar ACE
inhibitory activity in the body, and its preparation process
(ultrasonic-assisted) makes full use of the protein resources of
DCG, which dramatically shortens the enzymatic hydrolysis time
and reduces energy consumption.

Serum Biochemical Indices of SHRs
The endothelium-derived vasoconstrictor factors (EDCFs) and
endothelium-derived relaxing factors (EDRFs) secreted by
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TABLE 3 | ACE activity in the different tissues of SHRs.

Group Lung Kidney Heart Aorta

Control 946.93 ± 86.71 996.04 ± 66.71 739.81 ± 29.83 1436.04 ± 69.83

Low 910.48 ± 53.7 908.70 ± 83.70 728.70 ± 25.67 1392.00 ± 75.67

Middle 785.84 ± 68.70** 911.67 ± 38.73 711.67 ± 72.02 1347.01 ± 72.00

High 714.64 ± 41.67** 774.08 ± 61.67** 644.08 ± 47.01* 1381.67 ± 67.00

Cap 654.93 ± 34.08** 656.20 ± 84.08** 549.67 ± 61.67** 1343.60 ± 31.67

Control represents the control group (sterile saline solution); low, middle, and high represent the low-dose, middle-dose, and high-dose groups of defatted corn germ hydrolysates

(DCGHs), respectively; Cap represents the captopril group.

*Significant differences (p < 0.05) compared to the control group. **Significant differences (p < 0.01) compared to the control group.

TABLE 4 | Serum biochemical indices of SHRs after long-term intragastric administration.

Group Renin (ng/L) Ang II (ng/L) PGI2 (ng/L) ET-1 (ng/L) TNF-α (ng/L) NO (µmol/L) GST (ng/mL) CK-MB (ng/mL)

Control 74.60 ± 4.10 174.17 ± 7.07 109.29 ± 10.58 81.25 ± 8.20 8.28 ± 0.28 20.23 ± 1.84 22.07 ± 1.51 133.00 ± 4.43

Low 75.42 ± 7.72 167.41 ± 5.51 106.27 ± 11.33 80.22 ± 6.95 7.61 ± 0.12* 25.03 ± 2.84 23.68 ± 1.00 135.81 ± 2.43

Middle 64.15 ± 3.08* 155.70 ± 5.16** 108.68 ± 6.68 78.11 ± 4.96 7.63 ± 0.51* 25.58 ± 3.70* 22.90 ± 0.74 130.72 ± 2.70

High 63.69 ± 3.10* 155.36 ± 7.46** 113.68 ± 8.05 62.06 ± 9.17** 7.57 ± 0.18* 27.62 ± 2.28** 23.43 ± 1.07 130.64 ± 2.70

Cap 83.98 ± 4.47* 151.01 ± 7.91** 132.88 ± 8.05** 58.36 ± 5.80** 7.41 ± 0.39** 22.19 ± 2.55 25.56 ± 0.90** 141.82 ± 8.93*

Control represents the control group (sterile saline solution); low, middle, and high represent the low-dose, middle-dose, and high-dose groups of defatted corn germ hydrolysates

(DCGHs), respectively; Cap represents the captopril group.

*Significant differences (p < 0.05) compared to the control group. **Significant differences (p < 0.01) compared to the control group.

vascular endothelial cells can regulate blood pressure and
endothelial function (20). To further explore the mechanism
underlying the antihypertensive effects of DCGHs in vivo, the
serum biochemical indicators of SHRs were analyzed. As shown
in Table 4, compared with the control group, the content of
renin in the middle-dose and high-dose groups showed a
marked decrease of 14.01 and 14.62% (p < 0.05), while the
content of renin in the captopril group significantly increased
by 12.57% (p < 0.05). In addition to the low-dose group, the
content of Ang II in the middle-dose, high-dose, and captopril
groups was significantly different from that in the control group
(p < 0.01), representing a decrease of 10.60, 10.80, and 13.30%,
respectively. Renin (an EDCF) initiates the RAS chain reaction
and causes an increase in blood pressure. The expression of RAS
promotes the production of Ang II (an EDCF), which regulates
vasoconstriction and stimulates the vascular endothelial cells to
secrete ET-1 (an EDCF) (33). The results showed that DCGHs
could regulate blood pressure by promoting the production of
renin and Ang II, while captopril had a rapid antihypertensive
effect, resulting in a fast decrease in Ang II levels. This led to
an increase in renin content to maintain the balance of the
RAS. As shown in Table 4, the content of ET-1 (an EDCF)
in the high-dose and captopril groups decreased significantly
by 23.62% (p < 0.01) and 28.17% (p < 0.01), respectively,
compared with the control group. The content of NO (an
EDRF) in the tested and captopril groups increased significantly
compared with the control group (p < 0.05); particularly, in
the high-dose group, NO content increased by 36.53% (p <

0.01). ET-1 (an EDCF), a subtype of endothelin, has the effect
of regulating vasoconstriction (13). NO (an EDRF) has the
effect of protecting vascular smooth muscle tissue, regulating

angiogenesis, and preventing harmful blood vessel contraction
(34). The results indicated that DCGHs could exert a hypotensive
effect by inhibiting the release of ET-1 and promoting the release
of NO. PGI2 (an EDRF) can relax smoothmuscle cells of different
blood vessel beds to regulate systemic vascular tone (35). The
results in Table 4 show that PGI2 content in the tested groups
showed less change compared with the control group (p > 0.05),
while that of the captopril group increased significantly by
21.58% compared with the control group (p < 0.01). Therefore,
DCGHs had little effect on blood pressure regulation through
PGI2. The increase in TNF-α (an EDCF) content in the serum can
cause hypertrophy and proliferation of vascular smooth muscle
cells, leading to an increase in blood pressure (36). As described
in Table 4, the content of TNF-α in the tested and captopril
groups was significantly higher than that in the control group
(p < 0.05), indicating that DCGHs can regulate blood pressure
through TNF-α. GST has antioxidative and detoxifying effects,
and its concentration changes in serum reflect the degree of
damage to the liver (37). The concentration of CK-MB in the
serum can increase to a certain extent due to myocardial injury
or necrosis (38). As observed in Table 4, in comparison with
the control group, the content of GST and CK-MB in the tested
groups showed less change (p > 0.05), while the content of
GST and CK-MB in the captopril group increased by 15.81%
(p < 0.01) and 6.63% (p < 0.05), respectively. Captopril possibly
caused damage to the myocardium and liver of SHRs, and
DCGHs were safe for the body of SHRs. Thus, the assessment
of the serum biochemical indicators showed that the mechanism
underlying the antihypertensive effects of DCGHs involved the
regulation of the balance between EDCFs and EDRFs in the
serum (39).
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TABLE 6 | Macrophage phagocytic index, ear swelling degree, and antibody

levels of ICR mice.

Group Phagocytic index Ear swelling mg Antibody levels

Control 8.73 ± 0.86 15.17 ± 4.65 35.59 ± 3.11

Low 9.00 ± 0.36 16.80 ± 2.69 37.97 ± 5.20

Middle 10.23 ± 0.41** 18.50 ± 3.08* 40.41 ± 4.67

High 10.80 ± 0.96** 21.97 ± 4.50** 54.21 ± 5.63**

Control represents the control group (sterile saline solution); low, middle, and high

represent the low-dose, middle-dose, and high-dose groups of ICR mice administered

defatted corn germ hydrolysates (DCGHs), respectively.

*Significant differences (p < 0.05) compared to the control group.

**Significant differences (p < 0.01) compared to the control group.

In vivo Immunomodulation Experiment
BW and Organ Indices of ICR Mice
The results of BW gain and organ indices of ICR mice in
the long-term intragastric administration experiment are shown
in Table 5. For the tests I (carbon clearance test), II (DTH
test), III (serum hemolysin test), and IV (serum immunoactive
substance test), the BW gain of ICR mice in the tested
groups (the low-dose, middle-dose, and high-dose groups) did
not change significantly compared with the control group
(p > 0.05). It demonstrated that the treatment of DCGHs
had no side effect on the growth rate of BW. Similarly, for
test IV (serum immunoactive substance test), the weights of
the spleen, thymus, heart, lung, liver, and kidney of ICR
mice between the control group and tested groups were not
significantly different (p > 0.05), which confirmed the non-toxic
side effects and safety use of DCGHs. Therefore, DCGHs can be
preliminarily used as a food-borne substance that is harmless to
the body.

Macrophage Phagocytic Index, Ear Swelling Degree,

and Antibody Levels of ICR Mice
The results of the carbon clearance, DTH, and serum hemolysin
tests are shown in Table 6, which reflect the phagocytic function
of mononuclear macrophages, cellular immune function, and
humoral immune function, respectively (40). The phagocytic
index of mononuclear macrophages in the middle-dose and
high-dose groups was significantly higher than that in the
control group, increasing by 17.18% (p < 0.01) and 23.71%
(p < 0.01), respectively. The low-dose group showed less
difference compared with the control group (p > 0.05). The
phagocytic index reflects the phagocytic ability of mononuclear
macrophages. The higher the phagocytic index, the stronger
the phagocytic capacity. The results showed that DCGHs could
improve the phagocytic capacity of mononuclear macrophages
in ICR mice. DTH reflects the level of cellular immune function,
and the magnitude of it is expressed by ear swelling degree.
As shown in Table 6, the ear swelling degree of ICR mice in
the low-dose group was not significantly different from that of
the control group, while the ear swelling degree of ICR mice
in the middle-dose and high-dose groups was 21.95% (p <

0.05) and 44.82% (p < 0.01) higher than that of the mice in
the control group, indicating that DCGHs could improve the
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TABLE 7 | Serum immunoactive substances of ICR mice.

Group Lysozyme (µg/L) IFN-γ (ng/L) IgA (µg/mL) IgG (µg/mL) IgM (ng/mL) C3 (µg/mL)

Control 20.19 ± 2.23 912.83 ± 91.51 3.31 ± 0.34 9.76 ± 0.78 131.21 ± 11.27 455.16 ± 6.31

Low 24.22 ± 2.84* 959.58 ± 140.58 3.55 ± 0.38 10.94 ± 1.11 136.06 ± 8.71 463.19 ± 7.35

Middle 25.34 ± 3.56* 939.75 ± 156.81 3.63 ± 0.46 11.88 ± 1.54* 134.29 ± 18.19 483.07 ± 8.35**

High 27.25 ± 2.78** 1082.00 ± 111.21* 3.54 ± 0.43 13.51 ± 1.34** 137.81 ± 11.85 485.57 ± 11.68**

Control represents the control group (sterile saline solution); Low, Middle, and High represent the low-dose, middle-dose, and high-dose groups of ICR mice administered defatted corn

germ hydrolysates (DCGHs), respectively.

*Significant differences (p < 0.05) compared to the control group. **Significant differences (p < 0.01) compared to the control group.

cellular immune function of ICR mice. Antibody levels reflect
the humoral immune function of the body. In comparison
with the control group, antibody levels in the high-dose group
increased significantly by 52.32% (p < 0.01), while the levels
in the other tested groups showed minimal changes (p >

0.05). The serum hemolysin test results revealed that DCGHs
could significantly enhance the humoral immune function of
ICR mice. Huang et al. (41) found that detoxified rapeseed
peptides had a significant effect on the phagocytic ability and
ear swelling degree of ICR mice, which presented a good
regulatory effect on immunity. Therefore, DCGHs also have
a good immunomodulatory effect in vivo compared with the
detoxified rapeseed peptides.

Immunoactive Substances in the Serum of ICR Mice
To further explore the immunomodulatory effects of DCGHs in
vivo, the immunoactive substances in the serum of ICRmice were
determined. As shown in Table 7, lysozyme content in the tested
groups was significantly higher than that in the control group (p
< 0.05). Particularly, in the high-dose group, lysozyme content
increased by 34.97% (p < 0.01). Lysozyme can kill pathogenic
bacteria and alleviate inflammation, reflecting the degree of non-
specific immune regulation (42). Therefore, DCGHs promoted
the release of lysozyme in ICRmice to regulate immune function.
IFN-γ, a cytokine, can activate immune cells, improve the ability
to kill pathogens and tumor cells, and promote phagocytosis of
macrophages (43, 44). Table 7 shows that the content of IFN-γ
in the high-dose group increased by 18.53% (p < 0.05) compared
with the control group, but there was no significant change in
the other tested groups (p > 0.05). Studies have shown that low
levels of IFN-γ can cause immune system dysfunction in mice,
resulting in a decline in immunity (45). Therefore, the results
showed that DCGHs could stimulate the release of IFN-γ to
enhance the immune function of the body. Immunoglobulin is
a soluble globulin with humoral immune function. As shown
in Table 7, IgA and IgM content in the tested groups was
not significantly different from that in the control group (p >

0.05), while the content of IgG in the middle-dose and high-
dose groups was significantly higher than that in the control
group (p < 0.01), showing an increase of 38.42 and 21.72%,
respectively. IgG levels were the highest in the serum, and
this immunoglobulin has various immunomodulatory activities,
such as antibacterial, antiviral, and antitoxin effects. It can also

promote the connection between tumor cells and effector cells,
causing cytotoxicity to kill tumor cells and other target cells (46).
The results showed that DCGHs could act as immunomodulators
by increasing the IgG content in the serum. C3, the most
abundant protein in the complement system, can be cleaved
into biologically active fragments after activation, which assists
phagocytes and antibodies in killing pathogenic bacteria and
strengthening immune function (47). As indicated in Table 7,
C3 content in the middle-dose and high-dose groups was
significantly higher than that in the control group (p < 0.01),
increasing by 6.13 and 6.68%, respectively. The results showed
that DCGHs could increase C3 levels in the serum of ICR mice
to exert immunoregulatory effects. Ratajczak et al. (48) studied
the good immune regulation function of corn oil in vivo. Lee
et al. (49) found that corn byproduct poly-saccharides isolated
from corn steep liquor could exert an immunomodulatory
effect by stimulating the release of Immunoactive substances.
Compared with the immunomodulatory effects of corn oil and
corn byproduct poly-saccharides, DCGHs also have a good
immune regulation effect, which provides a new guide for
the comprehensive development and utilization of corn by-
products.

CONCLUSIONS

In this study, we investigated the antihypertensive and
immunomodulatory effects of DCGHs in vivo. Analysis of
tissue ACE activity demonstrated that DCGHs could exert
an antihypertensive effect mainly by inhibiting ACE activity
in the kidney, lung, and heart tissues. Moreover, the serum
biochemical factor test results indicated that the DCGHs
could adjust the balance between EDCFs (e.g., renin, Ang
II, TNF-α, and ET-1) and EDRFs (e.g., NO) to regulate
blood pressure. Furthermore, the results of analyses of
the immunomodulatory effects showed that DCGHs could
enhance the phagocytosis of mononuclear macrophages,
cellular immunity, and humoral immunity by increasing the
phagocytic index of mononuclear macrophages, ear swelling
degree, and antibody levels in ICR mice, in addition to
stimulating the release of immunoactive substances (e.g.,
lysozyme, IFN-γ, IgG, and C3). The results herein, may
add to existing knowledge on the bioactive properties
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of DCGHs and guide the development and utilization of
cereal-based by-products.
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A High-Throughput Comparative
Proteomics of Milk Fat Globule
Membrane Reveals Breed and
Lactation Stages Specific Variation in
Protein Abundance and Functional
Differences Between Milk of Saanen
Dairy Goat and Holstein Bovine
Wei Jia*, Rong Zhang, Zhenbao Zhu and Lin Shi*

School of Food and Biological Engineering, Shaanxi University of Science & Technology, Xi’an, China

Large variations in the bioactivities and composition of milk fat globule membrane

(MFGM) proteins were observed between Saanen dairy goat and Holstein bovine

at various lactation periods. In the present study, 331, 250, 182, and 248 MFGM

proteins were characterized in colostrum and mature milk for the two species by

Q-Orbitrap HRMS-based proteomics techniques. KEGG pathway analyses displayed

that differentially expressed proteins in colostrum involved in galactose metabolism

and an adipogenesis pathway, and the differentially expressed proteins in mature milk

associated with lipid metabolism and a PPAR signaling pathway. These results indicated

that the types and functions of MFGM proteins in goat and bovine milk were different,

and goat milk had a better function of fatty acid metabolism and glucose homeostasis,

which can enhance our understanding of MFGM proteins in these two species across

different lactation periods, and they provide significant information for the study of lipid

metabolism and glycometabolism of goat milk.

Keywords: milk fat globule membrane protein, goat milk, bovine milk, Q-Orbitrap, colostrum, mature milk

INTRODUCTION

Milk fat is an important fraction of milk synthesized by the endoplasmic reticulum of mammary
epithelial cells. It is a droplet composed of a neutral triglyceride core wrapped by a thin trilayered
membrane. Milk fat globules containing cytoplasmic components are retained between the
membrane layers as the fat droplets are released into milk. Therefore, milk fat is mainly composed
of cholesterol, polar lipids, neutral lipids, and a protein group from the membrane and cytoplasmic
crescents (1, 2). Protein, which accounts for 22–70% of the MFGM matter, not only provides
protection to core milk fat but also has a series of biological functions, such as preventing infection
of enteric pathogens, promoting immune and neurological functions, as well as the development of
newborns (3, 4).
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Due to the health benefits and nutritional values, MFGM
proteins have attracted growing attention in dairy products.
The major proteins in MFGM include lactadherin, mucin
one, xanthine dehydrogenase/xanthine oxidase, fatty acid
synthase, fatty acid-binding proteins lipophilin, and butyrophilin
with physiological functions (5). For example, xanthine
dehydrogenase/xanthine oxidase, one of the main MFGM
enzyme proteins, has been reported to reveal antimicrobial
properties and immuno-protective function. Xanthine
dehydrogenase/xanthine oxidase in breast milk reacts with
infant saliva to produce an effective combination of irritant
and inhibitory metabolites that regulate the gut-microbiota
(6). Lactadherin (milk fat globule-EGF factor 8) is a peripheral
glycoprotein from human milk, which promotes the clearance
and phagocytosis of apoptotic cells, and regulates the immune
response (7).

With the accelerated development of proteomics technology
in recent years, a large number of proteins have been identified
and quantified in the milk of bovine (8), buffalo (9), donkey
(10), and other mammals (11). Among them, because bovine
milk is the major substitute for human milk, the comparative
proteomics between bovine and human milk as well as bovine
and human milk were extensively studied. Compared with
bovine milk, goat milk-based dairy products may be less
allergenic and more easily digested to the infants (12). In
view of the unique economic significance, more and more
studies have been absorbed in the nutritional and protective
properties of proteins in goat milk. Chen et al. have studied
the heat-dependent changes of goat milk protein, and found
out that heat processing can improve protein digestibility,
which was conducive to anti-atherosclerosis therapy (13). They
also investigated the protein changes of goat milk during
homogenization. The results showed that the homogenized goat
milk proteome has changed significantly, which was mainly
related to glycolysis/gluconeogenesis metabolism (14). These
studies extend the understanding of protein composition in
different processes.MajorMFGMproteins of goatmilk have been
reported, which are significantly different from that of bovine.
Sun et al. have characterized and compared the MFGM proteins
of both Guanzhong goat and Holstein cowmilk, using proteomic
techniques (15). Furthermore, they analyzed and compared the
MFGM proteomes of colostrum and mature milk of Xinong
Saanen goat milk (16). However, the MFGM proteome is also
affected by species.

Despite the poorly worldwide production of goat milk
compared with the bovine, in the past years, there has been more
and more interest in the in-depth characterization of its protein
composition. This analysis was focused on MFGM proteins from
two mammals (bovine and goat) and different lactation periods
(colostrum and mature milk) to characterize the composition in
conjunction with biological activity, localization, and molecular
function of MFGM proteins differences related to lactation. The
purpose was to reveal the differences of nutritional value and
physiological states of these two species across different lactation
periods to provide potential directions for infant formula and
functional food development, as well as expand our current
knowledge of MFGM proteome.

MATERIALS AND METHODS

Sample Collection
The sample collection and preparation were shown in
Supplementary Figure 1. The samples were collected, followed
by the method reported by Sun et al. (16). The samples were
collected at the Holstein bovine and Saanen dairy goat farm
in Xi’an, Shaanxi province, China. Ten bovine colostrum (0–5
days postpartum), 10 mature-milk (1–6 months postpartum),
10 goat colostrum (0–5 days postpartum), and 10 mature-milk
(1–6 months postpartum) samples were obtained from 20
healthy bovines and 20 healthy goats in the first lactation. All
of the 40 animals were aged between 1 and 4 years old, and
the animals of each species were under identical environmental
conditions. Each sample of bovine and goat milk was collected
twice a day and then mixed to dispel the effect of the sampling
time of milk samples. These samples were transported to the
laboratory on ice and stored at−80◦C. Ten milk samples of each
group were mixed to refrain from the influence of individual
differences on MFGM protein in various lactation stages before
the analysis. All handling practices involving animals carefully
followed all the recommendations of the Directive 2010/63/EU
of the European Parliament for the protection of animals for
scientific purposes.

The extraction of MFGM proteins was conducted as described
by Lu et al. (17) with minor modifications. Briefly, 50-ml milk
samples were centrifuged at 12,000 × g for 40min at 4◦C. The
supernatant (top layer) was transferred to another centrifuge
tube and washed three times at 25◦C for 10min, with 0.1mol
L−1 PBS (pH 6.8) and centrifuged at 10,000 × g for 15min at
4◦C subsequently to remove residual whey proteins and caseins.
Then we washed the cream twice, using ultrapure water to
dislodge the residual salt ions. Finally, 0.4% SDS (1:1, v/v) was
added to dilute the washed cream, sonicated for 1min and
centrifuged at 10,000 × g at 4◦C for 40min to separate the
fat fraction. The MFGM proteins were collected in the aqueous
phase (bottom layer), and their concentration was measured
by BCA assay (Thermo Scientific Pierce BCA protein assay
kit, USA).

Protein Digestion
The MFGM protein was reduced, alkylated, and digested, and
followed the method reported by Lu et al. (18). For each milk
sample, three independent biological replicates were made. First,
10-µL MFGM protein was dissolved in 100-µL, 50-mmol L−1

NH4HCO3, and then 10-µL, 100-mmol L−1 dithiothreitol was
added and incubated at 56◦C for 30min. Subsequently, the
MFGM protein was alkylated with 15 µL of 55-mmol L−1

iodoacetamide in dark for 30min at room temperature and
then adding sequencing grade-modified trypsin to digest the
MFGM protein at a ratio of 1:100 enzyme/protein for 16–
18 h at 37◦C and terminated the reaction by adding 1% formic
acid. Finally, the peptides mixture was desalting by Oasis HLB
cartridges (Waters Cooperation, Milford, MA, USA), dried by a
vacuum centrifuge and then resuspended in 40 µL of 0.1% (v/v)
formic acid.
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Liquid Chromatography Tandem
Q-Orbitrap Mass Spectrometry
Peptide separation was performed by EASY-nLC 1000 system
(Thermo Scientific, San Jose, CA), equipped with a C18-reverse
phase column (75-µm inner diameter, 10-cm long, 3-µm resin;
Thermo Scientific) at 200 nL/min and 35◦C for a total run time
of 100min. Solution A (0.1% formic acid in water) and solution
B (0.1% formic acid in 80% ACN) were used as eluents for the
peptide separation according to the following elution gradients:
5–35% solution B for 50min; 35–100% solution B for 25min,
followed by 15-min washing with 100% solution B, and return
to 5% B in 0.1min, re-equilibration during 9.9min with 5%
solution B.

The peptide eluted from the column was ionized by a
Q-Exactive (Thermo Fisher Scientific, Waltham, USA) mass
spectrometer in a positive mode. The spray voltage was operated
at 3.8 kV. The m/z scan range of single MS scans of peptide
precursors was m/z 300–1,700 at a resolution of 70,000 (at m/z
200). The AGC (automatic gain control) was 3 e6, and the
maximum injection time was 200ms. The top 20 most intense
precursor ions with charge≥2 determined by MS scan were used
to obtain MS/MS data at a resolution of 17,500 by using a higher
normalized collision energy of 27 eV. The AGC was 1 e5 and the
maximum injection timewas 50ms. In order to avoid superfluous
fragmentation, the dynamic exclusion time was set to 30 s.

Data Analysis
The raw LC-MS/MS files with three replicates were obtained for
MFGM proteins of each milk group. Two proteins identified
from three biological replicates of each milk group were used
for subsequent analysis. The data analysis was carried out using
the MaxQuant software (Max Planck Institute of Biochemistry,
Martinsried, Germany, version 1.6.7.0), with Andromeda as a
peptide search engine (Matrix Science, version 2.4), and searched
against the database of Caprinae (67,040 entries, 02/08/2019)
and Bos taurus (64,796 entries, 02/08/2019) organism group with
reverse sequences generated by MaxQuant.

Search parameters were a first search peptide mass tolerance
of 20 ppm and main search peptide mass tolerance of 4.5
ppm. Methionine oxidation and protein N-terminal acetylation
were defined as variable modification and carbamidomethyl of
cysteine defined as a fixed modification for both identification
and quantification. A trypsin/P was adjusted as a proteolytic
enzymewith amaximumof twomissed cleavages. Amaximumof
0.01 false discovery rates (FDRs) and at least two unique peptides
for each protein were demanded for reliable identification
and quantification. Label-free quantification (LFQ) was enabled
in MaxQuant.

The MFGM proteins identified in at least two of the three
biological replicates were used for subsequent statistical analysis.
The LFQ intensity of identified proteins was analyzed using
one-way ANOVA test. MFGM proteins with p < 0.05 and fold
change >2 in the relative abundance ratios were considered to
be differentially expressed MFGM proteins (DEMPs) between
milk groups. Principal component analysis (PCA) and partial
least squares regression-discriminant analysis (PLS-DA) were

used to construct the recognition model and prediction models,
respectively, among milk groups by using SIMCA 15 (19).

Bioinformatics Analyses
The molecular function, cellular component, and biological
process of all identified MFGM proteins according to their gene
ontology (GO) annotations and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis were achieved, using
DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.
gov/). Conversion of the genes of MFGM proteins was using
Retrieve/ID mapping (https://www.uniprot.org/uploadlists/).
Protein–protein interaction (PPI) network construction was
performed, using STRING (https://string-db.org/), with the
DEMPs displayed by proteomic data used as input. Statistical
differences were proclaimed significantly if p ≤ 0.05.

RESULTS AND DISCUSSION

Component Analysis of MFGM Proteins
From Different Milk Groups
In this study, 331MFGM proteins in goat colostrum (GC), 250 in
goat mature milk (GM), 182 in bovine colostrum (BC), and 248
in bovine mature milk (BM) were identified and quantified using
LC-Q-Orbitrap mass spectrometer (Supplementary Table 1).
These proteins spanned more than six orders of magnitude.
As shown in Figure 1, there were 136, 72, 37, and 78
uniquely expressed MFGM proteins identified in goat colostrum,
goat mature milk, bovine colostrum, and bovine mature
milk, respectively. The uniquely expressed proteins in goat
colostrum included calreticulin, cofilin-1, and methanethiol
oxidase in goat mature milk included FA complementation
group I, phosphatidylethanol-amine binding protein 4, and
perilipin-1. Approximately, 45 MFGM proteins, coupled with
cream fractions, were identified in four milk groups, including
the complement component 3, fatty acid synthase, sodium-
dependent phosphate transport protein 2B, and pericentrin,
indicating that goat milk was a substitute for bovine milk to some
extent in the research and development of infant milk powder
and functional food, and also providing an orientation for the
further functional development of goat milk.

In addition, proteins from caseins and whey, such as
αs1-casein, αs2-casein, β-casein, κ-casein, lactoferrin, and
β-lactoglobulin, were also identified in the MFGM fractions,
which could be owing to the residual contamination of the
proteins during MFGM extraction (20). In our study, polymeric
immunoglobulin receptor (PIGR) was highly abundant in four
milk groups. PIGR binds with polymerized immunoglobulin A
and immunoglobulin M and transport them to perform immune
functions across cell membranes (21). The other identified
immunoglobulin proteins included IGL@ protein (IGL@), IGK
protein (IGK), immunoglobulin heavy-constant mu (IGHM),
and immunoglobulin J chain (JCHAIN). Previously observed
major proteins, such as lactadherin, butyrophilin, and xanthine
dehydrogenase/oxidase, were conserved in MFGM across four
groups, which indicate the robustness of the methodology.
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FIGURE 1 | Venn diagram analysis of the identified MFGM protein

components from bovine colostrum, bovine mature milk, goat colostrum, and

goat mature milk.

Chemometrics of MFGM Protein in Various
Lactation Periods
Before chemometric analysis of MFGM protein, preprocessing
of LC-MS/MS data was implemented. The correct normalization
of each milk group can eliminate the systematically differences
between features. However, the total peptide ion signals necessary
to perform LC-MS/MS were distributed over several adjacent
runs. Therefore, it was necessary to know the normalization
coefficient (N) of each fraction to sum the peptide ion signal.
Based on the least overall proteome variation, the quantities of
proteins can be determined via a global optimization procedure
after the intensities were normalized to a normalization factor as
free variables. Hence, in sample A, the total intensity of a peptide
ion P was defined as

IntensityP,A (N) =
∑

k

Nrun(k)XICK

where the index k covered all isotope patterns of peptide ion P in
sample A.

A triangular matrix containing all paired protein ratios
between any two samples was constructed. This matrix
corresponds to the overdetermined system of equations for the
protein abundance distributions in the sample. A subsequent
least-squares analysis was performed to reconstruct the
abundance profile based on the sum of squared differences in the
matrix via the optimal satisfaction of individual protein ratios.

∑

(j,k)∈valid pairs

(logrj,k − logIj + logIk)
2

Then the whole profile was rescaled to the cumulative intensity of
the samples, thereby retaining the total summed intensity of the
protein over all samples, which was the “LFQ intensity” (22).

Chemometric analysis is a technique involving statistical
methods to comprehend chemical information generated by
analytical instruments. To evaluate whether the data of

proteomic analysis can be engaged to visually differentiate the
four group milk samples, PCA analysis as an unsupervised
data analysis was carried out by loading the LFQ intensities
of all detected proteins as variables and the different MFGM
matrices as observation points. In this case, the data from all the
replicates were used. A clear separation of all MFGM matrices
can be observed on the PCA score plot (Figure 2A) based on
the first two principal components. Samples close to each other
on the PCA score plot revealed similar properties, while the
milk samples far from each other revealed dissimilar molecular
weight in protein mass spectrographic analysis. The first two
principal components accounted for 81.2% [R2X (1) + R2X (2)]
of the total variation in the data. No outlier was observed by
ellipse Hotelling’s T2. The first principal component (45% of
the total variation) clearly divided the samples into four well-
separated clusters, corresponding to the four groups, showed
that the distribution differences among the goat colostrum, goat
mature milk, bovine colostrum, and bovine mature milk were
mainly due to biological reasons. Meanwhile, R2X (cum) was
cumulative R2X up to the specified component, where R2X was
the fraction of X variation modeled in the component. Q2 (cum)
was the cumulative Q2 up to the specified component, where Q2

was overall cross-validated R2X. R2 (cum) and Q2 (cum) were
the critical parameters to evaluate the quality of the PCA model,
which, respectively, reflect the degree of interpretation of the
principal components to X variables and the predictive ability
of the model. Figure 2A showed that R2X (cum) was 0.812 and
Q2 (cum) was 0.966, illustrating that the PCA model was stable
and predictable.

PLS-DA is a chemical projection method that associates X
and Y variable blocks via a linear multivariable model. The
objective is to find the direction in X space that divides the
classes according to the sample set with known class members
(23, 24). In the built PLS-DA model, R2X (cum) was 0.812,
R2Y (cum) was 1, and Q2 (cum) was 1, which denoted that
the PLS-DA model has good fitting ability and prediction
performance (Figure 2B). VIP scores were shown in Figure 2C,
and variables with VIP scores higher than 1 were considered
to have significantly contributed to the model. To evaluate the
stability and reliability of PLS-DA model, cross-validation was
adopted. The total correct classification rate of four MFGM
proteins was 100%. The statistical significance of the predictive
quality parameters in the built PLS-DA model was validated
by 200 permutation tests (Figure 3). The Y-intercept of R2 and
Q2 was 0.165 and −0.711, respectively, which ensured that the
PLS-DA model was not overfitting.

DEMPs, Respectively, in Colostrum and
Mature Milk of Goat and Bovine
Three hundred and thirty-one MFGM proteins were
identified in goat colostrum and 182 in bovine colostrum.
T-test and fold change analysis were used to analyze the
difference of the MFGM proteins in colostrum of goat
and bovine, and the MFGM protein with p < 0.05 and
at least two-fold was considered as the cutoff criteria of
differential expression. As shown in Table 1, among 74
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FIGURE 2 | PCA and PLS-DA analysis of MFGM proteins in bovine and goat milk. (A) Principal components analysis (PCA) scores based on intensities of proteins.

(B) Partial least squares discrimination analysis (PLS-DA) scores based on intensities of proteins. (C) VIP scores for differential protein.

FIGURE 3 | Permutation test of PLS-DA model.

common proteins in colostrum of goat and bovine, 49 were
differentially expressed. We found out that there were 22
upregulated and 27 downregulated MFGM proteins in goat
colostrum. The levels of sodium/nucleoside cotransporter,

lipoprotein lipase, sodium-dependent phosphate transport
protein 2B, xanthine dehydrogenase/oxidase, and fatty
acid synthase were higher in goat colostrum, while the
levels of cathelicidin-1, lipopolysaccharide-binding protein,
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TABLE 1 | DEMPs in colostrum of goat and bovine (p < 0.05, fold change >2).

Protein names Gene names Length Fold change P-value FDR Change

Beta-lactoglobulin LGB 180 646.62 5.61E-08 9.96E-07 ↑

Ras-related protein Rab-18 RAB18 206 130.97 1.38E-05 4.66E-05 ↑

Fatty acid synthase FASN 2510 125.88 1.29E-07 1.83E-06 ↑

Sodium-dependent phosphate transport protein 2B SLC34A2 693 121.27 3.27E-08 7.74E-07 ↑

Perilipin-3 PLIN3 427 73.318 1.78E-07 2.11E-06 ↑

ATP-binding cassette sub-family G member 2 ABCG2 643 72.187 6.15E-07 4.37E-06 ↑

Polyamine modulated factor 1 binding protein 1 PMFBP1 869 55.507 2.39E-07 2.43E-06 ↑

Sodium/nucleoside cotransporter SLC28A3 697 36.345 3.94E-06 1.65E-05 ↑

Platelet glycoprotein 4 CD36 472 23.364 1.50E-06 8.21E-06 ↑

Xanthine dehydrogenase/oxidase XDH 1332 18.968 1.23E-05 4.38E-05 ↑

Perilipin-2 PLIN2 378 18.244 6.52E-06 2.57E-05 ↑

Lipoprotein lipase LPL 460 7.0478 4.52E-05 0.00011896 ↑

Actin, cytoplasmic 1 ACTB 375 5.9809 4.93E-05 0.00012497 ↑

Elongation factor 1-alpha 1 EEF1A1 462 5.7187 0.00010212 0.00023388 ↑

Beta-casein CSN2 222 4.8173 0.0075796 0.010552 ↑

Keratin, type I cytoskeletal 9 KRT9 623 3.992 0.00025127 0.00049556 ↑

Ezrin EZR 581 3.2147 7.35E-05 0.00017395 ↑

Annexin A2 ANXA2 339 2.8804 0.00044768 0.000815 ↑

Histone H4 HIS4 103 2.5118 0.0033904 0.0051217 ↑

Keratin, type II cytoskeletal 79 KRT79 535 2.4297 0.0011796 0.0019477 ↑

L-lactate dehydrogenase B chain LDHB 334 2.3079 0.0013485 0.002176 ↑

Fatty acid-binding protein, heart FABP3 133 2.0861 0.001011 0.0017091 ↑

Lipocalin 2 LCN2 200 0.49736 0.0026464 0.0040847 ↓

Biglycan BGN 369 0.38809 0.00010601 0.00023521 ↓

Alpha-S2-casein CSN1S2 223 0.377 0.00031978 0.00061363 ↓

Nucleoside diphosphate kinase B NME2 152 0.36189 0.00011133 0.00023952 ↓

Fibronectin FN1 2137 0.34769 6.17E-05 0.00015111 ↓

Beta-1,4-galactosyltransferase 1 B4GALT1 402 0.28188 0.00044646 0.000815 ↓

Alpha-lactalbumin LALBA 142 0.28062 0.0072975 0.010483 ↓

Alpha-S1-casein CSN1S1 214 0.23612 2.50E-05 7.40E-05 ↓

Butyrophilin subfamily 1 member A1 BTN1A1 526 0.18323 0.00022928 0.00046511 ↓

Vitamin D-binding protein GC 468 0.17975 0.00058113 0.0010315 ↓

Alpha-1-antiproteinase SERPINA1 416 0.14662 7.24E-06 2.70E-05 ↓

Complement component 3 C3 1661 0.13906 3.93E-05 0.00010742 ↓

Alpha-enolase ENO1 416 0.12511 1.25E-06 8.05E-06 ↓

Folate receptor alpha FOLR1 251 0.083225 0.00096249 0.0016667 ↓

Hemopexin HPX 459 0.066022 2.21E-05 6.81E-05 ↓

Lipopolysaccharide-binding protein LBP 481 0.063899 0.00012828 0.00026787 ↓

Alpha-2-HS-glycoprotein AHSG 359 0.048166 3.47E-06 1.54E-05 ↓

Nucleobindin-1 NUCB1 460 0.047585 1.55E-05 5.01E-05 ↓

Polymeric immunoglobulin receptor PIGR 758 0.036382 3.75E-05 0.00010642 ↓

Thrombospondin-1 THBS1 1170 0.026118 1.45E-06 8.21E-06 ↓

Keratin type II cytoskeletal 71 KRT71 368 0.021154 1.86E-06 9.45E-06 ↓

HHIP like 2 HHIPL2 727 0.0096536 3.50E-07 3.10E-06 ↓

Actin, alpha skeletal muscle ACTA1 377 0.0051483 0.0020504 0.003235 ↓

Keratin, type II cytoskeletal 7 KRT7 452 0.0025367 3.20E-08 7.74E-07 ↓

Serotransferrin-like LOC525947 622 0.0011206 2.85E-06 1.35E-05 ↓

Myostatin MSTN 124 0.00076419 4.74E-07 3.74E-06 ↓

Dipeptidyl-peptidase 10 DPP10 789 4.22E-05 5.84E-09 4.14E-07 ↓

↑ means a higher protein abundance in goat colostrum than in bovine colostrum.
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TABLE 2 | DEMPs in mature milk of goat and bovine (p < 0.05, fold change >2).

Protein names Gene names Length Fold change p-value FDR Change

Lipoprotein lipase LPL 460 423.15 2.46E-05 9.08E-05 ↑

Peptidylprolyl isomerase FKBP11 191 136.83 0.0048971 0.0069376 ↑

Fructose-bisphosphate aldolase ALDOC 364 48.478 0.0085618 0.011371 ↑

G_PROTEIN_RECEP_F1_2 domain-containing protein OR10G2 318 47.151 6.10E-06 3.49E-05 ↑

ATP-binding cassette sub-family G member 2 ABCG2 643 44.222 5.24E-07 2.48E-05 ↑

Olfactory receptor OR6S1 331 42.46 2.61E-05 9.26E-05 ↑

Fatty acid synthase FASN 2510 42.394 3.32E-06 2.57E-05 ↑

Myosin-7 MYH7 1937 30.577 6.98E-06 3.49E-05 ↑

Keratin, type II cytoskeletal 2 epidermal KRT2 639 21.21 6.32E-06 3.49E-05 ↑

Ubiquitin-60S ribosomal protein L40 UBA52 128 18.063 0.025215 0.029768 ↑

Alpha-S2-casein CSN1S2 223 14.265 0.00038683 0.00080338 ↑

Histone H2A H2AFV 126 14.17 8.60E-06 4.06E-05 ↑

Perilipin-3 PLIN3 427 11.71 0.01536 0.018922 ↑

Sodium-dependent phosphate transport protein 2B SLC34A2 693 11.603 3.13E-05 0.00010219 ↑

AMP-binding domain-containing protein ACSL1 660 11.577 3.01E-05 0.00010219 ↑

Melanotransferrin MELTF 739 11.557 3.94E-06 2.79E-05 ↑

Cathelicidin-1 CATHL1A 155 9.9987 9.04E-05 0.00025603 ↑

PHB domain-containing protein STOM 279 5.0903 0.00029065 0.00063347 ↑

Actin, aortic smooth muscle ACTA2 375 4.9144 0.00068203 0.0012883 ↑

Butyrophilin subfamily 1 member A1 BTN1A1 526 4.906 9.92E-05 0.00027192 ↑

C-type lectin domain-containing protein LOC101123029 315 4.8752 3.91E-05 0.00012322 ↑

Actin, cytoplasmic 1 ACTB 375 4.8116 0.00010826 0.00027884 ↑

Glycosylation-dependent cell adhesion molecule 1 GLYCAM1 152 3.9552 0.0043649 0.0062885 ↑

Apolipoprotein E APOE 316 3.5259 0.0010421 0.0018212 ↑

Beta-casein CSN2 222 3.284 0.03291 0.037802 ↑

14-3-3 protein theta YWHAQ 245 3.2822 0.00017024 0.00040486 ↑

Fmp27_GFWDK domain-containing protein KIAA0100 2213 3.0707 0.00046116 0.00093329 ↑

Ras-related protein Rab-2A RAB2A 212 3.0065 0.00096506 0.0017453 ↑

Annexin A5 ANXA5 319 2.6088 0.0013013 0.0021271 ↑

Ras-related protein Rab-11A RAB11A 208 2.4342 0.00074376 0.0013743 ↑

Keratin, type I cytoskeletal 14 KRT14 472 2.1997 0.0063351 0.0088276 ↑

Keratin, type II cytoskeletal 5 KRT5 590 2.0897 0.021206 0.02575 ↑

Terpene cyclase/mutase family member LSS 733 0.4125 0.00052237 0.0010326 ↓

Ras-related protein Rab-1B RAB1B 147 0.40606 0.00064711 0.0012501 ↓

Actin, cytoplasmic 2 ACTG1 344 0.38809 0.0025025 0.0037318 ↓

Keratin, type II cytoskeletal 1 KRT1 644 0.3616 0.0002435 0.00054466 ↓

Keratin, type II cytoskeletal 6C KRT6C 564 0.28456 0.001155 0.0019635 ↓

Lipocalin 2 LCN2 200 0.27997 0.00010254 0.00027238 ↓

Fibrinogen C-terminal domain-containing protein FGG 427 0.18828 0.00023213 0.00053328 ↓

Peptidoglycan-recognition protein PGLYRP1 190 0.18728 1.34E-05 5.68E-05 ↓

Beta-lactoglobulin LGB 180 0.18084 4.79E-05 0.0001454 ↓

Keratin, type I cytoskeletal 18 Krt18 423 0.16661 0.00038751 0.00080338 ↓

Creatine kinase M-type CKM 381 0.16391 0.037579 0.04259 ↓

Kappa casein CSN3 141 0.14848 2.05E-05 7.91E-05 ↓

Lipopolysaccharide-binding protein LBP 481 0.14279 1.89E-05 7.66E-05 ↓

Keratin, type II cytoskeletal 79 KRT79 535 0.13909 2.07E-06 2.57E-05 ↓

Sodium/nucleoside cotransporter SLC28A3 697 0.13764 0.02702 0.031461 ↓

Apolipoprotein A-I APOA1 259 0.12726 0.00012728 0.00031821 ↓

Myoglobin MB 154 0.11156 6.18E-06 3.49E-05 ↓

Lactoferrin LTF 690 0.10557 6.30E-05 0.00018474 ↓

Keratin, type I cytoskeletal 10 KRT10 584 0.094047 3.11E-06 2.57E-05 ↓

(Continued)

Frontiers in Nutrition | www.frontiersin.org 7 May 2021 | Volume 8 | Article 68068325

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Jia et al. Comparative Proteomics in Mammal Milk

TABLE 2 | Continued

Protein names Gene names Length Fold change p-value FDR Change

Serum albumin ALB 607 0.072077 1.20E-05 5.38E-05 ↓

Lactadherin MFGE8 398 0.043848 2.80E-06 2.57E-05 ↓

Antithrombin-III SERPINC1 530 0.020072 6.58E-06 3.49E-05 ↓

Actin, alpha skeletal muscle ACTA1 377 0.016074 0.0027322 0.0040041 ↓

Keratin type II cytoskeletal 71 KRT71 368 0.01374 0.00017147 0.00040486 ↓

Alpha-S1-casein CSN1S1 214 0.011364 3.22E-06 2.57E-05 ↓

Serpin A3-1 SERPINA3-1 411 0.011092 2.67E-06 2.57E-05 ↓

Tektin-4 TEKT4 446 0.0096822 1.58E-06 2.57E-05 ↓

Clusterin CLU 439 0.0082354 1.32E-06 2.57E-05 ↓

Pericentrin PCNT 3085 0.0049584 1.46E-06 2.57E-05 ↓

Serum amyloid A-3 protein SAA3 112 0.0046671 5.83E-07 2.48E-05 ↓

Polymeric immunoglobulin receptor PIGR 758 0.0020233 0.0010498 0.0018212 ↓

↑ means a higher protein abundance in goat mature milk than in bovine mature milk.

alpha-enolase, and vitamin D-binding protein were higher in
bovine colostrum.

Two hundred and fifty MFGM proteins were identified
in goat mature milk and 248 in bovine mature milk. As
shown in Table 2, among 90 common proteins in mature
milk of goat and bovine, 63 were differentially expressed
on the basis of p < 0.05 and at least two-fold, with 32
upregulated and 31 downregulated MFGM proteins. The levels
of lipoprotein lipase, fatty acid synthase, sodium-dependent
phosphate transport protein 2B, and apolipoprotein E were
higher in goat mature milk, while the levels of lipocalin
2, sodium/nucleoside cotransporter, apolipoprotein A-I, and
polymeric immunoglobulin receptor were lower in bovine
mature milk than in goat. The abundance of lipoprotein lipase
and fatty acid synthase was higher in goat mature milk,
which was the same as that in colostrum. Lipopolysaccharide-
binding protein was higher in bovine mature milk in contrary.
Lipocalin-2 can bind and eliminate enterochelin, a high-affinity
siderophore, to reduce the accessibility of bacteria to iron
and inhibit its growth, and participate in the modeling of
immune response. Apolipoprotein A-I is a kind of lipoprotein
expressed by glial cells, which is strongly induced in aging, injury
or neurodegeneration, involved in the peripheral metabolic
regulation and lipid processing of chylomicron, the occurrence
and development of Parkinson’s disease and Alzheimer’s disease,
and may play a neuroprotective role in the brain (16).

GO, KEGG Pathway, and PPI Analysis of
the DEMPs
For the purpose of comparing the biological functions of
MFGM proteins in colostrum, 49 DEMPs in colostrum of goat
and bovine were analyzed by gene ontology (GO) functional
annotation, which was divided into three categories of molecular
function (MF), cellular components (CC), and biological process
(BP). This was useful to further understand the colostrum
MFGM proteins functions in goat and bovine. The most
significant enrichment annotation information (p < 0.05) in
each branch was shown in Figure 4A, in which the prevalent

biological processes were a response to dehydroepiandrosterone,
response to 11-deoxycorticosterone, response to estradiol, and
response to progesterone. Others were involved in negative
regulation of endopeptidase activity, acute-phase response,
lactose biosynthetic process, and cell adhesion. The MFGM
proteins were highly enriched in extracellular space, extracellular
exosome, and blood microparticle, which illustrated that the
majority of these proteins present due to leakage of the protein
from the blood serum into the milk at the tight junctions in the
cells in the mammary gland. Other enriched origin categories
were Golgi lumen, Golgi apparatus, and extracellular region.
Three prominent molecular functions of DEMPs in colostrum of
goat and bovine were protein binding, transporter activity, and
cytoskeletal protein binding, which was consistent with the result
of Cunsolo et al. (25). Lactose synthase activity and structural
molecule activity were also significantly represented.

The most significant enrichment annotation information
(p < 0.05) in each branch of mature milk was shown
in Figure 4B, in which the prevalent biological processes
were response to dehydroepiandrosterone, response to 11-
deoxycorticosterone, response to progesterone, and response
to estradiol. It was consistent with the biological processes
involved in colostrum, indicating that these biological processes
occurred in the whole lactation period. In stressful situations,
the adrenal cortex reacted to ACTH and began to secrete
dehydroepiandrosterone that had been proved to exert anti-
inflammatory and antioxidant effects, and played a protective and
regenerative role (26). Others were involved in very-low-density
lipoprotein particle remodeling, triglyceride catabolic process,
and cholesterol biosynthetic process. The MFGM proteins were
highly enriched in extracellular exosome, blood microparticle,
and extracellular space, which was similar to the DEMPs in
colostrum of goat and bovine. Other enriched origin categories
were Golgi lumen, membrane, and chylomicron. The prominent
molecular functions were structural molecule activity, heparin
binding, and protein binding.

A KEGG pathway was employed to analyze themain pathways
of MFGM protein differentially expressed in colostrum of goat
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FIGURE 4 | Gene ontology (GO) of DEMPs in colostrum of goat and bovine (A), in mature milk of goat and bovine (B).

FIGURE 5 | The KEGG pathways of DEMPs colostrum and mature milk of goat and bovine (A), in mature milk of goat and bovine (B).

and bovine. As shown in Figure 5A, the DEMPs mainly involved
in the pathways of the phagosome, a PPAR signaling pathway,
proteoglycans in cancer, ECM-receptor interaction, and galactose
metabolism. As shown in Figure 5B, the DEMPs in mature
milk mainly involved in the pathways of viral myocarditis,
a PPAR signaling pathway, salmonella infection, and fatty
acid biosynthesis.

PPI analysis of DEMPs in the colostrum and mature milk
of goat and bovine was implemented to obtain a color-
coded network, revealing the correlation between DEMPs
(Supplementary Figure 2). The final network of colostrum
consists of 49 nodes (proteins) and 99 edges (interactions).
The avg. local clustering coefficient was 0.533, and the PPI
enrichment p-value was lower than 1.0 e−16, indicating that
the 49 DEMPs were biologically connected. Most highly

interacting protein nodes in colostrum were divided into five
communities, including a cellular process, cell adhesion, immune
response, lactose synthase activity, and a metabolic process.
Similarly, the final network of mature milk consists of 63
nodes (proteins) and 148 edges (interactions). The avg. local
clustering coefficient and p-value were 0.575 and lower than
1.0 e−16, respectively, indicating that the 63 DEMPs were
biologically connected. Furthermore, these highly interacting
protein nodes were divided into three communities, including
a cellular process, cell adhesion, and response to extracellular
stimulus. Consequently, in light of the bioinformatics analysis
of proteomics, the MFGM proteins in colostrum might be
led to the intervention of related health issues, while the
bioactivities of MFGM proteins between goat and bovine might
be different.
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DISCUSSION

Protein Profile Analysis Based on
Chemometrics
A label-free proteomic approach was employed to identify the
MFGM proteins in goat and bovine milk. Compared with
the previous reports, 102 MFGM proteins, mainly calcium-
binding protein, cytoskeletal protein, and intercellular signal
molecule were added in bovine milk, 114 in goat milk,
mainly a metabolite interconversion enzyme, translational
protein, cytoskeletal protein, and nucleic acid-binding protein
[Supplementary Table 2; (15–17, 27)]. The nucleotide-binding
proteins in this study were mainly DNA helicase, followed by
several members of Ras super family (Rhos and Rabs). All
these proteins are likely involved in the secretion of secreted
milk components by vesicle (17). Furthermore, the results of
PCA, PLS-DA, and VIP analysis found out that nucleobindin-
1 (NUCB1), folate receptor alpha (FOLR1), vitamin D-binding
protein (GC), thrombospondin-1 (THBS1), and beta-1,4-
galactosyltransferase 1 (B4GALT1), with the lower abundance
in goat mature milk than in other three milk groups, can be
used as markers to distinguish the four milk groups. NUCB1 is
Golgi-localized soluble protein, which contains multiple putative
functional domains. NUCB1 localized in extracellular was
considered to be a regulator of matrix maturation in bone (28,
29). FOLR1 can internalize folates into the cells, which is crucial
to DNA repair and synthesis, and mediate the activation of
pro-oncogene STAT3, which contributes to angiogenesis, tumor
proliferation, andmetastasis (30). THBS1 has been demonstrated
to participate in mechano-signal transduction and is specific at
the level of apoptosis induction (31). GC has the metabolic effects
of influencing bone metabolism, chemotaxis, actin scavenging,
innate immunity, modulation of inflammatory processes, and
binding of fatty acids (32). As mentioned above, the data from
our study not only provide a comprehensive understanding of
the MFGM protein compositions among the four milk samples
but also reveal the differences ofMFGMproteins among different
species of mammals. The results exhibited a scientific basis for the
development of functional products, using goat milk.

A number of MFGM proteins were obviously differentially
expressed in the goat and bovine milk, whose functions may
associate with the flavor and protection of the lamb or calf from
infections. Milk fatty acids are extracted from the arterial blood
or synthesized de novo in the mammary gland and involve many
kinds of mammary enzymes, including lipoprotein lipase and
fatty acid synthetase (33). The abundance of lipoprotein lipase
was higher in colostrum of goat milk than that of bovine milk.
Lipoprotein lipase was more closely bound with fat globules
and has a better correlation with spontaneous lipolysis in goat
milk. It can release fatty acids from lipoproteins and chyle
particles, which may relate to the differences in the flavor
of goat and bovine milk. Zhu et al. (34) have clarified that
inhibition at the gene-expression level of fatty acid synthetase
restrained the accumulation of TAG and the formation of lipid
droplet by reducing esterification and lipogenesis and promoting
lipolysis in goat milk. In addition, fatty acid synthetase also
helped generate toll-like receptor 4 (TLR4), which is vital

for lipid metabolism regulation. Lipopolysaccharide-binding
protein, a 58–60 kDa protein, catalyzed the transfer of bacterial
lipopolysaccharide to CD14, which exists in soluble form
and facilitates lipopolysaccharide presentation to TLR4 as a
cell surface receptor. This activates the intracellular signaling
pathways and promotes the upregulation of adhesion molecules
and proinflammatory cytokines, which are participated in
the innate immune response (35). The low abundance of
lipopolysaccharide-binding protein in goat colostrum may
be related to its low sensitization. Cathelicidin-1 found in
epithelial and neutrophils cells is an antimicrobial peptide and
has profound impacts on wound healing, inflammation, and
the regulation of adaptive immunity (36). The existence of
antimicrobial proteins in the colostrum of goat and bovine
milk explained that the protection from milk was necessary for
newborn mammals and varies across species.

DEMPs Analysis Based on Bioinformatics
Bioinformatics analysis showed that the response to
dehydroepiandrosterone, 11-deoxycorticosterone, estradiol,
and progesterone were the most abundant biological processes
in colostrum and mature milk. Previous researches showed that
the interaction between low-density lipoprotein and heparin
results in irreversible structural changes in apolipoprotein B and
affects low-density lipoprotein oxidation, phospholipolysis, and
fusion (37). Dehydroepiandrosterone, 11-deoxycorticosterone,
estradiol, and progesterone are endogenous steroid hormones,
which are often conjugated with proteins, secreted by endocrine
glands and endocrine cells, dispersed in other organs, and
then transported to various organs through blood, provided
with the function of coordinating and controlling tissue, organ
metabolism, and physiological function (38). Progesterone is a
good marker to determine the milk production function status,
which may affect the milk production of goats and make it lower
than that of bovines. Cholesterol-rich plaques accumulated in
the arteries, preventing enough blood flow to the heart, causing
cardiovascular disease, bring about many medical suggestions,
and require a reduction of the cholesterol intake (39). However,
throughout the lactation periods, the cholesterol levels in milk
decreased sharply, and the cholesterol concentration in mature
milk of goat (11.64 ± 1.09 mg/dL) was lower than that in bovine
(20.58 ± 4.21 mg/dL), which is consistent with the results of
the GO analysis of the DEMPs in mature milk of goat and
bovine. The result of the most abundant biological processes
in colostrum and mature milk indicated that goat milk is more
comfortable for the human body. The extent of a triglyceride
catabolic process, which occurs via acid lipolysis in the lysosome
and neutral lipolysis in the cytoplasm, can regulate lipid droplet
size (40). LPL and APOE as the critical enzymes that participate
in the triglyceride catabolic process were higher in mature milk
of goat than that in bovine goat milk, which confirmed that the
regulating lipid metabolism in MFGM proteins of the goat was
superior to that of bovine MFGM proteins.

The phagosome pathway is the important process of
catabolism and transport, which has been reported in the
Guanzhong goat and Holstein cow mature milk (16). Yang et al.
(41) revealed that the phagosome pathway was a complicated
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process of organic uptake and elimination of apoptotic cells and
pathogens, which contributes to inflammation, host defense, and
homeostasis in tissues. Thus, the MFGM proteins may be crucial
to the immune system of newborn mammals. The ECM-receptor
interaction pathway has been found to be associated with depot-
specific adipogenesis in cow and overrepresented in specific
cattle breeds related to the adaptive immune response after virus
inoculation in Holstein cattle (42). The structural functional
diversity of proteoglycans makes them as key mediators of the
interaction between tumor cells and host microenvironment, and
directly participates in the tissue and dynamic remodeling of
the milieu. As constituents of the ECM or extracellular milieu,
proteoglycans may invariably participate in the control of a
variety of oncogenic events in a multivalent manner (43). KEGG
pathway analysis also displayed that the differential MFGM
proteins in colostrum goat and bovine significantly regulated
glycometabolism through the pathway of galactose metabolism
and revealed that the MFGM proteins of goat and bovine milk
possessed different effects on glucose metabolism. Peroxisome
proliferator-activated receptors (PPARs) are the members of
the nuclear hormone receptor superfamily, which has three
member isotypes: PPARα, PPARβ/δ, and PPARγ, and is ligand-
activated transcription factors. PPARs govern the expression of
the crux molecules in fatty acid metabolic pathway, including
the absorption, oxidation, and storage of fatty acids. Meanwhile,
PPARγ maintains glucose homeostasis by activating glucose
transporter 2 and glucokinase in the pancreas and liver (44).
LPL, ACSL1, FABP3, and CD36 play key roles in the PPAR
signaling pathway, and the abundance of these proteins in goat
milk is higher than that in bovine milk, which indicated that goat
milk has better function of fatty acid metabolism and glucose
homeostasis. Due to the different functions of MFGM protein,
the MFGM protein expressed in different lactation periods of
bovine and goat provided significant information for functional
food and infant formula. According to the nutritional needs of
different lactating infants, functional proteins can be added to
the corresponding formula, which is conducive to the health
of infants.

In a previous study, the efficiency of preventing a series of
enteric inflammatory and infectious diseases by milks has been
documented. Viral myocarditis and salmonella infection are the
subcategory of cardiovascular disease and infectious disease,
respectively. The MFGM protein in mature milk significantly
inhibited the internalization and binding of salmonella during
the growth of mammals, and the inhibitory effect of goat milk
was stronger than that of bovine milk, which was in line with
our data (45). Sun et al. (15) reported that most of goat MFGM
proteins were related to metabolism processes, including lipid
metabolism and carbohydrate metabolism. According to the
KEGG analysis results, the difference of fatty acid synthesis
pathway between bovine and goat could mainly be a consequence
of fatty acid synthetase activity differences between bovine
and goat. Fatty acid synthases are located on the surface of
endoplasmic reticulum and on the cytoplasmic lipid droplets in
mammary epithelial cells. The endoplasmic reticulum possesses
a series of membrane enzymes, such as palmitoyl-CoA and
glycerol 3-phosphate, which can synthesize triglycerides from

activated fatty acids. Palmitoyl-CoA, a major product of fatty
acid synthases, and fatty acid synthases were directly connected
in the fatty acid synthesis pathway (46). In addition, glucose
and fructose promote the accumulation of triglycerides in milk
to convert sugar to fat, the allosteric inhibition of fatty acid
oxidation via increased availability of triose phosphate precursors
and acetyl-CoA and metabolites, such as malonyl-CoA, for fatty
acid formation via glycerol-3-phosphate biosynthesis and de
novo lipogenesis (47). Regulation of fatty acid biosynthetic could
inhibit hepatic steatosis and lipid accumulation.

CONCLUSIONS

Our study described a more specific strategy to provide insights
into proteome differences between GC, GM, BC, and BM.
Bioinformatics analysis displayed that these DEMPs in colostrum
significantly regulated glycometabolism through the pathway of
galactose metabolism, and the DEMPs in mature milk regulated
lipid metabolism through the pathway of fatty acid biosynthesis.
These trials and results could reveal the differences of nutritional
value and physiological states between bovine and goat at various
lactation periods, and provide direction for the application of
goat milk in infant formula food and functional food. Further
study on the exact role of these significant difference proteins
and the specific mechanism of activating the regulation pathway
of galactose and lipid is necessary and could potentially help to
determine the new biomarkers or establish the optimized formula
of goat milk-based functional food.
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Research has shown that cartilage containing chondroitin sulfate and protein presents

versatile bioactivities. Chondroitin sulfate in cartilage is beneficial to activate the

immune system while the protein/peptide has not been fully understood. The current

study investigated the antioxidant and anti-inflammatory properties of ethanol-soluble

hydrolysates of sturgeon cartilage (ESCH) prepared through hot-pressure, enzymatic

hydrolysis and ethanol extraction. UV spectrum, IR and agarose gel electrophoresis

results suggested the successful exclusion of chondroitin sulfate from peptides. Nitric

oxide (NO) floods in cells activated by inflammation. It was inhibited when administrated

with ESCH. To further explain the observed anti-inflammatory activity, ESCH was

separated with Sephadex G-15 into 3 components, among which F3 showed a higher

NO inhibition rate and significantly reduced the production of the proinflammatory

cytokine IL-6. In addition, the yield of IL-10 increased. Western blotting suggested that F3

downregulated the NO content and IL-6 level by suppressing Mitogen-activated protein

kinases (MAPK) channels. Moreover, both ESCH and F3 showed DPPH and ABTS free

radical scavenging abilities which was possibly related to the anti-inflammatory property.

These results indicated that ESCH behaved anti-inflammatory and antioxidant activities.

Cartilage may be a good source to produce anti-inflammatory peptides.

Keywords: cartilage, anti-inflammatory, ethanol extraction, Sephadex G-15, MAPK

INTRODUCTION

Innate immunity, also known as natural immunity, is different from specific immunity and
mainly represents the first line of defense against infection through anatomic, physiologic, cell
or inflammatory components. Macrophages and neutrophils of the innate immune system are
dominant in phagocytosis (1). Because RAW264.7 macrophage cells are easy to reproduce, highly
efficient in DNA transfection and sensitive to RNA interference, they are usually used to study
the mechanism of bioactive substances in immunity (2–4) and inflammation (5, 6). During
the inflammatory response, cells will produce a large number of inflammatory mediators and
inflammatory cytokines, such as NO, IL-6 TNF-α (6). NO has a variety of physiological and
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pathological functions. It not only has a wide range of synthesis
and distribution but also has a variety of mechanisms, playing
an important role in inflammation and immunity (7). Many
studies regardedNO as an important index of immune regulation
and anti-inflammatory activity (3, 8–11). Cytokines play an
important role in the regulation of the immune response,
inflammation and homeostasis (3, 12). TNF-α is one of
the cytokines participating in the inflammatory response and
mediates a variety of biological processes, such as antitumour
and immune regulation (13). IL-6 plays an important role in
regulating cell growth and differentiation, immune function,
hematopoietic function and anti-inflammatory function (14).
Therefore, reversing the excessive production of IL-6 and TNF-
α is considered to be an effective method for the treatment
of inflammatory diseases (15, 16). As anti-inflammatory
cytokine, IL-10 can block the activity of Th17 cells and
inhibit the inflammatory reaction by reducing the synthesis of
proinflammatory factors (9, 16). And TGF-β contributes to the
tissue repair (17).

In recent years, bioactive peptides derived from discarded
protein have been widely reported (18). Frames containing
bone and cartilage are classified as animal by-products, and
they are usually processed as low-market-value products,
such as animal feed, fish meal and fertilizer (19, 20).
Studies have demonstrated peptides released from cartilage
possess multifarious biological activities, including immunity,
antioxidation, anti-hyperuricemia and anti-osteoporosis (21–
25). Protein and chondroitin sulfate are the main components
in cartilage (26). The former shows the promise to induce
inflammatory cytokines (27), and the latter is indicated to play
an important role in immune stimulation and anti-inflammatory
(26, 28). However, whether peptides from sturgeon cartilage
possess anti-inflammatory activity do not been determined and
its underlying mechanisms have not been resolved.

In the present study, ESCH was prepared from sturgeon
cartilage through hot-pressure, enzymolysis and ethanol
extraction. Study reported that the antioxidant system may
affect anti-inflammatory effects through the MAPK/PI3K-
AKT/TNF/NF-κB/TCR/TLR signal pathway (29), suggesting the
connection between the antioxidant system and the immune
stimulation response (30). The collected ESCH was further
utilized to investigate the anti-inflammatory and antioxidant
activities and the specific molecular mechanism in LPS-induced
RAW264.7 macrophages.

MATERIALS AND METHODS

Materials
Sturgeon (Acipenser Schrenckii) cartilage by-product was
rendered from Quzhou Xunlong Aquatic Products Sci-tech
Development Co., Ltd. (Quzhou, China). Papain (papaya latex),
pancreatin (porcine pancreas) were brought from Sinopharm
Chemical Reagent Co., Ltd., (Shanghai, China). Fetal bovine
serum (FBS), Dulbecco’s modified eagle medium (DMEM)
were obtained from Biological Industries (Beit Haemek, Israel).
Total NO Assay Kit, Lipopolysaccharide (LPS, TLR4 activator)
were purchased from Beyotime Biotechnology (Shanghai,

China). Cell Counting Kit-8 was from ApexBio technology
(Houston, USA). Inflammatory cytokines kit including Mouse
IL-6 ELISA kit, Mouse TGF-β ELISA kit and Mouse IL-10
ELISA kit were obtained from FCMAchondroitin sulfate
(Nanjing, China). MAPK Family Antibody Sampler Kit was
purchased from Cell Signaling Technology (Beverly, MA,
USA). 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis(3-
ethylbenzthiazoline)-6-sulfonic acid (ABTS) were both obtained
from Aladdin Industrial Corporation (California, USA).

Preparation of ESCH
The by-product of cartilage was thawed at 4◦C. For reducing
impurities as much as possible, the cartilage was boiled in boiling
water for 20min to remove the spinal cord, meat, lipid and fascia
on the surface. After separating the clean cartilage, the cartilage
was cut into small particles at 4◦C with a chopper, mixed them
well. To avoid repeated freezing and thawing, the small cartilage
particles were packed separately and stored at−20◦C before use.

The preparation of ESCH was referred to Shen et al. (31)
with some modifications. Briefly, hot-pressure method was used
to extract protein. Cartilage was mixed with distilled water at
1:2.5 (w/v) to ensure that cartilage was immersed in distilled
water. After liquefying for 90min at 120◦C, the residual solid
was homogenized to obtain the hot-pressed extract (HPE). The
protein content of HPE was adjusted with distilled water to 5%
(w/w). The enzymatic hydrolysis process was as follows: 0.65% of
trypsin at 37◦C, pH 7.0 for 2 h, 0.5% of papain at 60◦C, pH 7.0
for another 2 h. The hydrolysate was heated at 90◦C for 15min
and centrifuged at 4◦C 10,000 rpm for 30min to remove oil and
insoluble substances. The supernatant was lyophilized for 48 h
to obtain the sturgeon cartilage hydrolysate (SCH). For ethanol
extraction, SCH was dissolved in distilled water (50 mg/mL).
Final concentration of ethanol in this solution was 85%. The
mixture was stirred at 4◦C for 24 h and then centrifuged at
4◦C 10,000 rpm for 30min. Supernatant was collected to rotary
evaporation. The ethanol-soluble sturgeon cartilage hydrolysate
(ESCH) was finally obtained.

Basic Composition and Liquefaction Rate
of Sturgeon Cartilage
The basic composition and liquefaction rate was determined
(31, 32).

Agarose-Gel Electrophoresis
An instrument JY-SPCT (JUNYI Electrophoresis Company,
Beijing, China) was used to execute the agarose-gel
electrophoresis. Methods refer to previous studies with
modification (31–33). One percent agarose gel was prepared
in 0.04M barium acetate buffer. The samples and chondroitin
sulfate standard were run in 1,2-diaminopropane at 100mA
for 120min. After electrophoresis, gels were soaked in
cetyltrimethylammonium chloride for 120 min.

UV Spectrum and IR Spectra Analysis
The ESCH was dissolved in deionized water and adjusted to
1 mg/mL. The UV spectrum was measured at 190–400 nm
by UV spectrophotometer. FT-IR (Fourier Transform Infrared
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Spectroscopy) was used to determine the IR of sample in the
frequency range of 4,000–500 cm−1 (33).

Determination of Degree of Hydrolysis and
Molecular Weight Distribution
The hydrolysis degree (DH) of ESCH was determined by OPA
method (34). The sample solution of 400 µL was added to
3mL OPA reagent, mixed for 5 s and stood for 2min. The
absorbance value at 340 nm was measured immediately. The
molecular weight of ESCH was determined according Irvine and
Shaw (35). In short, TSK gel 2000swxl column (7.8 × 300mm)
was used. Themobile phase was acetonitrile/water/trifluoroacetic
acid (45:55:0.1, v/v). The standard molecular weight solutions
of cytochrome c (MW 2400), bacillase (MW 450), Gln-Gln-Tyr-
Arg (MW 451) and Gln-Gln-Gln (MW 189) were dissolved in
mobile phase to prepare a standard molecular weight solution
(0.2 mg/mL). ESCH was prepared into 10 mg/mL. The whole
process was monitored at 220 nm.

Quantification of Amino Acids
ESCH was hydrolyzed with 6MHCl at 110◦C, and then removed
for filtration after 18 h and transferred to a 50mL volumetric
flask. Take 3mL of hydrolysate and dry it completely in vacuum at
45◦C. It was re-dissolved and dried again. The processed sample
was finally dissolved in sample diluent, and then analyzed by
SYKAM-433D automatic amino acid analyzer. The amino acid
content was expressed as residue number/1,000 residues.

Antioxidant Activity
The antioxidant activity of ESCH and F3 were evaluated from
the scavenging ability of DPPH and ABTS+.(36). In short,
the sample dissolved in 1mL deionized water was mixed with
1mL of DPPH solution (0.1mM, ethanol), then stood still for
30min. Absorbance was detected at 517 nm. Mixture of 200 µL
sample solution and 2mL of ABTS working solution [A(730)

= 0.70 ± 0.02] was incubated for 20min. Absorbance was
detected at 730 nm.

Gel Filtration Chromatography
According to the molecular weight distribution of ESCH,
Sephadex G-15 (8 1.2 × 60 cm, GE Healthcare) was used for
separation. The flow rate and loading volume were adjusted to
0.8 mL/min and 1mL (50 mg/mL).

NO and Inflammatory Cytokine Production
in LPS-Induced RAW264.7 Cells
Cell Culture and Cell Viability
RAW264.7 macrophages were cultured in DMEM containing
10% FBS and 1% penicillin and streptomycin solution in a 37◦C
incubator containing 5% CO2. When the cells reached 80–90%
confluence, they were gently blown with fresh medium and
passaged at a ratio of 1:3.

The cell density was adjusted to 5 × 105 cells/mL and added
to a 96-well plate for 24 h. After that, fresh media (0, 12.5,
50, 200, 400, and 800µg/mL) containing ESCH was added for
another 24 h. Then, 10 µL CCK-8 was added. Cell viability was

determined according to the method described in the CCK-
8 kit. The absorbance was measured at 450 nm and calculated
as follows:

Cells Viability (%) =
ODESCH − ODblank

ODNC − ODblank
× 100%

ESCH: with ESCH treatment; blank: medium only; NC: cells
without ESCH treatment.

Determination of NO Content
The release of NO was used as the screening index of anti-
inflammatory activity of ESCH and its separated components.
The cells were added to 96 well plate for culture. Fresh media
containing different doses of ESCH were added for 2 h pre-
treatment, and then induced by LPS (2µg/mL) for 22 h. The
operation was carried out according to the NO reagent method.
Absorbance value was measured at 540 nm.

Enzyme Linked Immunosorbent Assay
The productions of IL-6, TNF-α, IL-10 and TGF-β in cell culture
supernatant were measured by the ELISA kits.

Western Blotting
Western Blotting procedures were conducted by previous study
with slightly modification (37). Cells after treatment were
collected by RIPA lysate containing protease inhibitors and
phosphatase inhibitors. Total protein of different groups was
normalized by BCA protein assay kit.

Peptide Sequence Identification
The peptides sequence of F3 was identified by Bio-Tech Pack
Technology Company Ltd. (Beijing, China).

Statistical Analysis
Statistical analysis was calculated using SPSS (version 22.0;
Chicago, IL, USA). All data were expressed as means ± standard
deviation (SD) (n = 3). Differences between the means of each
group were assessed by one-way ANOVA (Tukey’s multiple-
range test). p < 0.05 was considered statistically significant.

RESULTS

Basic Composition and Liquefaction Rate
of Sturgeon Cartilage
The moisture, protein and ash contents of sturgeon cartilage
particles were 82.21, 9.38, and 6.17%, respectively. Under the
condition of 120◦C, 90min, the liquefaction rate of sturgeon
cartilage was up to 98.10%.

DH and Molecular Weight Distribution
DH was determined through OPA method. The DH of cartilage
hydrolysates obtained in this research was 21.02 ± 0.45%.
According to Table 1, the content of low molecular weight
peptide in sturgeon cartilage was 94.71%. Among them, 24.83%
of the polypeptides were 500 Da−1.0 kDa, 60.31% were 180
Da−500Da, 9.57%were below 180Da, and the averagemolecular
weight was 426 Da.
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Agarose-Gel Electrophoresis, UV and FT-IR
Analysis
Figure 1A showed that chondroitin sulfate could be observed
both in the ethanol extract of papain and double enzyme
hydrolysis under 75% ethanol extraction condition, although
the band of the latter was shallower than that of the former,
which suggested that the residue of chondroitin sulfate was lower.
When the ethanol concentration reached 85%, there was no
chondroitin sulfate residue. Ultrafiltration was used to determine
the approximately molecular weights of chondroitin sulfate. The

TABLE 1 | Molecular weight distribution of ESCH.

Molecular weight Percentage of peak

area

Weight average

molecular weight

>10,000 0.01 12,445

10,000–5,000 0.05 6,827

5,000–3,000 0.19 3,625

3,000–2,000 0.65 2,361

2,000–1,000 4.40 1,343

1,000–500 24.83 678

500–180 60.31 272

<180 9.57 92

electrophoresis results showed that a band of chondroitin sulfate
occurred in the components larger than 10 kDa rather than
the components smaller than 10 kDa, revealing the molecular
weights of chondroitin sulfate was higher than 10 kDa.

In the UV spectrum of ESCH (Figure 1B), there was a
strong absorption peak near 220 nm and a weak absorption
peak near 280 nm, which indicated that there were polypeptides
with benzene ring structures, such as phenylalanine, tryptophan
and tyrosine.

As shown in Figure 1C, ESCH showed amide A and amide B
peaks at 3334.86 and 2960.25 cm−1, represented N-H stretching
and =C-H vibration. The amide I and amide II bands were
1658.99 and 1539.91 cm−1, resulted from the C=O stretching
vibration, C-N stretching vibration and N-H in-plane bending of
the peptide bond. In the infrared spectrum of ESCH, there were
characteristic absorption peaks at 921.34, 1242.92, and 867.34
cm−1, which suggested that there might be carbohydrates in the
extracted ESCH.

Amino Acid Analysis
The amino acid content analysis of ESCH is shown in
Table 2. The amino acid composition of ESCH showed that
it contained a high content of glycine (275.52 residues/1,000
residues), followed by proline (126.19 residues/1,000 residues)
and alanine (117.44 residues/1,000 residues). Aromatic amino

FIGURE 1 | Agarose-gel electrophoresis (A), UV (B), and FT-IR (C) of Echondroitin sulfate. Line 1 was chondroitin sulfate standard, line 2 and 3 were 75 and 85%

ethanol extracts of double enzyme hydrolysate, line 4 and 5 were 75 and 85% ethanol extracts of papain hydrolysate, line 6 and 7 were <10 kDa and more than 10

kDa components of double enzyme hydrolysate, and line 8 were 85% ethanol precipitation components of double enzyme hydrolysate.
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acids content including phenylalanine and tyrosine was up to
40.86 residues/1,000 residues.

In addition, the contents of histidine (5.55 residues/1,000
residues), tyrosine (13.50 residues/1,000 residues), methionine
(17.30 residues/1,000 residues) and arginine (19.79
residues/1,000 residues) were lower than others. In ESCH,
the amount of hydrophobic amino acids was close to half of the
total amino acids.

TABLE 2 | Amino acid analysis of ESCH.

Amino acid Contents (residues/1,000

residues)

Asp 31.65 ± 0.24

Thr 32.08 ± 0.22

Ser 35.76 ± 0.14

Glu 74.52 ± 0.89

Gly 275.52 ± 0.55

Ala 117.44 ± 0.82

Val 42.97 ± 0.96

Met 17.30 ± 0.01

Ile 30.17 ± 0.17

Leu 62.24 ± 0.23

Tyr 13.50 ± 0.36

Phe 27.36 ± 0.23

His 5.55 ± 0.03

Lys 28.88 ± 0.16

Arg 19.79 ± 0.63

Pro 126.19 ± 1.10

Hyp 58.08 ± 5.12

Hydrophobic AAs 470.26 ± 2.47

Cell Viability and NO Release of ESCH
CCK-8 was used to determine the effect of ESCH on the activity
of RAW264.7 cells before evaluating the anti-inflammatory
activity of ESCH in vitro. Figure 2A shows that 3.125–800µg/mL
ESCH did not show a significant toxic effect on RAW264.7
macrophages within 24 h. Therefore, a nontoxic dose of ESCH
was used to evaluate its anti-inflammatory potential. As shown in
Figure 2B, the inhibition rates of ESCH at concentrations of 12.5,
50, and 200µg/mL on NO release frommacrophages were 12.93,
15.19, and 11.03%, respectively (p< 0.001). There was a “U”-type
dose-response relationship, and the best inhibitory effect was at a
concentration of 50 µg/mL.

Sephadex G-15 Separation and NO
Determination
ESCH was separated by Sephadex G-15 (8 1.2 × 60 cm).
According to different elution times, three components were
obtained, named F1, F2, and F3 (Figure 3A). The inhibition
rates of NO were 5.95–6.37%, 6.28–9.38%, and 14.39–22.16%
(Figures 3B–D). The effect of F3 was more obvious, indicating
that F3 may have higher anti-inflammatory activity. This result
may be due to the average molecular weight of F3, which is
smaller than that of the other two components.

DPPH and ABTS Scavenge Ability
Antioxidant activity was assessed by free radical scavenging
(Figure 4). At the highest concentration of 1.6 mg/mL, F3
showed a good in vitro antioxidant capacity: 28.71 and 99.76%
for DPPH and ABTS+. inhibition, respectively. The scavenging
rates of ESCH to DPPH and ABTS were 38.93 and 91.89%,
respectively. The scavenging effect of ABTS was more obvious
than that of DPPH in the range of 0.1–0.8 mg/mL. In Figure 4B,
F3 clearly had a stronger ability to scavenge ABTS radicals than
ESCH. However, in the DPPH radical scavenging experiments
(Figure 4A), the opposite results were found.

FIGURE 2 | Cell viability (A) and NO release (B) of ESCH in RAW264.7 macrophage. The results were expressed as means ± SD (n = 3), where lowercase letters

indicate significantly different at p < 0.05.

Frontiers in Nutrition | www.frontiersin.org 5 June 2021 | Volume 8 | Article 68964836

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yuan et al. Bioactivities of Peptides From Cartilage

FIGURE 3 | Sephadex G-15 separation (A) of ESCH and NO determination of different components named F1, F2, F3 (B–D) in RAW264.7 macrophage. The results

were expressed as means ± SD (n = 3), where lowercase letters indicate significantly different at p < 0.05.

FIGURE 4 | DPPH (A) and ABTS (B) scavenge ability of ESCH and F3. The results were expressed as means ± SD (n = 3), where lowercase letters indicate

significantly different at p < 0.05.

Frontiers in Nutrition | www.frontiersin.org 6 June 2021 | Volume 8 | Article 68964837

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yuan et al. Bioactivities of Peptides From Cartilage

FIGURE 5 | The cytokines IL-6 (A), TNE-α (B), IL-10 (C), and TGF-β (D) of pretreatment with F3 in RAW264.7 macrophage. The results were expressed as means ±

SD (n = 3), where lowercase letters indicate significantly different at p < 0.05.

Cytokines and MAPK Pathway Analysis
As IL-6, TNF-α, TGF-β, and IL-10 are produced mainly
by macrophages, the anti-inflammatory effect of F3 is
assessed by measuring these pro- and anti-inflammatory
cytokines. F3 pre-treatment decreased the level of IL-
6 but not TNF-α (Figures 5A,B). At the concentration
of 50µg/mL, the inhibition of IL-6 was 13.07%. Anti-
inflammatory cytokines TGF-β and IL-10 showed an
opposite trend (Figures 5C,D). As the concentration of F3
increased, the yield of TGF-β reduced 4.94–19.57%, while
the level of IL-10 increased 4.6–70.54% (compared with
LPS-induced group).

Previous studies illustrated that chronic inflammatory
diseases activate MAPK family proteins (p38, ERK, JNK)
(38). Bioactive peptides usually act by reducing the
phosphorylation of these proteins. To explore the anti-
inflammatory mechanism, the effect of F3 on MAPK
signal pathway was investigated by Western blotting. As
shown in Figure 6, F3 downregulated the phosphorylation
of p38, ERK, and JNK at 200µg/mL to 46.31, 43.85, and
41.00%, respectively.

Peptide Sequence Identification
F3 was analyzed by LC-MS/MS (Table 3). The peptides largely
showed strong hydrophobicity, with hydrophobic amino acids at
the N-terminus and/or C-terminus, which was consistent with
the structure of peptides with anti-inflammatory properties.

DISCUSSION

On a dry basis, the protein content of sturgeon cartilage in this
study was 52.73%, which was different from Siberian sturgeon
cartilage (49.11%) (39) and cartilage powder of Acipenser sinensis
(58.72%) (40). The differences in protein content may be the
results of the species and separation processing technology
(41–43). Due to the high-temperature boiling and selective
elimination of cartilage particles before chopping and mixing,
part of the protein will be lost, resulting in high water content
and low protein content.

It has been reported that peptides with immunoregulatory
activity and anti-hyperuricaemic activity were obtained from
the cartilage by hot-pressure (3, 23, 44), which indicated that
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FIGURE 6 | Effects of F3 on the MAPKs proteins in RAW264.7 cells. The levels of p-p38, p38, p-JNK, JNK, p-ERK, and ERK (A). Fold of p-p38/p38 (B), p-JNK/JNK

(C), and p-ERK/ERK (D). The results were expressed as means ± SD (n = 3), where lowercase letters indicate significantly different at p < 0.05.

TABLE 3 | Peptide sequences identified by LC-MS/MS in the F3 from ESCH

(results were shown based on the relative intensity of mass spectrum, peptide

score, and molecular size).

Peptide sequence Calculated mass Length Source of species

LGPY 448.2322 4 Amur sturgeon

YPYPDYSR 1059.4661 8 Amur sturgeon

LGGYP 505.2536 5 Amur sturgeon

RGPPGPT 680.3605 7 Amur sturgeon

YPSY 528.222 4 Amur sturgeon

YSLM 528.2254 4 Amur sturgeon

VGPVGP 524.2958 6 Amur sturgeon

FQGL 463.2431 4 Amur sturgeon

LVVY 492.2948 4 Amur sturgeon

AGPAGLPM 754.3683 8 Amur sturgeon

EGAAGGP 557.2445 7 Amur sturgeon

SSMR 479.2162 4 Amur sturgeon

hot-pressure can be used as a convenient method to obtain
active substances from cartilage. The liquefaction rate of sturgeon

cartilage was 98.10% (120◦C, 90min). It was corresponded
to that of chicken breast cartilage under the same processing
program (31). Compared with hot-pressure, steam explosion,
an instantaneous high-pressure method, produced 75.72% of
liquefaction rate (32). It implied that long-term high temperature
may be more conducive to improving the liquefaction rate of
cartilage. In general, a high DH is usually related to the complete
hydrolysis of protein, which can produce more peptides with
smaller molecular weights. The DH of the cartilage hydrolysates
was higher than that of Alaskan pollock (DH 16.87%) hydrolysed
by trypsin for 4 h and 50min (44) and Rastrelliger kanagurta
(DH 18.1%) hydrolysed by papain for 6 h (45). Lin et al. (24)
found that trypsin, alkaline protease and papain had better
peptide extraction rates than neutral protease and flavor protease.
However, considering the high cost of alkaline protease and
the competitive inhibition of enzyme kinetics, double enzyme
hydrolysis was used to obtain products with a higher DH
in shorter time. Compared to the hydrolysates (DH > 25%)
containing 61.62 ± 2.78% low molecular weight peptide (< 1
kDa) obtained by alkaline protease hydrolysis for 9 h (24), the
content of lowmolecular weight peptide in sturgeon cartilage was

Frontiers in Nutrition | www.frontiersin.org 8 June 2021 | Volume 8 | Article 68964839

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yuan et al. Bioactivities of Peptides From Cartilage

as high as 94.71%, which may mainly because of the hot-pressure
(31). It makes the protein migrate into solution and unfold
more thoroughly, finally exposing more enzymatic hydrolysis
sites. Therefore, hot-pressure combined with double enzyme
hydrolysis can be an effective method to promote the release of
small molecular peptides from cartilage.

Agarose-gel electrophoresis is used to detect the residue
of chondroitin sulfate (46, 47). Chondroitin sulfate usually
exists in the form of proteoglycan. It is easily soluble in
water and insoluble in organic reagents such as ethanol.
In Figure 1A, bands with chondroitin sulfate occurred in
components of 75% ethanol-soluble, ethanol-precipitated and
> 10 kDa. The difference in content of chondroitin sulfate
between two enzymatic hydrolysis methods may result from
the higher enzymatic hydrolysis intensity in double enzymatic
hydrolysis than single enzyme hydrolysis, which would lead to
the differences of the content and properties of proteins/peptides
linked to chondroitin sulfate. As the concentration of ethanol
increased, the solubility of the chondroitin sulfate further
decreased. Therefore, no chondroitin sulfate was detected in
85% ethanol extracted products. Chondroitin sulfate from
different sources has different molecular weights. The molecular
weight of chondroitin sulfate isolated from chicken, bony fishes
and cartilaginous fish were 30–37.18 kDa (32, 33), 13.46–
48.68 kDa (46, 47), and 50–70 kDa (48), respectively. It
was found that the molecular weight of chondroitin sulfate
obtained in sturgeon was at least 10 kDa, which was consistent
with previous reports. Overall, 85% ethanol-extracted method
can be used to obtain ethanol-soluble component without
chondroitin sulfate. It has been reported that chondroitin sulfate
extracted from the cartilage of smooth-hound, corb (Sciaena
umbra) and sturgeon (Acipenser sinensis) had the characteristic
absorption peaks of polysaccharides at 200, 210–215, and 206 nm
in UV spectrum, respectively (46, 48, 49). However, ESCH
did not show an absorption peak at 200 nm (Figure 1A),
which confirmed the electrophoresis result (Figure 1B). Due
to the low content of phenylalanine, tryptophan and tyrosine,
there was no obvious absorption peak at 280 nm, while the
maximum UV absorption peak of collagen was mainly at
230 nm (39, 50). Figure 1B showed that there was no complete
collagen structure in ESCH but peptide. It conformed to the
results of amide band appearing in the IR (Figure 1C). No
absorption peak characterizing C-O stretching vibration or
OH variable angle vibration was found at 1,420–1,375 cm−1

(32, 33). It implied that there may be no free acid group.
Values of 1,240–925 cm−1 are the characteristic absorption
of D-glucopyranose ring and sulfate groups (31, 40, 46, 48),
which descripts the exitance of carbohydrates in ESCH. The
characteristic stretching vibration peak of the axial coordination
of C-O-S in ESCH appears at 867.34 cm−1. It is close to
the position of the characteristic sulfate peak at C4 with an
obvious deviation (32, 40). However, high temperature for
a long time seemed not influence the chondroitin sulfate
structure obviously (33). D-glucopyranose ring and sulfate
groups proposed here may not be in the complete chondroitin
sulfate. According to the results of agarose gel electrophoresis and
spectral analysis, it can be speculated that there were peptides

but not chondroitin sulfate in ESCH, although the structure
of polysaccharides after degradation could exist in the form
of glycopeptides.

Glycine is the most important amino acid in collagen. Except
for the first 14 amino acid residues at the N-terminus and the first
10 amino acid residues at the C-terminus, glycine and proline
usually form repetitive domains of the Gly-X-Y conservative
sequence, where X is proline and Y is any amino acid (51). The
high content of glycine, proline and alanine in ESCH was similar
to the composition of collagen from Siberian sturgeon (39) and
silvertip shark cartilage (50). However, the content of glycine
was lower than that in these collagen (326.8–327.5 residues/1,000
residues, 319–326 residues/1,000 residues). Interestingly, ESCH
illustrated high content of aromatic amino acids than collagen.
This result may be related to the amino acid sequence of peptide
and the existence of non-collagen (23). The hydroxyproline
content in ESCH was consistent to the type II gelatine of silvertip
shark cartilage but lower than the collagen in Siberian sturgeon
cartilage (94.7–96.2 residues/1,000 residues) (39, 50). This may
be the consequence of body temperature and seasonal variation
(50). It was reported that the collagen in cartilage of cartilaginous
fishes (including shark, stingray and ray) was composed of type
II collagen ([α 1 (II)] 3) and type I collagen ([α 1 (I)] 2 α 2 (I)) at
a ratio of 2:1 (50–53). The collagen of Siberian sturgeon cartilage
was also confirmed to be a mixture of two kinds of collagen (39).
Therefore, the high proportion of type II collagenmay be another
reason resulting in the lower hydroxyproline content. Based on
the results of amino acid composition, it is speculated that ESCH
may be a mixed hydrolysate of collagen and extracellular matrix
protein. In addition, the large amount of hydrophobic amino
acids such as phenylalanine, leucine, isoleucine, valine, proline
and alanine is likely to benefit from the separationmethod of 85%
ethanol extraction (54).

Macrophages activated by the immune system can release NO
in inflammatory sites to repair tissue, while excessive NO can
cause various inflammatory diseases (55). ESCH behaved a good
NO inhibition in LPS-induced macrophages. It might signify to
further explore the anti-inflammatory effect of peptides from
sturgeon cartilage. The anti-inflammatory properties of peptides
often depend on their structure, including the amino acid
composition and sequence of peptides, the types of C-terminal
and N-terminal amino acids, charge, hydrophobicity and space
structure (15, 56). The enrichment of hydrophobic amino acids
in ESCH may be more conducive to the inhibition of NO (16).
A study on the anti-inflammatory activity of sturgeon muscle
hydrolysates found that fraction with a higher hydrophobic
amino acid content showed a stronger NO inhibition ability,
and the peptide identified also proved this hypothesis (6, 37).
It was found that hydrophobic amino acids at the N-terminus
have important significance on anti-inflammatory property (11).
Thus, the strong inhibitory effect of ESCH on NO may come
from its high content of hydrophobic amino acids. Here,
sturgeon cartilage was proved a good source of anti-inflammatory
peptides. IR analysis showed that there might be glycopeptides
in ESCH. Glycopeptide hydrolysate is reported to perform the
effect of inhibiting the inflammatory development (57, 58). The
difference of content between sugar and peptide implied that
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the inhibitory effect of ESCH on NO may mostly come from
the active peptide fragment released after enzymatic hydrolysis
(27). Nevertheless, the specific anti-inflammatory mechanism
of the peptides and whether the glycopeptides in ESCH have
anti-inflammatory effects need further research.

Gel filtration chromatography is an effective technology for
separating peptides based onmolecular weight. It has been widely
used in the separation and desalination of mixed components
(59, 60). After separated, F3 performed higher NO inhibition
than other fractions. Lee et al. (61) found that after molecular
weight grading, the lower molecular weight peptide mixtures
showed stronger effect. It was consistent with previous results
(54, 62). Moreover, compared with other molecular weight
components, sturgeonmuscle hydrolysis<3 kDa also showed the
superior anti-inflammatory activity in LPS-inducedmacrophages
(5). Therefore, because of the high solubility, low viscosity and
hypoallergenicity (26, 62–64), the anti-inflammatory activity of
the last eluted fraction obtained by Sephadex G-15may be related
to the molecular weight.

Hydrolysates usually contain amino acids or peptides, which
can react with free radicals in the form of hydrogen donors
or electron donors and convert them into stable products.
DPPH and ABTS free radical scavenging rates are often used
to evaluate the antioxidant activity of various hydrolysates (65).
The hydrophilic free radical ABTS has a higher binding capacity
with F3, while the oil-soluble radical DPPHmay react with ESCH
extracted by ethanol more easily. This result may be due to
the differences in the solubility and diffusibility of free radicals
(65, 66). In addition, the difference in free radical scavenging
capacity may also be attributed to the peptide length and amino
acid composition in the hydrolysate (66, 67).

In RAW264.7 macrophages, LPS stimulation can lead to
the excessively release of inflammatory cytokines, including the
cytokines TNF-α and IL-6 (37, 68). TNF-α and IL-6 usually will
promote the inflammation. F3 reduced the production of IL-
6, implying the relief of intracellular inflammation. Out of the
instinct to protect the organism, the anti-inflammatory cytokines
of IL-10 and TGF-β will be induced to block the uncontrollable
inflammation (9, 28, 69). Here, F3 may act as a mitogen or
polarizing agent to induce macrophages to transform from M1
to M2, increase the secretion of IL-10 and reduce the level of
inflammation (Figure 5C). It is worth noting that each cytokine
binds to a specific receptor on the cell surface, which will produce
a signal cascade that affects cell function. This cascade may
stimulate the production of other cytokines, and increase the
number of cell surface receptors of other molecules or inhibit
the effects of cytokines themselves (70). Therefore, the produce of
TGF-β was inhibited may through other signals in inflammatory
macrophages (71, 72).

As a classical signal transduction pathway of the inflammatory
response, MAPK has been widely reported (12, 56, 68, 73). The
modulation of each MAPK protein by inflammatory factors,
related proteins and receptors during inflammation is not exactly
the same. TNF-α seems to be regulated by p38 and ERK proteins
(37, 56, 73). Therefore, there was no significant change in TNF-
α levels after F3 treatment, which may be a result from the
incomplete inhibition of p38 and ERK phosphorylation. This
finding corresponds with the results of TNF-α regulation of
macrophages by hazelnut protein-derived peptide and sturgeon
muscle peptide (37, 73).

CONCLUSION

In conclusion, F3 from ESCH without chondroitin sulfate
could alleviated the inflammation in LPS-induced RAW264.7
macrophages possibly by down-regulating MAPK signal
pathway. Once stimulated by LPS, macrophages would produce
a large of NO and pro-inflammatory cytokines such as IL-6.
When exposed to F3, the secretion of IL-6 was decreased while
anti-inflammatory cytokine IL-10 increased, indicating the
relief of inflammation. In addition, F3 and ESCH showed the
antioxidant ability in vitro, which may be connected to the
inhibition of phosphorylation in MAPKs protein. Nevertheless,
further in vivo studies are still needed to clarify the significance
of the current study.
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Food quality and safety are strongly related to human health. Food quality varies with

variety and geographical origin, and food fraud is becoming a threat to domestic and

global markets. Visible/infrared spectroscopy and hyperspectral imaging techniques, as

rapid and non-destructive analytical methods, have been widely utilized to trace food

varieties and geographical origins. In this review, we outline recent research progress on

identifying food varieties and geographical origins using visible/infrared spectroscopy and

hyperspectral imaging with the help of machine learning techniques. The applications of

visible, near-infrared, and mid-infrared spectroscopy as well as hyperspectral imaging

techniques on crop food, beverage, fruits, nuts, meat, oil, and some other kinds of

food are reviewed. Furthermore, existing challenges and prospects are discussed. In

general, the existing machine learning techniques contribute to satisfactory classification

results. Follow-up researches of food varieties and geographical origins traceability and

development of real-time detection equipment are still in demand.

Keywords: visible/infrared spectroscopy, hyperspectral imaging, variety, geographical origin, machine learning

INTRODUCTION

Food quality and safety have aroused increasing attention. The inner quality of agricultural
food is directly related to its variety and geographical origin. Different varieties of one
agricultural product have considerable differences in their nutrition compounds and elements
(1, 2). Geographical origins always differ in climate, soil, and agricultural practices, which
have a strong influence on the chemical markers of plants (3, 4). Moreover, some products
can only grow well in certain areas, which will have higher commercial values than those
produced in other areas (5, 6). In addition to quality, the commercial price of food is strongly
related to its varieties and regions (7, 8). Some unscrupulous merchants may sell fraudulent
products at the price of the authentic ones, and some counterfeit materials will even impair
consumers’ health (9, 10). For instance, different apple varieties can be easily mixed during
harvesting and marketing. A reliable approach to discriminate different varieties of apples is
needed by apple sellers (11). In addition, waxy maize contains lots of amylopectins and is
widely used for direct consumption and for producing cans, cakes, feeds, and thickener, while
sweet maize has a high sugar content and is mainly used for direct consumption or processed
into frozen corn and canned corn (12). Except for price and nutrition, different varieties can
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cause difficulty for the food processing industry. For example,
different varieties of cocoa have diverse chemical compositions,
making it difficult for the processing industry to standardize
parameters during processing (13). Coffee beans from
geographical origins that are known to produce high-quality
beverages have a great commercial value (5). Consequently,
discrimination of varieties and regional origins will contribute to
cracking down fraud, developing a steady market, and protecting
consumers’ health.

There are some traditional methods to discriminate food
varieties and geographical origins, including detection by
experienced experts, sensory analysis (14), and wet chemistry
methods [high-performance liquid chromatography (HPLC)
(15), Gas chromatography (GC) (16), Gas Chromatography-
Mass-Spectrometry (GC-MS) (17), Proton Transfer Reaction-
Mass Spectrometry (PTR-MS) (17) and stable isotopic analysis
(18)]. Detection by experienced experts is straightforward, but it
requires expertise and experience and can be subjective. Therein,
sensory analysis is manipulated by organizing a certain number
of volunteers or panelists to evaluate a product with their sensory
system. The evaluation indexes include sensory appearance,
smell, flavor, and taste (14). These wet chemistry methods are
precise to detect almost all components in agricultural products.
However, all of them usually consume too much time and
require a large amount of reagent, and the operation process is
complicated. These methods are destructive methods.

Since spectra contain chemical information of food, it
could reflect the distinction among food spectra from different
varieties and geographical origins. Thus, spectra can be exploited
to trace varieties and regions of food. Therefore, spectroscopic
approaches, such as visible/near-infrared spectroscopy
(VIS/NIR), near-infrared (NIR), mid-infrared spectroscopy
(MIR), and hyperspectral imaging (HSI), have been widely used
in the analysis of agricultural products. HSI can provide spectral
information and spatial one simultaneously, which has been
popular for varieties and regions discrimination of food (19, 20).

To further promote the development of researches and
practical applications of traceability of food varieties and
geographical origins, a system review outlining the progress
of related studies and corresponding analytical methods is
in demand. This work is the first to provide a systematic
overview of the applications of visible/infrared spectroscopy and
hyperspectral imaging technologies in identifying food varieties
and geographical origins with machine learning methods.
Classical and novel machine learning methods for feature
selection/extraction and modeling in identifying food varieties
and geographical origins are also reviewed. Furthermore, this
review has proposed the existing problems and potential ways to
deal with them.

BRIEF INTRODUCTION OF VIS/IR AND
HYPERSPECTRAL IMAGING

VIS/IR
VIS is an electromagnetic spectrum at the spectral range of 380
to 780 nm, providing color information for food classification.
NIR and MIR spectroscopies are different regions of infrared

spectroscopy. The NIR region extends from 780 to 2,500 nm,
between the VIS and MIR (from 2,500 to 15,000 nm) (21).
In general, a typical NIR system consists of four components,
including a light source, light-isolating mechanisms, detectors,
and sampling devices., which was introduced in detail in (22).
The basic principle of NIR and MIR is that chemical bonds
such as C-H, N-H, O-H, and S-H bonds can absorb infrared
radiation at specific wavenumbers, which correspond to different
characteristic peaks or valleys (23). Consequently, the chemical
components of the samples can be verified by extracting the
relevant information from the spectral profiles with chemometric
methods. Contrast to some wet chemistry approaches, NIR is
faster, more convenient and non-destructive, and has been widely
used for qualitative and quantitative analyses (9, 24–28).

The MIR spectrum has a higher specificity than the
NIR spectrum, and it is considered to be more appropriate
for identification and characterization purposes (29, 30). A
comparison between MIR and NIR can be found in this work
(29). MIR can be used to detect compositional differences
between food samples based on vibrations of various chemical
groups at specific wavelengths in the mid-infrared range
(29). The information provided by using these fundamental
absorption bands of MIR can proffer information regarding the
chemical structure of a food sample.

Hyperspectral Imaging
Hyperspectral imaging obtains images at continuous wavebands
over a specific spectral region. This emerging spectroscopic
technology combines the advantages of spectroscopy and
imaging, which can provide both spectral and spatial
information. A typical HSI system comprises the following
components: a light source, a wavelength dispersion device
(spectrograph), an area detector (camera), a translation stage,
and a computer (31, 32). The spectral signature obtained from
HSI is unique as it results from the physical and chemical
properties of the particular material measured (33). The 3D
hyperspectral image cubes [I(x, y, λ)] can be obtained by four
approaches, including two spatial scanning methods (point
scanning and line scanning) and two spectral scanning methods
(area and plane scanning) (31). The pros and cons of different
scanning methods were introduced in (34). Among these
methods, line scanning is the most popular method to acquire
hyperspectral images for food classification.

SUMMARY OF IDENTIFICATION OF FOOD
VARIETIES AND GEOGRAPHICAL ORIGINS
WITH THE VIS/IR AND HSI

In this review, the applications of VIS/IR and HSI are
separately summarized in section Applications of VIS/IR to Trace
Food Varieties and Geographical Origins and Application of
Hyperspectral Imaging to Trace Food Varieties and Geographical
Origins, including common crop food (rice, wheat, maize, and
barley malt), beverage (tea, coffee, and chrysanthemum), fruits
(grape, apple, sugarcane, loquat, mandarin, strawberry, lychee,
and nectarine), nuts, meat, edible oil and other application (such
as honey, Auricularia auricular, Chinese quince, okra kernels,
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and mung beans). The sample preparation, the analyzed spectral
range, the signal mode, the spectral preprocessing methods,
the feature selection/extraction methods, and the classification
algorithms arefurther summarized in this section. The difference
between VIS/IR and HSI and the corresponding different data
analysis methods are discussed.

Sample Preparation and Equipment Setting
for Food Classification
Overall, there were some factors to be considered for both
two technologies when preparing samples, such as the form of
the sample and the total numbers of the samples. According
to the summarization of VIS/IR and HSI applications, the
form of crop food has an influence on the performance of
classifiers. The influence of the single seed and the flour of
seed has been investigated and compared (35–37). Besides, the
bulk mode outperformed the single seed mode to classify maize
seed varieties (38). Moreover, the harvest year influenced the
varieties and geographical origins classification as well. For the
relatively bigger size of samples like fruits, the sample size has
a noticeable effect on spectra acquisition, thus influenced the
effectiveness of classification models (39, 40). Furthermore, the
performance of classifiers could vary with the number of training
samples (19, 41). In particular, a small sample size could limit the
ability of CNN. Careful preparation and splitting of samples were
necessary to develop a more generalized model.

Since both VIS/IR and HSI were capable of collecting
spectral information, they had a common criterion to select
spectral range. In terms of the spectral range, different spectral
ranges were adopted for classification with the same purpose,
and all obtained satisfactory results. Therefore, the spectral
ranges could be selected according to the practical condition.
For example, the 833–2,500 nm, 908–1,672 nm, and 1,000–
2,500 nm were adopted by Cui et al. (38), Yu et al. (42), and
Qiu et al. (43), respectively, and all achieved the accuracy
of over 97% for maize varieties classification. There existed
differences regarding spectra information collection between
VIS/IR and HSI. Generally, VIS/IR collects spectra through
point scanning and usually measures samples several times.
Thus, spectral information was limited to a relatively small
sample area by VIS/IR, while HSI provided larger scanned areas
(44). HSI collects hyperspectral images through four approaches
mentioned in Section Hyperspectral Imaging Hyperspectral
imaging. Comparing to that VIS/IR analyzes the sample in bulk
and determines an average composition across the entire sample,
HSI has the advantage that it provided spatial distribution of
quality parameters of samples (45).

In terms of the signal mode of spectroscopic techniques,
the reflectance mode is the most frequently used signal mode
among three different spectra acquisition modes (reflectance,
transmittance, and interactance). The reason can be that the
reflectance mode effectively collects the information related to
the inner quality of samples and external physical properties
(such as shape and texture) and is easy to operate. The
transmittance mode is usually utilized to detect liquid samples
like fruit juice and relative transparent materials such as fish and

fruit. The transmittance mode has the limitation that the signal is
easily affected by the thickness of samples (31). The interactance
mode has fewer surface effects than the reflectance mode and
reduces the influence of thickness compared to transmission
mode (31). Therefore, the selection of spectral mode is not
compulsory, and it depends on the practical condition.

Regarding the implementation process (in-line, off-line), the
majority of researchers conducted an off-line classification.
Cortés et al. developed an in-line VIS/NIR spectroscopy
prototype for in-line identification of five apple varieties,
achieving the accuracy of 98% and 85% for red and yellow apple
varieties (40). This work revealed that in-line application needed
to solve the variant problem of sample shape. In this work, the
problem was solved by automatically moving the probe to keep
the same distance between the probe and the samples regardless
of their size. Therefore, when developing an in-line application, it
is essential to consider the way to obtain spectra and the rapidness
and robustness of the algorithm.

Summary of Machine Learning Methods
for Food Classification
The procedures to establish classification models with VIS/NIR,
NIR, MIR spectroscopies, and HSI are shown in Figure 1.
Overall, it was nearly the same to preprocess the spectra and
build models based on spectra with both VIS/IR and HSI. But
image features of HSI can also set as a part of features for
building discriminative models. HSI is a prevalent and promising
technique for food classification since it can offer both spectral
and spatial information. Currently, the spectral range used by
HSI is mainly in the VIS/NIR range, with few studies with HSI
in the MIR range.

Before applying models for classification, it is essential to
preprocess the spectra to eliminate the noises, scatter effect, and
baseline shift for VIS/IR and HSI. Some works compared several
different pre-processing methods before establishing classifiers
(46–48). However, we contend there is no need to write the
process of comparing the preprocessing in the paper because
these methods are already common. Therefore, the comparison
process can be removed, and optimal preprocessing can be
directly adopted. The pre-treatments contain smoothing, scatter
and baseline correction and derivation methods. Generally, there
are several smoothing approaches to eliminating noises existing
in the spectra, including Savitzky-Golay (S-G) smoothing
algorithm (the 1st and the 2nd derivative), moving smoothing,
wavelet transform (WT), and Karl Norris derivative filter
(KND). At present, the S-G smoothing is the most widely
used method to process spectra (46). Besides, MSC, SNV, OSC,
DOSC, and de-trending are commonly used to correct addictive
and multiplicative effects in the spectra. These different pre-
treatments can be used individually or in combination. The
preprocessing methods are universal regardless of the type of
spectrum. As most researches were conducted in the laboratory,
the environmental conditions were well-controlled, but there was
more uncertainty in the practical application situation. Thus, it
requires selecting a proper preprocessing method according to
the characteristic of samples and the detection environment. In a
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FIGURE 1 | The general flowchart of procedures for food varieties and geographical origins identification model establishment.

nutshell, there are no specific criteria for selecting the spectral
preprocessing method. It should be determined according to
the practical application situation, and different combinations of
these preprocessing methods may improve the performance of
the model.

Given both VIS/IR and HSI containing numerous
wavelengths, feature extraction and feature selection methods
are utilized to reduce the data dimension and develop a more
simple and accurate model. These feature extraction and feature
selection methods are common to both VIS/IR and HSI. PCA
was the most widely used feature extraction method, powerful
in reducing data dimension while maintaining the information
in original data. Besides, LDA (38), WT (49), and a newly
proposed spectral feature-extraction method based on waveform
resolution (SFEWR) (50) were also applied for feature extraction.
In addition, many effective wavelengths selection methods were
used, including weight coefficients of PCA loadings (51, 52)
and partial least-squares (PLS) (1, 53), successive projections
algorithm (SPA) (54, 55), genetic algorithm (GA) (3), the 2nd
derivative (51, 56), uninformative variables elimination based on
partial least squares (UVE-PLS) (57, 58), competitive adaptive
reweighted sampling (CARS) (58–61).

Moreover, many studies have proposed and used novel
methods for feature selection when identifying food varieties and
geographical origins. These methods included ordered predictor
selection (OPS) (62), stepwise discriminant analysis (SDA) (63),
iteratively retaining informative variables (IRIV) (64), variable
iterative space shrinkage approach (VISSA) (64), joint skewness-
based wavelength selection algorithm (JSWSA) (65) and the like.
Except for methods for selecting effective wavelengths, several
effective wavelength interval selection methods are also applied

to select feature wavelengths ranges, including interval PLS
(iPLS) (57), moving window PLS (MWPLS) (66), changeable
size moving window partial least squares (CSMWPLS) (67),
changeable size moving window PCA (CSMWPCA) (67),
backward interval PLS (biPLS) (58), synergy interval PLS
(Si-PLS) (65) and the like.

Regarding image features of HSI, texture features and
morphologic features are usually employed for varieties and
origins classification. Gray-level co-occurrence matrix (GLCM)
and gray level run-length matrix (GLRLM) are usually adopted
to extract texture features from the gray-level images in
each selected characteristic wavelength to avoid redundant
information and the computing complexity (68).

In the food classification field, the commonly adopted
supervised learning algorithms contain PLS-DA (68, 69), SVM
(43, 70), LSSVM (53), RF (71), BPNN, RBFNN (19, 52),
extreme learning machine (ELM) (54) and newly introduced
deep convolution neural network (DCNN) (72). Among these
algorithms mentioned above, PLS-DA is one of the most widely
implemented chemometric methods in VIS/IR spectroscopy
analysis for the advantage of handling data with collinearity. PLS-
DA is a linear supervised classification method based on the PLS
algorithm. The categories of samples are dummy variables with
only zero and one, and the cutoff usually be set as 0.5 (73).
Besides, SVM is also a commonly used classification method,
which can map the original data into higher dimensional spaces
with kernel function, and it optimizes a hyperplane with an
appropriate margin to classify different groups (43). Radial basis
function (RBF) is a usually used kernel within SVM. The two
parameters within SVM (RBF kernel), penalty coefficient (C) and
kernel parameter (γ), need to be optimized by a method, such
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as the commonly used grid-search procedure. In addition to a
single model, an ensemble model such as RF is also widely used
for classification. RF consists of many different decision trees that
are grown from bootstrap samples of response variables. Each
tree makes a vote to classify samples, and the final classification
result is made according to the majority vote (71). In addition,
BPNN is one of the most used neural networks for classification
with IR and HSI techniques. The structure of BPNN commonly
includes an input layer, a hidden layer, and an output layer.
The transfer function most used between different layers is the
sigmoid function. Moreover, as a deep learning method, CNN
can automatically extract abstract shallow and deep features of
the input, which is currently popular and a very promising
tool for food classification. A typical CNN comprises multiple
convolution layers (to learn abstract features) and several fully-
connected layers (to realize classification of each sample) (72).

Among the unsupervised learning methods, PCA is the
most popular algorithm in this field with the advantages
of dimensionality reduction and visualization. PCA aims
to maximize the internal information of the data after
transformation and to measure the importance of the direction
by measuring the variance of the data in the direction of
the projection (74). The first few principal components (PCs)
resulting from PCA contain the majority of information of
original data and are commonly used for classification (50).
Besides, there were some other unsupervised methods that
were less used for classification, including hierarchical cluster
analysis (HCA) (75), and some useful clustering methods
such as Gustafson–Kessel (GK) clustering (76), fuzzy c-means
clustering (FCM) (76, 77), fuzzy discriminant c-means clustering
(FDCM)(76) and possibilistic c-means (PCM) clustering (76).

To handle the task of classifying the varieties or geographical
origins of the food, it is common to train a model to classify
samples directly. However, some strategies can be used to
obtain more precise classification results. The two-step analysis
can be used for classification, as shown in Figure 2. The
second identification stage is applied to further classify the
incorrectly identified and unidentified samples at the first
identification stage.

In contrast to VIS/IR, HSI can provide both spectral
and image information localized in the image domain.
Therefore, a proper data fusion strategy can be considered
to improve classification accuracy when applying supervised
and unsupervised algorithms for classification when using HSI.
According to most researches using the HSI technique, there
exist three different levels of data fusion (Figure 3), low-level
fusion (also known as pixel-level fusion, simply integrating two
kinds of variables as inputs), mid-level data fusion (also known as
feature level fusion, combining them after selecting characteristic
variables, respectively), and high-level data fusion (also known
as decision level fusion, considering the results of models built
on each source of data to make the final decision) (78). Besides,
when applying HSI for food classification, two approaches
(pixel-wise and objective-wise) were frequently adopted to
classify the varieties and origins of food (47, 52). Since HSI
provides spatial information, it is easy to map the corresponding
classification results into the image for visualization (72). That

is a more intuitive method to display the difference of samples
from different varieties or geographical origins. In a nutshell,
visualization helps present the inner quality distribution of
spatially non-homogeneous properties of interest in a sample.

APPLICATIONS OF VIS/IR TO TRACE
FOOD VARIETIES AND GEOGRAPHICAL
ORIGINS

Crop Food
Rice is one of the most vital foods and serves as the primary
energy source for the most global population. Chen et al.
(8) proposed an untargeted identification method combining
NIR (4,000–10,000 cm−1) to classify three rice varieties. The
work selected the ten most informative variables by a joint
mutual information variable selection method to construct a
one-class model obtaining the specificity and sensitivity of
100%. Regarding the identification of rice from two geographical
origins, Lee et al. (79) constructed the random forest (RF) model
based on NIR (4,000–9,000 cm−1) data to discriminate rice from
two countries with a discrimination rate of 100%.

It was common that the spectra of wheat samples were
collected from laboratory spectrometers. However, the difference
between models based on industrial spectrometers and
laboratory spectrometers was rarely investigated. Ziegler
et al. (35) sed the two kinds of NIR spectrometer to discriminate
five species of wheat kernels (298 kernels in total harvested
in the same year) and established a five-class classifier for
each spectrometer, respectively. In addition, this work also
established a five-class classifier for flour samples (292 flour
samples in total) collected by laboratory spectrometer and
compared the performance with the model based on wheat
kernels collected by laboratory spectrometer. The results showed
the PLS-DA model based on kernels spectra collected from
industrial spectrometer obtained 4% more accuracy than that
with laboratory spectrometer, with accuracy over 80%. Moreover,
models based on wheat flour data have better performance than
models based on wheat kernels for varieties classification with
laboratory NIR spectrometer. Wadood et al. (37) also compared
the performance of models based on wheat kernels and flour
for its geographical origins discrimination. The results revealed
that LDA models based on flour had overall better performance
than those based on whole kernels regarding three geographical
origins classification. A three-class classifier was established for
wheat flour harvested in each year (4 years in total), respectively.
The accuracy based on flour from four different harvest years
differed from each other.

Maize kernel was one of the most studied crop food as
well. Considering the bulk kernels mode helps obtain sufficient
information from different parts of different kernels, Cui et al.
(38) compared these two modes (the bulk kernels and the single
kernel) to discriminate the varieties of maize kernels with NIR
in the range of 833–2,500 nm. The results indicated that the
(biomimetic pattern recognition) BPR models based on spectra
of bulk kernels obtained an average accuracy of over 99%,
which was higher than models based on spectra of the single
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FIGURE 2 | The strategy for food varieties and geographical regions classification tasks.

FIGURE 3 | The different types of data fusion with hyperspectral imaging for food varieties and geographical origins identification.

kernel (the average accuracy of 97.2%). Furthermore, unlike most
researches used bare maize kernels as samples, Jia et al. (80)
tried to discriminate cultivars of coated maize kernels rather
than bare kernels with NIR in the range of 1,110–2,500 nm,
given that kernels usually were coated with coating agents in
practice. The result indicated that the coat agents increased

the difficulty of the classification task. As for the progress of
the classification algorithm for maize discrimination, Yu et al.
(42) introduced manifold learning to distinguish haploid maize
kernels from hybrid kernels with NIR in the range of 908–
1,672 nm. It obtained the classification accuracy as high as
97.1%, which indicated that manifold learning was a suitable
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method to solve non-linear problems. Qiu et al. (43) applied a
genetic algorithm (GA) to select feature wavelengths from FT-
NIR (1,110–2,500 nm) to analyze sweet maize kernels from two
cultivars. The results indicated that SIMCA and PLS-DA based
on feature wavelengths obtained the same prediction accuracies
as the best model based on full spectra. However, building
classifier based on feature wavelengths saved computing time
compared with building the model based on full spectra.

Porker et al. (81) employed Attenuated total reflectance
(ATR) mid-infrared (MIR) spectroscopy (375–4,000 cm−1)
combined with chemometric techniques (SIMCA, LDA, PLS-
DA) to discriminate eight varieties of barley malt. It turned
out that the accuracy was only 60–76% to classify six barley
varieties when mixing single variety barley collected at different
regions. However, a six-class classifier could obtain the accuracy
of 83–100% to classify six varieties of barley collected from the
same location.

The details of the references mentioned above related to crop
food varieties and geographical origins are listed in Table 1.

Beverage
Green tea, black tea, oolong tea, white tea, and albino tea have
been widely analyzed during the past few years. Chen et al.
(46) compared the effectiveness of six different preprocessing
methods and their combination to classify white tea and
albino tea with NIR (4,000–12,400 cm−1). The results showed
that the (discriminant analysis) DA model with standard
normal transformation (SNV) and Karl Norris derivative
filter (KND) pre-treatments obtained the highest accuracy
of 100%. Furthermore, the gene expression programming
projection discriminant analysis algorithm (83), boosting partial
least-squares discriminant analysis (BPLS-DA) (66) and allied
Gustafson-Kessel clustering (77) were proposed to discriminate
tea varieties with NIR, which all could obtain decent results.

As for geographical origins classification of tea, Diniz et al.
(84) constructed LDA based on effective wavelengths selected
by SPA to classify five classes of tea from different geographical
origins and varieties, including Argentinean green tea, Brazilian
green tea, Argentinean black tea, Brazilian black tea, and Sri
Lankan black tea. This five-class classifier obtained the accuracy
of 100% with NIR spectra (3,800–14,000 cm−1). Given that
the imbalanced datasets are easily occurring during sample
preparation, Hong et al. (4) set macro average recall (MAR) as
the criterion to evaluate the performances of classifiers based
on NIR (4,000–12,000 cm−1). All classifiers, including LDA,
SVM, SGD, DT, RF, AdaBoost, and (multilayer perceptron) MLP,
obtained MAR value over 80%, and LDA and MLP achieved
MAR over 93% for discriminating tea from two geographical
origins. Besides, He et al. (7) proposed a two-step identification
to discriminate tea from four regions. The final accuracy for
the calibration set and the validation set was 98.43 and 96.84%,
respectively. Fu et al. (85) proposed PLS-DA-softmax with
Gaussian kernel transformation, which obtained the accuracy of
92.99% for classifying tea from 25 regions. Besides, the proposed
ensemble strategy (ES)-PLS-DA achieved the highest accuracy
of 93.77%. Both PLS-DA-softmax and ES-PLS-DA were superior
to one-over-rest and one-over-one strategies. Zhuang et al. (86)

proposed multi-wavelength statistical discriminant analysis for
tea regional origins discrimination (two regions) based on NIR
(1,050–2,500 nm), with the classification accuracy of 100 and
98.33% for the calibration set and the validation set.

Esteban-Diez et al. (87) employed NIR (1,110–2,500 nm)
to discriminate Arabica and Robusta coffee. The results
showed potential functions method with orthogonal signal
correction (OSC) or direct orthogonal signal correction (DOSC)
preprocessing method could obtain the accuracy of 100%.
Esteban-Diez et al. (88) designed a three-class model to classify
the two coffee varieties and their blends and a five-class model
to classify the two pure varieties and three different blend
levels of robust contents. The results indicated combining NIR
(1,100–2,500 nm) with an orthogonal signal correction (OSC)
pre-treatment could achieve the accuracy higher than 98% using
the potential functions method.

Unlike most researches focusing on roasted coffee rather than
raw coffee beans, Bona et al. (6) and Okubo et al. (89) focused
on the discrimination of the geographical origin of green coffee
beans. In particular, the results in Bona et al. (6) indicated NIR
was superior to MIR for the geographic identification of tea.

Fruits
Grapevine varietal classification has aroused much interest
because it offers new trends in vineyard monitoring and grape
quality control. Gutiérrez et al. (82) adopted an integrated
portable NIR spectral analyzer (1,600–2,400 nm) to measure
grapevine leaves under field conditions directly. This research
compared the models based on leaves (20 leaves per variety)
from 20 varieties (called a site-specific model) and the models
based on leaves (total sample size 144, six varieties per vineyards,
eight leaves per variety) from three different vineyards (called a
global model). The results showed that the highest accuracy of
the site-specific model was 87.25%, while that of the global model
was 77.08%.

NIR combined with chemometric methods was successfully
applied for varieties discrimination of grape products such as
grape juice (90) and grape wine (91). Cozzolino et al. (90)
compared the performance with MIR (375–4,000 cm−1) and
VIS/NIR (400–2,500 nm) for discriminate two varieties of grape
juice, and LDA achieved the accuracy of 86 and 80% using MIR
and VIS/NIR, respectively. Besides, FI-MIR (400–4,000 cm−1)
outperformed the FT-NIR (12,800–4,000 cm−1) for classifying
the geographical origins of Cabernet Sauvignon wines (92).

As for the varieties discrimination of apples, both back
propagation neural network (BPNN) with the preprocessing of
WT (49) and moving window partial least squares discriminate
analysis (MWPLSDA) (93) achieved accuracy over 96% for
classifying three varieties and four varieties of apple, respectively.
Wu et al. (76) proposed a novel fuzzy clustering model called
fuzzy discriminant c-means clustering (FDCM clustering) to
discriminate four apple varieties with NIR (3,856–4,000 cm−1)
with the accuracy of 97%. Furthermore, the influence of variable
selection algorithms on models’ performance was investigated. Li
et al. (94) compared the performances of PCA and SPA variable
selection methods in three apple varieties discrimination with
NIR (400–1,021 nm). The results indicated that ELM based on

Frontiers in Nutrition | www.frontiersin.org 7 June 2021 | Volume 8 | Article 68035751

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Feng et al. Infrared Spectroscopy for Food Traceability

TABLE 1 | Summary of selected references for crop food classification with visible/infrared spectroscopy.

Sample Variety/

Region

classification

Technique Spectral range Mode Varieties/

Total sample

numbers

Extraction/

Selection method

Model References

Rice Variety NIR 4,000–10,000

cm−1

Reflectance 6/144 The joint mutual

information-based

algorithm

One-class

model

(82)

Rice Region NIR 9,000–4,000

cm−1.

Reflectance 2/60 No PCA-LDA,

PLS-DA, RF

(79)

Wheat Variety Industrial NIR,

a laboratory

FT-NIR

1,200–

2,400 nm, 650-

2,500 nm

Reflectance 15/1,523 No PLS-DA (35)

Wheat Region NIR 950–1,650 nm Reflectance 3/278 No LDA (37)

Maize Variety FT-NIR 833–2,500 nm Diffuse

reflectance

42/6,769 No BPR (38)

Maize Variety FT-NIR 1,000–2,500 nm Diffuse

reflectance

2/760 GA KNN, SIMCA,

PLS-DA, SVM

(43)

Maize haploid

kernels

Variety NIR 9,08.1–

1,672.2 nm

Diffuse

transmission

2/200 PCA, OLDA,

PCA-OLDA, LPP,

SVSLPP, SVSKLPP,

KLPP, Isomap, LLE,

LE, LTSA

SVM (42)

Coated maize

kernels

Variety NIR 1,110–2,500 nm Diffuse

reflectance

4/160 PCA SIMCA, BPR (80)

Barely malt Variety MIR 375–4,000 cm−1 Reflectance 8/162 No LDA, PLS-DA,

SIMCA

(81)

both PCA (the accuracy of 92.05%) was superior to ELM based
on SPA (the accuracy of 96.67%). Apple juice as a product of
apples has also been investigated. Reid et al. (95) employed
MIR (800–4,000 cm−1) and NIR (400–2,498 nm) to analyze
apple juice made of four varieties of apples, and the results
showed PLS based on MIR and PLS based on NIR had a
similar result.

Compared with apple variety discrimination, there exists
relatively less work for apple origins discrimination. Li et al.
(94) employed NIR (400–2,498 nm) for two apple geographical
origins discrimination. The results showed that the ELM model
had the best performance, followed by SVM and BPNN.

Sugarcane contains a large amount of sugar and is a renewable
energy source of biofuel, and the classification of sugarcane
varieties contributes to the sugarcane breeding program. Steidle
et al. (96) used the VIS/NIR spectroscopy (450–1,000 nm) to
measure spectral reflectance in the center of each sugarcane stalk
divided area for four sugarcane varieties discrimination. PLS-
DA, FDA, and SFDA using full spectra obtained the classification
accuracy of 82, 81, and 74%, respectively.

Considering the effect of variation of cultivar or origin
on the model performance, Fu et al. (97) separately
constructed seven different models for the classification
of loquat samples from four different origins with the
same variety, samples from four different varieties with the
same geographical origin, etc. Probabilistic neural networks
(PNN) for discriminating the variety of samples from the
same region outperformed PNN for discriminating the
variety of all samples. In addition, PNN discriminating
the geographical region of samples from the same variety

outperformed PNN for discriminating the region of
all samples.

Mandarin is a pretty popular fruit, which is widely sold
in international markets. Zhang et al. (67) developed the
CSMWPCA to classifymandarin from seven geographical origins
with NIR (1,000–1,800 nm). The results revealed that the second
derivative was the best preprocessing method. The CSMWPCA
could effectively select optimal sub-spectral regions and obtain a
prediction rate of 96.61% in an independent test set.

Kim et al. (98) developed PCA and LDA models with NIR
(400–4,000 cm−1) to discriminate five strawberry cultivars. The
results based on spectra data from leaves were the same as the
results based on fruits, with the accuracy of 100%.

The details (including techniques, spectral range, mode,
sample numbers, feature selection/extraction methods,
classification models.) of the aforementioned references
related to fruits are listed in Table 2.

Nuts
Varieties of nuts, including almonds, pine nuts, hazelnut, and
walnuts, have been studied due to their nutritional and economic
value in recent years. Cortés et al. (73) compared NIR and
attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy (1,000–1,700 nm) in discrimination of intact
almond kernels from four Spanish varieties. Loewe et al. (36)
developed discriminant partial least square (DPLS) models based
on VIS/NIR (400–2,500 nm) andNIR region (1,100–2,500 nm) to
classify Mediterranean pine nut from three geographical origins.
The results showed that VIS/NIR contributed to achieving better
performance for all cases (in-shell pine nuts, shelled pine nuts,
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TABLE 2 | Summary of selected references for fruits classification with visible/infrared spectroscopy.

Sample Variety/Region

classification

Technique Spectral range Mode Varieties/Total

sample

numbers

Extraction/Selection

method

Model References

Grapevine Variety NIR 1,600–2,400 nm Reflectance 20/544 PLS-DA PLS-DA, ANN,

SVM

(82)

Grape Variety NIR, ATR-MIR 400–2,500 nm

375–4,000 cm−1

Reflectance 2/212 PCA LDA, PLS-DA (90)

Grape wine Variety NIR 800–2,500 nm Transmittance 2/191 No RBFNN,

LSSVM

(91)

Grape wine Region MIR, NIR 400–4,000

cm−1,

4,000–1,2800

cm−1

Transmission 3/540 No PCA, SIMCA,

DA

(92)

Apple Variety VNIR 325–1,075 nm Reflectance 3/90 WT BP-ANN (49)

Apple Variety NIR 4,000–10,000

cm−1

Reflectance 4/600 MWPLSDA KNN, PLS-DA,

MWPLSDA

(93)

Apple Variety NIR 400–1,021 nm Diffuse

reflectance

3/300 SPA BPNN, ELM,

SVM

(94)

Apple Variety NIR 4,000–10,000

cm−1

Reflectance 4/200 PCA FCM, PCM,

GKclustering,

FDCM

(76)

Apple juice Variety NIR

MIR

400–2,498 nm

800–4,000 cm−1

Reflectance 4/200 No PLS (95)

Sugarcane Variety VIS/NIR 450–1,000 nm Reflectance 4/48 No SVM, RBFNN,

KNN

(96)

Loquats Variety& Region NIR 800–2,500 nm Diffuse

reflectance

4/400 PCA PNN, SIMCA (97)

Mandarin Region NIR 1,000–1,800 nm Diffuse

reflectance

7/583 CSMWPCA PCA (67)

Strawberry Variety NIR 400–4,000 cm−1 Reflectance 5/50 LDA PCA (98)

humid flour, and dried flour) than NIR. Besides, Gu et al. (16)
found the results obtained by NIR (4,000–12,000 cm−1) data
(the mean accuracy of 99.6%) were superior to those obtained
by MIR (400–4,000 cm−1) data (the mean accuracy of 86.6%) for
discrimination of walnuts from three geographical regions.

Meat
Alamprese et al. (99) paid attention to identifying beef meat
adulteration with turkey meat in three statuses with NIR (800–
2,667 nm), including fresh, frozen-thawed, and cooked. All PLS-
DA models offered a high discrimination ability with the area
under the curve for prediction (AUCP) over 0.920 regardless of
meat in fresh, frozen-thawed, and cooked states. Besides, a binary
(beef and pork) and a ternary (beef, pork, and duck) classification
task was also studied with NIR (5,400–12,500 cm−1) (48).
Furthermore, López-Maestresalas et al. (10) evaluated different
adulteration levels of meat from different species (lamb, beef,
pork, chicken, Lidia breed cattle and foal) with NIR (1,100–
2,300 nm). The accuracy ranging from 78.95 to 100% was
achieved for all the validation sets with PLS-DA. In addition
to common meats, South African game meat was also studied.
Dumalisile et al. (100) paid attention to game meat classification
from six different species with NIR (908–1,680 nm). PLS-DA
with SNV + Detrend + S-G 2nd derivative obtained the best
performance, with the accuracy ranging from 70 to 96%.

Discriminating the geographical origins of meat is also
important, which helps protect the international meat trade and
reject the meat from the diseased area. Liu et al. (101) developed
the SIMCA models with NIR (4,000–10,000 cm−1) to classify
tilapia filets products from four geographical origins, achieving
an average misclassification rate of 12.7%.

Edible Oil
Soybean oil is one of the most important edible oil, and some
genetically modified soybeans have higher oil yields and are
widely accepted in the global market. However, many countries
have restrictive laws regarding transgenic food importation, and
they must be labeled as transgenic crops. Esteve et al. (102)
employed NIR (868–1,667 nm) to discriminate conventional and
genetically modified soybeans. The results indicated PLS-DA
could obtain the accuracy of 98% for the classification of two
soybean classes, and genetically modified soybeans trend have the
moisture content than conventional soybeans.

Olive oil is widely and increasingly consumed for its nutrition
and health benefits, and the quality of that strongly depends
on its growing condition. Lin et al. (3) used VIS/NIR at the
spectral range of 325–1,075 nm to classify olive oil from three
geographical origins. The results showed that both DOSC-PLS
model and DOSC-GA-PLS model had the accuracy of 97% for
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the external validation set, which was much higher than the PLS
and GA-PLS models without DOSC.

Sesame, a significant edible oil crop, serves as an essential
seasoning and material of the food industry. Choi et al. (103)
measured the NIR absorbance spectrum (4,000–10,000 cm−1)
of unprocessed sesame kernels from three different countries.
The DA model obtained a total accuracy of 89.4% using the
full spectra.

Other Applications
Apart from using VIS/IR to trace the varieties and regional
origins of food mentioned above, many other food products
were being successfully classified with VIS/IR in recent years,
including Auricularia auricular (104), West Lake lotus root
powder (105), honey (17, 106), Chinese quince (Chaenomeles
speciosa Nakai) (107) and sea cucumber (62). It was worth noting
that Ballabio (17) employed different data fusion strategies for
identification, providing a new aspect for classification tasks with
NIR (4,000–7,780 cm−1). Guo et al. (62) developed a two-step
model for classification with the second step model to further
identify the wrongly classified samples or unidentified samples in
the first step model, obtaining the classification accuracy of 100%
for the identification of sea cucumber from nine geographical
origins with NIR (800–2,500 nm). Besides, Xu et al. (105) applied
the robust principal component analysis (rPCA) to detect outliers
within NIR spectra (4,000-12,000 cm−1), which contributed
to obtaining better classification results. Outliers easily occur
in samples, which will lead to bias, even breakdown of the
training model. Thus, applying proper algorithms to detect and
expel outliers is of help for modeling. In addition to rPCA,
isolation forest, on-class SVM, and elliptic envelope were also
employed to detect and remove outliers within NIR spectra
(4,000–12,000 cm−1) (4).

APPLICATION OF HYPERSPECTRAL
IMAGING TO TRACE FOOD VARIETIES
AND GEOGRAPHICAL ORIGINS

Crop Food
Using the spectral information offered by HSI for rice
varieties discrimination was widely studied and obtained pretty
satisfactory results (41, 108). Kong et al. (108) found that models
based on full spectra outperformed corresponding models based
on optimal wavelengths for classifying four cultivars of rice with
HSI (874–1,734 nm), with all accuracy over 90%. Qiu et al.
(41) investigated the influence of the number (training set size
100, 200, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,500, 2,000,
2,500, and 3,000) of rice samples on the performance of CNN.
The results indicated that the performance of CNN improved
with the increasing number of training samples. Besides, two
spectral ranges (380–1,030 nm and 874–1,734 nm) were used and
compared in the work.

In contrast to NIR, data fusion strategies have been studied for
rice classification when using HSI for rice identification because
HSI has both spectral and image information. Both Wang et al.
(50) and Fabiyi et al. (20) found that the established model based

on spectral-image data fusion outperformed those only based
on spectral data and image data. In particular, Fabiyi et al. (20)
further compared the performance of the RF model based on
a combination of full spectral features and spatial features and
a combination of LDA components extracted from the spectral
data fused with spatial features. The results indicated integrating
LDA features extracted from the spectral data and spatial features
obtained better classification results on a large dataset (90 rice
seed species, 96 samples per species).

Comparing to varieties and geographical origins classification
of wheat with NIR spectroscopy, there were relatively fewer
works focusing on wheat classification using HSI. Vresak et al.
(109) and Bao et al. (110) employed HSI to discriminate twenty-
seven varieties of winter wheat and five varieties of wheat seeds,
respectively. Vresak et al. (109) found that the KNNmodel based
onHSI (375–970 nm) only obtained the accuracy below 30%with
the majority varieties. The reason might be the influence of a
common genetic background and large surface similarity. Bao
et al. (110) found that ELM based on full spectra (974–1,734 nm)
was superior to ELM based on feature wavelengths, and models
based on feature wavelengths extracted by RF outperformed the
corresponding models based on feature wavelengths extracted by
PCA loadings and SPA.

The integrated data of image features (texture features and
morphological features) and spectral features within HSI (380–
1,030 nm, 924–1,657 nm, and 400–1,000 nm used in different
research, respectively) were utilized to discriminate varieties
and origins of maize kernels in several research. All results
showed a trend that the performance of the model based on
data fusion was superior to that based on spectral or image
features alone (1, 12, 51). To deal with increased features by
integrating the spectral and image features, Huang et al. (74)
adopted PCA and multidimensional scaling (MDS) to reduce
fused spectral-image features to classify seventeen varieties of
maize kernels. The results showed the effectiveness of feature
reduction. Bai et al. (111) applied HSI (874–1,734 nm) to classify
four varieties of common maize seed and four varieties of silage
maize seeds. This work visualized hyperspectral images of the
first six PCs of eight varieties of maize seed, which indicated
that there were differences among different varieties of maize
seeds. Moreover, both radial basis function neural network
(RBFNN) and SVM achieved the accuracy of over 97% for
both the classification of four varieties of common and silage
maize seed.

Instead of establishing several different single models, Yang
et al. (65) proposed a multi-model approach to discriminate 14
varieties of maize kernels with HSI (924–1,657 nm). This strategy
consisted of a switch model and multiple sub-models. A switch
model firstly achieved switch between different sub-models,
then multiple sub-model completely identified partial categories.
The results showed that the multi-model outperformed the
single model. Besides, Miao et al. (55) introduced a manifold
learning algorithm called t-distributed stochastic neighborhood
embedding (t-SNE) into the field of hyperspectral imaging (386–
1,017 nm) for four waxy maize kernels varieties discrimination.
The results showed that the t-SNEmodel with Procrustes analysis
pre-treatment obtained the accuracy of 97.5%.
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The influence of calibration set size has also been investigated
when using HSI (975–1,646 nm) to classify three maize varieties
(19). Zhao et al. (19) evaluated the performance of RBFNN
models with different calibration set sizes (sample size of 100,
200, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,100, 1,200, 1,300,
1,400, 1,500, 2,000, 2,500, 3,000). The results showed that the
prediction accuracy improved with the increase of the number
of calibration samples, and after the number of samples reached
1,100, the prediction accuracy tended to remain stable.

Discrimination of the geographical origin of maize kernels
is rarely studied. As for maize kernels, the germ side contains
important information to identify different maize varieties.
Conversely, the back of maize kernels is endosperm composed of
starch, which is of less help to identify kernel varieties (80). The
identification accuracy reached 98.2% on the germ-up dataset
and 96.3% on the germ-down dataset with SVM based on HSI
(1,110–2,500 nm) (1). Therefore, when collecting the spectra of
maize kernels, the placement should be carefully considered.

The details of the references mentioned above related to crop
food with HSI are summarized in Table 3.

Beverage
Some algorithms have been introduced for the identification
of tea varieties. Sun et al. (64) adopted iteratively retaining
informative variables (IRIV) and variable iterative space
shrinkage approach (VISSA) for five green tea varieties
identification with HSI (431–963 nm). The two variables
selection methods contributed to the improvement of
classification accuracy and simplicity of the model. Wu
et al. (72) introduced a deep convolutional neural network
(DCNN) model to discriminate seven Chrysanthemum varieties
using HSI (874–1,734 nm). The results showed that DCNN was
superior to SVM and LR models, and DCNN based on full
wavelengths obtained the best classification accuracy of 99.98%
on the testing set, which was higher than 94.27% based on
selected wavelengths.

When dealing with tea samples, a data distribution problem
that can drift over time should be paid attention to. The
harvesting time, storage time, stir-frying methods, and origin
factor can influence the chemical composition of tea samples,
which can cause a data distribution problem. Hong et al.
(4) prepared tea samples of two regions from two different
harvesting years, and it found both the “harvest year” and
“geographical origin” factors had an impact on NIR responses.
The “harvest year” factor had a higher weight on most of the
original spectral variables. Therefore, when establishing a region-
tracing model, eliminating the influence of the time factor will
help avoid the case that the model based on samples from
a specific year could not be successfully applied to predict
samples from next year. Moreover, Hong et al. (112) used
HSI systems covering the two spectral ranges of 380–1,030 nm
(VIS/NIR) and 874–1,734 nm (NIR) to classify Longjing tea from
six geographical origins. The results indicated that the PLS-
DA model had better performance with VIS/NIR (accuracy of
91.98%) than PLS-DA with NIR (accuracy of 84.89%). Besides,
the class value of each tea leaf was visualized, which could not be
obtained through VIS/IR system.

To evaluate the feasibility of sparse methods for classification,
Calvini et al. (113) used sparse variants of PCA (sPCA) and a
sparse version of PLS (sPLS) to classify two cultivars of coffee
with HSI (955–1,700 nm), which obtained similar results as
classical PCA and PLS but with fewer variables. Themodels based
on sparse methods were more interpretable and parsimonious.
Except for new classification methods, the comparison between
models based on pixel-wise spectra and object-wise spectra
was discussed when using HSI. Zhang et al. (47) applied HSI
(874–1,734 nm) and compared pixel-wise model and object-wise
model to identify four varieties of coffee beans. Specifically, this
work compared the prediction results of pixel-wise spectra by
sample average-spectra-based models and prediction of sample
average spectra by pixel-wise spectra based models. The result
indicated the former condition achieved with the accuracy lower
than 50%, but the latter achieved the accuracy of over 80%.
The results suggested the preprocessing of WT and empirical
mode decomposition (EMD) were suitable for pixel-wise spectra
preprocessing. It should be noted that the comparison between
object-wise spectra and pixel-wise spectra could be operated with
an HSI system but not VIS/IR system.

Fruits
Grape kernels or raisins have been widely studied in recent
years. Zhao et al. (114) selected characteristic wavelengths from
HSI (874–1,734 nm) according to the first six PCs loadings,
which was helpful to obtain the accuracy of 94.3 and 88.7%
for the calibration set and the prediction set with SVM for
classifying grape kernels of three varieties, respectively. In
addition to PCA, Zhao et al. (115) proposed the spectral feature
extraction based on the waveform resolution method (SFEWR)
to reduce data and extract features, which was superior to
that feature reduction based on PCA in eight raisin varieties
classification with HSI (900–1,700 nm). Furthermore, Feng et al.
(52) evaluated the influence of raisins grade on SVM model
performance for two varieties of raisins classification with HSI
(874–1,734 nm). The results showed that using the object-wise
spectra to predict object-wise spectra, the SVM model obtained
the highest accuracy of 93.81%, and the SVM based on different
raisin grades had significantly different prediction accuracy.

Except for spectral information in HSI, the feasibility of
spectral indices calculated based on the spectral wavelengths for
the classification of grapevine varieties was exploited. Mohsen
et al. (116) extracted 32 spectral indices from the wavelengths
(350–2,500 nm) to discriminate grapevine varieties with SVM
and LDA. Combined with two feature selection methods (PLSR
andANOVA-PCA), all spectral indices-basedmodels obtained an
overall accuracy of 100% for both leaf level and canopy level. The
results based on spectral indices were superior to the results based
on optimal spectral wavelengths.

Lychee is a tasteful and nutritive subtropical to tropical fruit,
and over 95% of world lychee production origin from Asia (117).
Liu et al. (117) implementedHSI (400–1,000 nm) to identify three
varieties of this regional fruit. The results revealed that SVM,
BPNN, PLS-DA, and SIMCA obtained classification accuracy
of 87.81%, 85.37%, 78.05 %, and 60.98 % for the prediction
set, respectively.
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TABLE 3 | Summary of selected references for crop food classification with hyperspectral imaging.

Sample Variety/

Region

classification

Technique Spectral range Mode Varieties/

Total sample

numbers

Features Model References

Spectral/

Image

Extraction/

Selection method

Rice Variety HSI 874–1,734 nm Reflectance 4/225 Spectral PLS PLS-DA, KNN,

SIMCA, SVM,

RF

(108)

Rice Variety HSI 400–1,000 nm Reflectance 3/90 Spectral and image PLS-DA PCA, BPNN (50)

Rice Variety HSI 380–1,030 nm and

874–1,734 nm

Reflectance 4/20,907 Spectral No CNN, KNN, SVM (41)

Wheat Variety HSI 375–970 nm Reflectance 36/1,080 Spectral No KNN, PCA (109)

Wheat Variety HSI 874–1,734 nm Reflectance 5/7,388 Spectra PCA, SPA, RF LDA, SVM, ELM (110)

Maize Variety HSI 380–1,030 nm Reflectance 6/330 Spectral and image GLCM PCA,

PCA+GLCM,

KPCA,

KPCA+GLCM,

LSSVM, BPNN

(51)

Maize Variety HSI 400–1,000 nm. Reflectance 3/378 Spectral and image GLRLM LSSVM (12)

Waxy maize Variety HSI 400–1,000 nm Reflectance 4/600 Spectral and image SPA, GLCM SVM, PLS-DA (1)

Maize Variety HSI 400–1,000 nm Reflectance 17/1,632 Spectral and image SPA, PCA, MDS LSSVM (74)

Waxy maize Variety HSI 386.7–1,016.7 nm Reflectance 8/800 Spectral SPA, PCA, KPCA,

LLE, t-SNE

Procrustes

analysis, FDA

(55)

Maize Variety HSI 874–,1734 nm Reflectance 3/12,900 Spectral PCA RBFNN, SVM (19)

Maize Variety HSI 924–1,657 nm Diffuse

reflectance

14/1,120 Spectral JSWSA LSSVM (65)

Maize Variety HSI 874–1,734 nm Reflectance 8/40,800 Spectral PCA RBFNN, SVM (111)
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To distinguish two cultivars of nectarines with a very similar
appearance, Munera et al. (2) adopted HSI (450-1,040 nm) to
develop the PLS-DA model. The results revealed that the average
spectra of the fruits were superior to the pixel-wise spectra for the
classification task. Moreover, the mean spectrum helped obtain
the accuracy of 94%, and the accuracy was improved to 96% with
14 optimal wavelengths.

The feature selection/extraction methods and classification
models of the aforementioned references related to fruits with
HSI are summarized in Table 4.

Meat
Authentication of meat from different species is of significant
importance for meat safety and quality control. Kamruzzaman
et al. (118) implemented HSI (890–1,750 nm) to classify minced
meat of pork, beef, and lamb with PLS-DA, which achieved the
overall accuracy of 98.67% combined with optimal wavelengths.
Jiang et al. (119) utilized two wavelength selection methods,
including two-dimensional correlation spectroscopy (2D-COS)
and PCA loadings, to select optimal wavelengths to detect
beef adulteration with duck meat. The PLSR model based
on optimal wavelengths selected from PCA loadings obtained
better performance. Except for utilizing spectra information,
integration of spectral and spatial information within HSI was
also investigated. Garrido et al. (120) combined spectral and
textural information to discriminate poultry, porcine, and fish
samples. In this work, spectral and textural information was
integrated using classification trees. The classification trees based
on the predictions of the spectral and textural PLS-DA models
were developed. Meanwhile, after projecting the spectral and
textural traces of the PLS-DAmodels onto the latent variables, the
classification trees based on the latent variables were constructed
as well. Overall, the classification trees based on the predictions
were much more sensitive and specific.

In general, it is a common fraudmethod tomix premiummeat
with cheaper meat, which requires the model is more specific and
stable. Moreover, the degree of freshness and degree of freezing
of meat may influence the performance of species identification,
which are rarely studied.

Edible Oil
Liu et al. (121) introduced the fuzzy rough set theory into the
discrimination of three soybean varieties. Gaussian membership
functions and triangular membership functions were proposed to
select effective bands under various parameters. A post-pruning
design was used to reduce the size of the subset further. The
results showed that the information measure (IM) based band
selection algorithm could still offer satisfactory and stable results
under perturbations.

Xie et al. (59) adopted HSI to discriminate four sesame
oil varieties. Based on full-spectrum and effective wavelengths
selected by competitive adaptive reweighted sampling (CARS),
SPA, and x-loading weights, all LDA and least-squares support
vector machine (LSSVM) models have obtained the accuracy of
over 80%. Themodels based on CARS achieved a recognition rate
of 100%. T
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Other Applications
Based on the spectral and spatial information, HSI could be
exploited as a powerful tool for the traceability of black bean (78),
honey (122), okra kernels (61), and mung beans (123). It was
worth noting that Sun et al. (78) combined spectral and image
features, and the optimal PLS-DAmodel obtained the accuracy of
98.33% for classifying black beans from three provinces. Also, Xie
et al. (123) proposed the Modified gram-Schmidt (MGS) method
to select effective wavelengths for classification of fourmung bean
varieties, based on which both ELM and LDA models obtained
the prediction accuracy over 98%.

CHALLENGES AND FUTURE
PERSPECTIVES

Visible infrared spectroscopy and hyperspectral imaging, which
can be applied to analyze rice, maize kernels, fruits, vegetables,
honey, meats, nuts, and edible oil, have been powerful tools
in the field of variety and geographical origin identification for
agricultural products and food. There was a trend that many
works that the models based on a data fusion have better results
than those based on spectra or image alone (1, 50, 51, 74, 78). That
could benefit from integrated features generated by combining
spectral feature and spatial feature.

Challenges
However, there are some challenges to make full use of these
techniques for variety and geographical origin identification
of food at present: (i) Environment factors such as humidity
and temperature affect spectra information collection, which
put forward higher requirements for the classification under
out-of-laboratory conditions. (ii) The spectra collected with
NIR, MIR, and HSI contain hundreds of wavelengths, which
tend to be collinear. Therefore, skills and time are required
in processing the data. (iii) The calibration model based on
a specified kind of sample has limited power to discriminant
the different kinds of samples. To develop a more robust
model, the sample preparation is supposed to include many
more samples and cover more variations, including varieties,
geographical origins, growth conditions, harvest years, even
production processes. (iv) Models at the current stage often
tend to be local, only suitable for samples from the same
experiment, while for unknown samples, the results may be
poor. Therefore, the universality and stability of the model
should be improved, such as model transfer, and further
research is in demand. (v) Large-class-number classification
is more complex than traditional multi-classification for the
increased data complexity and class overlapping. (vi) There were
considerable researches just proposing a method and verifying
its feasibility without conducting further research. This situation
limits the development of practical applications.

It was found that path-variance between the probe and
samples has a significant influence on the spectrum, which
restricted the development of an in-line detection system of
food (40). Samples from the same tree have different shapes and
sizes. Consequently, distance variance always occurs because the

probe of detection equipment is usually fixed. Therefore, how
to prepare representative samples deserves careful consideration.
Besides, spectroscopy techniques contain lots of wavelengths,
and the collected data tend to be non-linear. Therefore, non-
linear data processing is a challenging problem that has drawn
increasing attention. Available solutions can be divided into two
categories: kernel-based and manifold learning methods (55).

More samples covering more variations mentioned above
are required and demanded to develop a more reliable and
robust model. Sample preparation should be taken into account
carefully according to what product we are about to analyse.
For instance, the position of the fruits harvested from the
mother plant was found to add variation to the quality (33).
Different degrees of fruit maturity, non-uniform colors, and
different sample zones all raise challenges for fruit classifications.
Furthermore, the number of samples and the sample splitting
methods are also significant for developing an effective method.
It has been studied that the method to split samples into the
calibration set and the validation set has an influence on the
performance of the model (54). It revealed that Kennard–Stone
method outperformed randomly splitting (54). Furthermore,
the increase in the number of samples will empower big data
processing and deep learning for tracing food varieties and
geographical origins.

Multivariate calibration models are essential for classification
and quantifying specific contents in food. Nevertheless, there
exists a variety of specific agricultural products because of
different regions and manufacturing processes. Samples from
new geographical origins or varieties that are not provided in the
training set tend to be unrecognized by the established model.
Thus, a calibration model based on a specified kind of sample
may have limited power to different samples. Besides, though
there were various methods for classification tasks, some research
just verified the approach’s feasibility but did not conduct further
research. Therefore, it is still far from practical application.

Furthermore, the large-class-number classification brings
new challenges to pattern recognition due to increased data
complexity and class overlapping (85). Fu et al. (85) clearly
illustrated three difficulties of LCNC. They proposed that the
influence of a large class number on traditional multi-class
classification strategies such as one-over-one and one-over-rest
needs to be investigated. Further, new approaches are in demand
to overcome the difficulties in LCNC.

Future Perspectives
Current studies showed good performances for identifying food
varieties and geographical origins. Great potential for real-
world applications could be foreseen. However, the studies
mentioned above were mainly to explore the feasibility of the
research objectives. Most of the studies lacked consistency, and
further investigations lacked. Moreover, the researches covered
a wide range of food types. More efforts should be made to
conduct the follow-up studies to bring the researches from theory
to applications.

In future studies, more attention should be paid to data
analysis. For each type of food, a general data analysis flowchart
could be introduced. Data analysis methods that could obtain
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robust and good results could be summarized and used for
further studies. New data analysis strategies could also be
introduced for better classification performances. The recently
booming data analysis techniques, such as big data and deep
learning, will significantly improve the accuracy of identifying
food varieties and geographical origins. Model transfer, transfer
learning, reinforcement learning, and other methods will
enhance the universality and stability of models. Deep learning-
based artificial intelligence will have many applications in the
field of food identification. Conducting transfer learning between
different applications will reduce the cost of building models for
a specific application.

On the other hand, the miniaturization and portable
development of spectroscopy instruments will be major trends
for identifying food varieties and geographical origins as
well as other food properties with the development of
the microelectromechanical system (MEMS) and computer
technology. At that time, computing power will increase
significantly. More computing will be handed over to cloud
computing. The portable device will be mainly responsible for
collecting and transmitting information more efficiently. In
general, advancements in processing speed of algorithms and
data analysis, enhancement in image processing techniques for
real-time applications for food identification, and development of
low-cost imaging equipment are still of importance. Enhancing
the continuity of research and achieving transfer learning
between different instruments is necessary to attain food
identification applications.

CONCLUSION

This review summarized the application of infrared spectroscopy
and hyperspectral imaging to identify food varieties and
geographical origins. Various food types were studied, including
common crop food, beverage, fruits, nuts, meat, edible oil,
and other food types. The applications of various studies were
introduced with the research objectives, analytical techniques,

and results. We summarized the sample preparation, equipment
settings, and data analysis strategies of the presented researches.
Challenges and future perspectives of identifying food varieties
and geographical origins were also discussed in detail. The
presented research results illustrated the feasibility of using
infrared spectroscopy and hyperspectral imaging to identify food
varieties and geographical origins. However, the consistency of
the researches of a specific food type should be kept. As for future
studies, more efforts should bemade to conduct follow-up studies
to bring the researches from theory to applications. The ultimate
goal for identifying food varieties and geographical origins was
to bring these techniques into real-world applications. Thus,
the miniaturization and portable development of spectroscopy
and spectral imaging instruments should be developed for
online detection at a low cost. Moreover, the utilization and
development of reliable and high-performance data analysis
strategies should also be conducted to establish robust models
with good performances. According to this review, more work
needs to be done.

AUTHOR CONTRIBUTIONS

LF: conceptualization, funding acquisition, writing—original
draft, and writing—review and editing. BW: writing—original
draft and visualization. SZ: supervision and writing—review
and editing. YH: conceptualization and funding acquisition. CZ:
conceptualization, investigation, software, and writing—review
and editing. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by Key Projects of International
Scientific and Technological Innovation Cooperation
among Governments under National Key R&D plan
(2019YFE0103800) and National Natural Science Foundation of
China (31871526).

REFERENCES

1. Yang X, Hong H, You Z, Cheng F. Spectral and image integrated analysis of

hyperspectral data for waxy corn seed variety classification. Sensors (Basel).

(2015) 15:15578–94. doi: 10.3390/s150715578

2. Munera S, Amigo JM, Aleixos N, Talens P, Cubero S, Blasco J.

Potential of VIS-NIR hyperspectral imaging and chemometric methods

to identify similar cultivars of nectarine. Food Control. (2018) 86:1–

10. doi: 10.1016/j.foodcont.2017.10.037

3. Lin P, Chen Y, He Y. Identification of geographical origin of

olive oil using visible and near-Infrared spectroscopy technique

combined with chemometrics. Food Bioproc Technol. (2012)

5:235–42. doi: 10.1007/s11947-009-0302-z

4. Hong XZ, Fu XS, Wang ZL, Zhang L, Yu XP, Ye ZH. Tracing geographical

origins of teas based on fT-NIR spectroscopy: introduction of model

updating and imbalanced data handling approaches. J Anal Methods Chem.

(2019) 2019:1537568. doi: 10.1155/2019/1537568

5. Marquetti I, Link JV, Lemes ALG, Scholz MB, d.S., Valderrama P, et al. Partial

least square with discriminant analysis and near infrared spectroscopy for

evaluation of geographic and genotypic origin of arabica coffee. Comput

Electron Agricult. (2016) 121:313–9. doi: 10.1016/j.compag.2015.12.018

6. Bona E, Marquetti I, Link JV, Makimori GYF, da Costa Arca V, Guimarães

Lemes AL, et al. Support vector machines in tandem with infrared

spectroscopy for geographical classification of green arabica coffee. LWT

Food Sci Technol. (2017) 76:330–6. doi: 10.1016/j.lwt.2016.04.048

7. He W, Zhou J, Cheng H, Wang L, Wei K, Wang W, et al. Validation of

origins of tea samples using partial least squares analysis and euclidean

distance method with near-infrared spectroscopy data. Spectrochim Acta

A Mol Biomol Spectrosc. (2012) 86:399–404. doi: 10.1016/j.saa.2011.

10.056

8. Chen H, Lin Z, Tan C. Untargeted identification of black rice by near-

Infrared spectroscopy and one-Class models. Analyt Lett. (2018) 51:2362–

74. doi: 10.1080/00032719.2018.1429458

9. Firmani P, De Luca S, Bucci R, Marini F, Biancolillo A. Near infrared (NIR)

spectroscopy-based classification for the authentication of darjeeling black

tea. Food Control. (2019) 100:292–9. doi: 10.1016/j.foodcont.2019.02.006

10. López-Maestresalas A, Insausti K, Jarén C, Pérez-Roncal C,

Urrutia O, Beriain MJ, et al. Detection of minced lamb and

Frontiers in Nutrition | www.frontiersin.org 15 June 2021 | Volume 8 | Article 68035759

https://doi.org/10.3390/s150715578
https://doi.org/10.1016/j.foodcont.2017.10.037
https://doi.org/10.1007/s11947-009-0302-z
https://doi.org/10.1155/2019/1537568
https://doi.org/10.1016/j.compag.2015.12.018
https://doi.org/10.1016/j.lwt.2016.04.048
https://doi.org/10.1016/j.saa.2011.10.056
https://doi.org/10.1080/00032719.2018.1429458
https://doi.org/10.1016/j.foodcont.2019.02.006
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Feng et al. Infrared Spectroscopy for Food Traceability

beef fraud using nIR spectroscopy. Food Control. (2019)

98:465–73. doi: 10.1016/j.foodcont.2018.12.003

11. Shang L, Guo W, Nelson SO. Apple variety identification based on dielectric

spectra and chemometric methods. Food Analyt Methods. (2014) 8:1042–

52. doi: 10.1007/s12161-014-9985-5

12. Wang L, Sun D-W, Pu H, Zhu Z. Application of hyperspectral imaging

to discriminate the variety of maize seeds. Food Analyt Methods. (2016)

9:225–34. doi: 10.1007/s12161-015-0160-4

13. Barbin DF, Maciel LF, Bazoni CHV, Ribeiro MDS, Carvalho RDS,

Bispo EDS, et al. Classification and compositional characterization of

different varieties of cocoa beans by near infrared spectroscopy and

multivariate statistical analyses. J Food Sci Technol. (2018) 55:2457–

66. doi: 10.1007/s13197-018-3163-5

14. Miele A, Rizzon LA, Zanus MC. Discrimination of brazilian red wines

according to the viticultural region, varietal, winery origin. Ciência e Tecnol

Alimentos. (2010) 30:39. doi: 10.1590/S0101-20612010000100039

15. Pothinuch P, Tongchitpakdee S. Phenolic analysis for classification of

mulberry (Morus spp.) leaves according to cultivar and leaf age. Journal of

Food Quality. (2019) 2019:1–1. doi: 10.1155/2019/2807690

16. Gu X, Zhang L, Li L, MaN, Tu K, Song L, et al. Multisource fingerprinting for

region identification of walnuts in xinjiang combined with chemometrics. J

Food Process Eng. (2018) 41:12687. doi: 10.1111/jfpe.12687

17. Ballabio D, Robotti E, Grisoni F, Quasso F, Bobba M, Vercelli S,

et al. Chemical profiling and multivariate data fusion methods for the

identification of the botanical origin of honey. Food Chem. (2018) 266:79–

89. doi: 10.1016/j.foodchem.2018.05.084

18. Dinca, O.-R., Ionete RE, Popescu R, Costinel D, Radu, et al.-L. Geographical

and botanical origin discrimination of romanian honey using complex

stable isotope data and chemometrics. Food Analyt Methods. (2015) 8:401–

12. doi: 10.1007/s12161-014-9903-x

19. Zhao YY, Zhu SS, Zhang C, Feng XP, Feng L, He Y. Application of

hyperspectral imaging and chemometrics for variety classification of maize

seeds. Rsc Adv. (2018) 8:1337–45. doi: 10.1039/c7ra05954j

20. Fabiyi SD, Vu H, Tachtatzis C, Murray P, Harle D, Dao TK, et al. Varietal

classification of rice seeds using RGB and hyperspectral images. IEEE Access.

(2020) 8:22493–505. doi: 10.1109/access.2020.2969847

21. Manley M. Near-infrared spectroscopy and hyperspectral imaging: non-

destructive analysis of biological materials. Chem Soc Rev. (2014) 43:8200–

14. doi: 10.1039/c4cs00062e

22. Qu JH, Liu D, Cheng JH, Sun DW, Ma J, Pu H, et al. Applications of

near-infrared spectroscopy in food safety evaluation and control: a review

of recent research advances. Crit Rev Food Sci Nutr. (2015) 55:1939–

54. doi: 10.1080/10408398.2013.871693

23. Li X, He Y, Fang H. Non-destructive discrimination of chinese

bayberry varieties using vis/NIR spectroscopy. J Food Eng. (2007)

81:357–63. doi: 10.1016/j.jfoodeng.2006.10.033

24. Liu F, He Y, Wang L. Determination of effective wavelengths

for discrimination of fruit vinegars using near infrared

spectroscopy and multivariate analysis. Anal Chim Acta. (2008)

615:10–7. doi: 10.1016/j.aca.2008.03.030

25. Fan SX, Li JB, Xia Y, Tian X, Guo ZM, Huang WQ. Long-term evaluation

of soluble solids content of apples with biological variability by using near-

infrared spectroscopy and calibration transfer method. Posthar Biol Techn.

(2019) 151:79–87. doi: 10.1016/j.postharvbio.2019.02.001

26. Guo ZM, Wang MM, Agyekum AA, Wu JZ, Chen QS, Zuo M,

et al. Quantitative detection of apple watercore and soluble solids

content by near infrared transmittance spectroscopy. J Food Eng. (2020)

279:9955. doi: 10.1016/j.jfoodeng.2020.109955

27. Jiang HZ, Cheng FN, Shi MH. Rapid identification and visualization of

jowl meat adulteration in pork using hyperspectral imaging. Foods. (2020)

9:154. doi: 10.3390/foods9020154

28. Oliveira UF, Costa AM, Roque JV, Cardoso W, Motoike SY, Barbosa MHP,

et al. Predicting oil content in ripe macaw fruits (Acrocomia aculeata) from

unripe ones by near infrared spectroscopy and pLS regression. Food Chem.

(2021) 351:129314. doi: 10.1016/j.foodchem.2021.129314

29. Arendse E, Fawole OA, Magwaza LS, Nieuwoudt H, Opara UL.

Comparing the analytical performance of near and mid infrared

spectrometers for evaluating pomegranate juice quality. Lwt. (2018)

91:180–90. doi: 10.1016/j.lwt.2018.01.035

30. Machado JC, Faria MA, Ferreira I, Pascoa R, Lopes JA. Varietal

discrimination of hop pellets by near andmid infrared spectroscopy.Talanta.

(2018) 180:69–75. doi: 10.1016/j.talanta.2017.12.030

31. Wu D, Sun D-W. Advanced applications of hyperspectral imaging

technology for food quality and safety analysis and assessment: a review

— part i: fundamentals. Innovat Food Sci Emerg Techn. (2013) 19:1–

4. doi: 10.1016/j.ifset.2013.04.014

32. Liu D, Zeng XA, Sun DW. Recent developments and applications

of hyperspectral imaging for quality evaluation of agricultural

products: a review. Crit Rev Food Sci Nutr. (2015) 55:1744–

57. doi: 10.1080/10408398.2013.777020
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GLOSSARY

BPNN, Back propagation neural network; BPR, Biomimetic
Pattern Recognition; CARS, Competitive adaptive reweighted
sampling; CNN, Convolutional neural network; CSMWPLS,
Changeable size moving window partial least squares; DA,
Discriminant analysis; DCNN, Deep convolution neural
network; DOSC, Direct orthogonal signal correction; DPLS,
Discriminant partial least squares; ELM, Extreme learning
machine; EMD, Empirical mode decomposition; FCM, Fuzzy
c-means clustering; FDA, Factorial discriminant analysis;
FDCM clustering, Fuzzy discriminant c-means clustering; GA,

Genetic algorithm; GC, Gas chromatography; GC–MS, Gas

chromatography–mass-spectrometry; GK clustering, Gustafson–
Kessel clustering; GLRLM, Gray-level run-length matrix
analysis; HPLC, High-performance liquid chromatography;
HSI, Hyperspectral imaging; ICA, Independent component

analysis; IR, Infrared spectroscopy; IRIV, Iteratively retaining
informative variables; iPLS, Interval partial least squares
algorithm; KNN, K-nearest neighbor algorithm; KND,
Karl Norris derivative filter; LE, Laplacian eigenmaps;
LLE, Locally linear embedding; LPP, Locality Preserving
Projection; LSSVM, Least-squares support vector machine;
LTSA, Local Tangent Space Alignment; MIR, Mid-infrared
spectroscopy; MSC, Multiplicative scatter correction; MLP,
Multilayer perceptron; MWPLS, Moving window partial

least squares; MWPLS-DA, Moving window partial least
squares discriminate analysis; NIR, Near infrared spectroscopy;
OLDA, Orthogonal linear discriminant analysis; OPS, The
ordered predictor selection algorithm; OSC, Orthogonal signal
correction; OVO, One-versus-one; OVR, One-versus-rest;
PCA, Principle component analysis; PCM, Possibilistic c-means
clustering; PLSCM, Partial least squares class model; PLS-DA,
Partial least squares discriminate analysis; PNN, Probabilistic
neural networks; PTR-MS, Proton transfer reaction-mass
spectrometry; QDA, Quadratic discriminant analysis; RBFNN,
Radial basis function neural network; RF, Random forest;
rPCA, Robust principal component analysis; SDA, Stepwise
discriminant analysis; SFDA, Stepwise forward discriminant
analysis; SFEWR, Spectral feature-extraction method based
on waveform resolution; S-G, Savitzky-Golay algorithm;
SNV, Standard normal transformation; SPA, Successive
projections algorithm; Si-PLS, Synergy interval partial least
squares algorithm; SIMCA, Soft independent modeling of
class analogy; SVM, Support vector machine; SVDD, Support
vector data description; SVSKLPP, Supervised Virtual Sample
Kernel Locality Preserving Projection; SVSLPP, Supervised
Virtual Sample Locality Preserving Projection; t-SNE, T-
distributed stochastic neighborhood embedding; UVE-PLS,
Uninformative variable elimination based on partial least
squares; VISSA, Variable iterative space shrinkage approach; WT,
Wavelet transform.
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Different geographical origins can lead to great variance in coffee quality, taste, and

commercial value. Hence, controlling the authenticity of the origin of coffee beans is of

great importance for producers and consumers worldwide. In this study, terahertz (THz)

spectroscopy, combined with machine learning methods, was investigated as a fast and

non-destructive method to classify the geographic origin of coffee beans, comparing

it with the popular machine learning methods, including convolutional neural network

(CNN), linear discriminant analysis (LDA), and support vector machine (SVM) to obtain the

best model. The curse of dimensionality will cause some classification methods which are

struggling to train effectivemodels. Thus, principal component analysis (PCA) and genetic

algorithm (GA) were applied for LDA and SVM to create a smaller set of features. The

first nine principal components (PCs) with an accumulative contribution rate of 99.9%

extracted by PCA and 21 variables selected by GA were the inputs of LDA and SVM

models. The results demonstrate that the excellent classification (accuracy was 90% in a

prediction set) could be achieved using a CNN method. The results also indicate variable

selecting as an important step to create an accurate and robust discrimination model.

The performances of LDA and SVM algorithms could be improved with spectral features

extracted by PCA and GA. The GA-SVM has achieved 75% accuracy in a prediction set,

while the SVM and PCA-SVM have achieved 50 and 65% accuracy, respectively. These

results demonstrate that THz spectroscopy, together with machine learning methods,

is an effective and satisfactory approach for classifying geographical origins of coffee

beans, suggesting the techniques to tap the potential application of deep learning in the

authenticity of agricultural products while expanding the application of THz spectroscopy.

Keywords: THz spectroscopy, machine learning, classification, geographical origin, coffee beans
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INTRODUCTION

Coffee, as one of the most popular beverages in the world,
is widely appreciated by consumers for its unique aroma,
flavor, and refreshing effect (1–3). The sensory properties of
coffee are profoundly affected by the composition of coffee
beans, which are mainly affected by climate characteristics
associated with different latitudes and altitudes. Central and
South Africa offer optimal climate conditions for coffee
plants. However, a great variance in coffee quality, taste,
and commercial value is found with different geographical
origins (4–7). Inevitably, this variability aspect might
also increase the risk of fraud, such as mislabeling of the
product to conceal the true geographical origin of the coffee
beans (8). Hence, the development of analytical methods
that could efficiently evaluate the geographical origin
of coffee beans is highly encouraged by coffee producers
and consumers.

Several analytical techniques, such as chromatography (9–
11), electronic nose, and nuclear magnetic resonance, Flambeau
et al. (12) have been applied to discriminate geographical origins
of coffee beans by measuring physicochemical parameters,
including caffeine, amino acids, chlorogenic acids, saccharides,
and metal content (13–15). However, these methods are time-
consuming, costly, and unsuitable for online applications. Due
to the advantages of nondestructive and rapid, spectroscopy
methods have been increasingly developed as a powerful
analytical tool (16–20). For what it concerns the coffee
production and consumption, Raman spectroscopy has been
applied to discriminant Arabica and Robusta coffee beans (21,
22). For near-infrared spectroscopy, many applications for coffee
beans have also been reported, such as discrimination of varieties
(4, 23), prediction of roasting degree (24), and evaluation of
coffee beans quality (18, 25). However, the superposition of
different overtone and combination bands in the near-infrared
spectroscopy region causes very low structural selectivity for NIR
spectroscopy (26).

The frequency range of terahertz (THz) radiation is within
0.1–10 THz (27–29), where many fundamentals can usually
be observed in isolated positions. Many organic molecules
have strong absorption in the THz region due to the rotation
and vibration transition of the dipole (30, 31). Meanwhile,
the THz wave has relatively low-photon energy (4 meV
for 1 THz) and strong penetration; which will not cause
damage to biomolecules (32). In addition, compared with
commonly used near-IR spectroscopy, THz wave possesses a
longer wavelength and, therefore, cannot be easily influenced
by scattering (33). Compared with Raman spectroscopy, THz
wave is not easily affected by fluorescent substances in food
(34). Thus, THz fingerprint spectroscopy becomes one of the
most promising techniques for substance detection (29, 35).
It is widely used in food quality and safety control, such as
identification of floral resources of honey (36), discrimination
of extra-virgin olive oil from different origins (37), detection of
melamine in foodstuffs (38), and classification of transgenic food
(39–41). However, promptly distinguishing the geographical
origins of coffee beans in an effective manner using the THz

spectrum combined with traditional modeling methods is still
a challenge.

Machine learning, which is widely used in spectroscopy
analysis, could also extend to THz spectroscopy data processing.
Linear discriminant analysis (LDA) and support vector machine
(SVM) have been proved as effective supervised classification
methods in THz spectroscopy applications (37, 42). Owing to the
multicollinearity and the interference of uncorrelated variables,
most machine learning methods are based on spectral features
rather than whole spectral data (43, 44). Recently, dramatic
improvements in machine learning have mainly originated from
deep convolution neural networks (CNN). Taking the advantages
of effective structure and a convolution core in various scales,
CNN can retain information of spectral features. Thus, the weak
features can be enhanced even with a low signal–to-noise ratio
(45, 46). However, CNN could automatically extract complex
spectral features, making the classification model more accurate
and robust.

In this study, we develop several methods that are based
on THz spectroscopy, combined with machine learning, to
classifying the geographical origins of coffee beans. In detail,
CNN was investigated to simplify the feature extraction process
while ensuring predictive precision and accuracy. Moreover,
LDA and SVM were also applied to develop a series of
classifiers with the spectral features selected by principal
component analysis (PCA) and genetic algorithm (GA). The
results provide a new idea and attempt for the application of
THz spectroscopy and a machine learning method in food and
agricultural applications.

METHODS AND MATERIALS

Coffee Samples
Ninety-six samples of Arabica coffee beans, representatives
of three different geographical origins, were analyzed in the
present study. Out of these, 30 Kenya AA samples came from
Muchagara Estate in southern Kenya, 30 Kilimanjaro samples
came from Edelweiss Estate in Tanzania, and 36 samples came
from Baoshan, Yunnan. The producing countries and the species
were chosen according to their relevance to the Chinese coffee
market. Africa is the region with the largest number of coffee-
producing countries. High-quality coffee beans in Africa usually
come from Ethiopia, Kenya, Tanzania, and so on. Kenya and
Tanzania were among the top-20 producing countries. According
to International Coffee Organization (ICO) (47), both Kenya
and Tanzania contributed about 0.6% of the total world coffee
production. The current production of coffee in Kenya and
Tanzania is estimated to be 45,355 and 49,484 tons, respectively.
Therefore, Arabica coffee beans from Kenya and Tanzania in
Africa were selected for the research.

The roasting degree may cause chemical changes of coffee
beans and influence the classification of geographical origin.
To evaluate the classification model, samples from Yunnan
were further prepared with three different roasting degrees (48),
including light roasting (LR), medium roasting (MR), and deep
roasting (DR). The roasting temperature is 200◦C, and the
roasting times are 8, 10, and 14min, respectively. Meanwhile,
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FIGURE 1 | Main steps of classifying geographical origin of coffee beans.

Kenya AA and Kilimanjaro coffee beans were both prepared with
MR degree. Because Kenya AA and Kilimanjaro coffee beans are
imported from Africa, they have higher prices, and their taste is
best under moderately roasted conditions. In terms of consumer
habits, Kenya AA and Kilimanjaro coffee beans are both popular
in the market for moderate roasting, whereas Yunnan coffee
beans are sold in all three roastingmethods.Meanwhile, Yunnan-
Arabica is a domestic coffee bean, which is cheaper and easier
to obtain. It is easy for unscrupulous merchants to use different
roasting degrees of Yunnan-Arabica to pretend to be imported
coffee beans to deceive consumers.

Each coffee bean sample was first pulverized into flour by a
pulverizer, which was then grounded to fine powder with agate
mortar, and at last, pressed to a small tablet with a flat surface to
eliminate the influence of multiple scattering. The tablet sample
was finally made from 0.2 g of coffee bean flour; the conditions
for pressing were 15 tons of pressure for 15min. The schematic
of the main procedures of the classification model is shown in
Figure 1.

THz Spectroscopy Measurement
The coffee bean samples were analyzed using a time-domain
THz spectroscopy system (TAS7500SU, AdvanTest Crop., Japan)
with a resolution of 0.0076 THz. Limited by a device, only the
THz absorption spectral data within the frequency range of 0.5–
1.9 THz were reliable. During the measurement, the optical
cavity was filled with dry air to eliminate the interference of
water vapor. Each spectrum was valued as the average of three
measurements to improve the signal-to-noise ratio. The THz
time-domain signal can be written as

S (t) = A (ω) ej(ωt+ϕ (ω)) (1)

where ω represents the frequency of the THz wave, A(ω) and
ϕ(ω) are the amplitude and phase of THz-TDW, respectively.

According to the optical parameter extraction model (49), the
refractive index n (ω) and absorption coefficient α (ω)of a sample
could be calculated as follows:

n (ω) =
ϕ (ω) c

ωd
+ 1 (2)

α (ω) =
2

d
ln

{

4n (ω)

ρ (ω) [n (ω) + 1]2

}

(3)

where d is the thickness of the sample slices, ϕ (ω) and ρ (ω) are
the phase difference and the amplitude ratio between the sample
signal and the reference signal, respectively.

Feature Extraction
Some classification methods struggle to train effective models
when the number of spectral features is very large, which is called
the “curse of dimensionality” (50). This is especially relevant to
algorithms that rely on distance calculations, such as LDA and
SVM. Feature extraction is the critical step to avoid the curse
of dimensionality by creating a smaller set of features that still
capture most of the useful information.

Besides using the entire spectra (including 185 points),
two feature extraction methods were evaluated in this study.
First, PCA projects the original variables to a new coordinate
to obtain a set of values of linearly uncorrelated variables
called “principal components” (PCs) and thus eliminates the
overlapping parts of coexisting information (51). Meanwhile,
nine PCs with an accumulative contribution rate of 99.9%
also provide information about the characteristic peaks. In
the second feature extraction technique, the GA replaces the
parameter space of the problem with the coding space (52).
We implemented an adaptive GA that can automatically adapt
the parameters of the crossover and mutation rate. The selected
variables almost identify spectroscopy-relevant regions clearly
after the evolving process. Since the GA is a mainly stochastic
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FIGURE 2 | The hierarchical construction of the convolutional neural network (CNN)-based classifier.

algorithm, each group of data runs at least five times. After the
GA process, 21 variables were selected as the most streamlined
and important variables.

Classification Model
In this study, three different supervised machine learning
algorithms, including CNN, LDA, and SVM, were investigated
to classify different geographical origins of coffee beans.

Convolutional neural network is a special depth feed-forward
neural network, which could work without any prior knowledge
or human efforts in preprocessing raw data (53). The CNN
algorithm essentially achieves the mapping of input to output
by extracting features and reducing dimensions of the data
(54). Figure 2 is the hierarchical construction of the CNN-based
classifier, which consists of an input layer, a hidden layer, a full-
connection layer, and an output layer (55). The parameters of
each layer are shown in Table 1. The input layer size is 1 ×

262. Based on the initial size of the THz spectrum, in this study,
we choose a smaller convolution kernel size and a relatively
deep network. In the convolutional layer, the kernel size is set
as 3 × 1, and the convolution kernel of the set size is sampled
according to the stride. The convolution operation is performed
by multiplying the kernel by each point of the input data (56).
The bottom convolutional layer can capture different low-level
features, and the higher convolutional layer can capture more
abstracted and discriminative features (57). The max-pooling
layer was connected behind the convolution layer and was used
to extract the invariant features, compress the feature, reduce
computational complexity, and prevent overfitting, therefore
increasing the overall performance and accuracy of the network
(58). The kernel size of the max-pooling layer is set as 2 × 1.

Selection on the number of feature maps, when the size of the
output feature is halved, the number of the output channels
should be doubled to ensure that the information contained in
adjacent convolutional layers does not differ excessively. Through
five convolutions and pooling operations, the extracted feature
can be regarded as the abstracted and discriminative high-level
feature. The increase in the number of convolutional layers will
not improve the accuracy of the model, and the corresponding
calculation amount and the time consumption will increase.
Meanwhile, too few convolutional layers will result in imperfect
feature extraction (59). All features will be reshaped into one-
dimensional vectors and transmitted to the fully connected
layer. In the last layer, the Softmax function was used to
get the probabilities of each class of coffee bean. The deep
network will improve non-linear fitting capabilities due to the
nesting of multiple activation functions, making the network
represent a wider range of functions. Relu is selected as the
non-linear activation function; its unsaturation can improve the
computing speed and better converge the network. Considering
the problem of overfitting, we introduce the dropout method in
the network, which could randomly discard some neurons in
the full connectivity layer. The learning rate is set to 0.01. The
cross-entropy loss was adopted as the loss function. By sharing
weights and sparse connections, the CNN can greatly reduce the
parameter size and the amount of training data (60, 61).

Linear discriminant analysis achieves classification by
searching for directions (canonical variables) that maximize
the ratio between interclass and intraclass variances (62).
SVM constructs an optimal hyperplane, utilizing a small set
of vectors near a boundary to solve the classification issues
(63). Meanwhile, since applying radial basis function (RBF)
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TABLE 1 | Parameters of each layer in 1D-convolutional neural network (CNN).

Layer Type Feature map Kernel size Stride Dropout Size Activation

In Input 1 … … … 1 × 262 …

Conv1 Convolution 8 3 × 1 1 1 1 × 260 Relu

S1 Max pooling 8 2 × 1 1 … 1 × 130 …

Conv2 Convolution 12 3 × 1 1 1 1 × 128 Relu

S2 Max pooling 12 2 × 1 1 … 1 × 64 …

Conv3 Convolution 16 3 × 1 1 1 1 × 62 Relu

S3 Max pooling 16 2 × 1 1 … 1 × 31 …

Conv4 Convolution 20 3 × 1 1 1 1 × 29 Relu

S4 Max pooling 20 2 × 1 1 … 1 × 15 …

Conv5 Convolution 24 3 × 1 1 0.8 1 × 13 Relu

S5 Max pooling 24 2 × 1 1 … 1 × 7 …

FC6 Fully connected … … … 1 1 × 168 Relu

Out Fully connected … … … 1 1 × 3 Softmax

with the Gaussian functions as the kernel function, SVM can
reduce the computational complexity of the training procedure
(64). A heuristic “grid search” using 5-fold cross-validation was
performed to achieve the best prediction accuracy.

Model Evaluation
To better evaluate the performance and stability of the models,
the original dataset of samples was randomly divided into a
calibration set (nKenyaAA = 17, nKilimanjaro = 20, n Yunnan−Arabica

= 24), a validation set (nKenyaAA = 5, nKilimanjaro = 5,
nYunnan−Arabica = 5), and a prediction set (nKenyaAA = 8,
nKilimanjaro = 5, nYunnan−Arabica = 7). Although LDA and SVM
models conduct 5-fold cross-validation, the same three sets were
also used. To evaluate the performance of amodel to discriminate
specific coffee categories, sensitivity (Sen), specificity (Spe), and
accuracy (Acc) of a certain type of coffee were calculated
as follows:

Sensitivity =
TP

TP + FN
(4)

Specificity =
TN

TN + FP
(5)

Accuracy =
TP + TN

TP + FN + TN + FP
(6)

where TP is true positive, TN is true negative, FP is false
positive, and FN is false negative. Sensitivity represents the
ability of the model to correctly identify a specific type of
coffee samples, specificity represents the ability of the model to
correctly recognize the other two types of coffee samples, and
accuracy represents the ability of the model to classify all types
of samples correctly.

RESULTS AND DISCUSSION

Terahertz Spectra Analysis
Figure 3A shows the average THz time-domain signals of coffee
beans from three different geographical origins. The spectral
trends of all samples are similar to the average spectrum, so the

average spectrum is used to show the intraspecies consistency and
interspecies differences of coffee beans. Although the waveforms
are similar, the phase difference between the coffee beans from
Kenya and the other two kinds could be observed in the partially
enlarged view. The amplitude and the phase of the time-domain
signal of Yunan coffee beans with different roasting degrees
show a slight difference. In the average absorption spectra
(Figure 3B), Kenya coffee beans occupy the largest absorption.
There are no obvious absorption peaks within 0.5–1.9 THz,
which may due to the fact that, in the complex samples, the
molecular interaction with surrounding substances will cause
the disappearance of peaks (65). These three kinds of samples
show slight differences in the band of 1.5–1.9 THz, which mainly
represent the absorption of dry substances, such as hemicellulose,
cellulose, fat, lignin, chlorogenic acid, protein, and caffeine.
However, it is still difficult to classify the geographical origins
directly just by virtue of these minor differences. Therefore, it is
necessary to investigate the classification model to help identify
the geographical origins of coffee beans.

Classification Analysis
The redundancy of spectral variables will affect the classification
effect of traditional machine learning models, so spectral features
were extracted by two data dimensionality reduction methods,
including PCA and GA.

Figure 4 is the PC1, PC2, and PC3 score maps of PCA. As can
be seen from the figure, in the PCA model constructed from the
overall samples, the total proportion of the first three selected
PCs has reached 94.5% (84.4, 5.2, and 4.85%, respectively).
However, coffee bean samples from different regions exhibited
high overlapping due to the same compositional properties.
Therefore, the first three PCs, while characterizing the major part
of the THz spectrum differences, are not sufficient to achieve
the classification distinction. In this study, the first nine PCs,
whose accumulative contribution rate of PCs reached 99.9%,
were selected for subsequent analysis.

Figure 5 shows the histogram of the frequency of each
selected variable. Because of the randomness of the GA, the
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FIGURE 3 | Terahertz (THz) time-domain waveforms (A) and THz absorption

coefficient spectra (B).

intersection of five results after running five time was selected
as the most streamlined and important variable. Figure 6 shows
the final selected variables by the GA method. After the GA
process, 21 variables were selected as the most streamlined and
important variables. And the majority of the variables selected
by the GA method distribute within the ranges of 1.7–1.9 THz,
which also corresponds to the frequency band with the largest
difference among the three origins of coffee samples in the
absorption spectrum.

After the feature extraction process, the spectral variables
are imported into traditional machine learning methods. The
classification results were compared with the CNN model.
Table 2 shows Acc, Sen, and Spe for the calibration, validation,
and prediction sets for all classification models that were
considered. These metrics were also used to create the confusion
matrix of the results as shown in Table 3.

The best classification results were obtained using the CNN
model, which reaches 90.0% Acc, 90.5% Sen, and 95% Spe in
the prediction set. The most noteworthy result is that the CNN

FIGURE 4 | A three-dimensional score plot of the first three principal

components (PCs) for the coffee beans from Kenya, Tanzania, and China.

FIGURE 5 | The frequency of every variable of genetic algorithm (GA) for five

times.

approach outperforms the classifiers built on LDA and SVM.
LDA is a linear algorithm that is most capable of processing
simple datasets, while SVM is a non-linear approach that
specializes in high-variety datasets but depends on the input
features. Otherwise, the performance of LDA and SVM could
be improved by using the feature extraction method. As shown
in Table 2, in LDA and SVM models, the Acc, Sen, and Spe
values of the prediction set increase while using the extracted
feature compared with the use of the whole spectra. The feature
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data provide useful information and reduce the chances of
overfitting. However, the drawback is that the feature extraction
method found to be optimal for one classification model is not
guaranteed to work well with other models. There is a one-to-
one match between each classification model and the best feature
extractionmethod. For application, it is necessary to test different
combinations of feature extraction methods and classification
methods to achieve the best classification results.

Nevertheless, this drawback does not occur with a deep
learning model, which can analyze different kinds of data.
Moreover, in this study, the CNN model demonstrated a
powerful classification ability even in using the raw spectral data,
which means that deep learning has the potential to be a simple
one-step process in classification analysis.

Table 3 depicts the confusion matrix and descriptive statistics
related to the classification model. In traditional machine
learning models, GA-SVM gets the best accuracy of 75%. The
classification results of the CNN model were 90% accurate with
a specificity of 100% for Yunnan coffee beans and a sensitivity of

FIGURE 6 | The final result of the GA method for variable selection.

100% for Kenya and Tanzania coffee beans. The coffee beans from
Kenya and Tanzania are all correctly distinguished. However,
no matter what complex and specific method is adopted to
achieve the origins classification, there is still a non-negligible
degree of uncertainty. The fact that there has been a strong
confusion about the classification of the Yunnan coffee bean
samples is unsurprising, as the wrong determination is mostly
attributed to the interference of different roasting degrees. In
more detail, it may be due to the fact that Yunnan coffee beans
were further prepared with three different roasting degrees;
Kenya AA and Kilimanjaro coffee beans were both prepared
with only one roasting degree. Therefore, the difference between
Yunnan coffee beans increases, which makes more difficult for
the model to extract accurate features, and then makes the ability
of classification model to distinguish Yunnan coffee beans poor.

Results are encouraging because they indicate that the use
of THz and deep learning has positive effects and could be the
object of application. Additionally, the CNN approach is less
sensitive to data preprocessing than SVM and LDA. Nevertheless,
the small samples remind us that the optimum CNN classifier
has not been achieved yet. Larger samples will be needed for
CNN model training to make it more accurate and robust
in the future.

TABLE 3 | Confusion matrix detailing the multiclass discrimination results of three

different geographical origins of coffee beans using genetic algorithm

(GA)-support vector machine (SVM) and convolutional neural network (CNN).

Actual class Predicted class

GA-SVM CNN

Kenya Tanzania Yunnan Kenya Tanzania Yunnan

Kenya 6 2 0 8 0 0

Tanzania 0 5 0 0 5 0

Yunnan 0 3 4 1 1 5

Sen (%) 75.0 100.0 57.1 100.0 100.0 71.4

Spe (%) 100.0 66.7 100.0 91.7 93.3 100.0

Acc (%) 75.0 90.0

TABLE 2 | Comparison of model performance obtained with machine learning methods.

Classification methods Calibration Validation Prediction

Feature Sen Spe Acc Sen Spe Acc Sen Spe Acc

extraction (%) (%) (%) (%) (%) (%) (%) (%) (%)

LDA None 63.1 82.5 65.6 46.7 73.3 46.7 19.2 58.3 20.0

PCA 73.1 87.0 72.1 26.7 63.3 26.7 38.2 69.2 40.0

GA 74.3 87.7 75.4 33.3 66.7 33.3 42.4 71.4 45.0

SVM None 86.4 92.9 85.2 73.3 86.7 73.3 47.1 75.4 50.0

PCA 86.4 92.9 85.2 80.0 90.0 80.0 66.5 83.4 65.0

GA 85.8 93.1 86.9 80.0 90.0 80.0 77.4 88.9 75.0

CNN 95.3 97.6 95.1 93.3 96.7 93.3 90.5 95.0 90.0
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CONCLUSIONS

The geographical origin is one of the most relevant factors that
determine the quality and commercial value of coffee beans. In
this study, popular machine learning algorithms were used to
classify the geographical origins of coffee beans, based on THz
spectroscopy. A diversity of classification models was evaluated,
including CNN, PCA-LDA, GA-LDA, PCA-SVM, and GA-SVM.
Among them, above 90% accuracy is reached by using the CNN
model. The main advantage of the CNN approach is that there
is no need to predefine the feature of THz spectra. Although
the neural network takes a long time to train, the well-trained
model is available to achieve rapid detection, thus reducing the
pretraining time.

In summary, the effective and satisfactory approach
to classifying the geographical origin of coffee beans,
which taps the potential application of deep learning
in the authenticity of agricultural products, expands the
application of THz spectroscopy. Future research directions
include (1) using a larger database to improve the training
process of the network, which includes samples with wider
geographic distribution, more diversified varieties, and
more roasting conditions; (2) using a more detailed study
of the choice of CNN architectures and parameters to
find ideal networks for the problem; and (3) introducing
transfer learning to make the model suitable for other
classification tasks.
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Peanut allergy is becoming a life-threatening disease that could induce severe allergic

reactions in modern society, especially for children. The most promising method applied

for deallergization is heating pretreatment. However, the mechanism from the view of

spectroscopy has not been illustrated. In this study, near-infrared spectroscopy (NIRS)

combined with aquaphotomics was introduced to help us understand the detailed

structural changes information during the heating process. First, near-infrared (NIR)

spectra of Ara h1 were acquired from 25 to 80◦C. Then, aquaphotomics processing

tools including principal component analysis (PCA), continuous wavelet transform

(CWT), and two-dimensional correlation spectroscopy (2D-COS) were utilized for better

understanding the thermodynamic changes, secondary structure, and the hydrogen

bond network of Ara h1. The results indicated that about 55◦C could be a key

temperature, which was the structural change point. During the heating process, the

hydrogen bond network was destroyed, free water was increased, and the content

of protein secondary structure was changed. Moreover, it could reveal the interaction

between the water structure and Ara h1 from the perspective of water molecules, and

explain the effect of temperature on the Ara h1 structure and hydrogen-bonding system.

Thus, this study described a new way to explore the thermodynamic properties of Ara h1

from the perspective of spectroscopy and laid a theoretical foundation for the application

of temperature-desensitized protein products.

Keywords: peanut allergen protein Ara h1, near infrared spectroscopy, aquaphotomics, protein structure,

hydrophobicity

INTRODUCTION

Peanut (1), also known as Arachis hypogaea Linn, is an annual leguminous plant, which is
an important source of plant protein. It has multi-functions such as lowering blood sugar,
preventing cardiovascular and cerebrovascular diseases, and protecting the spleen and stomach
(2, 3). However, the peanut is one of the most severe food allergies in the world. Symptoms can
be triggered by tiny amounts of allergens manifesting as severe anaphylaxis (4). And the severity
of allergic reactions cannot be determined by the eliciting dose (5). Peanuts and nuts are the most
common allergens, with a fatality rate of 87%, and some serious allergic reactions are caused by
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milk and seafood (6). It is reported that peanut allergy accounts
for 59% of the total number of food allergies, and affects
approximately three in every 100 children (7). Structural changes
of the peanut allergens alter its allergenic potential, including the
IgE binding capacity and T-cell stimulation. Thermal processing,
such as roasting, increases peanut allergenicity by forming higher
order of protein structures and reducing the solubility. On the
contrary, extended boiling reduces peanut allergen IgE binding
capacity, but does not affect T-cell reactivity (8). Therefore, it is
necessary to investigate and elucidate the structural transform
information of peanut allergens caused by heating to help us
understand the biological system.

A total of 11 types of peanut allergen proteins have been
approved by the International Federation of Immunization
Nomenclature Subcommittee until now (9), and Ara h1 is
the most abundant peanut allergen in peanuts with strong
sensitization and a relative molecular mass of 63.5K Da (10, 11).
Xu et al. (12) investigated the Ara h1 secondary structure with the
help of circular dichroism (CD) and fluorescence spectroscopy.
The results indicated that after high-temperature heat treatment,
the content of β-sheet and random structure in Ara h1 increased,
while the α-helical content reduced. The hydrophobicity of
the protein-enhanced and its sensitization ability decreased
significantly (12). However, there is a lack of in-depth analysis of
its thermodynamic changes, secondary structure, and hydrogen
bonding system.

Near-infrared spectroscopy (NIRS) is a powerful, non-
invasive, and fast analytical technique (13). NIRS combines
with aquaphotomics, as an emerging label-free technology, has
attracted much attention in protein structure characterization
(14, 15). Aquaphotomics was proposed by Tsenkova (16),
which was developed mainly based on NIRS. The water
spectral information in the system could be obtained under the
disturbance of external factors, which then could be applied to get
useful information of the solute reflected by the “mirror” of water
structure transform (17). The water here could be applied as a
probe to carry out the qualitative and quantitative analysis. Dong
et al. (18) utilized aquaphotomics to investigate the structural
changes of water solvation shells around human serum albumin
(HSA), and the results showed that a more ordered hydrogen-
bonded water network was formed aroundHSAwith the increase
of HSA concentration. At the same time, aquaphotomics could
also be used for diseases or abnormal conditions diagnosis.
Jinendra et al. (19) found that aquaphotomics was a suitable
tool used for the diagnosis of the soybean mosaic disease
incubation period. As for the quantitative analysis, a low
methanol concentration predictive model was established by
using NIRS combined with aquaphotomics, which could be used
to monitor the fermentation process (20), and aquaphotomics
could sensitively reflect the solvation, water molecule types, and
hydrogen bond changes (21).

In this study, the Ara h1 heating process was focused on and
near-infrared (NIR) spectra were collected. Water was utilized as
a label-free tool to characterize the structure and the changes of
water to reflect the structural changes of Ara h1 with temperature
used as a perturbation. Through this study, we would like to
establish a new method that could elucidate the peanut allergen
protein in the view of spectroscopy. In addition, the knowledge

FIGURE 1 | SDS-PAGE of the purified Ara h1.

produced from this study would help and provide a theoretical
basis for the rational processing of peanuts.

MATERIALS AND METHODS

Materials
Matrix-F near-infrared spectrometer (Bruker, Germany)
equipped with a temperature controlling device (qpod2e,
Quantum Northwest, USA) was used to acquire the NIR spectra.
The microplate reader (Biotek, Vermont, USA) was introduced
to determine the Ara h1 content. The water used here was
deionized water which reached a resistivity of 18.2 MΩ . cm−1

(at 25◦C) from Milli-Q ultrapure water machine (Millipore,
Massachusetts, USA). All data were processed by MATLAB
2019a (Mathworks, Massachusetts, USA).

Ara h1 was separated and purified by acetone degreasing,
anion exchange column chromatography, gel column
chromatography, and finally prepared by freeze-drying.
The purity of Ara h1 was determined by sodium dodecyl
sulfate-polyacrylamide gel electropheresis (SDS-PAGE) (the
results were shown in Figure 1). Ara h1 was dissolved into
the deionized water (20 times diluted) and the Ara h1 content
was determined by BCA protein assay kit (Shanghai Biyuntian
Biotechnology Co., Ltd.).

Methods
Spectra Collection
The Ara h1 transmission NIR spectra were acquired by Matrix-
F near-infrared spectrometer. The wavenumber range was from
12,000 to 4,000 cm−1. To apply the aquaphotomics methods,
the wavenumber was transformed into wavelength. Therefore,
the wavelength in this study was from 833 to 2,500 nm. The
resolution was 8 cm−1, the optical path was 1mm, and the
number of scans was 64 times. Air was used as the background
spectrum, and the Ara h1 spectra were collected from 25 to 80◦C
with the increment of 5◦C. All samples were collected three times
at each temperature and the averaged spectra were taken for
further analysis.

Aquaphotomics Analysis
The collected spectra were processed by multiplicative scatter
correction (MSC), and then water matrix coordinates
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(WAMACS) were calculated following the aquagram used
for visual characterization (22, 23). The calculation method was
shown in the Formula (1) (24). About 12 different WAMACS
were identified to characterize the changes of water structures
under temperature disturbances, clarifying the changes of the
protein structure based on the spectral differences.

A
′

λ = (Aλ − µλ) /σλ (1)

In the Formula (1), A′
λ, the value on aquagram; Aλ, the

absorbance value after MSC treatment; µλ, the average
absorbance value at a given wavelength after MSC treatment; σλ ,
the SD of all spectra at a given wavelength after MSC treatment.

Principal component analysis
Principal component analysis (PCA) is extended to random
vectors from Hotelling (25), the primary purpose aims to reduce
the dimensionality of the data matrix, eliminate overlapping
information, and form a new spectral matrix. PCA decomposes
the spectral array X (n × m) into the sum of the outer products
of m vectors, which is expressed by Formula (2) (26).

X = t1p
T
1 + t2p

T
2 + t3p

T
3 + . . . + tnp

T
n (2)

In Formula (2), t, the score vector; p, the loading vector.
In this study, PCA was generally used to eliminate abnormal

data outside the 95% confidence interval to improve the accuracy
of qualitative analysis. The score could be used to explain the
relationship and change trend between different samples, and
the loading was applied to explain the spectral information of
the data (27). Averaged spectra at different temperatures were
analyzed by PCA, and then scores and loadings were introduced
to find outliers and characterized peaks.

Continuous Wavelet Transform Analysis
Continuous wavelet transform (CWT) decomposes the signal
into a series of superpositions of wavelet functions, obtained
by translation and expansion. It also has the characteristics
of a “mathematical microscope” (26). Wavelet is controlled by
scaling parameters and translation parameters, and commonly
used wavelet functions such as Daubechies, Coiflet, Symmlet, etc.,
(28). “Sym4” was selected to process the NIR spectra, improve
the resolution of spectra, eliminate the background effect, and
investigate the change of the protein secondary structure content
during the heating process.

Two-Dimensional Correlation Spectroscopy Analysis
Two-dimensional correlation spectroscopy (2D-COS) is often
used to analyze the dynamic characteristic spectra changes after
the system is affected by external disturbance factors, and the
changes are often expressed by Formulas (3–5) (29):

y (ν, t) =

{

y (ν, t) − y (ν) Tmin ≤ t ≤ Tmax

0 others
(3)

y(v) = 1/(Tmax − Tmin)

∫ Tmax

Tmin

y (ν, t) dt (4)

X (ν1, ν2) = 8(ν1, ν2) + i9 (ν1, ν2) (5)

FIGURE 2 | Protein standard curve.

In Formulas (3–5), y(ν, t), the spectral intensity; ν, the
wavelength; t, variable factor; X(ν, t), the spectral intensity at
ν1 and ν2 under variable disturbance; 8(ν1,ν2), synchronous
spectra; 9(ν1, ν2), asynchronous spectra.

Spectral data are displayed with 8(ν1, ν2) and 9(ν1, ν2). The
synchronous 2D-COS indicates the degree of synergy between
two dynamic spectral signals, and asynchronous 2D-COS shows
the order of changes in the two spectral dynamic signals (30).
Using the 2D-COS, the spectral dynamic changes of the system in
this study under temperature disturbance could be analyzed, and
the changes in the structure of the protein could be elucidated.

RESULTS AND DISCUSSIONS

Protein Concentration Determination
The Ara h1 concentration was determined and the results were
shown in Figure 2. It could be concluded that a good linear
standard curve (protein standard curve y = 0.5504x + 0.1694,
R2 = 0.9932) was established. Then Ara h1 solution was diluted
20 times, and the concentration was calculated as 5.16 mg·ml−1

according to the measured absorbance value. Then the solution
was used for NIR spectra collecting.

Near-Infrared Spectral Analysis of Ara h1
at Different Temperatures
Original Spectral Analysis of Ara h1
Figure 3 showed the original NIR spectral of Ara h1 aqueous
solution ranging from 25 to 80◦C. It could be found that there
were two broad peaks around 1,450–1,930 nm, respectively. The
peak around 1,930 nm indicated that saturation occurred due
to solvent absorption, and this band was not considered in the
subsequent analysis. The broad peak near 1,450 nm was mainly
the combined frequency absorption of the water O-H bending
vibration and antisymmetric stretching vibration (15). During
the heating process, a clear blue shift could be observed at
the peak around 1,450 nm. That was, it moved from 1,454 to
1,425 nm, and an isothermal point was formed near 1,441 nm.
It showed that the structure of the water solvation shell in the
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FIGURE 3 | Near-infrared (NIR) spectra of Ara h1 aqueous solution at different temperatures.

FIGURE 4 | The principal component score of Ara h1 aqueous solution at different temperatures.

protein changed with the heating process, which affected the
structure of the Ara h1 allergen protein.

Ara h1 PCA
The first principal component (PC 1) explains the largest change
in the data and contains the most information. Therefore, in
this study, the temperature was the only external interference
factor, so it was summarized in the PC 1. The change of
protein structure due to temperature interference was the second
important influencing factor, so it was summarized in the second
principal component (PC 2). PCA was introduced to find more

specific information and the results were shown in Figure 4. It
was indicated that the PC 1 contributed an 84.97% variance of the
whole spectra. The PC 2 contribution was 14.67%, which should
be caused by the structural changes of Ara h1 during the heating
process. There was a mutation point around between 55 and
60◦C. It showed that the structure of Ara h1 changed significantly
at this temperature, which might affect its sensitization ability.
Combining with the original spectra that showed baseline drifted
around 80◦C, a small amount of flocculent precipitation was
generated in the sample cell under this temperature. Therefore,
the spectra were precluded in the subsequent analysis at 80◦C.
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Due to the high absorption of water, the structure information
of Ara h1 based on different temperatures was difficult to analyze.
In this study, water was applied as a probe to investigate the
effect of temperature on water structure, which could reflect the
impact of temperature on Ara h1 structure indirectly based on
aquaphotomics. PCA was performed on the spectra in the range
from 1,250 to 1,667 nm, which was assigned as the water O-
H overtone band, and the score and loading plots were shown
in Figure 5. It was indicated that the PC 1 score (Figure 5A)
gradually increased as the temperature increased, and the trend
showed an excellent linear relationship (linear fitting: R2 =

0.9987) which proved that temperature had a significant impact
on the Ara h1 aqueous solution. Combined with the loading plot
(Figure 5B), it was found that a positive peak and a negative
peak appeared at 1,414 and 1,489 nm, which could be attributed
to the non-hydrogen bond absorption peak in free water and
the strong hydrogen bond absorption peak of four hydrogen
bonds in water molecules. The structure of the Ara h1 aqueous
solution had an obvious inflection point at about 55◦C from
the PC 2 plot in Figure 5C. It indicated that its structure had
undergone a major change, this change might be caused by the
negative peak at 1,440 nm (Figure 5D). The total absorbance was
decreasing at 1,440 nm with temperature increasing, forming a
negative peak, which could be attributed to a weak hydrogen
bond absorption peak in the water molecules. The weak and
strong hydrogen bonds in the water molecules were constantly
being destroyed, and the non-hydrogen bonding structure in
free water was constantly increased, leading to changes in the
structure of water molecules, free water was increased, and
hydration was weakened, which affected the water solvation shell
interaction between Ara h1 and water. The hydrophobic effect

was enhanced, and the allergenicity of the protein might also
be reduced.

Continuous Wavelet Transform Analysis of Ara h1
Then the spectra were handled by CWT in the wavelength
range of 2,050–2,350 nm to find more information about the
Ara h1, and “sym4” was selected as the wavelet base. Three
negative peaks as shown in Figure 6A could be identified at
2,060, 2,183, and 2,342 nm, respectively. Combining with the
characteristic absorption of protein (26, 30, 31) (Table 1), these
peaks probably came from overlapping absorption of the N-H
bending vibration of Ara h1 and the second overtone of an -
OH bending vibration of water, combined frequency absorption
of the C=O stretching vibration and the amide B/II, and -CH2
side-chain absorption, respectively. Two positive peaks appeared
at 2,210 and 2,288 nm, which came from the absorption of β-
sheet in the protein amide A/III bands and α-helical, respectively.
Among them, the spectral change at 2,060 nm was more obvious,
because the water absorption was stronger in the Ara h1 aqueous
solution, and absorption of the second overtone of an -OH
bending vibration in the water decreased significantly due to
the heating effect, which masked the changes of the protein
itself. Therefore, it is necessary to analyze the changes in protein
structure in combination with aquaphotomics.

Figure 6B showed that the combined frequency absorption of
C=O stretching vibration and amide B/II decreased significantly
before 55◦C, and after that, the absorption decreased slowly.
The amide structures in the protein were destroyed due to the
heating, and the C=O chain scission occurred. Figure 6C showed
the content of β-sheet of Ara h1 increased from 25 to 35◦C,
the content began to decrease slightly from 35 to 55◦C, and

FIGURE 5 | The first principal component (PC 1) score plot of Ara h1 aqueous solution (A) and its loading plot (B) at different temperatures, the second principal

component (PC 2) score plot of Ara h1 aqueous solution (C), and its loading plot (D) at different temperatures. (1,250–1,667 nm).
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FIGURE 6 | Transformed spectra calculated by continuous wavelet transform (CWT) of Ara h1 aqueous solution (2,050–2,350 nm) (A); Absorbance of the peaks at

2,183 nm (B), 2,210 nm (C), and 2,288 nm (D) in the original spectra of Ara h1 aqueous solution during the heating process.

TABLE 1 | Characteristic absorption of Ara h1 aqueous solution in near-infrared

(NIR) spectra (26, 30, 31).

Number Wavelength (nm) characteristic absorption band

1 2,060 the N-H bending vibration; the

second overtone of an -OH bending

vibration of water

2 2,183 Amide B/II

3 2,210 β-fold

4 2,288 α- helix

5 2,342 -CH2 side chain

that, content rose relatively rapidly. The results showed that the
structures of Ara h1 had undergone major changes at around
55◦C, causing a rapid increase in the β-sheet content of the amide
A /III. The α-helical content had been rising during the heating
process (Figure 6D). The secondary structures of the protein
changed, and the side chain structures of the protein were broken,
resulting in a corresponding decrease in the sensitization ability
of Ara h1.

Ara h1 2D-COS Analysis
To further examine the influence of temperature on the
structure of Ara h1 solution, the spectra were processed by
2D-COS from 1,250 to 1,667 nm (Figure 7). The red solid line
indicated that the peak value was positive, and the blue dashed
line indicated that the peak value was negative. Figure 7A

showed the synchronization spectra and autocorrelation peaks
at 1,414 and 1,489 nm were identified, respectively. The peak
at 1,414 nm was primarily the non-hydrogen bond absorption.

While the position at 1,489 nm mainly came from the strong
hydrogen bond absorption with four hydrogen bonds in water
molecules. Combined with the results of the asynchronous
spectra (Figure 7B), we could conclude that the change of
the absorption peak at 1,489 nm was earlier than that of
1,414 nm. During the heating process, the strong hydrogen bond
structure of the water molecules in the Ara h1 solution was
destroyed first, and the hydrogen bond network of the water-
bound gradually disintegrated, the hydration was weakened,
and the non-hydrogen bond free water structure in the
system gradually increased. Under the impact of temperature,
the hydrophobicity of protein-enhanced and precipitation was
formed by dehydration. It could also account for the existence
of a small number of flocculent precipitates in the experimental
samples at 80◦C.

Ara h1 Aquagram Analysis
The influence of temperature on the structure of Ara h1 was
characterized by an aquagram. The characteristic absorption
bands of the Ara h1 aqueous solution during temperature change
were shown in Table 2 (32–39). The aquagram with the 12
WAMACS was shown in Figure 8. It showed that during the
heating process, the water spectra of the Ara h1 aqueous solution
gradually shifted from high wavelength to low wavelength, the
structures of Ara h1 and its spectra were changed under the
influence of temperature. The absorbance increased first, and
then it decreased significantly when the temperature rose to
50◦C at 1,440 nm. Therefore, combining with Table 2, the strong
hydrogen bond was gradually destroyed by the increase of
temperature, the weak hydrogen bond and other structures were
formed. Under the influence of this effect, the water molecules
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FIGURE 7 | Two-dimensional correlation synchronous spectra of Ara h1 aqueous solution (A); Two-dimensional correlation asynchronous spectra of Ara h1 aqueous

solution (B).

TABLE 2 | Water matrix coordinates: characteristic absorption of water in NIR

spectra (32–39).

Number Wavelength(nm) Characteristic water absorption

band

1 1,342 V3

2 1,364 -OH-(H2O)n,n,n=1,2,4: water solvation

shell

3 1,374 V1 + V3

4 1,384 OH-(H2O)n,n=1,4: water solvation shell

O2-(H2O)4: hydrated superoxide

clusters

5 1,414 Non-hydrogen bonds for free water

6 1,426 OH Bend OH...O, hydration band

7 1,440 Water molecules with 1 hydrogen

bond

8 1,452 Water solvation shell

9 1,462 Water molecules with 2 hydrogen

bond

10 1,476 Water molecules with 3 hydrogen

bond

11 1,488 Water molecules with 4 hydrogen

bond

12 1,512 Strongly bound water; (V1, V2 )

V1, H2O symmetrical stretching vibration; V2, H2O bending stretching vibration; V3, H2O

asymmetric stretching vibration.

were bounded by weak hydrogen bonds increasing. As the
temperature rose again, the weak hydrogen bonds were also
destroyed, the absorbance was weakened there, and the free water

FIGURE 8 | The aquagram of Ara h1.

structure was formed. When the temperature was below 55◦C,
the WAMACS of the aquagram were mainly biased toward high
wavelengths. Combined with Table 2, at this time, the hydrogen
bond network structure of Ara h1 aqueous solution was stable,
and the hydration was strong between water and the protein
surface, which had little effect on the protein structure. When
the temperature was higher than 55◦C, the aquagram tended
to be at low wavelengths, the hydrogen bond network was
broken, hydration was weakened, the structure of Ara h1 aqueous
solution was greatly changed, and the protein precipitated and
aggregated, and the hydrophobicity of the protein increased. It
led to the decrease of sensitization ability.
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Combining the changes in the content of the protein
secondary structure in the wavelength range of 2,050–2,350 nm,
the analysis showed that the hydration was weakened during
the heating process between the protein and the solvent water,
and the Ara h1 aqueous solution precipitated and aggregated.
The ordered structure was transformed to disorder, the binding
site of the protein might be changed, which would affect
the sensitization ability of peanut protein. This proved that
using this non-labeled water as a probe combined with NIR
spectroscopy could effectively characterize the structural changes
of peanut allergens.

CONCLUSION

Near-infrared spectral analysis technology and aquaphotomics
were introduced into this research to explore the structural
changes of the peanut allergen protein Ara h1 at 25–80◦C.
It was speculated that at the about 55◦C mutation point, the
binding site of the protein had undergone major changes under
the influence of temperature. When the temperature rose to
about 55◦C, the protein structure was gradually destroyed, the
content of the β-sheet began to rise, the hydrophobicity of
the protein increased, and its sensitization ability decreased. It
formed Ara h1 hypoallergenic protein, which could be used to
treat peanut allergy.

A method for characterizing the regularity of protein
structural changes without labeling was established through this
research. Compared with the conventional analysis method for
structural changes, it was easy to operate and had high sensitivity.
At the same time, it was based on the interaction between the

allergen protein Ara h1 and the water structure, revealed the

temperature point of the Ara h1 protein structural changes. It
laid a theoretical foundation for food processing technology and
also provided a new idea to explore the interaction of various
molecules in the life system.
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A growing number of medicinal and edible plants have attracted increasing attention due

to their abundant constituents and biological activities including turnip. Turnip (Brassica

rapa L.) is an herbaceous biennial plant belonging to Cruciferae Brassica. As one

of the oldest cultivated vegetables widely consumed in Asia, the turnip has received

significant attention in the studies of its bioactive components and biological function.

Multiple bioactive components in turnip, such as glucosinolates, isothiocyanate, phenolic

compounds, flavonoids, and organic acids, were identified. The bioactivity studies on

turnip revealed its anticancer, antimicrobe, anti-hypoxia, anti-diabetes, anti-oxidation,

and nephroprotective activity. The present review mainly summarized the previous

studies on the chemical compositions of turnip and the bioactivities associated with

turnip. Further studies on the extraction and purification of compounds from a turnip

as well as its potential molecular mechanisms are highly needed to utilize turnip as a

functional food plant in a better way.

Keywords: turnip, Brassica rapa L, bioactivities, chemical compositions, molecular mechanisms

INTRODUCTION

Recently, an increasing number of medicinal and/or edible plants have received more attention
due to their multiple bioactive effects. Cruciferous vegetables, in particular the Brassica genus,
including broccoli, cabbage, and turnip, are widely consumed for medicinal treatments in the past
few decades. The vegetables of the Brassica genus are an adequate source of glucosinolates, which
can be hydrolyzed into isothiocyanates via the plant enzyme myrosinase (1).

Turnip, also named Brassica rapa L. in Latin, is defined as a biennial herbaceous plant belonging
to Cruciferae Brassica which matures in 2 months and can be planted in the spring, late summer,
and fall for roots or greens (1, 2). Turnip is one of the oldest cultivated vegetables and has
been widely consumed in high-altitude localities in Asian countries (3). For example, the root
of turnip is eaten by Tibetan nationality people living in Qinghai-Tibet Plateau for fatigue relief
and hypoxia prevention (4). One research on its chemical composition revealed that this plant is
a rich resource of glucosinolates (1, 5, 6), phenolic compounds, organic acids (7, 8), flavonoids
(9), sulfur compounds (10), and volatiles (2, 11, 12), which has been found to contribute to
different health-beneficial effects. A few studies revealed that turnip exhibits the bioactivities
including anti-cancer (1, 2, 13), anti-bacteria (1, 7), anti-oxidation (6–8, 14), anti-radiation (15),
and anti-diabetes (16, 17). More recently, several novel biological effects, such as nephroprotection
(18), hypoxia cerebral and pulmonary edema prevention (19, 20), and osteoporosis prevention (15),
have been reported to enrich turnip as a functional food.
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To better understand the beneficial effects of turnip as a
natural health tonic, literature associated with turnip were
reviewed according to the Web of Science Core Collection.
This current review first introduced the chemical composition
of turnip, followed by the discussion of the biological activities
of turnip and the factors affecting the bioactive components
of turnip.

CHEMICAL COMPOSITION OF TURNIP

Nutrient Substances
The chemical composition analysis of the root of turnip
showed that it is rich in multiple nutritional profiles including
carbohydrate, protein, dietary fiber, vitamin C, essential amino
acid, and mineral element, but less fat (21). Turnip leaves possess
more nutrients compared with turnip roots. Besides the nutrients
mentioned above, some researchers reported that turnip leaves
are abundant sources of carotenoids, lutein, vitamin A, vitamin
B, and vitamin K (22).

Glucosinolates and Isothiocyanate
Glucosinolates are highly present in turnip with three subunits
including glucose, amino acid, and sulfate. Glucosinolates
have been classified into aliphatic glucosinolates, aromatic
glucosinolates, and indole glucosinolates according to
the different amino acid constituents (21). They can be
rapidly hydrolyzed by myrosinase (i.e., β-thioglucosidase,
thioglucoside glucoside glucohydrolase, EC 3.2.3.1) into various
metabolites including glucose, sulfate, isothiocyanate, nitrile, and
thiocyanate, which have been found to exhibit multiple biological
activities (1, 2, 5). A total of 10 glucosinolates were determined
by the comparative analysis of 59 varieties of turnip tubers from
4 agroclimatic zones in China. Among them, gluconasturtiin
and glucobrassicanapin are the two main glucosinolates with the
highest contents (21). Compared with turnip roots, turnip leaves
containmore types of glucosinolates. The study from Padilla et al.
(23) showed that turnip greens contain 16 kinds of glucosinolates
in a collection of 113 varieties of turnip from northwestern
Spain. Among them, the levels of aliphatic glucosinolates, such as
gluconapin and glucobrassicanapin, are the most abundant, but
indolic glucosinolate and aromatic glucosinolate concentrations
are relatively low (24). Besides, the sensory analysis on the flavor
of turnip indicated that the glucosinolate concentration is closely
associated with the taste of bitterness (2, 12, 23). Turnip has
also been reported to be a natural source of isothiocyanates
including sulforaphane (10). The total content of glucosinolates
in different parts of the turnip (peeled root, peeling, and leaf)
ranges from 147 to 151 µmol/100 g, suggesting no significant
difference among these parts. In addition, 3-butenly, 4-pentenyl,
and β-phenylethyl isothiocyanate are the three isothiocyanates
with high contents based on GC/MS and GC analyses (1, 11, 12).

Phenolic Compounds and Organic Acids
Phenolic compounds and organic acids, two known bioactive
compounds wildly present in plants, have been reported
to possess many health benefits, including antioxidation,
anti-inflammation, anti-diabetes, and neuroprotection. Many

studies have detailly reported the 14 phenolic compounds
and 6 organic acids in turnip (7, 8). The phenolic compounds
include 3-p-coumaroylquinic acid, caffeic acid, ferulic acid,
sinapic acid, kaempferol 3-O-sophoroside-7-O-glucoside,
kaempferol 3-O-sophoroside-7-O-sophoroside, kaempferol
3-O-(feruloyl/caffeoyl)-sophoroside-7-O-glucoside, kaempferol
3,7-O-diglucoside, isorhamnetin 3,7-O-diglucoside, kaempferol
3-O-sophoroside, 1,2-disinapoylgentiobiose, 1,20 -disinapoyl-
2-feruloylgentiobiose, kaempferol 3-O-glucoside, and
isorhamnetin 3-O-glucoside. Among them, the quantification
analysis revealed that kaempferol 3-O-sophoroside-7-O-
glucoside, kaempferol 3-O-(feruloyl/caffeoyl)-sophoroside-7-O-
glucoside, isorhamnetin 3,7-O-diglucoside, and isorhamnetin
3-O-glucoside are the main phenolics. The contents of phenolic
compounds in turnip exhibited a high level (about 18 g/kg),
more than two times as much as those in Brassica oleracea L. var.
acephala (7, 8). El-Makawy and his colleagues (15) reported that
the total phenolic content in turnip oil was detected at 4.1mg
GAE/g. Another study conducted by Romani et al. (9) revealed
that turnip top contains a high level of polyphenol compounds,
especially flavonoids (about 119.2–138.85 mg/100 g), which
is about 3–10 times than other Brassica genus. The contents
of hydroxycinnamic derivatives were found at the level of
5.77–52.54 mg/100 g. It is also reported that all flavonoids
in turnip top are glycosylated derivatives of isorhamnetin,
kaempferol, and quercetin glycosides (9). In addition, three
new chalcone glycosides, that is, 4′-O-β-D-glucopyranosyl-
4-hydroxy-3′-methoxychalcone, 4′-O-β-D-glucopyranosyl-3′,
4-dimethoxychalcone, and 4,4′ -di-O-β-D-glucopyranosyl-3′-
methoxychalcone, have been isolated from the aerial parts of
turnip (25). The organic acids in turnip include malic acid,
aconitic acid, citric acid, ketoglutaric acid, shikimic acid, and
fumaric acid mostly found in turnip leaves, stems, and flower
buds. Among them, malic acid is the dominant one (7, 8). The
total organic acid content in the flower buds and leaves and
stems of turnip showed a high level (ranging from 36 to 51 g/kg,
dry basis), which was significantly higher than that of roots.
Although malic acid is the dominant one in three turnip edible
parts, the ratio of it is significantly different: the roots showed
the highest level of malic acid (81%), followed by leaves and
stems (65%), and flower buds exhibited a lower level (41%) (8).
Shikimic acid is the least one, accounting for only 0.1–0.3% of
the total acid. In addition, the content of aconitic acid in flower
buds was the highest (14%), which was significantly higher than
that in roots (2%) (8). It should be pointed that ferulic acid and
synaptic acid are only detected in turnip roots (8).

Sugar
The total concentration of soluble sugar in turnip (including leaf
and bulb) is about 345 g/kg, which is lower than that of swede
but higher than that of kale and rape. The primary soluble sugars
are glucose, fructose, and sucrose (26). The results are consistent
with a previous study conducted by Hong and Kim (1).

Volatiles
A series of volatiles exist in Brassica plants, including
glucosinolates, alcohol, esters, aldehydes, terpenes, and ketones.
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These components are supposed to defend against herbivore
attacks. In addition, plant volatiles are also considered to
have great beneficial effects on human health (12, 27). The
composition of volatiles in turnip at different developmental
stages (seeds, sprouts with 6 and 9 days of age, and adult
plants) was detected in 2009 (12). It showed that a total of
64 volatile compounds were characterized, including 1 alcohol,
15 aldehydes, 10 esters, 1 ketone, 1 nitrogen compound,
12 norisoprenoids, 14 sulphury compounds, 8 terpenes, and
2 miscellaneous compounds. Among them, 47 components
were found in the adult plant, 37 and 41 components in
sprouts with 6 and 9 days, respectively, and 18 components in
seeds. Isothiocyanates were the main volatiles in all materials,
in which 3-butenyl isothiocyanate was the dominant one.
Terpenes, aldehydes, norisoprenoids, and ester compounds
were exhibited at higher levels in sprouts within 9 days of
development (12); however, Xue et al. (11) detected a total of
67 volatiles in fresh turnips and dried turnip chips. Esters are
the predominant volatiles (92.51%), especially isothiocyanato-
cyclopropane (37.30%) and (2-isothiocyanatoethyl)-benzene
(28.35%). On the other hand, there were around 15–20
kinds of volatiles detected in turnip chips dried by freeze-
drying, explosion puff drying, infrared drying, and hot air-
drying, respectively. Interestingly, besides 2-methyl-propanoic
acid and 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl ester,
other volatile components in turnip chips with different drying
methods are observed, which are significantly different from
each other. This finding suggests that different drying methods
result in the generation of different volatiles, which should
be considered as a major factor for the flavor and quality of
turnip chips.

BIOLOGICAL ACTIVITIES OF TURNIP

Anti-cancer Activity
Cancer is one of the most serious chronic diseases threatening
human health all over the world, which causes thousands
of deaths per year. Many cruciferous vegetables have been
found to possess anticancer activity due to their bioactive
components including isothiocyanate (13). Isothiocyanate is the
breakdown product of glucosinolates. Due to the high content
of glucosinolates in turnip, this plant has been found to reduce
the risk of cancer effectively (1, 28). β-phenylethyl isothiocyanate
is the most dominant isothiocyanate in turnip (11). One
study showed that the growth of human-derived hepatoma
cells (HepG2) was significantly inhibited with the treatment
of β-phenylethyl isothiocyanate in a concentration-dependent
manner (1). Another study indicated that the treatment of β-
phenylethyl isothiocyanate significantly inhibited the growth of
the human prostate cancer cell line DU145 via the inhibition of
the JAK/STAT3 pathway (29).

Antimicrobial Activity
Bacterial infection is a major risk factor for human health
since it can induce diarrhea, vomit, enteritis, and even death.
Antibiotics are widely used as specific drugs for the treatment
of bacterial infections; however, drug resistance and side effects

of antibiotics are considered a big concern. Thus, natural
alternatives for the treatment of pathogenic bacterial infections
are imperiously needed. Turnip has been reported to be a source
of safe antimicrobial compounds (30, 31). Methanol extracts of
turnip including carbon tetrachloride and chloroform soluble
fractions have been found to inhibit nine genus bacteria including
three Gram-positive bacteria (Bacillus cereus, B. subtilis, and
Sarcina lutea) and 6 Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa, Salmonella Paratyphi, S. Typhi, S.
dysenteriae, and Vibrio parahemolyticus), suggesting an effective
antimicrobial activity of turnip (30). Another animal study
reported the inhibitory effect of turnip root on Helicobacter
pylori. Mice treated with a high dose of myrosinase-reacted
turnip roots showed a significant anti-H. pylori effect, which was
even comparable to that of amoxicillin. Besides, the serum of
mice fed with a high dose of turnip roots lyophilized powder (200
mg/Kg/day) exhibited a higher level of anti-H. pylori antibody.
The active components are considered to be isothiocyanates,
and the metabolites of glucosinolates are decomposed by
myrosinase in turnip. This study indicates that turnip may act
as the potential functional food for the treatment of H. pylori
infection (32). Another study also reported that β-phenylethyl
isothiocyanate found in turnip root significantly attenuated the
viability of V. parahaemolyticus, Staphylococcus aureus, as well as
B. cereus (1). Interestingly, the inhibitory effects of β-phenylethyl
isothiocyanate on these bacteria might be different. Sousa and
his colleagues (7) found that the aqueous extracts of turnip
inflorescences, including β-phenylethyl isothiocyanate, exhibit
different levels of inhibitory effect on different bacteria, with
the order of S. aureus > B. cereus >> B. subtilis. An in vitro
experiment conducted by Aires et al. (33) suggested that β-
phenylethyl isothiocyanate intensely inhibited the activity of
Gram-positive bacteria, including S. aureus and S. saprophyticus,
which were isolated from human and pig gastrointestinal
segments. β-phenylethyl isothiocyanate showed a relatively
low inhibitory activity on Enterobacter hormaechei, E. coli
strains, Klebsiella oxytoca, Morganella morganii, P. aeruginosa,
and Stenotrophomonas maltophilia. All the above findings
indicate that turnip can be considered a preventive tool for
bacterial infection.

Anti-hypoxia Activity
Oxygen is essential for humans to sustain life. Exposure to a
low oxygen environment, such as high-altitude localities, may
induce a series of stress responses including breath shortness,
increased blood pressure, and faster heart rate. Thus, finding
some naturally occurring food that possesses a beneficial effect
on hypoxia is important. Turnip root has been historically
used for hypoxia relief for a long time by Tibetan nationality
people, who lived in Qinghai-Tibet Plateau (4, 34). One human
study conducted by Chu et al. revealed that human hypoxia-
tolerance was significantly improved with a 7-day Tibetan
turnip consumption, through promoting oxygen absorption in
red blood cells and oxygen transportation with hemoglobin
(34). Several studies suggested that polysaccharides, p-coumaric
acid, and p-coumaric acid-β-D-glucopyranoside in turnip are
potentially active components contributing to the anti-hypoxia
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effect of turnip (4, 19, 20). Within these compounds, p-coumaric
acid and p-coumaric acid-β-D-glucopyranoside have been found
to protect mice from hypoxia pulmonary edema and hypoxia
cerebral edema. As these studies used male Kunming mice
as an animal model, further human studies are required to
determine effective compounds in turnip on promoting hypoxia
tolerance (4).

Antidiabetic Activity
Diabetes is a chronic and metabolic disorder typically
characterized by high levels of blood glucose and impaired
glucose metabolism, which induces an increased public concern
worldwide (35). Although some drugs, including insulin,
metformin, and glucosidase inhibitors, have been widely used for
diabetic treatments, their negative effects, such as drug resistance,
side effects, and even painful experience, are big concerns that
drive researchers to find safer alternatives for the prevention
and/or treatment of diabetes (2). Jung et al. (16) reported that
ethanol extracts of turnip root improved glucose transportation
and ameliorated insulin resistance via reducing the levels of
blood glycosylated hemoglobin, plasma insulin, C-peptide, as
well as glucagon in type 2 diabetic db/db mice. They also found
that turnip extracts promoted the insulin/glucagon ratio and
hepatic glycogen content by the promotion of hepatic glucose
regulating enzyme activity (16). Furthermore, both ethyl acetate
extracts and butanol extracts of turnip were found to effectively
inhibit α-glucosidase activity. Twelve compounds were isolated
and identified from ethyl acetate extracts and butanol extracts,
two of them, namely licochalcone A and caffeic acid, have been
revealed to exhibit an inhibitory effect on α-glucosidase.

Antioxidant and Antiradical Activity
Oxidative stress resulted from excessive reactive oxygen species
(ROS) and has been proved to induce many chronic diseases,
such as inflammation, neurodegeneration, obesity, and even
cancer (36, 37). Many naturally occurring foods and/or
their components are considered antioxidants, which can be
consumed to defend cellular damage from oxidative stress.
Turnip is an abundant source of natural antioxidants, especially
phenolic compounds and organic acids (8). The assessment
of antioxidant abilities of aqueous extracts of different parts
of turnip was obtained by DPPH radical-scavenging assay (8).
The result suggested that aqueous extracts of turnip leaves,
stems, and flower buds exhibited higher antioxidative capacity,
compared with that of turnip roots (8); however, this result
is not consistent with another study, which suggested that the
aqueous extracts of turnip roots showed higher DPPH radical
scavenging activity than that of aqueous extracts of turnip green
(31). Different sample collection seasons, different areas, and
different subspecies may cause this controversial conclusion.
Besides, turnip tops have been reported to possess an effective
antiradical capacity probably resulting from a high polyphenols
content (about 107–191 mg/100 g in fresh sample) (9). A
comparative study among nine cruciferous plants exhibited that
turnip sprouts grown for 8 days showed higher antioxidative
capacity compared with other varieties. Furthermore, the result
showed that there was a positive correlation between the content

of phenolic compounds and superoxide radical-scavenging
capacity, suggesting that phenolic content can be used as a
marker to assess the antioxidation ability of herbals (6). In
addition, one study displayed that turnip oil had high DPPH
radical scavenging activity. After mixing with DPPH for 1, 30,
and 60min, 10, 19, and 31% of DPPH radicals were scavenged by
turnip oil, respectively (15).

Nephroprotective Activity
Cisplatin (cis-diaminedichloroplatinum II) is considered one of
the most efficient chemotherapeutic drugs for the treatment
of human solid tumors developing in the head, neck, testis,
ovary, and breast; however, the side effect of cisplatin, such
as nephrotoxicity, greatly restricts the curative effect of this
anticancer drug (2). An investigation of the protective effect of
the ethanol extracts of turnip roots against cisplatin-induced
nephrotoxicity in vitro (LLC-PK1 cells) and in vivo (SD male
rats) was conducted by Kim and his colleagues in 2006. The
result revealed that the intake of the ethanol extracts of turnip
roots alleviated cisplatin-induced nephritic injury through the
amelioration of oxidative stress (18).

FACTORS AFFECTING THE BIOACTIVE
COMPONENTS OF TURNIP

The investigation of seasonal effects on the composition of
bioactive compounds of turnip indicated that the average
contents of glucosinolates (glucobrassicanapin, gluconasturtiin,
and 4-hydroxyglucobrassicin), total flavonoids, and Vitamin C in
turnip roots are higher in the Summer-Winter than those in the
Spring-Summer, while less significant changes were found in the
total content of phenolics (14).

The elevating atmospheric carbon dioxide is another essential
factor that may affect the chemical composition of turnip. Azam
et al. (38) found that the increased level of carbon dioxide
enhanced the contents of sugar and fiber in turnip; however,
the levels of protein, vitamin C, fat, and most amino acids
dropped significantly. In addition, several important minerals,
such as Ca, Mg, Zn, Mn, and Fe, were also decreased (38). Thus,
it is important to maintain the nutritional value of turnip by
controlling the release of carbon dioxide into the atmosphere.

To explore the effect of cooking methods on the loss
of nutritional components of turnip, Francisco et al.
(39) determined the levels of glucosinolates, flavonoids,
hydroxycinnamic acids, and vitamin C in turnip cooked by
conventional boiling, steaming, and high-pressure cooking.
The results showed that conventional boiling and high-pressure
cooking induced higher loss of total glucosinolates (more than
60%) and total phenolic content (more than 70%), compared
with the loss by steaming method (all below 15%). In addition,
the loss of total flavonoids was 5, 64, and 67% by steaming,
conventional boiling, and high-pressure cooking, respectively.
It indicates that steaming might be a better method to preserve
glucosinolates, phenolic compounds, and flavonoids. The level
of Vitamin C dropped sharply after cooking, despite the cooking
method used (39). Other studies showed that cooking time had a
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greater influence on the level of ascorbic acid than any cooking
method (40), suggesting that the loss of nutrients in turnip could
be reduced by controlling cooking time.

CONCLUSION

The chemical composition of turnip and its multiple bioactivities,
including anticancer, antimicrobial, anti-hypoxia, anti-diabetes,
antioxidant, nephroprotective activity, were reviewed in this
article. Moreover, the factors affecting bioactive components
of turnip were also introduced briefly. To summarize, current
studies mainly focus on the identification of various chemical
components of turnip and the biological activity of the crude
extract of turnip (such as aqueous extract and ethanol extract).
As phenolic compounds and sugar are the dominant compounds
that exist in turnip, they might be the major factors that
contribute to the reported bioactivities of this plant; however,
the number of investigations on effective pure substances and
underlying molecular mechanisms in turnip is relatively poor.

Therefore, the study about the beneficial effects of turnip
components might be an interesting area in the future to better
understand the relationship between the bioactivity of turnip
and chemical constituents. In addition, several in vitro (i.e.,
cell culture) and in vivo models (i.e., Caenorhabditis elegans,
mice, and rats) with the combination of omics techniques are
required to study the molecular mechanisms involved, which
could systematically explain how turnip and its components
exhibit the bioactivities mentioned previously. In total, turnip is
considered a beneficial plant with various biological activities and
great potential for bothmedicine and food. Further studies on the
detailed bioactivities of turnip are needed to better develop turnip
as a functional food.
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The aim of this study was to determine the effects of long-term Nicotinamide

mononucleotide (NMN) treatment on modulating gut microbiota diversity and

composition, as well as its association with intestinal barrier function. In this study,

C57BL/6J mice were fed different concentrations of NMN, and their feces were collected

for detection of 16S rDNA and non-targeted metabolites to explore the effects of NMN

on intestinal microbiota and metabolites. The results revealed that NMN increased

the abundance of butyric acid-producing bacteria (Ruminococcae_UCG-014 and

Prevotellaceae_NK3B31_group) and other probiotics (Akkermansia muciniphila), while

the abundance of several harmful bacteria (Bilophila and Oscillibacter) were decreased

after NMN treatment. Meanwhile, the level of bile acid-related metabolites in feces from

the G1 group (0.1 mg/ml) was significantly increased compared to the control group,

including cholic acid, taurodeoxycholic acid, taurocholic acid, glycocholic acid, and

tauro-β-muricholic acid. In addition, long-term NMN treatment affected the permeability

of the intestinal mucosa. The number of goblet cells and mucus thickness increased, as

well as expression of tight junction protein. These results demonstrate that NMN reduced

intestinal mucosal permeability and exerts a protective effect on the intestinal tract. This

study lays the foundation for exploring NMN’s utility in clinical research.

Keywords: NMN, gut microbiota, colon, bacterial metabolites, intestinal mucosa

INTRODUCTION

As early as 1906, nicotinamide adenine dinucleotide (NAD+) was known to increase the
fermentation rate of yeast extract, which subsequently became a hot spot in biological research.
In recent years, the two intermediates of NAD+, NMN and nicotinamide riboside (NR), have
received renewed attention (1). NMN is synthesized by niacinamide (a form of water-soluble
vitamin B3) and 5′-phosphoribosyl-1-pyrophosphate (PRPP). This process is catalyzed by the
NAD+ biosynthetic rate-limiting enzyme nicotinamide phosphoribosyltransferase (NAMPT) (2,
3). Recent studies have shown that NMN increases concentrations of NAD+ in the pancreas, liver
and other tissues (4). In addition, long-term (1-year) oral administration of NMN (up to 300
mg/kg) did not cause any obvious deleterious or toxic effects (5). NAD+ depletion can lead to a
wide range of age-related problems, including neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s, cardiovascular disease and muscle wasting (1, 6–8). In addition to this, NAD+ could
stimulate intestinal goblet cells to secrete mucus to maintain the integrity of intestinal mucosa,
proving that NAD+ could protect intestinal homeostasis to a certain extent (9).
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The human intestinal mucosa covers an area of up to 200–
300 square meters and contains 10 trillion different symbionts,
known as the “microbiota”. Microbial communities outnumber
somatic and germ cells by more than 10 to one. The genome of
the microbiome, known as the microbiome, is 150 times larger
than the human genome (10, 11). It not only plays a vital role in
the digestive function of the body, but also affects the operation
of other systems. In recent years, due to its importance and
potential value, the gut microbiota has become a hot topic. The
basic functions of the gut microbiota include facilitating the
decomposition of food, making it easier to absorb and digest (12),
synthesizing essential vitamins (13), removing toxic compounds
(14), resisting pathogens (15), maintaining the integrity of the
intestinal mucosa (16), and regulating immune function (17).
In addition, damage to the intestinal mucosa and imbalance in
the gut microbiota can cause invasion of microbial communities
into mucosal cells, change their circadian rhythm, and affect lipid
absorption and storage, inducing the development of metabolic
diseases, such as obesity, type 2 diabetes, and non-alcoholic fatty
liver disease (18, 19). Although specific effects and mechanisms
of these bacteria on lipid and glucose metabolism have not been
fully elucidated, they help maintain energy homeostasis in the
body. However, due to individual differences, the impact of the
gut microbiota on the human body is not clearly or specifically
understood (20).

Bile acid is a metabolite of cholesterol in the liver, and it
participates in the process of regulating the absorption and
metabolism of cholesterol. Primary bile acids are synthesized
in liver cells and enter the intestine with bile to promote the
digestion and absorption of lipids. Through the action of bacteria
in the lower intestine (the small intestine and large intestine),
secondary bile acids are formed. About 95% of intestinal bile
acids are reabsorbed by the intestinal wall, including active
reabsorption and passive absorption. Reabsorbed bile acids and
return to the liver via the portal vein, together with the new
synthesis of conjugated bile acid imported into the intestines.
This process is called the enterohepatic circulation of bile acids
(21). In addition, the antibacterial effect of bile acid can also
inhibit the excessive proliferation of bacteria, and has a regulatory
effect on the gut microbiota (22). The coordination between the
gut microbiota and bile acids plays a key role in maintaining the
homeostasis of the intestinal environment.

NMN has great potential for regulating metabolism. However,
it remains unclear whether and how NMN affects the gut
microbiota, related metabolites and colonic epithelial integrity.
The present study aimed to investigate the influence of NMN
on the diversity and composition of the gut microbiota and its
association with intestinal barrier dysfunction.

MATERIALS AND METHODS

Experimental Animals
All experimental procedures were implemented after approval
by the animal ethics committee of Jiangsu University. C57BL/6J
mice (female, 12-week-old) were purchased from the Laboratory
Animal Center of Jiangsu University (Jiangsu, China) and raised
aseptically an environment of 22± 3◦C and humidity of 40–60%

(23). After a week of adaptation,mice were randomly divided into
five groups of six individuals for a 15-week period. Mice in the
control group drank deionized water, and the other groups were
supplemented with different concentrations of NMN in their
drinking water, including 0.1 mg/mL (G1 group), 0.2mg/mL (G2
group), 0.4mg/mL (G3 group), and 0.6mg/mL (G4 group).

Mice in all groups were given free access to standard food. All
mice were sacrificed after 15 weeks. Blood samples were obtained
by orbital blood collection, and serum was collected after
separation by centrifugation at 3,000× g for 15min at 4◦C. Then,
mice were anesthetized with ether and sacrificed by cervical
ligation. The colon and liver tissues were separated, partly stored
in a −80◦C freezer, and partly fixed in 4% paraformaldehyde.
The feces in the intestines were removed and stored in liquid
nitrogen and then frozen in at −80◦C for subsequent 16S rDNA
sequencing and untargeted metabolome assay.

In vivo Intestinal Permeability (IP)
To determine the intestinal mucosal barrier permeability, mice
were given FITC-dextran 4 kDa (FD4: 500mg/kg BW; Sigma)
orally and anesthetized two hours later for in vivo imaging.
After 4 hours, blood samples were collected from the orbit and
serum was separated. The concentration of FD4 in serum was
measured by automatic Infinite M200 microplate reader (Tecan,
Austria) (Ex 485 nm; Em 525 nm). Paraffin sections of mouse
colon samples were dewaxed and dehydrated, and then the nuclei
were stained with DAPI and observed under a microscope.

Morphological Analysis and
Immunohistochemistry
The tissues fixed with 4% paraformaldehyde were washed with
phosphate buffer saline (PBS) and dehydrated with 70, 80, 90%
ethanol and anhydrous ethanol. After transparent treatment
with xylene, the tissues were embedded in paraffin and cut
into sections 5µm thick. The slices were then stained with
hematoxylin and eosin (H&E) (SolarBio, G1120) and Alcian Blue
(Leagene, DG0041).

The following antibodies were used for
immunohistochemistry: anti-claudin-1 (rabbit, polyclonal,
1:200, 13255S; CST, Massachusetts, America), anti-ZO-1 (rabbit,
polyclonal, 1/100, 61–7300, Invitrogen), anti-LC3 (rabbit,
polyclonal, 1/400, 4599S; CST, Massachusetts, America), and
secondary goat anti-rabbit Alexa Fluor 488 antibody (1/2000,
Invitrogen). Paraffin sections were incubated overnight with
primary antibody at 4◦C and then incubated with corresponding
secondary antibody at 37◦C for 20 min. According to the
instructions provided by the manufacturer, the nuclei were
stained with hematoxylin after incubated with the DAB. All
tissue sections were examined using light microscopy.

DNA Extraction and PCR Amplification
DNA was extracted from samples using the E.Z.N.A. R© Fecal
DNA Kit (D4015, Omega, Inc., USA) according to the
manufacturer’s instructions and stored in a −80◦C Refrigerator
(24). Samples were sent to LC-Bio (Hang Zhou, China) for
PCR amplification. The V4 region of the 16S rDNA subunit
of prokaryotes (bacteria and archaea) was amplified by the
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modified primers 515F (5 ′-GTGYCAGCMGCCGCGGTAA-
3′) and 806R (5 ′-GGACTACHVGGTWTCTAAT-3′) and then
sorted the libraries on the NovaSeq platform with PE250.

Intestinal Microbiota Analysis
Samples were sequenced on Illumina NovaSeq platform
according to manufacturer’s recommendations and provided
by LC-Bio. Alpha diversity was applied to the analysis of the
complexity of the species diversity, through the five indicators,
including Chao1 and Observed species, Goods coverage,
Shannon, Simpson. All these indicators were used QIIME2
calculated. Beta diversity is calculated by QIIME2 and plotted by
the R package. The sequence was calibrated using Blast, and each
representative sequence was annotated by SILVA database. The
other diagrams were implemented using the R package (V3.5.2).

Fecal Sample Preparation for
Metabolomics Analysis
After thawing on ice, metabolites were extracted with 50%
methanol buffer. The extract was stored overnight in a
refrigerator at −20◦C. After centrifugation at 4000 g for 20 min,
the supernatant was taken and stored at−80◦C (25).

LC-MS/MS Data Acquisition
All chromatographic separations were performed using
an ExionLC system (SCIEX, Framingham, MA, USA). An
ACQUITYUPLC T3 column (100mm∗ 2.1mm, 1.8µm,Waters,
UK) was used for reverse phase separation. The metabolites of
column elution were detected by high resolution tandem mass
spectrometry (TripleTOF5600 plus) (SCIEX, Framingham, MA,
USA). See the references for specific parameter Settings (26).

Statistical Analysis
Data are expressed as means ± SEM. An unpaired two-tailed
Student t-test was used to assess differences between the two
groups. Data sets involving more than two sets were evaluated
using Kruskal-Wallis test. Correlations were analyzed using
Spearman Correlation Coefficient. Data were analyzed using
GraphPad Prism version 8.0 (GraphPad Software). At P < 0.05, a
result was considered statistically significant.

RESULTS

The Effect of Long-Term NMN Treatment
on the Body Weight of Mice
Mice were supplemented with NMN for 15 consecutive weeks.
Body weight was measured every 7 days, and the weight gain rate
was calculated. The results showed that there was no significant
difference in body weight or weight gain rate between the two
groups of mice (Figure 1).

The Effects of Long-Term NMN Treatment
on the Diversity of the Gut Microbiota
To analyze changes in the diversity of the gut microbiota in
each group, we examined several indicators of alpha diversity.
The chao1 index and observed species (Figures 2A,B) index
primarily reflect the number of OTU species, while the

Shannon and Simpson (Figures 2C,D) indexes are relative to
the average and homogeneity. The results showed that after
administration of NMN, the chao 1 index and other observed
species indexes were decreased and was negatively correlated
with the concentration of NMN. Surprisingly, NMN reduced
the diversity of intestinal species. Principal coordinate analysis
(PCoA) was performed to evaluate the comparability ofmicrobial
communities among the five groups. PCoA results showed
significant differences between the G4 group and the CON group,
indicating a significant difference in microbial composition
(Figure 2E). These results indicated that 0.6mg/mL of NMN
had a significant effect on the microbial composition of mouse
feces. Figure 2B shows that the primary principal component
and secondary principal component account for 10.89 and 8.81%
of the overall analysis results, respectively.

Effects of Long-Term NMN Treatment on
Species Abundance in the Gut Microbiota
As the concentration of NMN increased, the diversity of the
intestinal flora gradually decreased, so we compared the G1
group (supplemented with 0.1 mg/ mL NMN) to the control
group. To compare differences in fecal microflora, Welch’s t-
test was performed for different classification levels. At the
phylum level, the abundance of Bacteroidetes, Verrucomicrobia,
Patescibacteria, Cyanobacteria and Elusimicrobia was higher in
the G1 group than in the control group, while the abundance of
Firmicutes, Proteobacteria, Epsilonbacteraeota, Deferribacteres,
Actinobacteria and some unclassified bacteria was lower in
the G1 group than that in the control group (Figure 3A).
Among them, only Proteobacteria (P <0.05) was significantly
different (Figure 4).

At the order level, the abundance of Bacteroidales,
Lactobacillales, Verrucomicrobiales, Erysipelotrichales,
Saccharimonadales, Bacteroidetes_unclassified,
Selenomonadales, Gastranaerophilales, Rhodospirillales,
Mollicutes_RF39 and Rhizobiales was higher in the G1 group
than in the control group, while the abundance of Clostridiales,
Desulfovibrionales, Firmicutes_unclassified, Campylobacterales,
Betaproteobacteriales, Deferribacterales, Anaeroplasmatales,
Coriobacteriales, Corynebacteriales, Pseudomonadales,
Enterobacteriales, Aeromonadales, Bifidobacteriales, Bacillales,
Rickettsiales, Micrococcales, and Mycoplasmatales was lower
in the G1 group than in the control group (Figure 3B). In
addition, Aeromonadales (P < 0.05), Flavobacteriales (P <

0.05), Desulfovibrionales (P < 0.05), Mollicutes_RF39 (P <

0.05), Pseudomonadales (P < 0.05) and Bifidobacteriales (P <

0.05) levels were significantly different between the two groups
(Figure 4).

At the family level, the abundance of
Mollicutes_RF39_unclassified, Muribaculaceae,
Prevotellaceae, Lactobacillaceae, Bacteroidales_unclassified,
Akkermansiaceae, Erysipelotrichaceae, Saccharimonadaceae,
Bacteroidetes_unclassified, Acidaminococcaceae and
Christensenellaceae was higher in the G1 group
than in the control group, and the abundance of
Aerococcaceae, Moraxellaceae, Aeromonadaceae, Atopobiaceae,
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FIGURE 1 | The effect of long-term NMN treatment on body weight in mice. Long-term supplementation of NMN had no significant effect on body weight (A) or the

body weight change rate (B) between the two groups of mice.

FIGURE 2 | The effects of long-term NMN treatment on the diversity of intestinal flora. α diversity analysis of the feces from mice was performed, and the four indexes

were Chao1 (A), Observed (B), Shannon (C), and Simpson (D) (*P < 0.05, **0.001 < P <0.01). β diversity analysis of gut microbiota and PCOA analysis (E) of fecal

flora composition in each group (P = 0.001).

Bifidobacteriaceae, Lachnospiraceae, Ruminococcaceae,
Bacteroidaceae, Rikenellaceae, Clostridiales_unclassified,
Desulfovibrionaceae, Firmicutes_unclassified, Clostridiaceae,
Tannerellaceae, Helicobacteraceae, Marinifilaceae,
Burkholderiaceae, Streptococcaceae, Deferribacteraceae,
Peptococcaceae, and Eubacteriaceae was lower in the G1
group than in the control group (Figure 3C). Among them,
Mollicutes_RF39_unclassified (P < 0.05), Aerococcaceae
(P < 0.01), Moraxellaceae (P < 0.05), Aeromonadaceae (P
< 0.05), Desulfovibrionaceae (P < 0.05), Atopobiaceae (P
< 0.05), Bifidobacteriaceae (P < 0.05) were significantly
different (Figure 4).

At the genus level, the abundance of
Muribaculaceae_unclassified, Lactobacillus, Bacteroidales
_unclassified, Akkermansia, Lachnospiraceae_unclassified,
Muribaculum, Ruminococcaceae_UCG-014,

Prevotellaceae_UCG-001, Ruminococcus_1, Dubosiella,
and Prevotellaceae_NK3B31_group was higher in the
G1 group than in control group, and the abundance of
Lachnospiraceae_NK4A136_group, Bacteroides, Alloprevotella,
Clostridiales_unclassified, Firmicutes_unclassified, Clostridium,
Alistipes, Parabacteroides, Bilophila, F082_unclassified,
Rikenellaceae_RC9_gut_group, Ruminiclostridium_9,
Intestinimonas, Oscillibacter, Helicobacter, and Odoribacter was
lower in the G1 group than in the control group (Figure 3D).
A total of 17 genera were significantly different between
the two groups, including Ruminococcaceae_UCG-014 (P
< 0.01), Facklamia (P < 0.01), Paenalcaligenes (P < 0.01),
Coriobacteriaceae_UCG-002 (P < 0.01), Desulfovibrionaceae
(P < 0.01), Bilophila (P < 0.01), Peptococcus (P < 0.01),
Corynebacterium_1 (P < 0.05), Psychrobacter (P < 0.05),
Oceanisphaera (P < 0.05), Prevotellaceae_NK3B31_group
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FIGURE 3 | The effects of long-term NMN treatment on the structure of intestinal microflora. Abundance analysis of gut microbiota population, shown as heat maps

of species abundance at phylum (A), order (B), family (C), and genus (D) levels.

(P < 0.05), Jeotgalicoccus (P < 0.05), Ruminococcus (P <

0.05), Aerococcus (P < 0.05), Candidatus_Stoquefichus (P <

0.05), Bifidobacterium (P < 0.05). The above results indicate
that NMN can regulate the diversity of gut microbiota and
improve its structure (Figure 4). The data presented in the
study are deposited in the SRA repository, accession number
PRJNA739491.

The Effects of Long-Term NMN Treatment
on the Concentration of Common
Metabolites in Feces
After observing the effects of NMN on gut microbiota, we
performed an untargeted metabolome assay. As species diversity

in the G1 group was relatively rich, and the abundance
of beneficial bacteria was the highest, the G1 and control
groups were selected for further analysis. Compared to the
control group, the content of bile acid-related metabolites was
significantly altered in the G1 group, with the content of
primary bile acids and secondary bile acids being significantly
increased in the G1 group (Figure 5A), including cholic acid
(CA) (P < 0.0001), taurodeoxycholic acid (TDCA) (P <

0.001), taurocholic acid (TCA) (P < 0.01), glycocholic acid
(GCA) (P < 0.01), and tauro-β-muricholic acid (TMCA)
(P < 0.01).

Based on the above sequencing and metabolite
results, we conducted a correlation analysis between
differential bacteria and metabolites (Figure 5B).
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FIGURE 4 | Cladogram indicating the phylogenetic distribution of microbiota correlated with each group (A). The differences in abundance between each group (B).

FIGURE 5 | The effects of long-term NMN treatment on the concentration of bile acid-related metabolites. The concentration of bile acid-related metabolites was

significantly increased (A) *0.01 < P < 0.05, **0.01 < P < 0.001, and ***P < 0.001. Correlation analysis of differential bacteria and metabolites (B).

The results showed that TCA and GCA were
positively correlated with Ruminococcaceae_UCG-014,
Candidatus_Stoquefichus, Mollicutes_RF39_unclassified
and Prevotellaceae_NK3B31_group and negatively correlated
with Facklamia, Paenalcaligenes, Coriobacteriaceae_UCG-002,
Desulfovibrionaceae_unclassified, Bilophila, Peptococcus,

Ruminococcus, and Bifidobacterium. In addition, TMCA
was positively correlated with Ruminococcaceae_UCG-014,
Candidatus_Stoquefichus and Prevotellaceae_NK3B31_group
and negatively correlated with Facklamia, Paenalcaligenes,
Coriobacteriaceae_UCG-002, Desulfovibrionaceae_unclassified,
Bilophila, Peptococcus, Corynebacterium_1, Psychrobacter,
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FIGURE 6 | The effects of long-term NMN treatment on other common metabolites. The concentration of some common metabolites was significantly increased (A),

others were not affected (B) *0.01 < P < 0.05, **0.01 < P < 0.001, and ***P < 0.001.

FIGURE 7 | Serum NAD+ content was significantly increased after long-term

NMN treatment (P < 0.01).

Oceanisphaera, Aerococcus, Jeotgalicoccus, Ruminococcus,
and Bifidobacterium.

Meanwhile, there were other differential metabolite levels
between the two groups, such as taurine (P < 0.0001), betaine
(P < 0.001), phenol (P < 0.01), and 5-hydroxyindoleacetate (P
< 0.05) (Figure 6A). These include some common metabolites,
such as butyric acid, which was not significantly different between
the two groups (Figure 6B).

Taken together, NMN was observed to increase the level of
bile acid-related metabolites and beneficial metabolites, such
as betaine, and decrease levels of phenol by affecting the
composition of the gut microbiota.

The Effect of Long-Term NMN Treatment
on Serum NAD+ Concentrations
The serum NAD+ concentration of mice in the G1 group
was significantly higher than in the control group (P <0.05)
(Figure 7), indicating that NMN significantly increased the
concentration of NAD+.

The Effects of Long-Term NMN Treatment
on the Morphology of The Intestinal
Mucosa
As presented in Figures 8A,B, no significant difference in
morphology was observed in H&E staining. However, further
observation by Alcian Blue staining revealed that the number

of goblet cells and the thickness of mucus in the G1 group

were significantly increased compared to the control group

(Figures 8C,D). Thus, NMN increased the number of goblet cells

and promoted mucus secretion.

The Effects of Long-Term NMN Treatment
on the Intestinal Mucosal Barrier
Compared to the control group, the intestinal mucosal
permeability in the G1 group was decreased. In vivo imaging
system of small animals revealed that the leakage area of 4 kDa
FITC-labeled dextran (FD4) in the G1 group was significantly
less than in the control group (Figures 9A,B). As shown in
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FIGURE 8 | The effects of long-term NMN treatment on colon morphology. H&E staining (A,B) and Alcian Blue staining for colonic mucus and goblet cells (C,D), bar:

100µm.

FIGURE 9 | The effect of long-term NMN treatment on intestinal mucosal permeability in mice. Leakage of FD4 was observed by in vivo imaging (A,B). Colonic tissue

section observing the embedment of FD4 into colon epithelial tissue (C,D); scale bar: 100µm. Levels of FD4 in the serum (E).
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FIGURE 10 | The effect of long-term NMN treatment on the expression and localization of colonic tight junction proteins in mice. The expression of tight junction

proteins Claudin-1 and ZO-1 in the colonic epithelium of mice (scale bar: 100µm) (A) after treatment with NMN. Immunohistochemical results of Claudin-1 and ZO-1

were analyzed by Image-Pro Plus (B,C) *0.01< P < 0.05, and **0.001 < P < 0.01.

Figures 9C,D, FD4 colonic immunofluorescence revealed the
FD4 infiltration of colonic epithelial cells in the G1 group was less
than in the control group. In addition, the serum fluorescence
intensity test revealed that the concentration of FD4 in the
G1 group was higher than in the control group (P > 0.05)
(Figure 9E). Taken together, these findings indicate that NMN
reduces intestinal mucosal permeability and maintains mucosal
barrier integrity.

To clarify the mechanism of action, we detected the
expression and localization of Claudin-1 and ZO-1 in the
mucosal epithelium. Expression levels of these two proteins in
the G1 group were higher than in the control group, with
expression primarily localized in the cytoplasm of epithelial
cells (Figure 10A). Next, these immunohistochemical results
were analyzed using Image-Pro Plus. The results demonstrated
that NMN promotes expression of both Claudin-1 and ZO-1,
improving the integrity of the mucosal barrier, but its upstream
mechanism remains to be studied (P < 0.01) (Figures 10B,C).

The Effects of Long-Term NMN Treatment
on LC3
Expression levels of light chain 3 (LC3) in the G1 group were
significantly higher than in the control group, and it was
expressed in both the cytoplasm and nucleus (Figure 11A).
Image-Pro Plus analysis revealed the same results (P
< 0.01) (Figure 11B). These results indicate that NMN
promotes autophagy.

DISCUSSION

The sequencing results revealed that NMN increases
the abundance of butyrate-producing bacteria,
such as Ruminococcaceae_UCG-014 (27) and
Prevotellaceae_NK3B31_group. Compared to the control
group, the abundance of these two bacteria in the G1 group
was significantly increased. Ruminococcaceae is a beneficial
microorganism colonized in cecum and colon, which can
degrade various polysaccharides and fibers to produce short-
chain fatty acids (SCFAs) (28, 29). Butyrate is a short chain
fatty acid that produces ketones and carbon dioxide. It is a
major energy source for colon cells, and its absence can lead
to impaired intestinal barrier function (30). However, the
content of butyric acid did not increase. Recent studies have
shown that the abundance of Ruminococcaceae in actively
drinking alcohol-dependent subjects is decreased while intestinal
permeability is increased (31). Moreover, Ruminococcaceae also
has anti-inflammatory properties. Zhao et al. found that the
abundance of Ruminococcaceae in the feces of obese mice fed a
high-fat diet was significantly reduced (32). Taken together, these
data indicate that Ruminococcaceae protects intestinal health in
many ways.

Except for butyric acid producing bacteria, Akkermansia was
increased in the G1 group compared to the control group, but
there was no significant difference. Akkermansia muciniphila (A.
muciniphila), an intestinal symbiotic bacterium that colonizes
the mucous layer, is considered a promising probiotic candidate
(33). Studies have shown that Akkermansia can degrade mucins
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FIGURE 11 | The effects of long-term NMN treatment on the expression and localization of colonic autophagy protein in mice. Expression of the autophagy protein

LC3 in colonic epithelium of mice (scale bar: 100µm) (A) after treatment with NMN. The immunohistochemical results of LC3 were analyzed using Image-Pro Plus (B)

0.001 <P < 0.01.

(34, 35). In fact, Akkermansia not only had the ability to degrade
mucin, but also promoted mucin synthesis, meaning that it could
promote mucin renewal (36, 37). In addition, some studies have
reported a decrease in the abundance ofA. muciniphila in various
diseases, including diseases of the digestive system, such as IBD
(38–41).

Intestinal mucus is composed of highly glycosylated proteins
secreted bymucous epithelial cells in the form of large aggregates,
composed of a bacteria-free inner layer and a thicker outer
layer with commensal bacteria (42). Mucins secreted by goblet
cells form a barrier that prevents external bacteria from directly
contacting the epithelial layer (42). Its main ingredient, mucins,
are asource of nutrients for gut bacteria, because it is made
up of amino acids and oligosaccharides. Alcian Blue staining
revealed an increase in the number of intestinal goblet cells and
the thickness of mucus. Combined with the above results, NMN
may protect the integrity of the intestinal mucosa by increasing
the abundance of Akkermansia.

In addition to increasing the abundance of certain beneficial
bacteria, NMN also reduced the abundance of certain harmful
bacteria, such as Bilophila. Compared to the control group,
the abundance of Bilophila in the G1 group was significantly
decreased. Bilophila was originally isolated from the appendix
tissue of patients with gangrene and perforating appendicitis

(43) and was subsequently isolated from clinical infection
specimens, such as sepsis and cholecystitis (44). This suggests
that this bacterium may be related to the occurrence and
development of disease. In 2012, Devkota et al. first demonstrated
that Bilophila is a cause of IBD (45). NMN is supposed to
play a role in improving enteritis. In addition to Bilophila,
the abundance of Oscillibacter also exhibited a decreasing
trend. Oscillibacter has been reported to be associated with
trimethylamino oxide (TMAO), which is a risk factor for
cardiovascular and cerebrovascular disease (46). This is also
strong evidence that NMN can alleviate cardiovascular disease.
Desulfovibrionaceae are Gram-negative bacteria that produce
endotoxin (47), primarily including lipopolysaccharides (LPS).
LPS is very likely to induce inflammation (48). The abundance
of Desulfovibrionaceae in the intestines of mice treated with
NMN was significantly reduced, indicating that NMN exerts an
inhibitory effect on inflammation.

The concentration of bile acid-related metabolites, including
CA, TDCA, TCA, GCA, and TMCA, was significantly increased
in the G1 group.Metabolites related to bile acid are closely related
to the gut microbiota, and bacteria with 7 α-dehydroxylation in
the gut microbiota can convert primary bile acids into secondary
bile acids (49). The product of CA, deoxycholic acid (DCA) and
its bacterial dehydrogenation have a strong inhibitory effect on
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the growth of bacterial, and the effect of DCA is 10 times that
of CA (22). Thus, gut microbiota faced strong survival selection
pressure from bile acids. This may explain why the diversity of
gut microbiota decreased after long-term NMN treatment.

Erin et al. demonstrated that adding TDCA to the diet can
maintain intestinal mucosal integrity by reducing apoptosis,
stimulating cell proliferation and increasing villi length (50). In
addition, some studies had found that TDCA could promote the
renewal of intestinal mucosa by mediating the up-regulation of
c-Myc expression by FXR (51). In other words, NMN maintains
the integrity of the intestinal mucosal barrier partly by increasing
the concentration of TDCA.

Why was the level of bile acids in the feces significantly higher
in response to NMN? First, taurine can promote the proliferation
of Bilophila (52). The primary source of taurine in the body is
bezoar-bound bile acids. Concentrations of TCA and TDCA in
the G1 group were significantly increased, while the abundance
of Bilophila was decreased, which is inconsistent with the results
of previous studies. Thus, we speculate that the increase in fecal
bile acid concentration is not caused by the increase in bile acid
synthesis, but by the decrease in ileal reabsorption. Bile acids can
be reabsorbed in the small intestine in a variety of ways. The
distal ileum is the main site for bile acid reabsorption because the
apical sodium-dependent bile acid transporter (ASBT) is mainly
expressed here (53). Out et al. found that ASBT-dependent ileal
bile acid reabsorption was inhibited in intestinal Gata4 specific
knockout mice, which is related to changes in gut microbiota in
an ASBT-dependent pathway through Gata4 (54). However, due
to the lack of relevant experimental data, the above conjecture
needs further research to confirm.

In addition to bile acid-related metabolites, the concentration
of other metabolites was also changed. Basically, microbial
fermentation in colon mainly includes saccharification
fermentation and proteolytic fermentation (30). It is generally
believed that saccharification fermentation is beneficial to
the host, while proteolytic fermentation is presumed to be
detrimental and may be involved in the metabolites (55). The
primary product of carbohydrate fermentation (i.e., SCFA) has
beneficial functions (56), and there was no difference between G1
and the control group. The metabolism of tryptophan bacteria
leads to the production of a variety of indolic compounds (57).
The concentration of 5-hydroxyindoleacetate was significantly
increased. In vitro studies, indolic compounds had been shown
to improve intestinal mucosal barrier function and reduce
the expression of pro-inflammatory factor IL-8 (58, 59). The
concentration of phenol in the G1 group was significantly
decreased compared to controls. Some in vitro experiments
had confirmed the damage of phenol to intestinal epithelial
cells (60, 61). Phenol may transiently affect the lipid bilayer
of the cell membrane, thereby destabilizing the microdomains
containing tight junctions, suggesting that phenol is a potential
driver of alterations in the gut barrier. Taken together, these
results demonstrate that NMN increases the permeability of the
intestinal mucosal by decreasing the concentration of phenol.

The increase of the FD4 leakage area and the expression of
the tight junction protein show that long-term NMN treatment
reduces intestinal permeability. Tight junctions limit flux of

the paracellular pathway, which is generally more permeable
than transcellular pathways. Therefore, tight junctions are the
rate-limiting step of transepithelial transport and the primary
determinant of mucosal permeability (62).

The increased expression of LC3 indicates that NMN
promotes intestinal autophagy. Recent studies have shown that
the integrity of the intestinal epithelial barrier is regulated by
autophagy (63, 64). By establishing a starvation model, it was
found that autophagy could induce the enhancement of tight
junction, but only the paracellular flux of smallsized molecules
decreased, and the transepithelial flux of large-sized paracellular
probes was not affected. At the same time, it was found that
the protein level of Claudin-2 was significantly down-regulated
in the above experiments, and the localization was transferred
from the membrane to the lysosome in the cytoplasm. It can be
seen that autophagy enhances tight junctions by inducing the
degradation of Claudin-2 under starvation (63). This suggests
that NMN maintained mucosal barrier integrity by promoting
autophagy to a certain extent.

Taken together, these results show that NMN maintains the
integrity of the intestinal epithelium by strengthening tight
connections and promoting mucus secretion. In conclusion, this
study reveals that NMN can regulate the structure of the gut
microbiota, increase the abundance of probiotics, and reduce
the abundance of harmful bacteria. At the same time, it can
also increase the concentration of bile acid-related metabolites
in feces and decreases the concentration of phenols. NMN can
also strengthen tight connections and promote mucus secretion.
In this study, it exerted a protective effect on the intestinal
mucosa, which had a positive effect on intestinal health. This
study indicates a new direction for the use of NMN. However,
the mechanism by which NMN regulates the gut microbiota has
not yet been clarified, and further research is needed.
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Saccharin sodium and rebaudioside A are extensively used as non-nutritive sweeteners

(NNSs) in daily life. NNSs elicit a multitude of endocrine influences on animals, differing

across species and chemically distinct sweeteners, whose exposure induce activation

of sweet taste receptors in oral and extra-oral tissues with consequences of metabolic

changes. To evaluate the influence of NNSs on histologic change and expression of

sweet taste receptors in testis and epididymis of young male guinea pigs, thirty 4-

week-old male guinea pigs with body weight 245.73 ± 6.02 g were randomly divided

into five groups (n = 6) and received normal water (control group) and equivalent

sweetness low dose or high dose of sodium saccharin (L-SS, 1.5mM or H-SS, 7.5mM)

or rebaudioside A (L-RA, 0.5mM or H-RA, 2.5mM) solution for 28 consecutive days.

The results showed that the relative testis weight in male guinea pig with age of

56 days represented no significant difference among all groups; in spite of heavier

body weight in L-SS and H-RA, NNS contributes no significant influence on serum

testosterone and estradiol level. Low-dose 0.5mM rebaudioside A enhanced testicular

and epididymal functions by elevating the expressions of taste receptor 1 subunit 2

(T1R2) and gustducin α-subunit (GNAT3), and high-dose 7.5mM sodium saccharin

exerted adverse morphologic influences on testis and epididymis with no effect on the

expression of T1R2, taste receptor 1 subunit 2 (T1R3), and GNAT3. In conclusion, these

findings suggest that a high dose of sodium saccharin has potential adverse biologic

effects on the testes and epididymis, while rebaudioside A is a potential steroidogenic

sweetener for enhancing reproductive functions.

Keywords: sodium saccharin, rebaudioside A, guinea pigs, sweet taste receptor, testis, epididymis,

non-nutritive sweetness
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INTRODUCTION

Taste or gustation is one of the five traditional senses including
hearing, sight, touch, and smell, and the sense of taste has
classically been limited to the five basic taste qualities: sweet,
salty, sour, bitter, and umami or savory (1). Taste sense is crucial
for many organisms. For example, taste has a nutrient-signaling
function, which in turn affects the sensory stimulation to eat
and consume (2). Liking for sweet-tasting substance is innate.
The percentage ratio of sweet taste to bitter taste may be a
better gauge of the broadly conceived food value of a plant than
sweetness alone (3). Sweet and bitter and taste-receptor cells
provide instructive signals to sweet and bitter target neurons
via different guidance molecules (4). Most sweet compounds
show lower hydrophobicity compared with bitter compounds,
while sweet molecules have a wider range of sizes, and further
focus on polypharmacology may unravel new physiological roles
for tastant molecules (5). Taste signal-modifying factors, such
as serum components, may have a contributing role in aging-
related changes in taste sensitivity (6). Taste perception has been
investigated in “taste” and “no-taste” tissues, and components
of taste transduction cascade in the testis are found to be
involved in spermatogenesis (7), but functional implications of
taste senses in the field of male reproduction remain unclear
despite recent advances.

Non-nutritive sweeteners (NNSs), known as artificial
sweeteners, high-intensity sweeteners, or non-caloric sweeteners
are ubiquitously used as sugar substitutes in soft drinks,
processed grains, and dairy products. The data on NNSs and
body weight are inconsistent and not beneficial for weight
loss, and overweight or obese individuals are more likely to
consume low-calorie foods and beverages; whether NNSs have a
relationship with abnormal changes in gut microbiota requires
further study (8). In particular, certain artificial sweetener effects
on the body remain not incontrovertible, for example, sucralose
has a physiological influence of changing glucose metabolism
(9). Different to the testicular degeneration in rat exposed to
high-dose nutritive sweetener fructose (10) and the adverse
effects of high daily intake of sugar on pregnant rat and offspring
(11), the low-dose natural NNS stevia rebaudianabertoni
extract increased ejaculation frequency and intromission
frequency with aphrodisiac properties in streptozotocin-induced
diabetic male rats (12). Meanwhile, there was no observed
adverse effect of D-allulose treatment on gender ratios, viability
indexes, and prenatal death rate in rats (13). NNSs elicit a
multitude of endocrine influences in vivo, in animal models
and in humans differing across species and chemically distinct
sweeteners, whose exposure induces activation of sweet taste
receptors in oral and extra-oral tissues with consequences of
metabolic changes (14).

Sweet taste receptor is a heterodimer of class C G-protein
coupled receptors comprising taste receptor 1 subunit 2 (T1R2)
and taste receptor 1 subunit 3 (T1R3. However, the structure
of the sweet taste receptor is still undetermined (15). It was
proposed that identified taste receptors and coupled signaling
cascades keep sperm in a chronically quiescent state until
they arrive in the vicinity of the egg, either by constitutive

receptor activity and/or by tonic receptor activation (16). Rodent
investigation results indicated a crucial role of extra-oral sweet
taste receptor in sperm development and maturation, clofibrate
inhibition of humanized T1R3 in the genetic background of
T1R3(–/–), gustducin α-subunit GNAT3(–/–) doubly null mice
led to inducible male sterility, T1R3 and GNAT3 activators were
speculated to help infertile men (17). Sweet taste receptor is
widely expressed in testis, where T1R3 and heterotrimeric G
protein α-gustducin (Gα) exhibit a stage-dependent expression
pattern during testicular development and a cell-specific pattern
during the spermatogenic cycle in male mice (18). A previous
study has revealed that 35 days of exposure to high-dose
7mM saccharin deduced weaker immunoreactions of anti-T1R3
antibodies on Leydig cells and VII-VIII stages of spermatids,
and saccharin-induced physiologic effects on mouse testis are
associated with testicular T1R3 and Gα, which differed from
sucrose (19). However, the testicular and epididymal function
of different sweeteners remains uncertain, and the biological
features of sweet taste receptor in testis and epididymis are
still poorly understood. This study was designed to investigate
the testicular and epididymal influence of two types of non-
nutritive sweeteners on body weight, reproductive hormone,
and morphological change, associating with the expressions of
T1R2, T1R3, and GNAT3 in testis and epididymis of reproductive
animal model guinea pigs.

MATERIALS AND METHODS

Experimental Design and Ethics Statement
Thirty 4-week-old male Harley-white guinea pigs from Zhejiang
Chinese Medical University with body weight 245.73 ± 6.02 g
were randomly divided into five groups (n = 6) and received
drinking normal water (control group) and equivalent sweetness
low dose or high dose of sodium saccharin (1.5mMor 7.5mM) or
rebaudioside A (0.5 or 2.5mM) solution for 28 consecutive days.
Food and drinking water were provided ad libitum. The animals
were housed (room temperature: 22 ± 1◦C, relative humidity
of 30–40%, light with 150-200 Lx from 8 am to 8 pm, and
noise: below 50 dB) in the Zhejiang Chinese Medical University
Laboratory Animal Research Center with experiment facility
license of SYXK(ZHE) 2018-0012, and the animal experiment
process conforms to the principle of animal protection, animal
welfare and ethics, and related stipulation on the National
Experimental Animal Welfare Ethics (China) with approval
number of IACUC-20181224-13.

Food Intake, Water Consumption, and
Weight of Body, Testis, and Epididymis
Food intake and water consumption were measured every day at
9 am and represented by weekly average data in figures, group
average daily data = overall feed intake or water consumption
of two cages (three animals per cage) in same group/number of
animals in the group. The change in body weight was analyzed
by weight determination on days 1, 7, 14, 21, and 28; weights of
testis and epididymis on the right side were measured on day 28.
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Sample Collection and Determination of
Serum Testosterone and Estradiol
The animals were euthanized by CO2 anesthesia with the
guidelines of the Care and Use of Laboratory Animals prepared
by the Institutional Animal Care and Use Committee of Zhejiang
Chinese Medical University. Blood samples were immediately
collected by cardiac puncture and centrifuged for serum
(5,000 rpm, 10min). The serum concentration of testosterone
and estradiol was determined with a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). Testis and epididymis
samples from the right side were weighted and fixed in 4%
paraformaldehyde for H&E and immunohistochemistry (IHC),
and samples from the left side were stored at−80◦C for Western
blotting (WB) analysis.

Hematoxylin-Eosin Staining and
Immunohistochemistry Observation
The fixed samples were embedded in paraffin and serially
sectioned at 4µm. H&E tissues were stained with H&E
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
IHC tissues were heated in 10mM sodium citrate buffer for
8min in a microwave oven at 100◦C. Endogenous peroxidase
activity and non-specific binding were blocked with 0.3% H2O2

in phosphate-buffered saline (PBS) for 30min. Slides were
incubated overnight with primary antibodies (diluted at 1:100 in
PBS, Abcam, Cambridge, United Kingdom) to T1R2 (ab150495,
lot: GR3198736-7), T1R3 (ab150525, lot: GR155874-26), and
GNAT3 (ab107512, lot: GR37772-10) at 4◦C, detected with anti-
rabbit IgG (PV-8000, lot: 191030326, 1:1 ready to use, ZSGB-BIO,
China) for 60min and finally visualized with diaminobenzidine
(DAB, Sigma-Aldrich, St. Louis, MI, United States) as substrate
and counter-stained with hematoxylin. The negative control
tissues were incubated with normal rabbit serum (NRS) instead
of primary antibodies. All stained sections were scanned with
a light microscope Nikon Eclipse 80i (Nikon, Tokyo, Japan)
and analyzed on the viewer software NDP (Hamamatsu,
Japan). Protein immunolocation of T1R2, T1R3, and GNAT3
was analyzed by positive immunostaining in brown and
counterstained with hematoxylin.

Western Blotting Determination
The −80◦C-stored samples were homogenized in radio-
immunoprecipitation assay (RIPA) buffer with 10mM
phenylmethylsulfonyl fluoride (PMSF). Equal amounts of
protein lysate (50 µg) were separated by 10% (w/v) sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
(Sangon Biotech, Shanghai, China) and electro-transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore,
Burlington, MA, United States). Membranes were blocked with
3% bovine serum albumin (BSA) (BBI, Shanghai, China) for
2 h at 25◦C and incubated with primary antibodies (diluted at
1:500 in PBS) of T1R2, T1R3, GNAT3 (same as IHC antibodies,
Abcam, Cambridge, United Kingdom), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (lot: HG0718, HuaBio,

Hangzhou, China) for 15 h at 4◦C. The incubated membranes
were washed with Tris-buffered saline with Tween (TBST) buffer
and second-incubated with NIR-secondary antibody Odyssey
IRDye 680RD goat anti-rabbit IgG (lot: C51104-08, LI-COR,
Lincoln, NE, United States) for 1.5 h at 25◦C, respectively. The
bands were washed in TBST buffer (five times) and visualized
with an Odyssey CLx imaging system (LI-COR, Lincoln, NE,
United States), and the intensities of blots were calculated with
target protein bands to corresponding GAPDH.

Statistical Analysis
All numerical results are expressed as mean ± SD and are
analyzed with Prism 8 version 8.0.2 (GraphPad Software, San
Diego, CA, United States). One-way ANOVA was performed
for analyzing testicular weight, serum hormone concentration,
and WB intensities; daily food intake, water consumption, and
body weight were evaluated by two-way ANONA. Tukey’s range
test was applied for multiple comparisons, and p < 0.05 was
considered to be significant.

RESULT

Food Intake and Water Consumption
Non-nutritive sweetness drinking affected both food intake
(Figure 1A) and water consumption (Figure 1B) of the male
guinea pigs from weeks 1 to 4. Compared with the control
group, low-dose sodium saccharin significantly reduced water
consumption from weeks 1 to 4 (Figure 1B, P < 0.05), high-
dose sodium saccharin significantly reduced food intake in weeks
2 and 4, and low-dose and high-dose rebaudioside A both
significantly elevated food intake in weeks 3 and 4 (Figure 1A,
P < 0.05). Interestingly, rebaudioside A represented no
significant difference in food intake and water consumption with
low-dose or high-dose. However, high-dose sodium saccharin
contributed to significantly lower food intake and higher water
consumption in weeks 1, 3, and 4 compared with low-dose
sodium saccharin (P < 0.05).

Body Weight, Testis Weight, and
Epididymis Weight
There was no significant difference in body weight among all
the groups on day 1, while there was no significant difference in
body weight during all the experimental periods among control,
H-SS, and L-RA (Figure 2A, P > 0.05). However, non-nutritive
sweetness drinking increased the body weight on day 21 and day
28 in L-SS and H-RA compared with that in control (Figure 2A,
P < 0.05). Compared with control, male guinea pigs exposed to
sodium saccharin or rebaudioside A manifested no significant
changes in the relative testis weight in all the treated groups
(Figure 2B, P > 0.05). However, the relative epididymis weight
in groups L-SS, L-RA, andH-RAwas significantly lower than that
in the control group (Figure 2C, P < 0.05).
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FIGURE 1 | Effect of dietary non-nutritive sweetness drinking on food intake and water consumption in male guinea pigs. Animals in the control, L-SS, H-SS, L-RA,

and H-RA groups were supplied water solution with normal water, 1.5mM sodium saccharin, 7.5mM sodium saccharin, 0.5mM rebaudioside A, and 2.5mM

rebaudioside A for 28 days, respectively. Each point in figures represents average daily food intake (A) and water consumption (B) per week. Data are shown as

means ± SD (n = 6). Points in the same vertical line with different letters denote significant differences (P < 0.05).

FIGURE 2 | Effect of dietary non-nutritive sweetness drinking on body weight, relative testis weight, and epididymis weight (testis weight or epididymis weight/body

weight) in male guinea pigs. Animals in control, L-SS, H-SS, L-RA and H-RA groups were supplied water solution with normal water, 1.5mM sodium saccharin,

7.5mM sodium saccharin, 0.5mM rebaudioside A, and 2.5mM rebaudioside A for 28 days, respectively. Each point in (A) represents average body weight at days 1,

7, 14, 21, and 28, testis (B), and epididymis (C) weights were measured at day 28. Data are shown as means ± SD (n = 6). Points in the same vertical line on (A) with

different letters denote significant differences (P < 0.05), bars shown on (B,C) with different letters denote significant differences (P < 0.05).
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FIGURE 3 | Effect of dietary non-nutritive sweetness drinking on serum concentration of testosterone and estradiol in male guinea pigs. Animals in the control, L-SS,

H-SS, L-RA, and H-RA groups were supplied water solution with normal water, 1.5mM sodium saccharin, 7.5mM sodium saccharin, 0.5mM rebaudioside A, and

2.5mM rebaudioside A for 28 days, respectively. Blood samples were collected and centrifuged for the serum to measure testosterone (A) and estradiol (B)

concentration by ELISA. Data are shown as means ± SD (n = 6). Bars with different letters denote significant differences (P < 0.05).

Serum Concentration of Testosterone and
Estradiol
The serum concentration of testosterone was not significantly
different in all groups (Figure 3A, P > 0.05), drinking of low-
dose rebaudioside A solution reduced the serum concentration
of estradiol, which was significantly lower in L-RA than that in
L-SS (Figure 3B, P < 0.05).

Morphologic Observations of Testis and
Epididymis
We found that seminiferous tubules in control were regularly
connected with Leydig cells in testis (Figure 4A1), containing
a large number of germ cells (spermatogonia, spermatocyte,
and spermatid) and Sertoli cells (Figure 4A2). Compared
with control, non-nutritive sweetness drinking caused certain
damage to the periphery and lumen inside of seminiferous
tubules (Figures 4A–E, 4B1–E1). Obviously, high-dose sodium
saccharin markedly reduced the number of Leydig cells adjacent
to seminiferous tubules, with rare germ cells and Sertoli cells
(Figure 4C2). Meanwhile, germ cells were exfoliated from the
Sertoli cells in L-SS and H-RA (Figures 4B2,E2), and cohesive
germ cells with different developing stage were observed in
L-RA (Figure 4D2).

In order to assess the influence of non-nutritive sweetness
exposure on sperms or late spermatids outside of testis, we also
examined morphologic changes in paraffin-embedded tissues of
the epididymis (Figures 5A–E). Unlike the obvious damages in
testis, there appeared to be no serious damage in the efferent duct,
connective tissues, and epididymis ductus (Figures 5A1–E1),
with a visible thick layer of basal cells in epididymis ductus
compared with control (Figures 5A2,B2,D2,E2). Exceptionally,
the elongated and enlarged efferent ducts with a single layer of
ciliated cells were observed in H-SS (Figures 5C1,C2).

Immunohistochemistry Examination of
Testis and Epididymis
The sweet taste receptors T1R2, T1R3, and GNAT3 were
positively immunostained in germ cells, Sertoli cells, and Leydig
cells in the seminiferous tubule of testis in the male guinea pigs
(Figure 6). We found that the immunoreactions of anti-T1R2
and anti-GNAT3 antibodies on germ cells and Sertoli cells in L-
RA and H-RA were stronger than those in control, L-SS, and H-
SS (Figures 6A1–E1,A3–E3). However, the anti-T1R3 antibodies
showed no specific difference in immunoreactions on germ cells
and Sertoli cells among all the groups (Figures 6A2–E2).

In guinea pig epididymis, the sweet taste receptors T1R2,
T1R3, and GNAT3 were positively immunostained in basal
cells and ciliated cells (Figure 7). Similar to the testicular
immunoreactions, we also found that the immunoreactions
of anti-T1R2 and anti-GNAT3 antibodies on basal cells
and ciliated cells in L-RA were stronger than those in
control, L-SS, and H-SS (Figures 7A1–E1,A3–E3). The
anti-T1R3 antibodies showed no specific difference in
immunoreactions on basal cells and ciliated cells among
all the groups, which was consistent with the testicular
immunoreactions (Figures 7A2–E2).

Western Blotting Determination of T1R2,
T1R3, and GNAT3 in Testis and Epididymis
We verified the visible immunoreaction changes with the
Western blotting determination of the expression of T1R2,
T1R3, and GNAT3 in the testis and epididymis (Figure 8).
The testicular expression of T1R2 in L-RA and H-RA
significantly increased compared with control, L-SS, and
H-SS (Figure 8A, P < 0.05). Meanwhile, the expression
of GNAT3 in L-RA and H-RA was significantly greater
than that in control (Figure 8C, P < 0.05). Consistent
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FIGURE 4 | Effect of dietary non-nutritive sweetness drinking on histologic changes in the testis of male guinea pigs. Animals in the control, L-SS, H-SS, L-RA, and

H-RA groups were supplied water solution with normal water, 1.5mM sodium saccharin, 7.5mM sodium saccharin, 0.5mM rebaudioside A, and 2.5mM rebaudioside

A for 28 days, respectively. Tissues were sectioned at 4µm and stained with H&E. Graphs in small colored square boxes are enlarged below. GC, germ cell; SC,

Sertoli cell; LC, Leydig cell. Bars = 1,000µm (A–E), 250µm (A1–E1), and 50 µm (A2–E2).

FIGURE 5 | Effect of dietary non-nutritive sweetness drinking on histologic changes in the epididymis in male guinea pigs. Animals in the control, L-SS, H-SS, L-RA,

and H-RA groups were supplied water solution with normal water, 1.5mM sodium saccharin, 7.5mM sodium saccharin, 0.5mM rebaudioside A, and 2.5mM

rebaudioside A for 28 days, respectively. Tissues were sectioned at 4µm and stained with H&E. Graphs in small colored square boxes are enlarged below. ED,

efferent duct; EpD, epididymis ductus, CT, connective tissue; CC, ciliated cell; BC, basal cell. Bars = 1,000µm (A–E), 250µm (A1–E1), and 50µm (A2–E2).
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FIGURE 6 | Effect of dietary non-nutritive sweetness drinking on immunolocalization of the sweet-tasting molecules T1R2 (6A1–E1), T1R3 (6A2–E2), and GNAT3

(6A3–E3) in the seminiferous tubule of testis in male guinea pigs. Animals in the control, L-SS, H-SS, L-RA, and H-RA groups were supplied water solution with

normal water, 1.5mM sodium saccharin, 7.5mM sodium saccharin, 0.5mM rebaudioside A, and 2.5mM rebaudioside A for 28 days, respectively. Tissues were

sectioned at 4µm and immunostained with primary antibody to T1R2, T1R3, and GNAT3 proteins, and negative control was performed with NRS instead of primary

antibody (6N1–N3). Positive immunostaining in brown and counterstaining with hematoxylin. GC, germ cell; SC, Sertoli cell; LC, Leydig cell. Bars = 50 µm.

FIGURE 7 | Effect of dietary non-nutritive sweetness drinking on immunolocalization of the sweet-tasting molecules T1R2 (7A1–E1), T1R3 (7A2–E2), and GNAT3

(7A3–E3) in the efferent duct of the epididymis in male guinea pigs. Animals in the control, L-SS, H-SS, L-RA, and H-RA groups were supplied water solution with

normal water, 1.5mM sodium saccharin, 7.5mM sodium saccharin, 0.5mM rebaudioside A, and 2.5mM rebaudioside A for 28 days, respectively. Tissues were

sectioned at 4µm and immunostained with primary antibody to T1R2, T1R3, and GNAT3 proteins, and negative control was performed with NRS instead of primary

antibody (7N1–N3). Positive immunostaining in brown and counterstaining with hematoxylin. CC, ciliated cell; BC, basal cell. Bars = 50µm.

with immunoreaction changes, there was no significant
difference in the testicular epididymal expression of T1R3
among all the groups (Figures 8B,E, P > 0.05). Furthermore,
the epididymal expression level of T1R2 and GNAT3 in
L-RA was elevated significantly compared with control
(Figures 8D,F, P < 0.05).

DISCUSSION

Saccharin sodium has been approved by the United States Food

and Drug Administration (FDA) as a safe artificial sweetener.

Consumption of non-nutritive sweetener is highly prevalent all

over the world; well-controlled, prospective trails are required
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FIGURE 8 | Effect of dietary non-nutritive sweetness drinking on the expression of sweet-tasting proteins T1R2, T1R3, and GNAT3 in testis and epididymis in male

guinea pigs. Animals in the control, L-SS, H-SS, L-RA, and H-RA groups were supplied water solution with normal water, 1.5mM sodium saccharin, 7.5mM sodium

saccharin, 0.5mM rebaudioside A, and 2.5mM rebaudioside A for 28 days, respectively. Equal amounts of protein lysate 50 µg were separated and incubated with

primary antibodies of T1R2, T1R3, GNAT3, and GAPDH (8G); GAPDH was used as an internal control. The intensities of blots were calculated with target protein

bands to corresponding GAPDH (8A–F). Data are shown as means ± SD (n = 6). Bars with different letters denote significant differences (P < 0.05).
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to understand the biological impact of this widespread NNS
exposure (20). The reproductive consequences of non-nutritive
sweetness in male are still unclear, which may be mediated
by activation of sweet taste receptors in extraoral testis or
epididymis. We selected two different types of NNS, chemical
sodium saccharin and natural rebaudioside A, to study the
influence on histologic change and expression of sweet taste
receptors in testis and epididymis of young male guinea pigs.

A previous study on adult male mice showed that the body
weight significantly increased in the 3.5mM saccharin-treated
group on weeks 4 and 5, occurring with significant cumulative
differences in food intake and water consumption, while mice
in the 7mM saccharin group increased their water consumption
significantly in the first 2 weeks (19). The results in male guinea
pigs first showed that drinking a solution of 1.5mM sodium
saccharin significantly increased food intake but decreased water
consumption on week 4; conversely, exposure to 7.5mM sodium
saccharin significantly reduced food intake but increased water
consumption on week 4. However, rebaudioside A with a
concentration of 0.5mM and 2.5mM both increased food intake
on weeks 3 and 4 but had no influence on water consumption
compared with control. The different administration dosage of
sodium saccharin might result in different animal metabolic
response (21). The mechanisms are likely synergistic and may
differ across species [for example, genetic variants of sweet
taste receptor gene associated with food intake (22) and
chemically distinct non-nutritive sweeteners (14)]; therefore,
we uncovered that dose-response metabolic manners to the
equivalent sweetness NNS with artificial sodium saccharin and
natural rebaudioside A were different in male guinea pigs.

The previous study revealed that saccharin sodium decreased
male mice reproductive performance at a high dose (0.46
g/kg/day), while no adverse reproductive effects were observed
at low (0.04 g/kg/day) and medium (0.21 g/kg/day) doses (18).
The results showed that the growth performance in guinea
pig testes and epididymis was impaired as a result of the
different treatments of sodium saccharine and rebaudioside A.
Consequently, the body weights of guinea pigs were associated
with food intake. Significant food intake in L-SS and H-RA led
to significant body weight compared with control. The results
revealed that low-sweetness 1.5mM sodium saccharin and high-
sweetness 2.5mM rebaudioside A had similar functional effects
on food intake and body weight change in male guinea pigs,
which were consistent with the previous findings that found
the addition of sweetener to diets increased sweetness sensory-
motivated intake (23) and then the induced greater body gain
in male rats (24, 25). We speculated that NNS contributed to
metabolic derangement (26, 27), such as increase in food intake
and body weight gain (28). However, H-SS decreased food intake
and had no significant change in body weight, and the prevailing
thought of the authors was toxicological effects of high-intensity
7.5mM sodium saccharin on food intake in male guinea pigs
(29). A previous study found that there was no substantive
change in testis weight from age of 56 days in rats (18). Parallel to
the above results, there was no significant difference in relative
testis weight in male guinea pigs with age of 56 days between
the control group and the treated groups, in spite of greater body

weight in L-SS and H-RA. It is mainly due to the fact that testis
weight is stable and not closely associated with body weight at
age of 56 days in rat and guinea pigs. Different from the relative
testis weight, however, the mechanism of the unstable relative
epididymis weight in male guinea pig with the age of 56 days
needs to be further investigated.

Compared with control in this experiment, NNS contributes
no significant influence on serum testosterone and estradiol
level. Apart from testosterone, a lower circulating serum level of
estradiol was detected in L-RA compared with L-SS. Meanwhile,
water consumption on week 4 in L-RA was greater than that in
L-SS, and body weight on week 4 in L-RA was significantly lesser
than that in L-SS. The saccharin-exposure experiment in mice
showed increased sweet taste receptor molecules and upregulated
steroidogenic enzymes (19) and NNS tastant-evoked adenosine
3’,5’-cyclic monophosphate (cAMP) signal (30), which was a
key regulator of steroidogenesis in Leydig cells (31). However,
whether serum estradiol level in male guinea pig relates to
greater sweet solution consumption or heavier body weight is
still rudimentary, since whether sweet taste receptors regulate
steroidogenesis requires further investigation.

In this study, high-dose 7.5mM sodium saccharin exerted
adverse morphologic influences on testis and epididymis,
markedly reduced number of Leydig cells, Sertoli cells, and
germ cells in seminiferous tubules of the testis, and elongated
and enlarged efferent ducts with a thinner layer of ciliated
cells in the epididymis. We, herein, uncovered the positive
biological functions of low-dose 0.5mM rebaudioside A on
morphologic changes, including testicular cohesive germ cells
and an epididymal thicker layer of basal cells in epididymis
ductus. Numerous studies suggested that high-intensity sodium
saccharin contributed adverse biological, even toxicological,
effects on reproductive systems (19, 32–35). Conversely, a
certain intensity of rebaudioside A represented positive biological
functions (36–38). A study showed that natural sweeteners
exerted their sweet taste by specifically binding to sweet
taste receptors (39). It was reported that the effects of NNS
exposure on reproductive organ function were related to the
expression of sweet taste receptor (19). This study showed
that 0.5mM rebaudioside A significantly elevated the testicular
and epididymal expression of T1R2 and GNAT3 in male
guinea pigs, including the stronger expression on germ cells
and Sertoli cells in the testis, and basal cells and ciliated
cells in the epididymis. A previous study has reported that
genetic loss or pharmacological blockade of testes-expressed
taste genes causes male sterility (17). Hence, we estimated that
low-dose rebaudioside A enhanced testicular and epididymal
functions by activating the expression of T1R2 and GNAT3. The
functions of sweet taste receptors in spermatozoa are related
to cAMP concentration (16), which are essential to produce
steroid hormone associated with testicular and epididymal
functions. The current increase in the testicular expression
of T1R2 and GNAT3 in H-RA indicated that high-intensity
rebaudioside A still represented positive effects on testicular
functions, consistent with the conclusion that rebaudioside A
causes no acute and subacute toxicity (40), even at 2.5% dietary
concentration (29).
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The testicular and epididymal expression of T1R3 in this
study had no significant changes among all the groups, and
this observation suggested that the testicular and epididymal
function in male guinea pigs exposed to NNS was maintained
by the Gα-mediated pathway without T1R3 (18) and that
the effect of the agonist was to pull the bottom part of
VFD3/T1R3 toward the bottom part of VFD2/T1R2 (41). Male
guinea pigs exposed to 1.5 and 7.5mM sodium saccharin
represented no effect on the expression of sweet taste receptors,
such as T1R2, T1R3, and GNAT3. According to the adverse
histologic changes in testis and epididymis in H-SS, one
explanation for this was that sodium saccharin at certain
concentration turned to bind bitter taste receptors instead of
sweet taste receptors (42, 43), since NNS causes aftertaste
bitterness in addition to sweetness (44). Therefore, whether
NNS has influences on the expression of bitter taste receptors
requires further study on young guinea pigs from prepubertal to
peripubertal age.

CONCLUSIONS

The data clearly suggest that saccharin sodium with high-
dose sweetness has potential adverse biologic effects on
testicular development and that rebaudioside A functions
as a potential steroidogenic disruptor in male guinea pigs.
Based on the study results, we recommend that additional
systemic reproductive studies be performed to verify the safety
of a high dose of non-nutritive sweeteners on the male
reproductive tract.
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Deltamethrin (DEL) can be introduced into the food chain through bioaccumulation in

Pacific oysters, and then potentially threaten human health. The objective of this study

was to investigate the bioaccessibility of DEL in oysters with different cooking methods

after simulated digestion. DEL content in different tissues of oysters going from high to

low were gills, mantle, viscera, and adductor muscle. Bioaccessibility of DEL in oysters

decreased after steaming (65%) or roasting (51%) treatments compared with raw oysters

(82%), which indicated that roasting can be used as a recommended cooking method

for oysters. In the simulated digestion process, the concentration of DEL in the digestive

juice and the bioaccessibility of DEL were affected by the pH in the gastric phase. And the

transport efficiency of DEL through the monolayer molecular membrane of NCM460 cells

ranged from 35 to 45%. These results can help assess the potential harm to consumers

of DEL in shellfish. Furthermore, it provides a reference for the impact of lipophilic toxins

in seafood.

Keywords: deltamethrin, bioaccessibility, oyster, NCM460 cells, magallana gigas

HIGHLIGHTS

• The content of deltamethrin is related to the interaction of protein and fat.
• The bioaccessibility of oysters decreased after steaming and roasting.
• Cooking treatment may result in the conversion of deltamethrin isomers.
• The pH of gastric phase will affect the bioaccessibility of deltamethrin in oysters.

INTRODUCTION

Synthetic pyrethroids are broad-spectrum, efficient, and neurotoxic pesticides. Pyrethroid use
markedly increased and became the preferred choice inmany agriculture-based countries in the last
two decades since the implementation of restrictions on the sale of organophosphorus insecticides
(1, 2). Pyrethroids have high insecticidal potency but they have a low toxicity with birds and
mammals (3). With mollusks, previous studies have reported that pyrethroids were more toxic to
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aquatic animals than to mammals because of their lower ability
to degrade pyrethroid pesticides (4, 5). Therefore, pyrethroids
are generally not directly used in aquaculture. However, there are
some reports of pyrethroid pesticide residues in aquatic products
and their habitat (6–8).

Given its widespread and worldwide use, pyrethroid pollution
has become an increasing threat to human health (9). There are
many pathways for the accumulation of pyrethroids in mollusks.
One is through water pollution caused by the use of pyrethroids
to kill water-borne parasites. Another is the run-off from the use
of pyrethroids in agricultural or urban areas (10, 11). Pyrethroids
in the aquaculture environment not only has a negative impact on
aquatic organisms but also threatens consumer’s health (12–15).

Deltamethrin (DEL), a type II synthetic pyrethroid, is
used widely as an insecticide (16, 17). It was used in
agricultural and aquaculture for pest control (18). Some
studies have detected the metabolites of DEL in the urine
of adults, pregnant women, and children (19, 20). Skin
contact and oral intake of DEL-contaminated food are harmful
to human health (21). Several studies found various toxic
effects in humans, such as neurotoxicity, immunotoxicity, and
reproductive toxicity (22–24).

Oysters are becoming more widely consumed because of their
appreciable quantities of proteins, long-chain polyunsaturated
fatty acids, vitamins and minerals, and desirable sweet and
“umami” tastes (25). Oysters are a filter-feeding shellfish.
Because they filter large quantities of water, microorganisms
and other pollutants will accumulate in tissue (25, 26). These
pollutants will enter the human body through consumption.
The maximum residue limit of DEL is 0.5 mg/kg in mammals,
but there are no standards for aquatic products (27). Oysters
are often consumed raw. However, raw oysters may contain
many health-threatening factors including Vibrio cholera and
enteropathogenic bacteria (28–30). Cooking can eliminate or
reduce some harmful substances in oysters (31). But the effect
of cooking on DEL remains unknown. Moreover, the amount
of a contaminant in a food as purchased is not necessarily equal
to how much human body will absorb. After DEL contaminated
food enters the human body, it is digested in the gastrointestinal
tract. Part of the DEL will enter the body with the absorption of
the digestive juices, while the rest if undigested will be excreted
with the digestive residue. There is, however, no previous study
reported on the bioaccessibility of DEL in any food matrix in the
human body. In recent years, in vitro models have been widely
used in the study of bioaccessibility (32, 33). Understanding
the bioaccessibility of DEL in the human body can provide
a preliminary estimate of its bioavailability data, which can
assess the threat of DEL to human health more accurately.
The bioavailability data can also provide a reference for a risk
assessment of DEL in seafood.

In vitro simulated digestion and NCM460 cell model are two
common in vitromodels. Simulated digestion is used to simulate
the physiological environment of human gastrointestinal tract
to study the physical and chemical changes that may occur in
the process of gastrointestinal digestion after food intake, the
interaction between food and digestive fluid and food in the
process of digestion, the utilization rate of nutrients and the

metabolism of toxic substances (34). The normal human colon-
derived mucosal epithelial cell line (NCM460) is a common cell
model. It can be used to study the absorption and transportation
of nutrients or harmful substances in drugs and food through
the intestine. In this study, the bioaccessibility of deltamethrin
in oyster was studied by simulated digestion and NCM460
cell experiment.

Thus, the purpose of this study was to: (1) investigate
the enrichment of deltamethrin in different tissues of oyster;
(2) assess the bioaccessibility of the DEL in oysters cooked
with different methods (teaming and roasting) after simulated
digestion; (3) study the penetration of DEL through intestinal
epithelial cells.

MATERIALS AND METHODS

Collection of Oysters and Sample
Preparation
Oyster samples were collected from the border of the Bohai and
the Yellow seas (Weihai, Shandong Province, China), and all
the oysters were transported to the laboratory alive. After that,
the oysters were acclimated in artificial seawater (32 g/L) for 24
hrs. The seawater was produced using seawater crystals (Tianjin
Binhai New Area Tanggu Hai Sheng Seawater Crystal Factory,
Tianjin, China) according to Bielmyer et al. (35). Then, the
oysters were exposed to seawater with DEL (2 µg /L) for 72 hrs.
DEL for contamination was obtained from Bayer CropScience
(Hangzhou, Zhejiang Province, China). Salinity (27.0 ± 1.0‰)
and water temperature (18 ± 1◦C) were maintained throughout.
Photoperiod at 12 h light/12 h dark was maintained. To prevent
the residual chlorine in the tap water from affecting the
oyster culture process, the seawater was oxygenated for 48 hrs
before use.

All the artificially contaminated oysters were divided into
four groups, of which three groups were subjected to different
processing methods: raw, steamed (i.e., steaming in an steam
cooker for 5min, until the oyster shell opens), and roasted (i.e.,
in an oven at 200◦C for 20min, only use downfire). Oyster tissue
was taken out and divided into four parts: gill, viscera, mantle,
and adductormuscle. Twenty-five specimens were removed from
the treated oysters. For all samples, the tissue was separated from
the oyster-shell, cleaned with running water. The collected tissues
were then drained and homogenized with a blender (JY-200B,
Zhongshan Jiuyuan Electric Appliance Co. Ltd, Zhongshan,
Guangdong Province, China) until visually homogenized. These
samples were stored at −20◦C for further analyses (maximum 4
weeks of storage).

In vitro Digestion Model
The bioaccessibility of DEL in oysters was assessed using an in
vitro digestion INFOGEST procedure previously described by
Brodkorb et al. (36) with proper modifications. In short, the
simulated human digestion methodology was carried out in three
different phases (oral, gastric, and intestinal) using four digestive
enzymes: pepsin (Aladdin, P110927), lipase (Aladdin, L299012),
trypsin from swine (Sigma, P7545) and cow bile (Solarbio,
B8210). And each oyster sample was digested in triplicate. For
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each sample, 5 g of oyster tissue was digested at 37◦C using
a constant temperature water bath shaker (JieRuiEr THZ-82;
Changzhou, Jiangsu Province, China). The simulated digestion
was done using the following protocol: oral phase (the tissue is
diluted 1:1 with simulated salivary fluid at pH 7 ± 0.2; 2min),
gastric phase (the oral bolus is diluted 1:1 with simulated gastric
fluid; 150min), and intestinal phase (the gastric chyme is diluted
1:1 with simulated intestinal fluid at pH 7 ± 0.2; 120min).
Studies have shown that the pH in the gastric phase is constantly
changing during the digestion process (37). To better simulate

the real physiological environment during the gastric digestion

process, the pH is continuously reduced by adding hydrochloric

acid (the total amount of hydrochloric acid added is 2mL, 0.4mL
is added at the beginning of the gastric phase, and then 0.2mL
is added every 15min) during the experiment. The change of
pH in the gastric phase is shown in Figure 1. Each simulated
digestion fluid was prepared just before simulated digestion to
avoid the loss of enzymatic activity. At the end of the simulated
digestion, the pH of gastric samples was adjusted to 8.0 ± 0.2
and the intestinal samples were heated in the water bath at 95◦C
for 10min to stop the digestion process. After that, the digested

samples were centrifuged at 2,930× g at 4◦C for 5min to separate
the bioaccessible and non-bioaccessible fractions.

Considering that the content of DEL in the digestive phase
is changing, the steamed oyster group (one of the most
common cooking method of oysters) was selected to study
the concentration changes of DEL in cooked oysters during
digestion. Samples were taken every 30min during the simulated
digestion process for DEL analysis.

DEL Analysis
Reagents
All reagents used for DEL extraction and analysis were
of analytical grade or higher. Acetonitrile (p.a. ≥99.9%)
and N-hexane (GC grade) were obtained from Aladdin.
The QuEChERS kits (MQ3-3) were obtained from
Shandong Qingyun Experiment Material Co., Ltd. (Yantai,
Shandong, China); and glacial acetic acid (p.a. ≥99.9%)
was obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Ultrapure water was obtained using a
Milli-Q Reference system from Millipore (Billerica, MA,
USA). A certified reference standard solution of DEL

FIGURE 1 | Change of gastric pH during simulated digestion. The solid line is the fitted curve obtained for the pH varied group.

Frontiers in Nutrition | www.frontiersin.org 3 August 2021 | Volume 8 | Article 726620116

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Jiao et al. Bioaccessibility of Deltamethrin in Oysters

was purchased from ANPEL Laboratory Technologies
Inc. (Shanghai, China), which had been provided by the
Agro-Environmental Protection Institute, Ministry of
Agriculture and Rural Affairs of China. Calibration curves
of deltamethrin-1 and deltamethrin-2 were prepared at different
concentrations ranging between 1 and 40, and 10 and 400 ng
mL−1, respectively.

DEL Extraction
The DEL was extracted using QuEChERS kits. The kits consisted

of an extraction tube (a 50mL plastic centrifuge tube with
white solid powder), salt bag (for removing moisture and

reducing some interferences), and a purification pipe (for further

purifying the sample and further reducing the interferences).

For solid samples (oyster tissue), each sample (10 g) was

placed in an extraction tube and mixed with ultrapure water

(5mL), and then homogenized for 1min. Subsequently, 15mL

of acetonitrile (containing 1% glacial acetic acid) was added,

followed by shaking for 1min. Then the salt bag was added,
followed by shaking for 3min and centrifuged at 2,930 ×

g for 5min (at 4◦C). An 5mL aliquot of the supernatant
was transferred into a QuEChERS purification pipe. After
shaking for 1min and concentrating, a 3mL aliquot was
taken and flushed with nitrogen at 45◦C to dryness with
a nitrogen flushing instrument (Tubes Heater L-129P and
Auto-Sample Concentrator L-148, Laiheng, Beijing, China) and
redissolved with 2mL n-hexane. For liquid samples (gastric
and intestinal digestive fluids), sample and acetonitrile (with
1% glacial acetic acid) were placed in an extraction tube (v:v
= 1:1). For DEL analysis, the gastric and intestinal digestive
phases were concentrated 2 and 4 times, respectively, with
nitrogen flushing and redissolved with n-hexane as for the
solid samples.

DEL Determination Using GC-ECD
DEL was determined with an Agilent Technologies 7890B GC
coupled to an ECD detector. The quantitative analysis was done
on an HP-5 column (30m× 0.320mm× 0.25µmfilm thickness,
Agilent J&W GC columns). The oven temperature program was
ramped from 100◦C (2min hold time) to 270◦C at 6◦C/min with
a hold time of 10min. The injection and detector were at 250
and 300◦C, respectively. The nitrogen carrier gas was maintained
at a flow rate of 1.0 mL/min. A sample of 1 µL was injected in
splitless mode.

Percentages of DEL in the bioaccessible fraction (%)
were calculated as follows: BIO × 100/BD, where BIO
is the DEL amount detected in the bioaccessible fraction
and BD is the DEL amount detected in the same sample
before digestion.

Cell Culture and Transport Assay
Cell culture and transport assay were done using the
methodologies previously described by Xu et al. (38) with
modification. Briefly, NCM460 cells were spread onto a
Transwell polyester permeable membrane support at a density
of 1.0 × 105 cells/cm2. The cells were grown at 5% CO2 and
37◦C in a humidified atmosphere in DMEM medium (DMEM:

serum:double antibody = 9:1:0.1). The medium was changed
every other day to allow the cells to differentiate for at least
21 days. For toxicity assay, cells were incubated with PBS
containing DEL (0, 5, 10, 17.5, 30 ng/mL) at 37◦C for 24 h. Then,
the fluorescence was measured at 450 nm using a Microplate
Photometer (Multiskan FC, Thermo Fisher Scientific Inc.,
Shanghai, China).

The transport assays of DEL were done in a Transwell
membrane. NCM460 cell monolayers were incubated with
0.5mL phosphate-buffered saline buffer (PBS, containing 1
mmol/L Ca2+ and 0.5 mmol/L Mg2+ ions) containing DEL (0,
2, 10, 30 ng/mL) on the apical side and 1.5mL PBS on the
basolateral side of the monolayers for 2 h and culture medium
collected from both sides for GC-ECD. The transepithelial
electrical resistance (TEER) of the monolayer was measured to
ensure its value was >400 �/cm2.

Statistical Analysis
Statistical analysis was done using the IBM Statistical Package
for the Social Sciences, SPSS Statistics 26 (IBM Corp., Armonk,
NY, USA). One-way ANOVA followed by Duncan’s multiple
range tests were used to determine the statistical significance.
Spearmans’ correlation (non-parametric bivariate correction)
was established between nutritious substance and DEL levels.
Differences were considered significant at p < 0.05.

RESULTS

Toxin Analysis of DEL in Different Tissues
of Oyster
DEL levels in different oyster tissues are shown in Figure 2. DEL
toxicity ranged from 677 to 2,750 µg /Kg in different tissues
of oysters. The gill sample had the highest levels of DEL. The
lowest DEL concentrations were in the adductor muscle samples.
The concentration of DEL in the mantle was higher than in
the viscera. Statistically significant differences (p < 0.05) were
observed in the concentration of DEL in the different tissues. The
content of DEL in the whole oyster had no significant difference
with the content in viscera.

In addition to DEL, the proximate composition (crude
protein, fat, total carbohydrate, and ash) in various tissues were
also measured (Figure 2). The highest protein content and the
lowest fat content were found in adductor muscle. A statistical
correlation of DEL levels and tissue proximate composition gave
a positive (r = 0.729) and highly significant correlation with ash
content. No significant correlations were observed between DEL
and crude protein (r = −0.200, p = 0.475), fat (r = 0.318, p =

0.248) and carbohydrate (r = 0.325, p= 0.237).

Bioaccessibility of DEL With Different
Cooking Methods
The DEL GC spectrum from oyster meat is shown in Figure 3.
There were 2 peaks with retention times of 37.5min (DEL-1) and
38.2min (DEL-2). However, there were significant differences
between the peak areas of DEL-1 and DEL-2 in oyster meat with
different processing methods, and the proportions of DEL-1 was
6.2% (raw), 24.6% (steamed), and 20.4% (roasted).
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FIGURE 2 | Concentrations of DEL and proximate composition in different tissues of oyster. Lowercase letters represent differences in DEL concentration between

tissues (gill, viscera, mantle, muscle, and whole meat) of oyster (ANOVA, p < 0.05).

Total DEL of oyster meats with the various digestion phases
(gastric initial and final and intestinal initial and final) with the
different cooking methods are shown in Figure 4. There was a
similar trend among the three processing methods. The content
of DEL at the end of the gastric phase was higher than that
at the beginning of the gastric phase, and the content of DEL
at the end of the intestinal phase was higher than that at the
beginning. The total amount of DEL in the digested liquids was
always lower than that in the undigested oyster meat (p < 0.05).
And the amount of DEL in the raw group was higher than that
in the other two groups at each digestive stage. At the end of the
simulated digestion, the content of DEL in the raw, steamed, and
roasted samples were 2,300 ± 300, 2,020 ± 80, and 1,360 ± 40
ng, respectively.

High percentages of bioaccessible DEL were found with all
the cooking methods using the in vitro model: 82 ± 10, 65
± 6, and 51 ± 3% of the total DEL was released into the
digestive juice with the raw, steam, and roasting, respectively
(Figure 5). There was a significant difference between these
cooking methods (p < 0.05) and a reduction of bioaccessibility
was observed after cooking. No significant difference was
found between the steamed and roasted samples, but the

bioaccessibility of the roasted group was slightly lower than the
steamed group.

The Change of DEL Concentration During
Simulated Digestion
The digestion using the different gastric pH vs. a pH constant
group. A total of 2mL HCl was added in the gastric phase. Two
hundred microliter HCl was added every 15min in the pH varied
group, and 2mL HCl was added directly at the beginning of the
gastric phase in the pH constant group. As shown in Figure 6,
a significant increase in DEL levels was seen in the pH varied
group, whereas a significant decrease was observed in the pH
constant group during the gastric digestive stage. At the end of
the gastric phase, the concentration of DEL in the pH varied
group was significantly higher than that in the pH constant
group. The switch to intestinal digestion led to an immediate
decrease in DEL concentration. At this stage, the concentration
of DEL in the pH varied group was higher than in the pH
constant group. Furthermore, there were significant differences
in the bioaccessibility of DEL between the two groups during
gastrointestinal digestion (p < 0.05).
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FIGURE 3 | Chromatograms (GC-ECD) of DEL from oyster meat with different processing methods. Chromatograms of DEL are separately in (A) Raw oyster; (B)

Steamed oyster; and (C) Roasted oyster. DEL retention time was 37.5 (DEL-1) and 38.2min (DEL-2). Peak areas of DEL-1 and DEL-2 were 85.4 and 1,280 for raw

oysters, 483 and 1,480 for steamed oysters, and 312 and 1,210 for roasted oysters, respectively.

Cellular Absorption of DEL
As shown in Figure 7A, after treatment with 5, 10, 17.5, and
30 ng/mL DEL for 24 h, there was no significant difference in the
cell viability between control, 5, 10, and 17.5 ng/mL, whereas a

significant reduction of cell viability was found at 30 ng/mL (p
< 0.05). It was assumed that no harm came to the cells used
in the transport study because the transport time used was 2 h,
much shorter than 24 h for DEL toxicity. Figure 7B shows the
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FIGURE 4 | Total content of DEL of oyster meat using three cooking methods at different stages of digestion. Uppercase letters represent differences of DEL content

in each digestion stage between different cooking methods (ANOVA, p < 0.05). Lowercase letters represent differences of DEL in the digestion process between the

same cooking methods (ANOVA, p < 0.05).

linear curve of cell viability with DEL concentration at 24 h. As
the concentration of DEL increases, cell viability continues to
decrease. The linear equation obtained was y = 102.1–0.69 x,
and the Pearson correlation coefficient was −0.97. Transport of
DEL across NCM460 cell monolayers is shown in Figure 7C. The
concentration of DEL in the 2 h group was slightly higher than
that in the 0.5 h group.

The degradation of DEL was not observed within the
cell, as evidenced by no significant differences (p > 0.05)
between the total amount of DEL toxin added and the sum
of this toxin found in the apical and the basolateral sections
after 2 h.

DISCUSSION

Occurrence and Profiles of DEL in Oysters
After a short exposure experiment, the content of DEL was the
highest in the gills of oysters, followed by the mantle and viscera,

and the lowest in the muscle. The digestive pathway of DEL in
oysters is from gills to internal organs and then to muscles. The
mantle is a membrane that wraps the internal organs and tissues.
The high content of DEL in mantle may be due to the direct
contact between the mantle and water, and the lipophilicity of
DEL allowed it to be absorbed in the mantle. In addition, the
concentration of DEL and the proximate composition in whole
meat was basically the same as the average value in each organ.
Whole oyster meat is normally consumed. According to the
data in Figure 4, there was no significant difference in the total
content of DEL in raw, steamed, and roasted oysters. However,
the concentration of DEL in steamed and roasted oysters was
higher than that in raw oysters because the steaming and roasting
process will cause water loss. This was consistent with the studies
by Hess et al. (39), who suggested that the concentration of
azaspiracids (AZA) in cooked shellfish was 2-fold higher than
the uncooked shellfish. And Wiech et al. (40) also show the
similar result.
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FIGURE 5 | Bioaccessibility (%, mean ± SD) of total DEL content of oyster samples using different cooking methods. Lowercase letters represent differences in

bioaccessibility of deltamethrin under different cooking methods (ANOVA, p < 0.05).

The occurrence and profiles of DEL in oysters may not only
be related to the tissue and cooking method, but also related
to the structural characteristics of DEL itself. DEL contains 3
chiral centers, indicating that it has 8 stereoisomers (41, 42).
Corcellas et al. (43) showed that the cis isomers of pyrethroids
were easier to enrich than trans isomers in organisms. But the
degradation rate of trans isomers was faster than cis isomers
(44). Usually, there were two peaks in the deltamethrin gas
chromatogram (45). As shown in Figure 3, there was a higher
accumulation of DEL-1 in steamed or roasted oyster compared
to raw oyster, whereas DEL-2 was the predominant toxin
accumulated. However, the structure of DEL-1 is not understood.
DEL-1 and DEL-2 may be two different stereoisomers of DEL
and the conversion of DEL-2 to DEL-1 may have occurred due
to heating. Therefore, more research regarding enantioselective
accumulation and enantiomeric toxicology is needed to establish
which enantiomers have a greater health risk.

DEL Bioaccessibility and Changes After in
vitro Digestion and Cell Monolayers
Compared to other pyrethroids, DEL has a higher toxicity, which
makes it important to study its bioaccessibility. The in vitro
digestion model indicated that the DEL was gradually released
from oysters during digestion. The simulated digestion, showed

a lower concentration of DEL with intestinal digestion than in the
prior gastric digestion. This may be due to the dilution of DEL by
intestinal digestive juice such as bile.

The results observed in the present study show that DEL
bioaccessibility in steamed oysters was around 65%, and in
roasted oysters was around 51%, which is significantly lower
than in raw oysters (82%). These results were consistent with
the previous observations that the bioaccessibility values of AZA
were lower in mussels after steaming (46). The hydrophobic
peptides become exposed with surface denaturation. Since AZA
are lipophilic, a weak binding between AZA and a 45 KDa
protein was observed during cooking. DEL is also lipophilic, and
this binding force might explain the lower bioaccessibility after
heating. Considering the high bioaccessibility, some studies have
shown that the content of harmful substances in food can be
reduced by washing and soaking (47). Before eating oysters, we
can try to reduce the harm of harmful substances to human body
by washing and soaking.

The DEL content decreased significantly after intestinal
digestion, which might be explained two ways. One is
that DEL was present in the biologically unavailable parts
(materials not digested), and the other is that the presence
of pancreatin and bile salts in the digestive juice of the
intestine hydrolyzed or degraded DEL. Previous studies showed
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FIGURE 6 | Concentration changes of DEL in digestive juice during simulated digestion with different pH.

that some pyrethroids including DEL may undergo significant
transformations in the intestinal fluid (48). Carboxyl ester lipase
has an important role in lipid metabolism and is synthesized
primarily in the pancreas (49). Crow et al. (50) also observed a
correlation between carboxylesterase and pyrethroids, indicating
trans-permethrin were effectively cleaved, while DEL and
bioresmethrin were not metabolized. The degree of hydrolysis
varied for different pyrethroids. Carboxylesterase may therefore
hydrolyze pyrethroids during simulated digestion in vitro. The
degree of hydrolysis may also be related to the concentration
of carboxylesterase. And the toxicity of the hydrolysate may be
higher or lower than that of its parent compound (17). Thus,
the hydrolytic metabolites and their potential biological activity
should be investigated in future research.

The difference between the in vitro simulated digestion model
and the existing static in vitro model is mainly reflected in the
pH of gastric phase. The importance of pH values with in vitro
simulated digestion in the bioaccessibility has been previously
suggested (51, 52). Gastric pH is not a constant parameter
and its value changes continuously during digestion (37). The
concentration of DEL in the constant pH group was lower
than the variable pH group for most stages of digestion as was
its bioaccessibility.

In vitro simulated digestion experiments are simpler and
more convenient than in vivo experiments partly because only

specific enzymes are used in vitro. There are many in vitro
digestion models, and the bioaccessibility data obtained by
different digestion models may be different (53). Other factors
when studying the bioavailability of pyrethroids such as the
diversity of small intestinal microbiome and microbial diversity,
as well as other enzymes and biosurfactants in digestive juices
should be considered (48).

To reduce the influence of the complex components in the
simulated digestive juice on the cell viability during cell transport,
a standard solution of DEL with a similar concentration instead
of intestinal digestion chyme was used. The transmembrane
transport efficiency of DEL by NCM460 cells were 35, 45,
and 43% at 2, 10, and 30 ng/mL, respectively. After simulated
digestion, the concentration of DEL was about 10 ng/mL. Using
a trans-transport efficiency of 45%, the bioaccessibility of DEL
after passing through small intestinal epithelial cells were 37%
(raw), 29% (steamed), and 23% (roasted). Shellfish like oysters,
most often consumed raw, are the most hazardous, while foods
consumed soon after heat treatment have fewer hazards (25).

The bioaccessibility of DEL with simulated digestion should
help provide further information for the risk assessment of
pyrethroids. However, there are some differences between
bioavailability and bioaccessibility. The NCM460 cells were was
used to study bioaccessibility, but the relationship between it and
bioavailability still needs further study.
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FIGURE 7 | Toxicity of DEL on the viability of NCM460 cells and transport efficiency. (A) Effect of DEL on the viability of NCM460 cells. The cell viability was

significantly decreased after treatment with 30mM DEL for 24 h. The data are expressed as the means ± SD (n = 9). Values with different letters are significantly

different (p < 0.05). (B) Linear curve of cell viability (% of control) with DEL concentration. (C) Transport of DEL across NCM460 cell monolayers. The letter D

represents the lower chamber of the Transwell, and the letter U represents the upper chamber of the Transwell. The concentration in the lower chamber shown in the

figure is 3 times the actual concentration.

Frontiers in Nutrition | www.frontiersin.org 10 August 2021 | Volume 8 | Article 726620123

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Jiao et al. Bioaccessibility of Deltamethrin in Oysters

CONCLUSIONS

The results should help to evaluate potential dietary exposure
to some pesticide toxins through the consumption of seafood.
The bioaccessibility of DEL from raw, steamed, and roasted
oyster samples were 82, 65, and 51%, respectively, during
gastrointestinal digestion. Roasting is the recommended method
of oyster cooking to lower DEL bioaccessibility.
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5Medicinal and Aromatic Plants Researches Department, Agricultural Research Center, Horticulture Research Institute, Giza,

Egypt

Nutrients can be considered as functional foods, which exert physiological benefits on

immune system. The seeds of Nigella sativa, which have many active constituents,

are mainly used for medicine, food spice, and nutritional supplements in Egypt.

Much attention has been paid to N. sativa seeds for their anticancer, antibacterial,

anti-inflammatory, and immune properties. However, their active constituents and

mechanisms underlying functions from N. sativa seeds is unclear. Thus, the bioactive

constituents with immune regulation in N. sativa seeds were systematically studied. A

new compound (3-methoxythymol-6-O-β-D-apiofuranosyl-(1→6)-β-D-glucopyranoside

1) and 11 known compounds (2–12) were separated from the N. sativa seeds by

chromatographic methods. Their structures were then elucidated by spectroscopic

analysis of MS, UV, IR, 1H-, and 13C-NMR. Furthermore, immunomodulatory effects

of those compounds in RAW 264.7 cells were evaluated by phagocytosis, nitric

oxide (NO) and cytokine release, related mRNA transcription, and key proteins

expression in vitro. Monosaccharide derivatives, Ethyl-α-D-furaarabinose (5), and

Ethyl-β-D-fructofuranoside (8) were shown to played bidirectional regulatory roles in

immunity and anti-inflammation through the regulation of nuclear factor-κB (NF-κB)

signaling pathways. The results showed the active compounds and mechanisms of

immune regulation in N. sativa, thus indicating that N. sativa seeds could be used as

dietary supplements in immunomodulation.

Keywords: Nigella sativa, monoterpene glucoside, monosaccharide derivatives, immune, anti-inflammatory,

RAW264.7

INTRODUCTION

The interaction between inflammation and the immune system is very complex (1). Inflammation
is a physiological and pathological reaction caused by the harmful stimulation of living tissue
with the vascular system by the internal and external environment (1). A moderate inflammatory
reaction can stimulate the immune system and promote the proliferation and activation of
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immune cells, while an excessive inflammatory reaction will
cause immune system dysfunction, resulting in damage to the
body (2). Inflammation is the outcome of effective immune
response actions that prevent the organism from infections (3).
Acute inflammation is the response of the immune system
microorganism and environmental stresses and is crucial to tissue
healing. On the other hand, chronic inflammation generally
refers to chronic illnesses like diabetes and neurodegenerative,
cardiovascular, and metabolic diseases (4, 5). When chronic
inflammation develops, it can cause pathological change to
signaling pathways [especially nuclear factor-κB (NF-κB)] and
the signal transducer, which cause an increased level of oxidative
stress leading to excessive release of reactive oxygen species
(ROS) (6, 7). NF-κB pathway activation leads to the expression
of genes regulating immune-regulation, inflammation, apoptosis,
and carcinogenesis, with the release of pro-inflammatory
cytokines and chemokines (8). Immunotherapy is an effective
therapeutics via activating or suppressing the immunologic
system through synthetic, natural drugs and antibodies to combat
disorders (5). Intake of immune modulators is an essential
approach to immunotherapy. Synthetic agents show typical side
effects manifested as infection, blood constipation, disorders,
and so on, while natural drugs are comparatively safe (9). Some
dietary constituents of phytochemicals are essential to the balance
and development of the immune system and in the amelioration
of chronic inflammation (10).

Diet therapy and diet health gradually became the focus of
attention. Diets rich in plants such as spices, fruits, and vegetables
were demonstrated to restrict the emergence and growth of
chronic illness via the inhibition of chronic inflammation (11,
12). Balanced healthy diets along with nutrient supplementation
are also essential tomaintain the normal physiology of the human
body as it plays an essential role in boosting up individual
immunity (13). Nutrient supplementation containing botanicals
can meet the physiological and nutritional needs of some
patients (14). The use of botanicals has drawn much attention,
particularly for minimizing adverse events on the immune
system (15).

Nigella sativa, belonging to the family Ranunculaceae, is
distributed in southwest Asia, North Africa, and Southern
Europe (16). N. sativa seeds are exhibited in time-honored
traditions through their usage as wind dispelling agents,
diuretics, insect repellents, and dietary supplements (17–19).

Abbreviations: NO, nitric oxide; COX, cyclooxygenase; IL, interleukin; NF-κB,

nuclear factor-κB; gDNA, genomic DNA; PVDF, polyvinylidene fluoride; RNA,

ribonucleic acid; PBS, phosphate buffered saline; iNOS, inducible nitric oxide

synthase; FBS, fatal bovine serum; PCR, polymerase chain reaction; IκB, inhibitor

of NF-κB; LPS, lipopolysaccharide; ELISA, enzyme-linked immunosorbent assay;

DMSO, dimethyl sulfoxide; cDNA, complementation deoxyribonucleic acid; BCA,

butyleyanoacrylate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TNF,

tumor necrosis factor; DMEM, Dulbecco’s modification of eagle’s medium; SDS-

PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; MTT, 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; COVID-19, coronavirus

disease 2019; T2DM, type 2 diabetes mellitus; ROS, reactive oxygen species;

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein

cholesterol; GOT, glutamic-oxaloacetic transaminase; HMBC, heteronuclear

multiple-bond correlation; HPLC, high-pressure liquid chromatography; TLC,

thin layer chromatography.

The seeds of N. sativa have been shown to exert anti-
cancer, immunomodulative, anti-inflammatory, anti-bacterial,
antioxidant, hypoglycemic, stomach protection, liver protection,
and renal protection activities (20–22). The seeds and oil of N.
sativa are widely used in food preparation and medicine (23, 24).
In addition, literature has shown that the co-delivery of nutrient
supplements and drugs could contribute to promising results. N.
sativa components as nutritional supplements are effective for the
adjuvant treatment of COVID-19 cases (25, 26). In addition, N.
sativa seeds and oil has been shown to supplement cardiovascular
protective functions for patients with type 2 diabetes mellitus
(T2DM) (27). Like other supplements, N. sativa seeds can
strengthen the resistance of the immune system to diseases (28).
Alshatwi A A found that N. sativa seed extract could stimulate
the proliferation of human peripheral blood monocytes, which
are usually stimulated by non-phytohemagglutinin through flow
cytometry and PCR methods (29).

It is obvious that N. sativa seeds could meet the nutritional
need to improve the immune system of an organism (30).
Research on the chemical constituents of this genus began in the
middle of the 20th century (31), which showed that N. sativa
seeds contain various chemical components like essential oils,
alkaloids, phenols, saponins, and steroids (32, 33).

Our work focused on the identification of the relevant
bioactive compounds in N. sativa seeds. The ethanol extract
of N. sativa was investigated and a new monoterpene
glucoside, 3-methoxythymol-6-O-β-D-apiofuranosyl-(1→6)-
β-D-glucopyranoside, and 11 known compounds were
isolated and identified. Then, the anti-inflammatory and
immunomodulative activities of the compounds (Figure 1)
isolated from N. sativa seeds were evaluated in vitro. The
mechanism of the monosaccharide derivatives was demonstrated
on RAW264.7 macrophage.

MATERIALS AND METHODS

Reagents and Instruments
The following technologies and materials were used in this
research: UV spectra (Shimadzu, Kyoto, Japan); IR spectra
(Bruker Vector 22 spectrophotometer, Bruker Optics GmbH,
Ettlingen, Germany); Mass spectra (API QSTAR time-of-flight
spectrometer, MDS Sciqaszex, Concord, Ontario, Canada). NMR
spectra (Bruker AM-400, Bremerhaven, Germany); silica gel
(200–300 and 300–400 mesh, Qingdao Marine Chemical Inc.,
China); Rp-18 gel (40–63µm, Merck, Darmstadt, Germany);
Sephadex LH-20 (20–150µm, Amersham Biosciences, Uppsala,
Sweden); YMC∗GEL ODS-A-HG (50µm, YMC Co. Ltd., Kyoto,
Japan) (34).

The following reagents were used in this research: FBS (Gibco,
Grand Island, NE, USA); DMEM, neutral red (Solarbio, Beijing,
China); Nitric oxide kit (Nanjing Jiancheng Bioengineering
Institute); IL-6 and TNF-α ELISA kit (Beijing 4A Biotech Co.,
Ltd., Beijing, China); Primer iNOS, TNF-α, IL-6 and Cox-2
(Thermo Fisher Scientific, Shanghai, China); Reactive Oxygen
Species Assay Kit (Beyotime Biotechnology, Shanghai, China);
PrimeScriptTMRT reagent kit with gDNA Eraser kit and TB
Green TM Ex TaqTM II (Tli RNadeH Plus, Accurate Biology,
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FIGURE 1 | Structures of compounds isolated from N. sativa.

Hunan, China), Bulk kit (TaKaRa, Accurate Biology, Hunan,
China); Antibody NF-κB p65, phospho-NF-κB p65, iNOS, COX-
2, IκBα, and phospho-IκBα (Cell Signaling, Beverly, MA, USA);
LPS (Sigma-Aldrich, St. Louis, MO, USA) (35).

Extraction and Isolation
The air-dried and powderedN. sativa seeds (5 kg) were degreased
with petroleum ether and the residue was extracted by 70%
ethanol (3 × 10 L) under room temperature. The ethanol extract
(550 g) was separated by silica gel column chromatography
eluting with a gradient of CHCl3-MeOH (20:1→1:1, v/v) to
afford seven fractions 1–7 by TLC plate analysis. Fr.2 (15 g)
was subjected to Rp-18 column chromatography (MeOH-H2O,
20:80→100:0, v/v) to afford five subfractions (Fr.2-1 to Fr.2-
6). Sephadex LH-20 column chromatography (MeOH) was
performed on 2–4 (300mg) and then purified by semi-prep.
HPLC (MeOH-H2O, 40:60, v/v) was performed to obtain 3

(4mg), 4 (4mg), and 5 (25mg). Fr.3 (50 g) was then separated
by Rp-18 column chromatography (MeOH-H2O, 40:90→60:0,
v/v), performed by silica gel column chromatography, eluted
with a gradient system of EAC-MeOH (10:1→1:1, v/v), purified
by Sephadex LH-20 column chromatography (MeOH), and
further purified by semi-prep. Another HPLC (MeOH-H2O,
30:70, v/v) was also performed to afford 6 (4mg), 7 (3.5mg),
and 8 (35mg). Fraction 4 (19.5 g) was subjected to silica gel
column chromatography, eluting with a gradient system of

CHCl3-MeOH (8:1→1:1, v/v) to afford five subfractions (Fr.4-
1 to Fr.4-5). Fr.4-2 (15 g) was performed by Rp-18 column
chromatography (MeOH-H2O, 10:90→100:0, v/v), Sephadex
LH-20 column chromatography (MeOH), and further purified
by semi-prep. An additional HPLC (MeOH-H2O, 52:48, v/v)
to afford 1 (4mg) and 2 (3mg) was performed. Fr.6 (100 g)
was separated by silica gel column chromatography, eluting with
a gradient system of CHCl3-MeOH (8:1→1:1, v/v) to afford
five subfractions (Fr.6-1 to Fr.6-5). Fr.6-1 (300mg) was purified
by semi-prep. Once again, HPLC was performed (MeOH-H2O,
28:82, v/v) to afford 9 (7mg) and 10 (3mg). Fr.6-3 (150mg) was
purified by Sephadex LH-20 column chromatography (MeOH),
further by semi-prep. Another HPLC (MeOH-H2O, 15:85, v/v)
to afford 11 (2mg) was performed. Fr.7 (10 g) was separated
by silica gel column chromatography, eluting with a gradient
system of CHCl3-MeOH (5:1→1:1, v/v), then Sephadex LH-
20 column chromatography (MeOH), and further purified by
semi-prep. One more HPLC (MeOH-H2O, 52:48, v/v) was
performed to afford 12 (5mg). Spectral data was seen in
Supplementary Materials.

Plant Material
Nigella sativa seeds were provided by the Department of
Medicinal and Aromatic Plants, Horticultural Research Institute,
Egyptian Agricultural Research Center. The plants of N. sativa
were rich in local resources; thus, the collection was permitted.
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Cell Culture and Cell Viability Assay
RAW264.7 macrophages were cultured by the same assay
as Zhang H (36). Cell viability was assessed by 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The starting inoculum of 1 × 105 cells/ml/well was
cultured in a 96-well cell culture plate at 100 µl per well-
incubating at 37◦C with 5% carbon dioxide in an incubator
for 24 h. Cells were also exposed to 100-µl culture mediums
with different concentrations (6.25, 12.5, 25, 50, 100, 200, and
400 µmol/L) of compounds 5 and 8 for 24 h, respectively.
Lipopolysaccharide (LPS, 1µg/ml) was used as a positive control.
In addition, 10 µl/well MTT solution was added in the dark
environment, cells were cultured in an incubator for 4 h, and
dimethyl sulfoxide (DMSO, 100 µl) was added to each well to
solubilize the blue-purple crystal, with the best absorption at
490 nm.

Phagocytic Activity
RAW264.7 cells were seeded in 96-well plates (1 × 106 cells/ml)
and exposed to specified concentrations of compounds 5 and 8.
The supernatant was treated with 0.075% neutral red solution
after 24 h. Cell lysis solution containing 1% acetic acid-anhydrous
alcohol (1:1, V:V) was also added into each well, and then the
absorbance value was determined at 540 nm.

Measurement of NO
The experiment referred to normal and LPS-induced conditions
of the RAW264.7 macrophages model. RAW264.7 cells were
seeded in 24-well plates (1 × 106 cells/ml) and treated with
compounds 5 and 8 for 24 h under normal culture conditions.
The administration group was pretreated with compounds
5 and 8 for 1 h and LPS (1µg/ml) for 24 h under the
LPS-induced inflammation model. Then, supernatants were
collected for testing of the nitric oxide (NO) concentration
by the Nitric oxide kit according to the instructions of
the manufacturer.

Determination of IL-6 and TNF-α
Macrophages were treated as described above, cellular
supernatants were collected, and the cytokines [interleukin- (IL-)
6 and tumor necrosis factor- (TNF-) α] were analyzed using
corresponding ELISA kits.

qRT-PCR
Cell processing was done similarly to the above methods, and
PCR was performed by the same assay as Zhang H (36). The
sequences are listed in Table 1.

Western Blot
RAW264.7 cells were collected as described above, and then
the total proteins were extracted using the weak RIPA Lysis
Buffer. The methods of sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot were the same
as the assay done by Wang Honglin (35). The protein signals
were visualized with an ECL chemiluminescence detection
kit (Solarbio, Beijing, China) and the band gray value was
quantitatively analyzed using the Image J software (36).

TABLE 1 | Primers sequences.

Name Primer Sequence (5’→3’)

COX-2 Forward GGGCTCAGCCAGGCAGCAAAT

Reverse GCACTGTGTTTGGGGTGGGCT

iNOS Forward GCTCGCTTTGCCACGGACGA

Reverse AAGGCAGCGGGCACATGCAA

IL-6 Forward AGACAAAGCCAGAGTCCTTCAGAGA

Reverse GCCACTCCTTCTGTGACTCCAGC

TNF-α Forward CCCTCCTGGCCAACGGCATG

Reverse TCGGGGCAGCCTTGTCCCTT

GAPDH Forward ACCCCAGCAAGGACACTGAGCAAG

Reverse GGCCCCTCCTGTTATTATGGGGGT

Determination of Intracellular ROS
RAW264.7 cells were plated in 6-well plates with 5× 105 cells/ml
cells suspension and cultured at 37◦C with 5% CO2 for 24 h.
The control group, administration group (compounds 5 and 8),
and LPS group (1µg/ml) were conducted on RAW 264.7 cells,
respectively. The supernatant was discarded after 24 h, and the
cells were gently rinsed and centrifuged by adding serum-free
Dulbecco’s modification of eagle’s medium (DMEM). Each group
was added with 1ml of 10µM DCFH-DA to resuspension cells.
Cells were incubated at 37◦C for 20min and reversed every 3–
5min to allow the probe to have full contact with the cells.
Eventually, the probe was determined by flow cytometry after
using a 300-mesh nylon screen.

Statistical Analysis
Experimental data were expressed as mean± standard deviation,
and the numerical statistics were handled using a one-way
ANOVA of the SPSS 19.0 software. All column images were made
via the GraPhPad Prism 6.0 software.

RESULTS

Identification of a New Compound
Compound 1 was obtained as a colorless oil and its formula was
determined as C22H34O11 by HR-EI-MS at m/z 473.2027 [M-
H]− (calcd for C22H34O11, 473.2023). The

1H-NMR spectrum
(Table 1) indicated 2 aromatic H-atoms at δH 6.72(s) and 6.95(s),
2 anomeric H-atoms at δ(H) 4.67 (1H, t, J = 3.6Hz) and
4.96 (1H, d, J = 2.4Hz, H-1′′), and 3 Me groups at 2.14 (3H,
s) and 1.20 (6H, d, J = 7Hz). The 13C-NMR spectrum of 4
(Table 2) revealed 22 C-atom signals, corresponding to a 1,3,4,6-
substituted aromatic ring, three Me groups at δ(C) 16.2 and
23.6, a CH group at δ(C) 27.4, a β-D-glucosyl moiety, and a
terminal β-D-apiosyl moiety (9, 10). In the HMBC spectrum
(Figure 2), the key correlations from H-7/C-5, C-4 and C-3, H-
2/C-8, H-9/C-1, and C-8 and C-10, together with 1H-1H-COSY
correlations of H-9/H-8 and H-10/H-8 showed that the aglycone
of 1 was thymoquinol (11). The key correlations from H-1′ [δH
4.67] to C-6 (δC 149.6) in the HMBC spectrum indicated that
β-D-glucosyl moiety was attached to C(6). We also speculated
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TABLE 2 | The 1H and 13C NMR data of 1 (CD3OD, δ in ppm, J in Hz).

Position δH δC

1 138.3

2 6.72 (1H, s) 108.9

3 154.9

4 125.5

5 6.95 (1H, s) 120.8

6 149.6

7 2.14 (3H, s) 16.2

8 3.43 (1H, m) 27.4

9 1.20 (6H, d, J = 7Hz, 3H) 23.7

10 1.20 (6H, d, J = 7Hz, 3H) 23.6

OMe 3.78 (3H, m) 56.2

1′ 4.67 (1H, t, J = 3.6Hz) 104.6

2′ 3.42 (1H, m) 75.2

3′ 3.37 (1H, m) 78.2

4′ 3.35 (1H, m) 71.6

5′ 3.47 (1H, m) 76.8

6′a 3.99 (1H, m)

6′b 3.55 (1H, m) 68.7

1′′ 4.96 (1H, d, J = 2.4Hz) 110.9

2′′ 3.89 (1H, m) 78.1

3′′ 80.6

4′′a 3.91 (1H, s)

4′′b 3.73 (1H, d, J = 9.6Hz) 75.0

5′′ 3.51 (2H, s) 65.7

FIGURE 2 | Key 1H-1H COSY and HMBC correlations of compound 1.

that the β-D-apiose moiety was attached to C(6’) and the β-
D-glucosyl moiety (12). This conclusion was elucidated by the
HMBC spectrum, in which the key correlation from H-1′′ [δH
4.96] to C-6′ (δC 68.7) was observed (Figure 2) (9). Hence, the
structure of compound 1 was defined as 3-methoxythymol-6-O-
β-D-apiofuranosyl-(1→6)-β-D-glucopyranoside.

Effects of Compounds 5 and 8 on Cell
Viability of RAW264.7 Macrophages
RAW264.7 cells were exposed to different concentrations of
compounds 5 and 8 for 24 h. Results showed that compound

5 had no significant inhibitory effect on the proliferation of
RAW264.7 cells at 6.25–400 µmol/L in Figure 3. Compound 8

did not significantly inhibit the proliferation of RAW264.7 cells
at 6.25–200 µmol/L, but significantly inhibited the activity cells
at 400 µmol/L. Therefore, the concentrations at 50, 100, and 200
µmol/L of compounds 5 and 8were selected as the concentration
gradients for subsequent experiments in Figure 3A.

Effects of Compounds 5 and 8 on
Phagocytic Activity
In Figure 3, the phagocytosis of LPS-treated cells was consistent
with the expectation, which increased nearly twicemore than that
of the blank group. Compared with the normal control group, the
phagocytic activity of RAW264.7 cells was significantly enhanced
after being exposed to compounds 5 and 8 at a concentration of
6.25–200 µmol/L for 24 h in Figure 3B. They could promote the
phagocytosis of macrophages at a certain concentration range,
which may be essential to immune-regulation.

Effects of Compounds 5 and 8 on NO
Secretion in LPS-Induced RAW264.7 Cells
There is a significant increase in the concentration of NO in
normal cells after LPS stimulation, increasing to approximately
twice as much as that in the blank group, which indicated that
the model was successful. However, the excessive expression of
NO was inhibited significantly by the high-dose and low-dose
groups of compounds 5 and 8 after LPS stimulation, while the
middle-dose group showed significant effects in Figure 3C.

Effects of Compounds 5 and 8 on Gene
and Protein Expression of iNOS and COX-2
in LPS-Induced RAW264.7 Cells
The increase of NO during inflammation was generally attributed
to the upregulation of inducible nitric oxide synthase (iNOS)
and cyclooxygenase- (COX) 2, respectively. In Figure 3D, LPS
significantly stimulated the transcription of targeted mRNA,
while compounds 5 and 8 reversed the mRNA upregulation.
Compounds 5 and 8 at 50, 100, or 200 µmol/L, significantly
reduced COX-2 and iNOS protein production in LPS-induced
macrophages, which was in accordance with the PCR results.

Effects of Compounds 5 and 8 on the
Expression of Proteins in NF-κB Signaling
Pathways in LPS-Induced RAW264.7 Cells
NF-κB signaling pathways are key cellular signaling pathways
mediated by LPS. The results showed that the protein expressions
of p-IκBα and p-NF-κB p65 were significantly upregulated in
RAW264.7 cells stimulated by LPS compared with the blank
group. These results indicated that compounds 5 and 8 could
inhibit the over-expression of key proteins p-IκBα and N-NF-
κB p65 in the NF-κB pathways of RAW264.7 cells in Figure 3E,
thereby inhibiting the over-activation of the NF-κB pathways and
playing an anti-inflammatory role.

Frontiers in Nutrition | www.frontiersin.org 5 August 2021 | Volume 8 | Article 722813130

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Niu et al. Nigella sativa: Immune-Modulator

FIGURE 3 | Effects of compounds 5 and 8 on the nuclear factor-κB (NF-κB) pathways in lipopolysaccharide- (LPS) induced RAW264.7 Cells. (A) Cell survival rates.

(B) Phagocytic activity of RAW264.7. (C) The expression levels of nitric oxide (NO) production. (D) mRNA and protein expression of cyclooxygenase- (COX) 2 and

inducible nitric oxide synthase (iNOS). (E) Expression levels of key proteins in the NF-κB pathways. (F) Production of reactive oxygen species (ROS). β-Actin served as

a control. Data shown are means ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05. ###p < 0.001, ##p < 0.01, #p < 0.05.
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Effects of Compounds 5 and 8 on
LPS-Induced Oxidative Stress
To release abundant ROS, LPS is generally used to stimulate
RAW264.7 cells. These ROS mediate inflammatory signals in
cells. As is shown in Figure 3F, compared with the blank
group, the peak shape of the LPS group shifted significantly
to the right, indicating that LPS improved the production
of oxygen, while compounds 5 and 8 at 200 µmol/L could
inhibit the excessive production of reactive oxygen in stimulated
RAW264.7 cells.

Effects of Compounds 5 and 8 on NO
Secretion in Normal Cultured RAW264.7
Cells
As shown in Figure 4A, compounds 5 and 8 in high- and
medium-dose groups significantly promoted the production of
NO in normal cultured RAW264.7 cells, while there was no
significant effect at 50 µmol/L.

Effects of Compounds 5 and 8 on the
Secretion of Cytokines and mRNA
Expression in RAW264.7 Cells in Normal
Cultured RAW264.7 Cells
In Figure 4C, compared with the blank group, the release levels
of TNF-α and IL-6 by RAW264.7 cells treated with LPS or
compounds were significantly increased. The results showed
that compounds 5 and 8 could promote the release of TNF-
α and IL-6 in RAW264.7 cells, but the optimal dose was 200
µmol/L. On this basis, the effects of compounds 5 and 8 (200
µmol/L, respectively), on themRNA levels of cytokines in normal
cultured RAW264.7 cells were determined by qRT-PCR. As
shown in Figure 4B, mRNA transcription of TNF-α and IL-6
was significantly raised following LPS treatment in the positive
control group. Furthermore, compared with the control group,
compounds 5 and 8 (200 µmol/L, respectively), significantly
increased the levels of TNF-α and IL-6. These indicated that
compounds 5 and 8 could upregulate the mRNA levels of TNF-
α and IL-6 in macrophages and promote the production of IL-6
and TNF-α.

Effects of Compounds 5 and 8 on iNOS and
COX-2 in Normal Cultured RAW264.7 Cells
To determine the effects of compounds 5 and 8 (200 µmol/L,
respectively), on the mRNA expression of iNOS and COX-2
in cells, PCR was used. Western blot was applied to measure
the effects of compounds 5 and 8 (50, 100, and 200 µmol/L,
respectively), on the expression of COX-2 and iNOS under
normal culture conditions. As shown in Figure 4D, LPS could
significantly increase the production of iNOS and COX-2mRNA.
High-dose groups of compounds 5 and 8 could significantly
upregulate the mRNA transcription levels of COX-2 and iNOS in
normal cultured cells. Moreover, compared with the blank group,
compounds 5 and 8 significantly promoted the production of
COX-2 and iNOS proteins. In summary, compounds 5 and 8

could significantly promote the production of COX-2 and iNOS
at the gene and protein levels.

Effects of Compounds 5 and 8 on the
Expression of Proteins in NF-κB Signaling
Pathway in Normal Cultured RAW264.7
Cells
The NF-κB pathway is crucial to cellular and body immunity,
inflammatory response, and apoptosis. As shown in Figure 4E,
the results showed that, compared with the blank group,
compounds 5 and 8 could promote the expression of key
proteins p-IκBα and p-p65 in the NF-κB signaling pathways of
RAW264.7 cells in normal culture, thus moderately activating
NF-κB signaling pathways and enhancing immunity.

DISCUSSION

Our immune response system is continuously conducting on
protecting the host from microbes by recognizing, answering,
and acting on antigens (37). Generally, macrophages are crucial
to innate cellular immune responses and play a significant
role in the phagocyte cell system, which is programmed to
identify, engulf, and eliminate apoptotic cells, bacteria, etc.
(10, 38). The immune system functions to maintain the
physiological health of the body and protect it from pathogens
through an increased release of inflammatory cytokines (39).
Cytokines released by different cells with specific effects on
cellular signaling through combination to their receptors
on the cell surface are essential modulators of the immune
process via a complex network engaged in various immune
processes, which include proliferation, phagocytosis, and
inflammation (40, 41).

The NF-κB pathway is crucial to cellular and body immunity,
inflammatory response, and apoptosis. The NF-κB pathway
activation leads to the expression of genes associated with
inflammation and immunoregulation and the release of pro-
inflammatory cytokines and chemokines, which eventually
results in the transcription of genes (42). It participates
in many biological processes such as apoptosis, cellular
immune regulation, inflammatory reaction, and tumorigenesis
by regulating the expression of related inflammatory factors,
chemokines, growth factors, COX-2, and nitric oxide synthase
(NOS) (43). Thus, reducing the translocation of NF-κB can
decrease the production of pro-inflammatory cytokines and
inflammatory mediators like iNOS and COX-2 (44). The NF-
κB in the cytoplasm binds to its inhibitor IκB in the resting
state to form a trimer p50-p65-IκB, which is in an inactive state.
When stimulated by LPS, IκB is phosphorylated by its kinase
IKK and under the action of the ubiquitin enzyme, p50-p65-
IκB is disintegrated and NF-κB translocation into the nucleus
is phosphorylated and activated, which mediates a series of
downstream reactions (Figure 5) (45).

In this study, monosaccharide derivatives isolated from
N. sativa seeds were studied to illustrate their effect on
RAW 264.7 macrophage. To evaluate the immunobiological
activity of these monosaccharide derivatives, studies based on
various immune responses containing cytotoxicity, phagocytosis,
transcription, and expression were used. As a result, we found
two monosaccharide derivatives (5, 8) (Figure 1) that showed
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FIGURE 4 | Effects of compounds 5 and 8 on the nuclear factor-κB (NF-κB) signaling pathways in normal cultured RAW264.7 cells. (A) Expression of nitric oxide (NO)

production. (B) Inflammatory cytokine tumor necrosis factor- (TNF-) α, interleukin- (IL-) 6 mRNA transcription. (C) Secretion of TNF-α, IL-6. (D) mRNA and protein

expression of cyclooxygenase- (COX-) 2 and inducible nitric oxide synthase (iNOS). (E) Expression of key proteins in the NF-κB signaling pathways.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as control. Data shown are means ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05.
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FIGURE 5 | Schematic of the potential mechanisms of the effects of compounds 5 and 8 on the NF-κB signaling pathway in RAW264.7 macrophages. Compounds 5

and 8 exert anti-inflammatory and immune bidirectional regulation by promoting reactive oxygen species (ROS) generation and affecting the nuclear factor-κB (NF-κB)

signaling pathway as discussed in the text. The arrows indicate the direction of the signaling pathway.

a two-way regulation of immunity and anti-inflammation
on normal and LPS-stimulated RAW264.7 macrophages in
vitro through regulating the expression of key proteins in
the NF-κB pathway. Monosaccharide derivatives might be
possibly used in immunomodulating on the basis of their
function to affect the macrophage. In addition, investigation
has also shown that arabinoxylans with immunomodulatory
effect could be considered effective bioactive food supplements
associated with many health amelioration functions (46). In vitro
immunobiological evaluation of chitin- and chitosan-derived
oligosaccharides on RAW 264.7 cells obtained results that
indicated a beneficial immunomodulation effect referring to the
development of cytokine release, phagocytosis, cell proliferation,
and respiratory burst (10).

Nutrition plays a significant role in every stage of the immune
response. In this regard, food containing balanced nutrients
with therapeutic functions play an essential role in promoting
the immunity of individuals (46). Nutritional interventions,
particularly the beneficial constituents with special immune and
anti-inflammatory effects, show the potential to regulate and
enhance the immune system (47, 48). Since the assessment of
the efficacy of plants is laborious, conducting research on more
homogeneous populations to take the heterogeneity of the plant
preparations into account should be considered in the future (49).
Despite the fact that dietary supplements have appealing and
considerable interest to nutritionists, the safety and effectiveness
of these dietary supplements are still a highly controversial issue
(50, 51).

N. sativa seeds are quite safe and effective for treating patients
with chronic disease (52–55). Thymoquinone obtained in N.
sativa seeds can reduce oxidative stress and recover the balance
between anti- and pro-inflammatory cytokines (56). Another
study indicated that supplementing 2 g/day of N. sativa oil
capsules showed considerable improvements on cardiometabolic
parameters of high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), and glutamic-
oxaloacetic transaminase (GOT) levels (57) of the serum.
However, further research into clinical situations might be
required to evaluate the functions of N. sativa seeds on the
inflammation and immune mechanisms responsible for this
behavior. Every supplementation could be considered prudently
by the nutritionist and used within the recommended safety dose
(58). In addition, monosaccharide derivatives are generally found
at low levels in our diet, providing essential contribution by some
dietary habits. More growing research with reliable and advanced
technologies could be carried out to assess the dietary intake of
monosaccharide derivatives in the future.

N. sativa seeds were applied as value immune modulators in
the therapy of chronic diseases (14). Thus, taking both properties
of the compounds and the optimal dose into account, research on
N. sativa food supplements can provide fundamental information
regarding body health suggestions with N. sativa in the future,
especially against chronic inflammation which leads to some
diseases. Our research indicated that an N. sativa supplement
might be beneficial as a complementary method for therapy of
immune and inflammatory complications in patients.
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CONCLUSION

A new monoterpene glucoside (1) and 11 known compounds
(2–12) were isolated and identified in N. sativa seeds.
Monosaccharide derivatives 5 and 8 exerted bidirectional
regulatory effects on immunity and anti-inflammation through
NF-κB signaling pathways. The mechanism of immunity
may relate to the increased release of cytokines and the
level of mRNA transcription in normal RAW264.7 cells,
and anti-inflammatory properties may associate with the
inhibition of the excessive release of pro-inflammatory
cytokines and excessive transcription at the mRNA level
under LPS stimulation. These data will be valuable for
further research on N. sativa seeds as a dietary supplement
for immune-modulation.
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Ultrasound-assisted extraction (UAE) is an effective tool for the extraction of natural

antioxidants. Thus, differentially roasted Arabica-coffee beans known as light (LC),

medium (MC), and dark coffee (DC) were prepared and extracted under the influence

of UAE. Following that, they were examined specifically on theirs physicochemical and

biological characteristics: nutritional values, pH, ◦Brix, antioxidant activities, polyphenol

content, caffeine, and chlorogenic-acid levels. Various parameters, such as extraction

temperatures (20, 40, and 80◦C) and extraction time periods (5, 10, and 20min), were

examined. DC extract was less acidic than those on MC and LC extracts. LC showed

higher moisture content than the MC and DC (1.56, 1.3, and 0.92%, respectively). MC

displayed the highest polyphenol content and potent antioxidant activity. Caffeine and

chlorogenic acid contents trend to decrease during roasting. The maximum caffeine level

was found in MC at 80◦C for 5min (27.65 mg/g extract). The highest chlorogenic acid

content was in LC at 80◦C for 10min (16.67 mg/g extract). The caffeine and chlorogenic

acid contents were related to the polyphenol content and depended on the roasting and

extraction conditions. These results suggest that the UAE at various temperature and

extraction time period may alter the physicochemical and biological characteristics of

different coffee roasts.

Keywords: coffee roasting, arabica, ultrasound-assisted extraction, chlorogenic acid, antioxidant

INTRODUCTION

A drink or beverage is deemed as a specific liquid or concoction intended for human consumption.
They are generally divided into two main categories which are known as alcoholic and non-
alcoholic beverages. Apart from satisfying the thirst, drinks are known to play critical roles in
human culture such as Cha-no-yu, the very famous Japanese tea ceremony (1) and the uniquely
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Ethiopian coffee ceremony known as “Buna” (2). Each of them
carries a very deep specific meaning and representative of their
very own specific ethnic group and cultural identity.

Among various types of beverages commonly being
consumed, coffee is deemed as one of the most popular
drinks in the world. Statistically, the worldwide consumption
of coffee in 2020 had reached approximately 10 million tons
(3). The one of kind characteristic flavor, taste, and lavishness
of coffee aroma might have appeared as key reasons on why
coffee beverages are so adored by customers. With the growing
health consciousness among the world population, there is more
consideration than ever on the health and wellness benefits of
nourishment or drink that would bring to humans.

Coffee belongs to the Rubiaceae family and genus of
Coffea. Coffee consumption is connected to numerous health
benefits, such as improved brain function (4), anti-inflammatory
activity (5), reduced risk of type 2 diabetes (6), and protection
against liver disease (7). Coffee beans contain a variety
of compounds with powerful antioxidant activity, including
caffeine, chlorogenic acid, diterpenes, and trigonelline (8).
Nonetheless, the bioactive compound composition in coffee
beans depends on several factors, including the bean variety,
place of origin, growing conditions (9, 10), and especially the
roasting process and extraction temperature. During roasting,
coffee beans undergo changes in their physical and chemical
composition that are controlled by the roasting time and
temperature. The degree of roasting can be monitored by
comparing the color of the roasted beans as a light, medium,
or dark (11). Different coffee roasting parameters are known
to impose an appearance change on the antioxidant activity
and polyphenol content (12). Furthermore, coffee brewing refers
to the extraction process, including the extraction pressure,
coffee-to-water ratio, water quality, contact time, particle size
distribution, and temperature (13). These factors lead to distinct
chemical and biological properties (10). Therefore, it is deemed
critical to determine these optimum parameters to be able to
produce a product that is retaining its biofunctionalities and at
the same time retaining the unique delicacy of cuppa coffee.

Conventional extraction is a common method used to obtain
phenolic compounds. However, the process leads to the loss
of phenolic compounds due to high temperature and long
extraction time periods (14). Ultrasound-assisted extraction
(UAE) is an efficient method for the extraction of natural
antioxidants from plant materials (15) because it reduces the time
required for extraction and energy expenditure and enhances
the yield of the bioactive compounds (16). In view of the
great advantages possessed by UAE, the current study has been
designed in a way to examine the pH, ◦Brix, antioxidant activities,
polyphenol content, and phenolic compounds following the
integration of UAE during the coffee roasting process.

MATERIALS AND METHODS

Chemicals
The Folin–Ciocalteu reagent, 2,2′-diphenyl-1-picrylhydrazyl
(DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), and gallic acid were purchased from Sigma-Aldrich Co.

(St. Louis, MO, USA). All other chemical reagents used in this
study were of analytical grade.

Plant Materials
Green coffee beans (Coffea arabica) were obtained from the
Chao-Thai-Pukao Factory, Chiang Mai, Thailand. A voucher
specimen of the coffee tree was deposited in the PNU herbarium
of the Faculty of Biology, Naresuan University, Phitsanulok,
Thailand, under collection number NU003806. Green coffee
beans were roasted at distinct temperatures and time periods to
obtain light, medium, and dark roasts under 10 to 20min and 350
to 450◦F (176.7-232.2◦C). The degree of roasting was determined
by the bean color change to brown, dark brown, and black,
respectively. Roasted coffee beans (light, medium, and dark) were
subjected to extraction with water (1:5 w/v sample to water) using
an ultrasonic bath operating at 35 kHz at 20, 40, or 80◦C for 5, 10,
or 20min. After sonication, the solution was filtered and freeze-
dried (ScanVac CoolSafe 110-4 Pro, Electronex, India). The crude
light coffee (LC), medium coffee (MC), and dark coffee (DC)
extracts were stored at−20◦C until further analysis.

Analytical and Proximate Analyses
The pH of coffee roast extracts was measured with a pH meter.
Sugar levels of the extracts were determined as ◦Brix using a
digital refractometer. The moisture, ash, protein, fat, and fiber
contents were determined according to the methods described
by the Association of Official Analytical Chemist (AOAC)
International (17).

High-Performance Liquid Chromatography
Analysis
Coffee roast extracts were subjected to high-performance liquid
chromatography (HPLC) to determine the levels of caffeine and
chlorogenic acid. The HPLC separation was performed on a
C18 column using mobile phase A (15% methanol) and mobile
phase B (85% methanol:distilled water [30:70], 2% acetic acid;
pH 3.4), at a flow rate of 0.5 ml/min with detection at 320 nm
for chlorogenic acid and at 280 nm for caffeine. The peaks were
identified by the reference standards.

Determination of Total Polyphenols
The total polyphenol content of coffee roast extracts was
determined using the Folin–Ciocalteu method (18). Gallic acid
was used as a standard. Each coffee roast extract (1 mg/ml)
was mixed with the Folin–Ciocalteu reagent; sodium carbonate
(7.5%) was added to the mixture, and it was incubated for
30min. The reaction was measured at 750 nm. The total
polyphenol content is expressed as gallic acid equivalents (GAE)
in milligrams per gram extract.

Antioxidant Activity Determination by
DPPH Radical Scavenging Assay
The antioxidant activity of coffee roast extracts was measured
using the DPPH assay, as previously described (19). The extracts
were mixed with methanolic DPPH solution and incubated
in the dark for 30min. Absorbance was measured at 510 nm.
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TABLE 1 | Nutritional values of the coffee roast extracts.

Roasting temperature (◦F) %Moisture %Dry matter %Fiber %Ash %Fat %Protein %NFE Energy/100g (Kcal)

Light coffee (LC) 350 1.6 ± 0.03 98.4 ± 0.03 18 ± 0.6 4.3 ± 0.1 14.04 ± 1 15.2 ± 0.2 47 ± 1 367 ± 5

Medium coffee (MC) 400 1.3 ± 0.1 99 ± 0.1 17 ± 0.5 4.5 ± 0.1 14.2 ± 0.1 15.3 ± 0.2 48 ± 0.3 380.2 ± 1.2

Dark coffee (DC) 450 0.92 ± 0.03 99.1 ± 0.03 16.2 ± 0.6 4.3 ± 0.03 16 ± 0.4 16.2 ± 0.2 46 ± 1 393.7 ± 4

P-value* <0.001 <0.001 0.026 0.036 0.003 <0.001 0.036 <0.001

Data are expressed as mean ± SEM, *p-values were tested using the ANOVA test, when statistically significant (p < 0.05) post-hoc were tested using the Bonferroni test and found

that dark coffee (DC) was significantly different from those to the others.

NFE, nitrogen free extract.

TABLE 2 | pH and ◦Brix of coffee roast extracts according to extraction temperature and time.

Extraction temperature (◦C) pH ◦Brix

5 min 10 min 20 min 5 min 10 min 20 min

Light coffee (LC) 20 5.1 ± 0.01 5.1 ± 0.02 5.1 ± 0.01 2 ± 0 2 ± 0 1.6 ± 0.4

40 5.5 ± 0.01 5.1 ± 0.01 5.1 ± 0.00 1 ± 0 2 ± 0 1.8 ± 0.3

80 5.1 ± 0.02 5.1 ± 0.01 5. ± 0.02 2 ± 0 2 ± 0 2 ± 0

Medium coffee (MC) 20 5.1 ± 0.03 5.1 ± 0.02 5.5 ± 0.02 2 ± 0 2 ± 0 2 ± 0

40 5.5 ± 0.01 5.5 ± 0.01 5.1 ± 0.01 1.7 ± 0.6 2 ± 0 2 ± 0

80 5.5 ± 0.02 5.5 ± 0.01 5.4 ± 0.01 2 ± 0 2 ± 0 2 ± 0

Dark coffee (DC) 20 5.8 ± 0.1 5.7 ± 0.02 5.6 ± 0.01 2 ± 0 2 ± 0 2 ± 0

40 5.8 ± 0.03 5.7 ± 0.1 5.5 ± 0.01 2 ± 0 2 ± 0 2 ± 0

80 5.6 ± 0.01 5.6 ± 0.01 5.4 ± 0.01 2 ± 0 2 ± 0 2 ± 0

Antioxidant activity is expressed as 50% of the radical scavenging
activity (IC50).

Antioxidant Activity Determination by
ABTS Radical Scavenging Assay
The antioxidant activity of coffee roast extracts was measured
by the ABTS radical cation decolorization assay (20) with minor
modifications. The ABTS cation radical reagent was produced by
reacting ABTS solution with potassium persulfate solution in the
dark for 12–16 h. Each coffee roast extract (100µl) was incubated
with the ABTS reagent (100 µl) at room temperature for 30min.
Then, the absorbance was measured at 734 nm. The results were
expressed as the IC50.

Antioxidant Activity Determination by
FRAP Assay
The FRAP was estimated according to the previously reported
method (21). The method is based on the reduction of the Fe3+-
tripyridyl triazine (TPTZ) to Fe2+-TPTZ. The FRAP reagent
was prepared by mixing acetate buffer solution, TPTZ, and
FeCl3·6H2O. Each coffee roast extract (50 µl) was incubated
with the FRAP reagent (150 µl) at 37◦C for 30min. The
absorbance was read at 593 nm. All the determinations were
performed in triplicates. The results were expressed as µM Fe2+

per gram extract.

Statistical Analyses
Results were presented as the mean ± SEM. Data was evaluated
using one-way ANOVA as appropriate by utilizing the StatPlus

data analysis package in Microsoft Excel Version 15 (Microsoft
Corp., Redmond, WA, USA). The p-values below 0.05 were
considered statistically significant.

RESULTS

The nutritional composition of coffee roast extracts was evaluated
by determining their moisture, fiber, ash, fat, protein, nitrogen-
free extract (NFE), and energy content (Table 1). Coffee beans
were roasted for 10, 15, and 20min and 350, 400, and 450◦F,
respectively, to obtain LC, MC, and DC. The moisture content
of LC (1.56%) was higher than MC (1.3%) and DC (0.92%).
Furthermore, the coffee roast extracts contained 98.44–99.08%
dry matter, 16.20–17.93% fiber, 4.28–4.52% ash, 14.04–15.83%
fat, 15.21–16.23% protein, 46.41–47.78% NFE, and 375.53–
393.65 kcal energy per 100 g on a dry weight basis.

It is possible that the different UAE temperatures and time
periods affect the acidity and total soluble solids (◦Brix) of the
coffee roast extracts. Indeed, the DC extract was less acidic than
the MC and LC extracts. However, the pH varied depending on
the extraction temperature (20, 40, or 80◦C) and time (5, 10,
or 20min). In addition, any changes in the total soluble solid
content of the coffee roast extracts are listed in Table 2.

The typical chromatograms and the amount of caffeine
and chlorogenic acid in coffee roast extracts are shown in
Figure 1 and Table 3. The retention time periods of caffeine
and chlorogenic acid were 13.15–13.87min and 15.16–16.14min,
respectively. The calibration curves were y = 90488x + 3 × 106
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FIGURE 1 | Representative high-performance liquid chromatography (HPLC) chromatograms of (A) caffeine, (B) chlorogenic acid, (C) light coffee (LC), (D) medium

coffee (MC), and (E) dark coffee (DC). Caffeine was detected at 280 nm and chlorogenic acid was detected at 320 nm.

(R2 > 0.990) for caffeine and y = 44358x – 96001 (R2 > 0.998)
for chlorogenic acid. The level of caffeine and chlorogenic acid
tended to decrease during roasting, especially caffeine at 20◦C
for 5min. However, the contents varied depending on the UAE
temperature and time. The maximum caffeine content−27.65
mg/g extract—was in MC extracted at 80◦C for 5min. The
highest chlorogenic acid level−16.67 mg/g extract—was in LC
extracted at 80◦C for 10 min.

The polyphenol content of coffee roast extracted at the
different UAE temperatures and time periods are presented in
Table 4. Interestingly, the LC and MC extracts had a higher
polyphenol content than the DC extracts. However, for each
coffee roast, the different extraction temperatures did not
change the polyphenol content. Furthermore, except for the
DC extract, the polyphenol content of the extracts tended to
decrease as the extraction time increased: the content was often
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TABLE 3 | Quantitative high-performance liquid chromatography (HPLC) analysis caffeine and chlorogenic acid in coffee roast extracts.

Extraction temperature

(◦C)/extraction time (min)

Retention time

(min)

Caffeine (mg/g extract) Retention time (min) Chlorogenic acid (mg/g

extract)

Light coffee (LC) 20◦C 5min 13.42 19.95 15.41 15.49

40◦C 5min 13.77 17.68 15.90 14.08

80◦C 5min 13.83 24.09 15.98 16.15

20◦C 10min 13.82 19.12 15.98 14.14

40◦C 10min 13.85 19.05 16.04 13.74

80◦C 10min 13.84 25.68 16.03 16.66

20◦C 20min 13.85 19.90 16.01 14.97

40◦C 20min 13.81 19.05 16.07 14.49

80◦C 20min 13.87 19.56 16.14 14.22

Medium coffee (MC) 20◦C 5min 13.76 17.18 15.92 14.11

40◦C 5min 13.33 19.28 15.34 8.96

80◦C 5min 13.20 27.65 15.20 8.90

20◦C 10min 13.17 22.74 15.17 8.96

40◦C 10min 13.15 22.66 15.16 9.23

80◦C 10min 13.29 14.26 15.37 8.87

20◦C 20min 13.62 6.63 15.83 5.44

40◦C 20min 13.75 11.48 16.00 10.38

80◦C 20min 13.66 16.94 15.88 7.71

Dark coffee (DC) 20◦C 5min 13.64 14.86 15.85 5.47

40◦C 5min 13.63 15.72 15.85 5.32

80◦C 5min 13.62 13.38 15.85 4.45

20◦C 10min 13.64 ND 15.91 2.48

40◦C 10min 13.66 17.93 15.92 5.62

80◦C 10min 13.65 17.38 15.91 4.95

20◦C 20min 13.65 13.17 15.92 5.24

40◦C 20min 13.67 5.95 15.95 3.85

80◦C 20min 13.67 12.07 15.95 4.83

TABLE 4 | Total polyphenol content of coffee roast extracts according to the extraction temperature and time.

Extraction temperature (◦C) Polyphenol [Gallic acid equivalence (GAE) mg/g extract]

5 min 10 min 20 min

Light coffee (LC) 20 46.33 ± 2.49 41.24 ± 0.99 44.10 ± 1.56

40 48.34 ± 10.04 42.46 ± 1.05 39.91 ± 1.47

80 45.10 ± 1.24 45.52 ± 1.55 42.36 ± 1.35

Medium coffee (MC) 20 49.67 ± 2.03 43.42 ± 1.74 40.94 ± 1.29

40 47.53 ± 1.52 42.79 ± 1.33 39.89 ± 0.74

80 50.39 ± 1.92 45.80 ± 1.20 45.10 ± 1.14

Dark coffee (DC) 20 35.60 ± 1.66 34.27 ± 1.62 36.49 ± 0.78

40 38.98 ± 1.74 39.39 ± 1.18 27.51 ± 1.06

80 35.43 ± 1.38 34.79 ± 1.08 36.77 ± 2.68

Data are expressed as mean ± SEM.

higher for 5-min compared with 10- and 20-min extraction
time periods.

Antioxidant activity at the different extraction temperatures
was determined using the DPPH radical, ABTS radical, and
FRAP assays (Table 5). Since the 5-min extraction time yielded
the coffee roast extracts with the highest polyphenol content,

these extracts were specifically chosen for the antioxidant study.
From our experimentation, all coffee roast extracts were found
to exhibit a great strength of the antioxidant property. From
our observation, the MC extract appeared to have the most
effective antioxidant activity based on DPPH and ABTS radical
scavenging, whereas LC had the highest value quantified by the
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TABLE 5 | Antioxidant activity of coffee roasts extracts by 2,2′-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and ferric

reducing antioxidant power (FRAP) assays.

Extraction temperature (◦C) Antioxidant activity

DPPH radical scavenging

activity IC50 (µg/ml)

ABTS+ radical scavenging

activity IC50 (µg/ml)

FRAP (µM Fe2+/g extract)

Light coffee (LC) 20 69.41 ± 1.84 34.11 ± 1.11 186.23 ± 0.31

40 137.35 ± 2.14 20.50 ± 1.30 189.22 ± 0.22

80 112.8 ± 2.05 6.80 ± 1.22 189.07 ± 0.55

Medium coffee (MC) 20 51.50 ± 1.71 1.37 ± 7.04 159.85 ± 0.40

40 52.18 ± 1.72 6.24 ± 1.14 159.29 ± 0.65

80 51.74 ± 1.71 8.07 ± 1.24 149.59 ± 0.54

Dark coffee (DC) 20 90.42 ± 1.96 18.54 ± 1.19 156.59 ± 0.95

40 80.47 ± 1.91 16.96 ± 1.10 152.06 ± 0.38

80 102.77 ± 2.01 20.76 ± 1.06 156.00 ± 0.59

Trolox 4.57 ± 0.19 3.61 ± 1.02 355.28 ± 0.31

FRAP assay. The values obtained for DPPH and ABTS radical
scavenging were similar. Regarding the DPPH and ABTS radical
scavenging values, there was a variation in antioxidant activity at
the different UAE temperatures, where those obtained by ABTS
were lower. However, the FRAP values were similar at all UAE
temperatures. It is possible that the extraction temperature had
little effect on the antioxidant properties of the extracts.

DISCUSSION

The results of this study, which tested the temperatures of
extraction (20, 40, and 80◦C) and extraction durations (5, 10,
and 20min), show that roasting conditions have a significant
impact on coffee’s physicochemical and biological properties. The
DC extract had a lower acidity than the MC and LC extracts.
Therefore, the importance of the extraction process cannot be
overlooked; nevertheless, the kind of coffee roast may have a
significant impact.

Coffee and its bioactive compounds are known to exert
various beneficial pharmacological effects on humans (22).
These biological effects might be attributed to their various
micronutrients including caffeine, chlorogenic acid, trigonelline,
tryptophan alkaloids, diterpenes, and other secondary
metabolites. To name a few, these compounds have been
scientifically revealed to protect against cardiovascular disease
along with various biological properties, such as antidiabetic,
neuroprotective, anticancer, antioxidant, antimicrobial effects,
etc. (8, 23). The coffee brewing process is known to affect the
yield, chemical composition, and biological activity of the coffee
extract (24). The efficiency of the UAE in the extraction process
is being lauded for, however, the integration of optimum level of
UAE influence in the process of extraction is a great challenge to
produce a desirable brew.

For the current study, mainly a total of three types of
roasted coffee beans known as light, medium, and dark were
subjected to the extraction process along with the integration
of UAE at various temperatures and time periods. Following
that, the physicochemical and biological characteristics of

differential roasted coffee extracts were examined. Namely,
the pH, ◦Brix, antioxidant activities, polyphenol content, and
antioxidant activity. The analysis of each coffee roast showed
rather consistent levels in fiber, ash, fat, protein, NFE, and energy
contents. However, the moisture content of coffee beans was
reduced along with the prolonged roasting process: the declining
trend was observed from LC to DC. The finding is rather in
complement with the existing idea of the prolonged roasting
process affecting the moisture content (9). Herawati et al. (9)
reported that the moisture content declined from 1.15 g/100 g
on a dry basis (DB) for the light level to 0.75 g/100 g DB for the
dark level. In addition, Pittia et al. (25) revealed the deteriorated
moisture content during roasted light to roasted dark as 1.81 to
1.29 % (w/w). The moisture content indicates the characteristics
of roasted beans; a low value indicates inadequate water content
in coffee beans, and the roasted beans may be breakable and
immature, whereas a highmoisture content generates viscose and
a hardened case that forms on the surface of coffee beans (9, 25).

Meanwhile, the change in pH and ◦Brix was examined as well.

From our examination, the LC extract was found to be more

acidic than the MC and DC extracts; however, a non-significant
observable change in pH was observed when tested on varying
temperatures and time periods. The trend of reducing acidity in
the more roasted beans is found to be consistent with the pre-
existing study (26). Our study also agrees with Rao et al. (10),
who found that roasting had more of an influence on the acidity
of the brew than the water extraction temperature. Whereas
the cold brew coffee (extraction at room temperature) was less
acidic than hot brew coffee (extraction at 100◦C). However, our
finding was inconsistent with these data that the acidic values
were quite similar at different temperature extraction. The total
soluble solids of the coffee roast extracted, measured in ◦Brix,
did not differ between the LC, MC, and DC extracts. This
observation was consistent with previous studies that reported
no difference in the total solid content for different roasting
processes (27). Our results indicated that the UAE extraction
time and temperature did not alter the total soluble solids in
the extracts.
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According to the HPLC chromatogram, the caffeine content
was low when the coffee beans were extracted at a low
temperature (20◦C, 5min). Our results supported the study by
Hečimović et al. (28) that lightly roasted coffee beans contained
the highest caffeine content; the level decreased with more
intense roasting. In other studies, the caffeine concentration
for cold brewing was increased while it was decreased for hot
brewing (100◦C) (10). Another study reported that the caffeine
content was stable during roasting (9). In the present study, the
caffeine content varied depending on the UAE temperature and
time. Chlorogenic acid was reduced with the roasting degree; the
MC extract had the highest content. This content is related to
potent antioxidant activity and a strong total polyphenol content
in the MC extract, specifically on the extraction procedure at
80◦C for 5min. As per understanding, the roasting conditions
play a crucial role in the chlorogenic acid content. The
chlorogenic acid content would be diminishing along with the
increased roasting intensity (26, 29). This phenomenon might
be reflected in our current experimentation where the caffeine
and chlorogenic acid contents might exhibit a strong correlation
with the total polyphenol content, which is deeply affected by the
roasting conditions.

In our initiatives to examine these potential changes, the
Folin–Ciocalteu method was used to assess the total polyphenol
content, and the DPPH and ABTS radical scavenging and the
FRAP assays were performed to determine the antioxidant
activity of the coffee roast extracts. The total polyphenol content
was reduced with roasting, from LC, to MC, to DC. This result
was similar to previous studies, namely that roasting decreased
the polyphenol concentration (11, 27). Further observations
demonstrated that the MC extract showed a strong antioxidant
capacity based on DPPH and ABTS radical scavenging; the
antioxidant capacity was found to decrease in the DC extract.
For the FRAP assay, the LC extract had the highest antioxidant
activity. However, there was variation in the activity depending
on the extraction temperature. In a previous study, the highest
polyphenolic content appeared in both light and medium
roasting conditions (28). The highest antioxidant activity was
found in the medium-roasted coffee by the ABTS radical
scavenging, whereas the maximum activity was found in the
light-roasted coffee by the DPPH radical scavenging (30). Vignoli
et al. (12) suggested that distinct activities depend on the
method used to measure antioxidant activity and the assessment
of antioxidant activity should be evaluated by more than one
method. They found that antioxidant activity based on the ABTS
radical scavenging decreased as the roasting degree increased,
whereas the activity remained stable with the FRAP assay. The
diminished antioxidant activity may be associated with the loss
of phenolic compounds during the roasting process (12).

Taken all together, our findings shed light on the importance
of temperature and extraction processing time point selection
by pinpointing the levels of change in caffeine and polyphenol
contents. From our observation, the highest levels of caffeine
and polyphenol were recorded at the extraction time point of
5min with a temperature of 80◦C. These variables were found
to be dropped or illegally degraded when being processed for
a long time period as observed at 10 and 20min of MC.

These observation and results implied that the extraction process
under influence of the UAE had a significant effect on the
extractive level of the biologically active compound. Therefore,
a rather short and higher temperature condition is much
preferable for the production of products with great strength in
biological potential.

CONCLUSION

The present study revealed that roasting conditions play
an important role in the physicochemical and biological
characteristics of coffee. Along the way, the importance of
the extraction process cannot be omitted as well; however, it
could be in great reliance on the type of coffee roast. There
was variation in the pH, antioxidant activity, total phenolic
content, and caffeine and chlorogenic acid contents at differential
UAE extraction temperatures and time points. The LC and
MC extracts exhibited strong antioxidant activity and a high
total polyphenol content and maximum caffeine and chlorogenic
acid contents. The measured antioxidant activities depended
on the method used to assess antioxidant activity. The caffeine
and chlorogenic acid contents were associated with the total
polyphenol content and depend on the roasting and extraction
conditions. Our findings represent comprehensive reports on the
physicochemical and biological characteristics of roasted coffee
extracts under the influence of UAE, which is deemed useful
for the production of a specific brew by not compromising its
biological potential.
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study of polyphenols and caffeine in different coffee varieties

affected by the degree of roasting. Food Chem. (2011) 129:991–1000.

doi: 10.1016/j.foodchem.2011.05.059

29. Perrone D, Farah A, Donangelo CM. Influence of coffee roasting on the

incorporation of phenolic compounds into melanoidins and their relationship

with antioxidant activity of the brew. J Agric Food Chem. (2012) 60:4265–75.

doi: 10.1021/jf205388x

30. del Castillo MD, Ames JM, Gordon MH. Effect of roasting on the

antioxidant activity of coffee brews. J Agric Food Chem. (2002) 50:3698–703.

doi: 10.1021/jf011702q

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Duangjai, Saokaew, Goh and Phisalprapa. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 8 August 2021 | Volume 8 | Article 724591144

https://www.ico.org/trade_statistics.asp?section=statistics
https://doi.org/10.1016/j.pbb.2011.06.010
https://doi.org/10.1089/jmf.2017.3935
https://doi.org/10.1016/S0140-6736(02)11436-X
https://doi.org/10.1016/j.jceh.2016.02.003
https://doi.org/10.1155/2014/384230
https://doi.org/10.1007/s10068-018-0442-x
https://doi.org/10.3390/foods9070902
https://doi.org/10.1111/j.1365-2621.2011.02748.x
https://doi.org/10.1016/j.foodres.2013.06.006
https://doi.org/10.1016/j.tifs.2019.12.004
https://doi.org/10.1007/s11694-019-00314-1
https://doi.org/10.1016/j.tifs.2015.01.002
https://doi.org/10.1155/2019/3721828
https://doi.org/10.1038/1811199a0
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.3390/ph12030110
https://doi.org/10.1039/C9FO00288J\aftergroup \futurelet \@let@token \egroup 
https://doi.org/10.1016/j.foodchem.2012.03.095
https://doi.org/10.1111/j.1745-4603.2007.00089.x
https://doi.org/10.1021/jf900012b
https://doi.org/10.1590/S0101-20612005000200035
https://doi.org/10.1016/j.foodchem.2011.05.059
https://doi.org/10.1021/jf205388x
https://doi.org/10.1021/jf011702q
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


ORIGINAL RESEARCH
published: 30 August 2021

doi: 10.3389/fnut.2021.702157

Frontiers in Nutrition | www.frontiersin.org 1 August 2021 | Volume 8 | Article 702157

Edited by:

Quancai Sun,

Jiangsu University, China

Reviewed by:

Jinyao Li,

Xinjiang University, China

Yang Yuhui,

Henan University of

Technology, China

*Correspondence:

Yan Zhou

zhouyan6125@126.com

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Nutrition and Food Science

Technology,

a section of the journal

Frontiers in Nutrition

Received: 29 April 2021

Accepted: 05 August 2021

Published: 30 August 2021

Citation:

Yuan M, Chen X, Su T, Zhou Y and

Sun X (2021) Supplementation of

Kiwifruit Polyphenol Extract Attenuates

High Fat Diet Induced Intestinal Barrier

Damage and Inflammation via

Reshaping Gut Microbiome.

Front. Nutr. 8:702157.

doi: 10.3389/fnut.2021.702157

Supplementation of Kiwifruit
Polyphenol Extract Attenuates High
Fat Diet Induced Intestinal Barrier
Damage and Inflammation via
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Background: Impaired intestinal integrity and barrier function is associated with various

diseases, including inflammatory bowel disease and metabolic syndrome. In recent

years, plant-derived polyphenols have attracted much attention on regulating intestinal

barrier function. Kiwifruit was recorded as a traditional Chinese medicine which can

treat gastrointestinal diseases, but the mechanism was still unclear. In this study we

investigated the effects of kiwifruit polyphenol extracts (KPE) on high fat diet induced

intestinal permeability and its possible mechanism.

Results: Dietary supplementation of KPE with 50 or 100 mg/kg bw could inhibit the

increase of intestinal permeability caused by HFD and promote the expression of tight

junction protein (Claudin-1, Occludin and ZO-1). From microbial diversity and RT-PCR,

KPE administration reshaping gut microbiome, the relative abundance of Lactobacillus

and Bifidobacterium were increased, and the relative abundance of Clostridium and

Desulfovibrionaceae were decreased. The changes in microbe may influence intestinal

inflammatory status. Then the expression of TLRs and cytokines were detected.

KPE supplementation showed anti-inflammatory effect, the expression of IL-10 was

increased and the expression of TLR-2, TLR-4, TNF-α and IL-1β were decreased.

Correlation analysis indicated that the expression of tight junction protein was negative

correlation with TLR-2, TLR-4, TNF-α and IL-1β expression, but positively correlated

with Bacteroidete, Bifidobacterium and IL-10 expression; the expression ofBacteroidete,

Lactobacillusand and Bifidobacterium were negative correlation with TLR4, TNF-α, and

IL-1β expression.

Conclusion: KPE treatment relieve the intestinal damage caused by HFD, which

was related to the regulation of Bacteroidete, Lactobacillusand, and Bifidobacterium

expression and inhibit intestinal inflammation. KPE could be a functional component for

preventing gut damage and its related disease.

Keywords: kiwifruit, polyphenols, high-fat diet, intestinal damage, intestinal flora
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Yuan et al. KPE Can Reduce Intestinal Damage

GRAPHICAL ABSTRACT | KPE relieves intestinal damage caused by high-fat diet.

INTRODUCTION

Intestinal mucosa is the largest interface of the body, and
it contacts with the external environment. In normal, it is
permeable to nutrients, minerals, water and selected antigens,
while it fends off bacteria, viruses and antigenic materials.
Impairment in the intestinal barrier permits passage of normally
excluded luminal pathogens, which elicits low grade systemic
inflammation (1), and is closely related to the development of
various diseases, such as inflammatory bowel disease, diabetes,
obesity and non-alcoholic fatty liver (2). Thus, the integrity of
intestinal barrier function is critical for maintain health.

The intestinal barrier function was controlled by tight
junction. The tight junction was a complex protein structure
that consistent of transmembrane proteins, including Claudin,
Occludin and ZO (3). The disturbances of tight junction
protein may injure intestinal barrier, and induced leaky gut.
Numerous environmental factors may regulate tight junction
protein and intestinal permeability, such as luminal microbiota,
pro-inflammatory mediators and dietary component (3, 4). High
fat diet (HFD) induced obesity increased intestinal permeability
came from animal models (5–7). The increased intestinal
permeability was correlated with disrupted composition of gut
microbiota (8). Singh et al. (9) reported Clostridium perfringens
interact with the intestinal epithelial cells to disrupt the
tight junction protein, which were involved in the controlling
intestinal barrier. The microbiota can exert a double-edged
sword on intestinal permeability, while probiotics increase

tight junction resistance and reduce cellular permeability. In
Mangell et al.’s (10) report that supplementing with Lactobacillus
plantarum 299v inhibits Escherichia coli-induced intestinal
permeability. Oral administration of Lactobacillus plantarum
increased the expression of tight junction proteins, and decreased
intestinal permeability in a model of inflammatory bowel
diseases (11).

Gut microbiota is also a key regulator of intestinal
immune function and inflammatory response. Bacterial
lipopolysaccharides (LPS) are microbe-derived ligands for
Toll-like receptors (TLRs) that can trigger inflammatory
responses (12). Gut microbiota is a huge reservoir of LPS,
and its interactions with the gastrointestinal barrier appear to
be crucial for the understanding of the complex mechanisms
that maintain gut permeability. Activated TLRs initiate signal
transduction pathway and triggers the expression of genes,
such as inflammatory cytokines (TNF-α and IL-1β), that
control immunity. Thus, TLRs serve as a molecular channel
between microbiota alterations and immune homeostasis, as
well as maintaining intestinal barrier function (12, 13). TLR-2/4
increased in inflammation bowel disease, and the high fat diet
fed animals (14, 15). A mouse with endotoxemia would increase
intestinal permeability caused by LPS, which was associated
with TLR-4 dependent pathway (16). TNF-α, a kind of pro-
inflammatory cytokine, impaired epithelial barrier function
by tight junction disassembly (17). The effect of microbe on
intestinal permeability may correlation with immunomodulate
on intestinal mucous.
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Recent years, much attention had been focused on the effect
of plant-derived polyphenols, which alleviates intestinal damage
and improves leaky gut. Naringenin, grape seed polyphenols,
quercetin and curcumin improve intestinal permeability in
animal model or cell culture in vitro (18–22). The possible
mechanism involved with anti-inflammatory effect, such as
inhibit NF-κB and MAPK activation (23). Kiwifruit is a native
fruit in eastern Asia where it is known as Mi-hou-tao. In south
of China, kiwifruits are found growing wild in dangerous narrow
glens along the river Yangtze Chang. It has literatures on kiwifruit
since the 1400’s A.D. In ancient Chinese, kiwifruit known as
Chinese herbal remedy, it used to be part of prescription to
treat digestive system cancer (24). It was indicated kiwifruit
maybe beneficial for digestive system health. But which was
the functional component of kiwifruit? And whether it could
improve intestinal injury is unknown. So, in this study, we
extracted polyphenols from kiwifruit, analysis its component by
HPLC-DAD, and used the high fat induced intestinal barrier
injury rats. Intestinal microbiota and inflammatory mediators
were detected to investigated the possible mechanism of KPE on
relieve intestinal injury.

METHODS

Extract of Kiwifruit Polyphenol
Kiwifruit polyphenol were extracted from kiwifruit peel. The
kiwifruit peel was purchased from Xiuwen, Guizhou province of
China. It was extracted by 60% methanol, at the rate of solid and
liquid was 1:30 g/mL and 60◦C, and the ultrasonic extraction time
was 20min in the power of 450w. Then, freeze-drying was used
to obtain kiwifruit polyphenol extracts (KPE).

The composition of KPE were analyzed by HPLC-PDA.
Diamonsil C18 (250 ×4.6mm, 5µm) were used, the column
temperature was 35◦C, and detection wavelength was 280 nm.
Methanol (A) and 0.5% acetic acid (B) were the mobile phase.
Gradient elution program as follow: 0–10min 10% A, 10–20min
13% A, 20–27min 18% A, 27–35min 22% A, 35–47min 25%
A, 47–50min 32% A, 50–58min 35% A, 58–70min 10 A%. The
chromatogram of KPE were shown in Supplementary Results,
and the composition of KPE were showed in Table 1.

Animals, Husbandry, and Dietary
Treatments
Animals: 32 male Sprague-Dawle (SD) rats (purchased from
Animal Center of GuizhouMedical University) with amean body
weight (BW) of (160 ± 15.46) g were maintained in standard
animal cages under specific pathogen-free conditions. Animals
were housed in a controlled environment 12 h daylight cycle,
lights off at 18:00 with food and water ad libitum. After 1 weeks
of acclimation on a normal chow diet, rats were fed either a chow
diet (it contained 62.3% kcal carbohydrates, 16.4% kcal proteins
and 21.2% kcal fat) or a HFD diet (it contained 46.3% kcal
carbohydrates, 13.3% kcal proteins and 40.3% kcal fat). Animals
were randomly divided into four groups of 8 eight rats: Normal
group (Normal), high fat diet group (HFD), the high fat diet-low
dose kiwifruit polyphenol extract (50 mg/kg day) (HFD+ LKPE)
and the high fat diet with high dose kiwifruit polyphenol extract

(100 mg/kg day) (HFD + HKPE). All KPE treatments were
administration by intragastric. All procedures were approved by
Guizhou Medical University Animal Ethics Committee.

After 9 weeks, animals were anesthetized by chloral hydrate,
and then blood was taken by cardiac puncture and immediately
centrifuged in order to separate serum from cells. Colon tissues
were stored at−80◦C. Colon tissue was fix by 10% formaldehyde
over 24 h, for H&E staining.

Measurement of Serum Endotoxin
The content of endotoxin in serum were measured by
commercial kit (Xiamen Bioendo Technology Co., Ltd.), the
operation was conducted by the manufacturer’s instructions. The
absorbance was determined by enzyme-linked immunosorbent
assay and the endotoxin content was calculated according to the
standard curve.

Immunohistochemistry of Tight Junction
Protein and TLRs
For paraffin-embedded colonic tissue, the sections (5µm) were
deparaffinized, rehydrated and washed in dimethylbenzene for
twice, 10 min/time, then 100% ethanol, 95% ethanol, 80%
ethanol, 70% ethanol, distilled water and 1% PBS for 5min in
turn. Then they were blocked in 3% H2O2 (50 µL) for 10min,
washed for three times, 5 min/time. Section were blocked with
0.01M citrate buffer (pH = 6.0) for 10–15min at 92–98◦C, then
repaired until room temperature. PBS was used for three times, 5
min/time, blocked in wet box for incubating 20min. Then they
were incubated with anti-phosphorylated Occludin antibody
(1:200), ZO-1 antibody (1:100), Claudin-1 antibody (1:100), TLR-
2 antibody (1:100) and TLR-4 antibody (1:100) overnight at 4◦C
(all antibody were purchased from Affinity Biosciences, China).
After washing with PBS for 3 times, 5 min/time, cells were
exposed to the secondary antibody (50 µL, at 37◦C for 2 h). Then
the coverslips were stained with DAB (100 µL) for 2min and
washed with PBS for 3 times. Finally, hematoxylin was used for
secondary staining and blocked with neutral balsam.

Microbial Diversity Analysis
As the described method in the previous report (25) with
slightly modification. Colonic samples were pooled in equimolar
and paired-end sequenced (2 × 250) on an Illumina MiSeq
platform according to the standard protocols. Raw fast files
were demultiplexed, quality-filtered using QIIME (version 1.9.1)
with default parameters. Operational Taxonomic Units (OTUs)
were clustered with 97% similarity cutoff using UPARSE (version
7.1 http://drive5.com/uparse/) and chimeric sequences were
identified and removed using UCHIME. The taxonomy of
each 16S rDNA gene sequence was analyzed by RDP Classifier
(http://rdp.cme.msu.edu/) against the silva (SSU123) 16S rDNA
database using a confidence threshold of 70%. Principle
component analysis (PCA) and weighted and unweighted unifrac
principle coordinate analysis (pCoA) were performed.
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TABLE 1 | Chemical characterization of KPE.

Extract content (g/100g dry weight) Relative polyphenol content (%)

Total polyphenols 65.40 ± 0.16 -

Gallic acid 3.14 ± 0.12 4.80 ± 0.18

Protocatechin 31.73 ± 0.19 48.52 ± 0.29

Chlorogenic acid 1.49 ± 0.04 2.28 ± 0.06

6,7-Dihydroxycoumarin 5.39 ± 1.16 8.24 ± 1.77

Catechin 2.10 ± 0.20 3.21 ± 0.31

Epicatechin 1.72 ± 0.01 2.63 ± 0.02

p-coumaric acid 0.59 ± 0.01 0.88 ± 0.01

Quantitative Real Time-PCR for Intestinal
Tight Junction Protein, Microbial Flora, and
TLR-2/4
As the described method in the previous report (25) with
slightly modification. Fecal DNA was extracted using the Stool
Genomic DNA Extraction Kit (Applied by TIANGEN, Beijing,
China). And the intestinal tissue homogenized in Trizol reagent
(Beyotime, Jiangsu, China) and total RNA was isolated, and RNA
from each sample was reversely transcribed into complementary
DNA by PrimeScriptTM RT reagent Kit with gDNA Erase
(Takara). Real time-PCR was performed using the TB Green R©

Premix Ex TaqTM (TaKaRa) by following the manufacturer’s
instructions. Real time-PCR was performed using CFX96TMReal-
Time System (Applied Biosystems). The primers for Real time-
PCR were designed and synthesized (Sangon Biotech, Shanghai,
China) and the sequence information was shown in Table 2.
Results were calculated using the 2−Ct method.

ELISA Analysis of TNF-α, IL-1β, and IL-10
The content of TNF-α, IL-1β, and IL-10 in intestine were
detected using an enzyme-linked immunosorbent assay (ELISA)
kit (BOSTER Biological Technology Co. ltd.) according to the
manufacturer’s instructions.

Statistical Analyses
All the treatments and assays were performed in triplicate, and
the results are presented as mean ± standard deviation. The test
data were processed by one-way analysis of variance (ANOVA)
using the SPSS version 17.0 software. A multiple comparison of
data was performed by Tukey’s test, which was used to compute
significant differences at P < 0.05. Pearson test was used to
analyze the correlation between intestinal barrier and microbe,
and inflammation.

RESULTS

Effects of KPE on Body Weight and
Intestinal Morphology
As shown in Table 3, at the beginning of the experiments all
animals had the similar body weight. After 9 weeks feeding with
high fat diet, the body weight in HFD rats were gained 316.55 ±
9.85 g, were significantly higher (P < 0.05) than that in Normal
group. While supplementing with KPE, the increased of body

weight was effectively inhibited by KPE. The body weight and
body weight gain in HFD + HKPE group were 461.00 ± 26.81 g
and 253.72 ± 9.76 g, respectively, had significantly difference (P
< 0.05) when compared to HFD rats. In HKPE, the body weight
and body weight gain were equal then that in normal animals.

In previously studies, intestinal injury was observed in high
fat diet feed animals. Then the intestinal morphology was
determined by H&E staining. As shown in Figure 1A, the
normal colonic mucosa of rats has clear cell structure and
well-organized glands. Disordered glandular arrangement and
abundant inflammatory cell infiltration were seen in rats induced
by a high-fat diet. Dietary supplemented with KPE reduced
these lesions. At HFD + LKPE can be observed the irregular
arrangement of glands occasionally, while the morphology of
HFD + HKPE was similar to that of the Normal (Figure 1A).
These results suggested that KPE decreased the intestinal damage
induced by HFD.

Effect of KPE on Intestinal Permeability
Tight junction proteins provide a link between the
transmembrane proteins and the cytoskeletal actin, thus
they are important index to reveal the permeability of enterocyte.
So, the expression of Clandin-1, Ocludin-1, and ZO-1 on
colonic epithelium were determined by immunohistochemistry
(Figure 1). From Figures 1B–D, the expression of Clandin-1,
Ocludin-1 and ZO-1 had the shallowest color in HFD group,
that is a negative expression. In HFD + LKPE, the color of
tight junction became light brown, and it is a weakly positive
expression. Moreover, HFD + HKPE had the darkest color as
the dark brown, which showed Claudin-1, Ocludin-1 and ZO-1
had a strongly positive expression (Figures 1B–D).

In the result of the mean optical density value (IOD), which
the IOD value of Claudin-1, ocludin-1 and ZO-1 in HFD group
were significantly lower than those in cells of Normal group (P <

0.05). These means HFD fed rats induced the loosen of Occludin,
Claudin-1 and ZO-1 in intestine. However, with supplementation
of KPE may prevent the HFD induced the decreased of Claudin-
1, Occluding and ZO-1 expression, especially the expression of
ZO-1 (P < 0.05). Compared to normal samples, the IOD value
of Occludin and ZO-1 at 50 mg/kg KPE bw (HFD + LKPE)
supplementation had no significant difference, while at 100
mg/kg bw KPE supplementation, the expression of Claudin-1,
Occludin-1 and ZO-1 were significantly increased (Figure 1F).
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TABLE 2 | The primer sequences of Real time-PCR.

Gene Forward primer 5
′

-3
′

Reverse primer 5
′

-3
′

Claudin-1 5
′

-GGACAACATCGTGACTGCTCAGG-3
′

5
′

-TGCCAATTACCATCAAGGCTCTGG-3
′

Occludin 5
′

-TCGTGATGTGCATCGCTGTATTCG-3
′

5
′

-CGTAACCGTAGCCGTAACCGTAAC-3
′

ZO-1 5
′

-CCACCTCGCACGTATCACAAGC-3
′

5
′

-GGCAATGACACTCCTTCGTCTCTG-3
′

Bacteroidetes 5
′

-AGCAGCCGCGGTAAT-3
′

5
′

-CTAAGCATTCACCGCTA-3
′

Firmicutes 5
′

-GTCAGCTCGTGTCGTGA-3
′

5
′

-CCATTGTATACGTGTGT-3
′

Lactobacillus 5
′

-CTGATGTGAAAGCCCTCG-3
′

5
′

-GAGCCTCAGCGTCAGTTG-3
′

Bifidobacterium 5
′

-GATTCTGGCTCAGGATGAACGC-3
′

5
′

-CTGATAGGACGCGACCAT-3
′

C.perfringens 5
′

-GCGTAGAGATTAGGAAGAACACCAG-3
′

5
′

-TATTCATCGTTTACGGCGTGGACTA-3
′

Desulfovibrios 5
′

-CCGTAGATATCTGGAGGAACATCAG-3
′

5
′

-CCGTAGATATCTGGAGGAACATCAG-3
′

TLR2 5
′

-TCTGGAGTCTGCTGTGCCCTTC-3
′

5
′

-GGAGCCACGCCCACATCATTC-3
′

TLR4 5
′

-TTGCTGCCAACATCATCCAGGAAG-3
′

5
′

-CAGAGCGGCTACTCAGAAACTGC-3
′

TNF-a 5
′

-ATGGGCTCCCTCTCATCAGTTCC-3
′

5
′

-GCTCCTCCGCTTGGTGGTTTG-3
′

IL-1β 5
′

-CTCACAGCAGCATCTCGACAAGAG-3
′

5
′

-TCCACGGGCAAGACATAGGTAGC-3
′

IL-10 5
′

-CTGCTCTTACTGGCTGGAGTGAAG-3
′

5
′

-TGGGTCTGGCTGACTGGGAAG-3
′

β-actin 5
′

-CCTGTGGCATCCATGAAACT-3
′

5
′

-GAAGCACTGCGGTGCACGAT-3
′

16rsDNA total bacteria 5
′

-ACTCCTACGGGAGGCAGCAGT-3
′

5
′

-ATTACCGCGGCTGCTGGC-3
′

TABLE 3 | Effects of KPE on the body weight of rats with high fat diet.

Initial weight/g Final weight/g Body weight gain/g

Normal 207.15 ± 11.26 467.26 ± 25.00a 260.11 ± 8.97a

HFD 207.95 ± 13.42 524.50 ± 28.70b 316.55 ± 9.85b

HFD + LKPE 207.09 ± 11.94 495.18 ± 22.73ab 288.09 ± 10.04ab

HFD + HKPE 207.28 ± 10.49 461.00 ± 26.81a 253.72 ± 9.76a

Different letters (a–d) are used to express the significant difference (P < 0.05) of the same factor among groups.

Serum endotoxin is an indicator of intestinal permeability.
Compared with the Normal group, the serum endotoxin level
in the HFD group was significantly increased (P < 0.05). After
the supplementation of KPE, the endotoxin level was decreased
compared to obesity rats. The endotoxin level in HFD + HKPE
group was 0.67 EU/mL, which was 25% lower than that in the
HFD group (0.89 EU/mL), showing a significant difference (P <

0.05) compared to HFD group (Figure 1E).
These results indicated that KPE would prevent HFD induced

leaky gut and diminished of tight junction protein.

Effects of KPE on Microorganisms
Composition of gut microbiota is an important factor
contributing to the regulation of the intestinal mucus barrier
function. The structural changes of gut microbiota in response
to KPE were determined by 16S rDNA sequencing of colonic
rat samples.

To better understand the shared richness among each group,
a Venn diagram displaying the overlaps between groups was
developed. This analysis showed that 252 OTUs were shared
among all 3 groups, with 128 OTUs found in Normal, 213 OTUs
in HFD, and 134 OTUs in HFD+HKPE (Figure 2A).

With the increase of the effective sequencing depth, the
rarefaction curve first increased rapidly and then leveled
off, indicating that the sample sequencing data volume was

reasonable, the sequencing quality was good, and the sample
had certain depth and representativeness (Figure 2B). The
differences in Chao1, Shannon and Faith_PD indexes between
the HFD and the HFD + HKPE intervention group were
statistically significant (Figures 2E–G). The results shows that
HKPE can reduce the diversity of intestinal flora in rats with
a high-fat diet, which is similar to the results of Wang’s
study (26). The results showed that the HFD increased the
diversity of intestinal flora in rats, which was inhibited by HKPE
intervention. We hypothesized might be due to the fact that the
high-fat diet increased the number of harmful bacteria, while
HKPE inhibited the survival of harmful bacteria.

The pCoA and PLS-DA results of analysis showed that HFD+

HKPE and Normal were closer to each other on HFD, indicating
that HKPE can normalize the intestinal flora structure of rats fed
with HFD, and HKPE can regulate the intestinal flora in rats with
disordered intestinal flora (Figures 2C,D).

HFD can lead to intestinal microbial disruption.
Compared with Normal, the relative abundance of common
probiotics, such as Lactobacillceae, Peptostreptococcaceae and
Coriobacteriaceae had an obvious decrease. Moreover, in HFD,
the relative abundance of common harmful bacteria, such
as Desulfovibrionaceae, Lachnospiraceae and Clostridiaceae
were increased. However, supplemented with HKPE can
adjust the composition of intestinal flora in HFD rats,
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FIGURE 1 | KPE supplementation alleviates high fat diet induced intestinal barrier injury. (A) Photomicrographs in the colon of the rat (HE × 200); (B)

Immunohistochemical images of Claudin-1; (C) Immunohistochemical images of Occludin; (D) Immunohistochemical images of ZO-1; (E) The content of serum

endotoxin; (F) Mean optical density of Claudin-1, Occludin and ZO-1. Different letters (a–d) are used to express the significant difference (p < 0.05) of the same factor

among groups.

mainly by increasing the relative abundance of Lactobacillus,
Peptostreptococcaceae, Allobaculum, Blautia, Turicibacteraceae
and Coriobacteriaceae. And the relative abundance of
Desulfovibrionaceae, Lachnospiraceae and Clostridium were
reduced (Figures 3A–C). The examination of differences in
microbiota compositionsusing LEfSe (Figure 3D) showed
discriminant bacterial taxa among the three experimental
groups: Streptococcus, Prevotellaceae, etc. were enriched in the
Normal rats; Clostridiales, Ruminococcaceae, etc. were enriched
in the intestinal contents of the HFD rats; and Turicibacter,

etc. were dominant genera in the HFD + HKPE rats. It was
indicated that KPE could reshaping the disrupted intestinal flora
in certain extent.

In order to further investigated the effect of microbe, RT-PCR
of some microbiota, which had shown the difference between
HDF + HKPE and HDF samples determined by microbial
diversity, were used. It had shown that the mRNA expression
of Firmicutes (Figure 4A), Clostridium perfringens (Figure 4E)
and Desulfovibrios (Figure 4F) significantly increased in HFD
compared with the Normal (P < 0.05), and the expression
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FIGURE 2 | KPE supplementation alters the alpha diversity analysis and beta diversity analysis. (A) Venn diagram showing the unique and shared OTUs in the

different groups; (B) Dilution curve; (C) Principal Co-ordinate Analysis (pCoA) based on operational taxonomic units (out) results; (D) Partial Least Squares

Discrimination Analysis (PLS-DA) based on operational taxonomic units (out) results; (E) Chao1 index; (F) Shannon index; (G) Faith-pd index. *, **, ns represent

P < 0.05, P < 0.01, P > 0.05, respectively.
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FIGURE 3 | KPE supplementation alters gut microbiota. (A) Relative abundance of genus level; (B) Relative abundance of species level; (C) Phylogenetic_tree_heat

map; (D) Genus lefse LDA, the heat map showing normalized relative abundance using the equation log 10.

of Bacteroidetes (Figure 4B), Lactobacillus (Figure 4C) and
Bifidobacterium (Figure 4D) significantly decreased (P < 0.05).
Compared to HDF group, the expression of Firmicutes,
Clostridium perfringens andDesulfovibrios in HFD+HKPEwere
significantly decreased, while the expression of Bacteroidetes,
Lactobacillus and Bifidobacterium were significantly increased to
normal level (P < 0.05).

Effects of KPE on Inflammatory Mediators
and TLRs Expression
Changes in intestinal microbes affect the level of intestinal
immunity. TLR-2 and TLR-4 were the major pattern recognition

receptor antigen located on the membrane of intestinal
epithelial cells and it is susceptible to changes in the intestinal
microflora. The expression of TLR-2/4 were determined by
immunohistochemistry and RT-PCR. Form Figure 5, the color
of TLR-2 (Figure 5A) and TLR-4 (Figure 5B) in HDF group

samples were the dark brown, which indicts a strongly

positive expression. In HFD + LKPE, the color shallowed to
the light brown. The value of optical density value (IOD)

was indicated of the levels of positive expression. Compared
to normal animal, IOD of TLR-2 (Figure 5C) and TLR-
4 (Figure 5D) had significantly increased with HFD group.
After supplementation of KPE, the expression of TLR-2 and
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FIGURE 4 | KPE supplementation stimulates the expression of Bacteroidetes, Lactobacillus, and Bifidobacterium. The mRNA expression levels of Firmicutes (A),

Bacteroidetes (B); Lactobacillus (C); Bifidobacterium (D); C. perfringens (E); Desulfovibrios (F). Different letters (a–d) are used to express the significant difference (P <

0.05) of the same factor among groups.

TLR-4 were decreased, even at low dose supplementation
(P < 0.05). In HFD + HKPE group, the expression of
TLR-4 was significantly decreased (P < 0.05) compared to
normal group.

The results of RT-PCR showed similar results compared to
that the data of immunohistochemistry shown. HFD fed rats
showed a significantly upregulated of the expression of TLR-2
(Figure 5E) and TLR-4 (Figure 5F) compared to the normal rats
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FIGURE 5 | KPE supplementation decreases the expression of TLR-2 and TLR-4. (A) Immunohistochemical images of TLR-2; (B) Immunohistochemical images of

TLR-4; (C) Mean optical density of TLR-2; (D) Mean optical density of TLR-4; (E) The mRNA expression levels of TLR-2; (F) The mRNA expression levels of TLR-4.

Different letters (a–d) are used to express the significant difference (P < 0.05) of the same factor among groups.

(P < 0.05). In HFD+HKPE group, the level of TLR-2 and TLR-4
were downregulated significantly compared with the HFD group
(P < 0.05), and had no significantly difference to normal animals.

Inflammatory cytokines were secreted by activating TLR-
2/TLR-4. Then inflammatory and anti-inflammatory cytokines
were determined by ELISA. TNF-α and IL-1β are common pro-
inflammatory cytokines, and IL-10 is a cytokine that inhibits
inflammation. Compared with the normal rats, the level of TNF-
α (Figure 6A) and IL-1β (Figure 6B) had a significant increase
in HFD group (P < 0.05). After supplementation KPE at a dose
of 50 mg/kg bw, the content of TNF-α and IL-1β had slightly
decreased, but had no significantly difference compared to HDF
group (P > 0.05), while at high dose supplementation (100
mg/kg bw) the content of TNF-α and IL-1β was decreased, had
significantly difference compared to obesity rats (P < 0.05). IL-
10 was the important anti-inflammatory cytokine, the content of
IL-10 was 38.962 ± 6.886 in normal samples, while decreased
to 18.902 ± 9.942 in obesity samples, had significant difference
between normal group. While supplemented with KPE at dose
of 100 mg/kg, the content of IL-10 was up to 68.973 ± 10.966,
significantly higher than normal and HFD group (Figure 6C).

The results of RT-PCR showed similar results compared to
that the data of ELISA shown. HFD fed rats showed a significantly
upregulated of the expression of TNF-α (Figure 6D) and IL-
1β (Figure 6E) compared to the normal rats (P < 0.05). In
HFD + HKPE group, the expression of TNF-α and IL-1β

were downregulated significantly compared with the HFD group
(P < 0.05), while IL-10 (Figure 6F) was upregulated significantly
(P < 0.05).

As shown above, KPE intervention can reduce the
expression of TLR-2 and TLR-4 by HFD, and the
effect becomes more obvious with the increase of
KPE dose.

Correlation Analysis of Intestinal Barrier
With Microbe and Inflammation
KPE treatment could inhibit HFD induced leaky gut, modulate
microbe and decrease inflammation status in intestine.
Then, correlation between intestinal barrier function (the
mRNA expression of the tight junction protein) and microbe,
inflammation mediators were introduced. As shown in Table 4,
Bacteroidete, and Bifidobacterium showed a positive correlation
with Claudin-1 and ZO-1 expression (P < 0.05). No significantly
correlation found between Firmicutes, Lactobacillus, C.
perfringens, Desulfovibrios and tight junction protein expression.

From Table 5, it indicated that mRNA expression of TLR-
2, TLR-4, TNF-α, and IL-1β were negative correlation with
Claudin-1 and ZO-1 expression (P < 0.01). TNF-α were
significantly negative correlation with Occludin expression (P
< 0.05), while IL-10 has a significant positive correlation with
Claudin-1 (P < 0.01), and ZO-1 (P < 0.05). It was suggested
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FIGURE 6 | KPE supplementation regulates the expression of intestinal inflammation cytokines. (A) The concentration of TNF-α; (B) The concentration of IL-1β; (C)

The concentration of IL-10; (D) The mRNA expression levels of TNF-α; (E) The mRNA expression levels of IL-1β; (F) The mRNA expression levels of IL-10. Different

letters (a–d) are used to express the significant difference (p < 0.05) of the same factor among groups.
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TABLE 4 | Correlation analysis of intestinal barrier and intestinal microbes.

variable Claudin-1 mRNA OccludinmRNA ZO-1 mRNA Firmicutes Bacteroidete Lactobacillus Bifidobacterium C. perfringens Desulfovibrios

Claudin-1 mRNA 1

Occludin mRNA 0.392 1

ZO-1 mRNA 0.945** 0.441 1

Firmicutes −0.339 0.162 −0.310 1

Bacteroidete 0.576** 0.195 0.626** −0.662** 1

Lactobacillus 0.450 0.241 0.442 −0.348 0.415* 1

Bifidobacterium 0.559* 0.217 0.551* −0.423* 0.494* 0.847** 1

C.perfringens −0.246 −0.278 −0.358 0.449* −0.579** −0.492* −0.458* 1

Desulfovibrios −0.207 −0.082 −0.180 0.345 −0.438* −0.281 −0.207 0.383 1

*Significantly correlated at the 0.05 level (two-sided).

**Significantly correlated at the 0.01 level (two-sided).

TABLE 5 | Correlation analysis of intestinal barrier and intestinal inflammation.

Variable Claudin-1 mRNA Occludin mRNA ZO-1 mRNA TLR-2 mRNA TLR-4 mRNA TNF-α mRNA IL-1β mRNA IL-10 mRNA

Claudin-1 mRNA 1

Occludin mRNA 0.392 1

ZO-1 mRNA 0.945** 0.441 1

TLR-2 mRNA −0.792** −0.321 −0.773** 1

TLR-4 mRNA −0.722** −0.328 −0.665** 0.939** 1

TNF-α mRNA −0.689** −0.550* −0.621** 0.747** 0.812** 1

IL-1β mRNA −0.774** −0.328 −0.772** 0.976** 0.911** 0.809** 1

IL-10 mRNA 0.729** 0.130 0.546* −0.604* −0.600* −0.436 −0.518* 1

*Significantly correlated at the 0.05 level (two-sided).

**Significantly correlated at the 0.01 level (two-sided).

that the intestinal barrier function is negative correlation with
TLR-2, TLR-4, TNF-α, IL-1β expression, but positive correlation
with IL-10.

From the data from Tables 4, 5, it showed that intestinal
bacteria modulate intestinal inflammation, and it indicated
that inflammatory mediators play a more important role on
the expression of tight junction protein rather than microbe.
Then, the correlation analysis between intestinal inflammation
and intestinal microbes was shown in Table 6. The expression
of TLR-2 and TNF-α were significantly negatively correlated
with Bacteroidete, Lactobacillus, and Bifidobacterium, and TLR-
4 expression was significantly negatively correlation with
Lactobacillus. Moreover, IL-1β was negatively correlated with
Bacteroidete and Lactobacillus expression. This suggests that
Bacteroidete, Lactobacillus, and Bifidobacterium were the main
microbe which could reduce intestinal inflammation.

DISCUSSION

The intestinal tract is the largest digestive organ in the human
body. The normal intestinal tract carries on the metabolism and
circulation of nutrients, electrolytes and water, and also prevents
harmful substances in the intestinal lumen from invading the
body which is an important link in the body’s defense, and play a

core role in human health (2, 3). Recent studies have found that
a high-fat diet causes gut microbiota imbalance and colon tissue
damage, resulting in increased intestinal permeability, which is
one of the main reasons for the existence of constantly circulating
low-grade inflammation (27). In this study we investigated the
effects of KPE and HFD on intestinal barrier in male SD rats.
The result demonstrated dietary supplemented with KPE could
decrease the body weight and increase the expression of tight
junction protein and alleviated high fat induced leaky gut,
this effect may correlate with reshaping intestinal microbiota
and anti-inflammation.

Endotoxin is the main component of the cell wall of gram-
negative bacteria, and themain component is lipopolysaccharide.
When bacterial death, autolysis and other conditions from the
cell release into the blood, can have many pathogenic effects on
the body (28). Increased intestinal permeability is accompanied
by increased endotoxin in the blood, thus serum endotoxin
is considered as one of the indicators of intestinal mucosal
permeability (29). In our study, the content of endotoxin in
serum were decreased after supplemented with KPE at dose of 50
mg/kg bw, while at the dose of 100 mg/kg bw, it had significant
difference compared to obesity rats. The integrity of the intestinal
barrier is attributed to the expression of junction proteins. And
the tight junctions are mainly composed of transmembrane
protein, such as Occludin and Claudin, which form the
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TABLE 6 | Correlation analysis of intestinal inflammation and intestinal microbes.

Variable TLR-2

mRNA

TLR-4

mRNA

TNF-α

mRNA

IL-1β

mRNA

IL-10

mRNA

Firmicutes Bacteroidete Lactobacillus Bifidobacterium C.

perfringens

Desulfovibrios

TLR-2 mRNA 1

TLR-4 mRNA 0.939** 1

TNF-α mRNA 0.747** 0.812** 1

IL-1β mRNA 0.976** 0.911** 0.809** 1

IL-10 mRNA −0.604* −0.600* −0.436 −0.518* 1

Firmicutes 0.354 0.433 0.291 0.441 −0.268 1

Bacteroidete −0.586* −0.478 −0.433* −0.693** 0.318 −0.662** 1

Lactobacillus −0.589* −0.562* −0.563** −0.498* 0.180 −0.348 0.415* 1

Bifidobacterium −0.523* −0.444 −0.549** −0.407 0.205 −0.423* 0.494* 0.847** 1

C.perfringens 0.193 0.085 0.358 0.436 0.127 0.449* −0.579** −0.492* −0.458* 1

Desulfovibrios 0.182 0.186 0.196 0.288 −0.143 0.345 −0.438* −0.281 −0.207 0.383 1

*Significantly correlated at the 0.05 level (two-sided).

**Significantly correlated at the 0.01 level (two-sided).

tight junction complex with the junction complex proteins,
ZO-1 can be cited as an example (30). The expressions of tight
junction complex were positively correlated to barrier function.
Polyphenol-rich propolis extract increased the mRNA expression
of ZO-1, Claudin-1 and Occludin, and improved tight junction
structure in Caco-2 cells which show that Claudin-1, Occludin
and ZO-1 are positively correlated to barrier function (31, 32).
In our study, supplemented with KPE promote the expression of
ZO-1, Claudin-1, and Occludin. It was indicated that KPE could
alleviate high fat diet induced intestinal permeability.

The disordered intestinal microbiota is related to the increased
of intestinal permeability. In gut there were more than more than
1014 microbes colonized, the bacterial concentration ranging
from 10 to 103 cell per gram in the upper intestine to 1011-1012

per gram in the colon (33). In terms of bacterial phyla in intestine,
the majority phyla were Firmicutes and Bacteroidetes, others were
Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrbia,
and Cyanobacteria (33). The intestinal microbes had shown both
positive and negative effect of gut permeability. Escherichia coli,
and Clostridium perfringens can secrete enterotoxin and other
harmful substances, which is not conducive to the health of
the body, and slow down the intestinal movement, increase
the secondary absorption of harmful substances, and thereby
damage the mechanical barrier of intestinal mucosa (9, 34).
While probiotics, such as Lactobacillus and Bifidobacterium, can
promote the growth of intestinal epithelial cells, improve the
adhesion function of intestinal mucosa, protect the structural and
functional integrity of intestinal epithelial cells, and thus protect
the intestinal mucosal barrier from pathogenic bacterial (11, 35).

In this study we determined the effect of KPE on intestinal
microbe both by microbial diversity and RT-PCR. The results
of microbial diversity had shown that HFD can reduce the
relative abundance Lactobacillceae, Peptostreptococcaceae, and
Coriobacteriaceae, and increase the relative abundance of
Desulfovibrionaceae, Lachnospiraceae, and Clostridiaceae. While
supplementation of KPE at dose of 100 mg/kg bw to high fat diet
fed rat, the abundance of Lactobacillus, Peptostreptococcaceae,

Allobaculum, Blautia, Turicibacteraceae, and Coriobacteriaceae
were increased, the relative abundance of Desulfovibrionaceae,
Lachnospiraceae, and Clostridiaceae were decreased. From RT-
PCR, the expression of Firmicutes, Clostridium perfringens, and
Desulfovibrios in HKPE + HFD group were decreased, while the
expression of Bacteroidetes, Lactobacillus, and Bifidobacterium
were increased. In previously study had shown Clostridium
perfringens had disadvantageous effect on intestinal barrier
(9), while Bacteroidetes, Lactobacillus, and Bifidobacterium had
advantageous effect on intestinal barrier (11, 36, 37). So, we
indicate the improvement of KPE on intestinal permeability
may contribute to regulation of microbe, especial the increased
abundance of Bacteroidetes, Lactobacillus and Bifidobacterium
and decrease of Clostridium perfringens.

Due to the close relationship between microbe and immunity
in intestine, then the expression of TLR-2/4 and cytokines were
determined. TLRs are expressed on various immune-related
cells, and any stimuli of tissue injury can induce activation
of immune-related cells (12), the interactions between gut
microbe and TLRs on intestinal epithelial cells and immune
cells help to maintain the homeostasis of intestinal immunity
and intestinal integrity (38). The polysaccharide from Bacteroides
fragilis is a ligand of TLR-2 orchestrates anti-inflammatory
immune responses then ameliorate diseases mediated by the
immune system (37). Dheer et al. (39) reported increased
epithelial TLR-4 signaling was associated with an impaired
epithelial barrier, and altered epithelial cell differentiation, as
well as shapes microbiota, higher levels of Fusobacteria and
Proteobacteria and lower levels of Firmicutes in the colonic
mucosa. The increased expression of TLRs and cytokine produce
the leaky gut, and this phenomenon should be improved by
probiotics. Peña and Versalovic (40) reported that L. rhamnosus
GG specifically inhibits TNF-α production. Our work showed
HFD induced intestinal inflammatory, such as infiltrating of
lymphocyte in colon (Figure 1A), promote TLR-2 and TLR-
4, TNF-α, and IL-1β expression. Supplemented with KPE
the intestinal inflammation was improved. Increased intestinal
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probiotics bacteria components should be useful for preventing
TLR or cytokine mediated intestinal damage. The effect of KPE
on down regulation the expression of TLR-2/TLR-4, TNF-α, and
IL-1β may contribute to microbiota modulation effect, such as
upregulate Lactobacillus and Bifidobacterium abundance.

Impaired intestinal mucosal barrier and increased
intestinal permeability are associated not only with intestinal
damage, but also with metabolic diseases such as obesity
and diabetes. Increased in intaking of nature product from
vegetables and fruit, such as polyphenols is a possible way to
improvement intestinal permeability, then prevent intestinal
damage associated disease and promote health. Kiwifruit
was regarded as a medicine to deal with digestive disease,
even cancer, in ancient China. In our study, we extracted
polyphenols from kiwifruit peel, and identified protocatechin
was the majority ingredient. Dietary supplement KPE has
a protective effect on the increase of intestinal permeability
caused by high-fat diet, and its mechanism is related with
reshaping intestinal microbes and inhibiting intestinal
inflammation by KPE. KPE maybe stimulate Bacteroidete,
Lactobacillus, and Bifidobacterium expression, and then
down-regulate the expression of inflammatory mediators,
thus improving tight junction protein expression. KPE
can be used as a functional factor to relieve the damage of
intestinal barrier.
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Casein phosphopeptides have been studied widely for their ability to chelate calcium.

However, systematic studies on the effects of casein phosphopeptides (CPP) on calcium

absorption in vitro and in vivo are scarce. The purities of two commercially available

products, CPP1 and CPP2, are 18.37 and 25.12%, respectively. Here, the in vitro calcium

binding capacity of CPP2 was 142.56 ± 7.39 mg/g, which was higher than that of

CPP1 (107.15± 6.27 mg/g). The calcium transport results in a Caco-2 monolayer model

indicated that, relative to controls, CPP1 and CPP2 increased calcium transport by 21.78

and 53.68%, respectively. Subsequent animal experiments showed that the CPP2-Ca-H

group (1% Ca, 0.4% CPP2) had significant increases in the femur index, serum Ca2+

and serum osteocalcin levels, and femoral Ca content. The CPP2-Ca-H animal also had

decreased serum alkaline phosphatase levels, parathyroid hormone content, and urinary

pyridinoline content. Overall, our results demonstrated that CPP2 had stronger effects

on promoting calcium uptake than CPP1.

Keywords: casein phosphopeptides, calcium binding capacity, calcium uptake bioactivities, Caco-2, animal model

INTRODUCTION

The element calcium is an essential mineral nutrient for maintaining the good health of humans
(1). In the human body, calcium accounts for ∼1–2% of body weight. Of that, about 99% of
calcium in humans is found in teeth and bones in the form of phosphate, where it contributes
to overall structure and hardness (1). Calcium plays a crucial role in the body and participates
in many biological processes such as cellular signal transduction, enzyme activity regulation, nerve
conduction, andmuscle contraction (2). It had been reported that calcium deficiency increases bone
resorption and decreases bone mass (3). It has also been shown to be associated with development,
including disorders such as rickets, osteoporosis (4), osteopenia, arterial hypertension, and kidney
stones (5).

In recent years, ionized calcium has become the most common form of calcium available to
humans (6). However, it is prone to forming calcium phosphate precipitation when it becomes
ionized calcium in the basic environment provided by the intestine (7, 8). As a result, the low
bioavailability of dietary ionized calcium severely restricts its usage. Consequently, the development
of a better form of calcium that can overcome low absorption and bioavailability has become an
important research topic.
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Both amino acid calcium complex and small peptide calcium
chelate can be directly absorbed in the human body (8).
Currently, some calcium binding peptides have been developed
from animal, aquatic, and plant food sources, (6) including duck
egg peptides (9, 10), fish bones (1, 11), whey protein peptides
(12, 13), and cucumber seed peptides (14).

Casein phosphopeptides are phosphorylated peptides that are
derived from the enzymatic hydrolysis of casein. They can be
produced from the digestion and hydrolysates of αs1−, αs2−, and
β-casein in vitro and in vivo (15, 16). Casein phosphopeptides
possess the capacity to chelate Ca2+ and avoid the precipitation
of calcium phosphate salts. Due to this, they have been
considered desired mineral carriers that have a potential role in
strengthening elemental mineral absorption, which can, in turn,
promote good health (17).

Although there has been much work in investigating casein
phosphopeptides in recent years, few studies have systematically
examined in vitro and in vivo calcium absorption. Accordingly,
we sought to both characterize casein phosphopeptides and
evaluate their in vitro and in vivo calcium absorption efficiencies.
As such, their calcium binding capacities were examined in a
sodium phosphate buffer, the calcium transport in Caco-2 cell
monolayer model, and the bone metabolism in an animal model.
This study not only provides basic theoretical research for the
evaluation of casein phosphopeptides but also provides useful
information for the optimization of production processes.

MATERIALS AND METHODS

Materials
Infinitus (China) Company Ltd. (Guangzhou, China) donated
two kinds of commercially available CPP mixtures (CPP1
and CPP2) for use in these experiments. Nitric acid and
chromatographic-grade acetonitrile were bought from Merck
(Merck KGaA, Darmstadt, Genmany). Cell culture media,
penicillin, streptomycin, non-essential amino acids, Hank’s
balanced salt solution (HBSS) without Ca2+ and Mg2+, and fetal
bovine serum were procured from Sigma (St. Louis, MO, USA).
All other reagents were of an analytical grade.

Composition of CPP
The contents of phosphorus, nitrogen, and purity in the
commercial casein phosphopeptides (CPP) samples were
determined according to the Chinese standard methods GB
5413.22-2010, GB 5009.5-2010, and GB 31617-2014, respectively.
The nitrogen/phosphorus (N/P) molar ratio for each CPP
mixture was established by dividing the nitrogen molar mass
fraction by that for phosphorus. The CPP samples (1–2 g)
were then weighted in an oven at 105◦C to a consistent weight
to calculate overall moisture content. Separate samples were
dissolved in deionized water (10 mg/ml) to determine pH with a
standard pH meter (Delta 320, Mettler Toledo, Switzerland).

High-Performance Liquid Chromatography
Analysis
The CPP1 and CPP2 high-performance liquid chromatography
(HPLC) analyses of samples were performed using a Shimadzu

LC-15C system with a reversed phase HPLC column [Diamond
C18 (2), 5µm, 4.6mm, Dikma, China]. The elution condition
was chosen based on a previously published method with minor
changes (18). Briefly, solution A was 0.1% trifluoroacetic acid in
deionized water, and solution B was 0.1% trifluoroacetic acid in
acetonitrile. The flow rate was 1 ml/min. A linear gradient of
solution B was applied as follows: 5–18% for 19.5min, 18–30%
B for 30min, 90% B for 10min, and 5% B for 10min. Samples
were filtered (0.22µm) before injection. The injection volume
was generally 20 µl. The elution was monitored at 215 nm.

Calcium Binding Capacity in PBS Buffer
The calcium binding capacity was defined as the calcium amount
(mg) bound to CPP (g) after chelation. This capacity was
measured according to the previously published procedure with
minor modifications (13, 18). Briefly, samples of CPP were made
by dissolving it in 0.02M of sodium phosphate buffer (pH 7.8)
and were subsequently mixed with 5mM of CaCl2. The solution
was agitated at 37◦C for 30min at a constant pH (7.8) and
then centrifuged at 4,000 rpm at 25◦C for 20min. The calcium
content in the supernatant was quantitatively determined using
inductively coupled plasma optical emission (ICP-OES) (ICPE
9820, Shimadzu, Kyoto, Japan).

Caco-2 Cell Monolayer Establish and
Calcium Transport Studies
Cell culture and calcium transportation were performed
following our previously reported method (18, 19). Briefly, Caco-
2 cell lines (50–60 passages) were used as a representative system
in this study. Cells were cultured in cell culture flasks (Corning
Inc., Tewksbury, MA, USA). The culture solution was complete
Dulbecco’s modified essential medium mixed with 10% fetal
bovine serum, 1% non-essential amino acids, and 1% antibiotic.
Cells were transferred into a CO2 incubator and then incubated at
37◦C in 5% CO2. The culture medium was changed every 2 days
until cultures were 90% confluent. Cells were detached from the
incubator using trypsin and seeded on a six-well transwell plate
with a polycarbonate membrane (24-mm diameter inserts, 0.4-
µm pore size) at a density of 3× 105 cells/ml. The volume of the
culture medium in the basolateral side and the apical sides was
3.5 and 2.5ml, respectively.

The volume of the culture medium was 3.5ml in the
basolateral side and 2.5ml in the apical sides. The culture
medium was changed every 2 days for all 21 days of
incubation. To assess the monolayer tight junction permeability,
the values of transepithelial electric resistance (TEER) in the
Caco-2 cell monolayer model were measured during whole
experiment via a Millicell ERS-2 epithelial voltammeter (World
Precision Instruments, Sarasota, FL, USA). Only when the
TEER value is greater than 250 �•cm−2 would this model
be considered successful and allowed to proceed to calcium
transport experiments.

The monolayer culture medium was first removed, and
then, cells were washed twice using HBSS without calcium and
magnesium that was preheated at 37◦C. Caco-2 cell monolayers
in the transwell insert were immediately transferred to a new six-
well plate. Two milliliters of the HBSS buffer was added into
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the basolateral side and the apical side. The entire transport
experiments were carried out at 37◦C in 5% CO2 except for the
addition of samples. All samples used in the calcium transport
experiments were dissolved in HBSS. The CPP1 and CPP2 (100
µg/well) and calcium solution (300 µg/well) were pre-blended
immediately prior to the start of the experiment and then added
to the apical sides. The calcium level was 300 µg/well in the
control group. All cells were incubated for 0, 20, 40, 60, 90, 120,
180, and 240min, and 1ml of basolateral solution was collected
at each of these time points to assess Ca2+ levels. After the
removal of each 1 ml-sample at the designated time point, the
same volume of a fresh HBSS buffer was immediately added
to the basolateral side to maintain the integrity of the calcium
transport system.

The harvested, time-point-specific basolateral solution
samples were digested with aqua regia and diluted using
deionized water. The concentration of Ca2+ was subsequently
measured using an ICP-mass spectrometry (ICP-MS) (NexION
300X ICP, Waltham, MA, USA). These data were then used
to calculate the total transported Ca2+ using the previously
reported equation (18):

Bn = 2× An + 1×

n−1
∑

k−1

Ak

where Bn denotes the total transported Ca2+ on the basolateral
side of each well at each sampled time (0, 20, 40, 60, 90, 120, 180,
and 240min), 2 is a constant representing the 2ml of HBSS buffer
on the basolateral side, An indicates the Ca2+ concentration in
collected basolateral HBSS buffer of each well at each sampled
time, 1 indicates the 1ml of basolateral HBSS buffer collected
from each well at each sampled time, and n denotes the collection
times of the basolateral solution samples.

Animals and Diets
All the experiments were performed at the South China
Agricultural University animal science center and then followed
the South China Agricultural University institutional guidelines
[SYXY (Yue) 2014-0136]. All test animal programs were
strictly performed in conformity with the Chinese Association
for Laboratory Animal Sciences and ratified by the Ethical
Committee for Animal Experimentation of the South China
Agricultural University.

In the animal test, 48 male SD rats (3 weeks old) were
purchased from the Guangdong Medical Experimental Animal
Center. Rats were individually housed in rearing cages in a
Specific Pathogen Free grade room, at 23 ± 2◦C and 40–75%
humidity (12-h light/dark) at the Animal Center in the South
China Agricultural University. Deionized water was used as
the drinking water for all the animals. The diet was prepared
according to the AIN-93M (20) with either normal calcium (5-
g Ca/kg diet, normal diet) or supplemented calcium (10-g Ca/kg
diet, supplemented calcium diet) with an additional low dose or
high dose of one of two commercially available CPP (low dose
0.2%, high dose 0.4%).

Feeding Procedures
After a 1-week habituation period, all rats were randomly
segregated into six groups according to body weight. These six
groups were as follows: control, CaCO3, two different CPP1
doses with calcium (two groups), and two different CPP2 doses
with calcium (two groups). There were eight rats per group.
The CaCO3 group was fed with the supplemented calcium diet
(1% Ca), the CPP1-Ca-L group was fed with the supplemented
calcium and low-dose CPP1 diet (1% Ca, 0.2% CPP1), the CPP1-
Ca-H group was fed with the supplemented calcium and high-
dose CPP1 diet (1% Ca, 0.4% CPP1), the CPP2-Ca-L group
was fed with the supplemented calcium and low-dose CPP2 diet
(1% Ca, 0.2% CPP2), the CPP2-Ca-H group was fed with the
supplemented calcium and high-dose CPP2 diet (1% Ca, 0.4%
CPP2), and the control group was fed with the normal diet (0.5%
Ca). The six experiment groups were fed with their respective
diets for seven continuous weeks.

Sampling and Analytic Methods
The daily diet feed intakes and weekly body weights of
all the groups were recorded routinely. Urine was collected
from all rats during the last 3 days using a metabolic cage
before feeding and euthanizing. To remove any contaminating
sediments, the urine was centrifuged at 4,000 g for 10min at
4◦C to obtain the supernatant. Urinary pyridinoline content was
measured using a commercially available ELISA Kit according
to the instructions of the manufacturer (Nanjing Jiancheng
Bioengineering Institute, China).

After the 7-week feeding period, all rats were anesthetized
with diethyl ether. Suborbital blood was collected by removing
the eyeball. After a 30-min stand still, the samples were
centrifuged at 1,000 g and 4◦C for 30min. The Ca2+, osteocalcin
(OCN), parathyroid hormone (PTH), and alkaline phosphatase
(ALP) levels in the serum were analyzed using a commercially
available ELISA Kit and according to the Jincheng instructions of
the manufacturer (Nanjing Jiancheng Bioengineering Institute,
China). Rats were then sacrificed by rapid cervical dislocation,
and the organs (heart, liver, spleen, lung, and kidney) of each
rat were collected to calculate the visceral index. The length of
the femur was measured by a caliper. Any tissue adhering to
the femur was removed. The weight of the femur was weighted
using a balance (AL104, Mettler Toledo, Switzerland). The bone
mineral density (BMD) of the femur in each group was assayed in
vitro using dual-energy X-ray absorptiometry (Discovery A S/N
82239, HOLOGIC, Marlborough, MA, USA). Femurs were dried
at 105◦C for 24 h and then ground into a fine powder using a
mortar. The resulting powder was digested using an acid mixture
(nitric acid and perchloric acid at 4:1 ratio) and then dissolved in
5% nitric acid. Calcium levels were subsequently analyzed using
ICP-OES (10-ES, Varian, Palo Alto, CA, USA).

Statistical Analysis
All results in this study were presented as mean ± SD. All
statistics analyses were performed using IBM SPSS Statistics
(version 17). The ANOVA model was used for the comparison
of differences among three or more groups. A P < 0.05 was
considered statistically significant.
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RESULT AND DISCUSSION

Composition of Two CPP Samples
Table 1 shows the composition results of the commercially
available CPP1 and CPP2. The purity of the CPP1 and CPP2
was 18.37 and 25.12%, respectively. The results revealed that
the purity of CPP2 was much higher than that of CPP1 after
optimizing the production method. In this study, the N/P value
for CPP1 (65.89 ± 3.5%) was significantly higher than that of
CPP2 (35.14 ± 2.1%). It was reported that CPP purity was
expressed by the nitrogen/phosphate (N/P) molar ratio, the lower
N/P molar ratio, and the higher purity of CPP (21). The results
of the N/P molar ratio were in line with the purity of CPP1 and
CPP2. The moisture contents were 2.98 and 3.93%, respectively.

CPP2 Had More Levels of Weak Polar
Peptides Compared With CPP1
The HPLC profiles of CPP1 and CPP2 are shown in
Figures 1A,B. The samples were separated on an RP-C18 HPLC
column, and a number of peaks for CPP1 and CPP2 were

TABLE 1 | Composition of two commercially available casein phosphopeptides

(CPP).

CPP1 CPP2

Purity (%) 18.37 ± 1.6a 25.12 ± 2.2b

Nitrogen content (g/100 g) 13.55 ± 0.2a 15.36 ± 0.3b

Phosphorus content (g/100 g) 0.46 ± 0.1a 0.98 ± 0.1b

N/P 65.89 ± 3.5b 35.14 ± 2.1a

Moisture content (%) 2.98 ± 0.1a 3.93 ± 0.1b

pH 5.94 ± 0.1b 5.56 ± 0.1a

All data are presented as the means± SD of three independent experiments. The different

letters in the bar chart were considered statistically significant differences between groups

according to Student’s t-test (P < 0.05).

observed. When compared with CPP1, CPP2 had relatively
smaller peaks between the 5th and the 20th min. The
concentration of acetonitrile in the organic solvent mobile phase
gradually increased as time went on, with the weak polar peptides
being eluted later. Based on our results, CPP2 had a lower content
of strong polar components when compared with CPP1, which
suggest that optimizing the production method removed the
strong polar peptides and reserved the weak polar peptides.

Composition of CPP
The HPLC profiles of CPP1 and CPP2 are shown in
Figures 1A,B.

Compared to CPP1, CPP2 significantly increased calcium
binding capacity in vitro. The calcium chelating capacities of
CPP1 and CPP2 are shown in Figure 2. The calcium binding
capacities of CPP1 and CPP2 were 107.15 ± 6.27 and 142.56 ±

7.39 mg/g, respectively. The calcium binding value of CPP2 was
∼1.33-fold higher when compared with that of CPP1, indicating
that CPP2 could chelate more calcium than CPP1. The reason
for the above difference in calcium binding capacities was due
to the lower purity and higher N/P molar ratio of CPP1 when
compared with CPP2. The relationship we observed between
the N/P values (Table 1) and calcium binding capacity was in
agreement with published reports (22). Taken together, these data
showed that calcium binding ability increased with decreasing
N/P molar ratio.

CPP2 Significantly Improved Calcium
Transport Compared to CPP1 in the
Caco-2 Cell Monolayer
During the 21 days of cell culture, Caco-2 cells underwent
a series of spontaneous differentiations to the formation of a
monolayer of cells (23). This layer possessed the morphological
and functional features of mature enterocytes, such as the
microvillar structures, several types of brush-border enzymes,

FIGURE 1 | Reversed phase high performance liquid chromatography profiles of casein phosphopeptides 1 and casein phosphopeptides 2 [CPP1 (A) and CPP2 (B)].
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exopeptidases, alkaline phosphatase, a carrier-mediated transport
system for di- or tripeptides, and so on (23). The Caco-2 cell
monolayer model has been successfully applied to simulated
absorption studies involving mineral elements (24). In this study,
CPP1 and CPP2 calcium transport activities were assessed. Both
CPP1 and CPP2 could significantly improve calcium transport
activity in the Caco-2 monolayer model when compared with
CPP control. As shown in Figure 3, this improvement was
evident across all values from the 20 to 240min time points (P
< 0.05). The rate of CPP1 calcium transport values was high
in the first 60min, after which, calcium transport proceeded
slowly. The rate of calcium transportation of CPP1 was ∼1.21-
, 1.19-, 1.22-, 1.13-, 1.09-, 1.05-, and 1.10-fold higher than the
control at 20, 40, 60, 90, 120, 180, and 240min. Similar with the
trend seen with CPP1, the rate of CPP2 calcium transport was
high during the first 90min before it proceeded to slow. The

FIGURE 2 | The calcium binding capacity of CPP1 and CPP2. All data are

presented as the means ± SD of three independent experiments. Different

letters indicate statistical difference among the groups at the given time point

according to Student’s t test (P < 0.05).

rate of calcium transportation of CPP2 was ∼1.47-, 1.46-, 1.42-
, 1.54-, 1.38-, 1.20-, and 1.21-fold higher than the control from
the 20 to 240min time-points, respectively. Moreover, CPP2
increased calcium transport by 21, 23, 16, 35, 27, 15, and 10%
relative to CPP1 values at corresponding time-points (from 20 to
240min, respectively).

There are two pathways that might be responsible for
intestinal calcium absorption, namely, the paracellular
movement and transcellular pathways (25, 26). Various
mechanism studies have reported the effect of bioactive peptides
on intestinal calcium absorption. For example, a study showed
that the main way of calcium transport across the small intestine
and Caco-2 cell monolayers was through a paracellular way
(27, 28). Perego et al. also indicated that increased calcium
uptake by the peptide may be due to the interaction of the
peptide with either (1) the TRPV6 calcium channel or (2)
voltage-operated L-type calcium channels to activate calcium
entry into the cells (29, 30). Hou et al. used desalted duck
egg white peptides using the Caco-2 cell monolayer model to
show that the paracellular pathway was a minor contributor to
calcium transport (10). Collectively, this study indicated that
multiple mechanisms may exist in the calcium uptake mediated
by peptides with different molecular structures (31).

Calcium and CPP effects on cellular viability and monolayer
integrity were monitored between all samples and control using
TEER values throughout the entirety of the experiment. As
shown in Table 2, sample TEER values are not significantly
different from controls.

No Significant Differences Were Found in
Weight Gain and Visceral Index of All
Groups
In this experiment, diarrhea was not observed during the entire
experimental period. The visceral indices of different rat viscera

FIGURE 3 | Quantity of calcium transport across Caco-2 cell monolayers by CPP1 and CPP2. Different letters indicate statistical difference among the groups at the

given time-point (P < 0.05).
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(heart, liver, spleen, lung, and kidney) obtained from control,
CaCO3, and CaCO3 with CPP groups are shown in Figure 4.
Data regarding initial and final body weights and body weight
gain were shown in Table 3. There were no significant differences
in visceral indices and initial or final body weight gain in all
the groups. These data revealed that CaCO3 and CaCO3 in CPP
groups would not affect normal growth and health.

High Dose of the CPP2 Group Had a
Significant Increase in the Serum Levels of
Ca and OCN and a Decrease in the Serum
ALP, PTH, and Urinary PYD Content
Alkaline phosphatase (ALP), as a biological marker for bone
formation, plays a major role during the process of bone
calcification, and its expression has been shown to be elevated

TABLE 2 | Transepithelial electric resistance (TEER) values of the cell monolayers

in between the samples and control during the whole experimentation.

Groups Cultured for 21 days

in DMEM and begin

transporting

(�·cm–2)

Cultured for

30min in HBSS

buffer (�·cm–2)

Complete

transporting

after 240min in

HBSS buffer

(�·cm–2)

Blank control 255 ± 5a 160 ± 7a 151 ± 7a

Calcium control 250 ± 4a 163 ± 4a 146 ± 8a

CPP1 248 ± 5a 158 ± 6a 154 ± 5a

CPP2 247 ± 7a 156 ± 8a 153 ± 7a

Mean ± SD (n = 3). Different letters indicate statistical difference among the groups to

TEER (P< 0.05). Blank control: no addition of calcium or samples CPP. Calcium control:

only added calcium (300 µg/well) and no CPP. CPP1: addition of calcium and CPP1.

CPP2: addition of calcium and CPP2.

in case of abnormal calcification (32). Osteocalcin (OCN) is
another marker of bone formation and can be used as a
biochemical index to evaluate the production of bones (33). As
shown in Table 3, the serum ALP levels are significantly lower
in groups treated with just CaCO3 and CaCO3 supplemented
with CPP groups when compared with the controls (P< 0.05),
while there was no significant difference between CaCO3 and
CaCO3 with CPP groups. These results were similar to the
recent findings demonstrating no significant difference between
CaCO3 and CaCO3 supplemented with peptides obtained from
the tilapia scale peptide (32) or cod (1). Serum OCN levels
in CaCO3 and CaCO3 with CPP groups were increased when
compared with the controls. Although there were no significant
differences between the CaCO3 and CaCO3 with CPP groups,
these results were consistent with the previous study (11). The
CPP2-Ca-H group was significantly higher than the control
group (P < 0.05). There were no significant differences in
serum Ca2+ levels among control, CPP1-Ca-L, and CPP1-
Ca-H groups. These findings were in agreement with the
previous studies (11, 34, 35). However, the serum Ca2+ levels
in CPP2-Ca-L and CPP2-Ca-H groups were significantly higher
than those of controls. Taken together, these results indicated
that both CPP1 and CPP2 could enhance bone formation,
particularly under the conditions presented in the CPP2-Ca-
H group.

Parathyroid hormone (PTH) plays an important role in
sustaining calcium concentration in the blood. A high PTH
concentration increases calcium release from the bone and
increases bone resorption (36). In line with this, serum PTH
content was measured and found to be lower in both the CaCO3

and CaCO3 with CPP groups when compared with controls. This
difference was particularly apparent between control and CPP2-
Ca-H groups. Deoxypyridinoline was a bone resorption marker
and was a crossing of type I collagen present in bone (37). It

FIGURE 4 | Visceral index of different viscus in different groups. Control group was fed a normal diet, and CaCO3 group was fed a supplemented calcium diet (1%

calcium). CPP1-Ca-L, CPP1-Ca-H, CPP2-Ca-L, and CPP2-Ca-H were fed supplemented calcium with low-dose CPP1 (1% calcium, 0.2% CPP1), high-dose CPP1

(1% calcium, 0.4%), low-dose CPP2 (1% calcium, 0.2% CPP1), high-dose CPP2 (1% calcium, 0.4%), respectively. Different letters indicate statistical difference

among the groups at the given time point (P < 0.05).
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TABLE 3 | Growth, femur, and biochemistry properties of rats after different treatments.

Measurements Control CaCO3 CPP1-Ca-L CPP1-Ca-H CPP2-Ca-L CPP2-Ca-H

Diet and growth

Initial weight (g) 170.2 ± 13.08a 166.58 ± 11.35a 162.95 ± 8.5a 171.5 ± 9.11a 168.6 ± 3.49a 166.2 ± 8.48a

Final weight (g) 787.2 ± 22.08a 739.33 ± 45.87a 791.45 ± 48.5a 785.23 ± 19a 752.58 ± 30.44a 773.6 ± 51.4a

Body weight gain (g) 617 ± 28.45a 572.75 ± 38.89a 628.5 ± 41.07a 613.73 ± 16.7a 583.98 ± 29.2a 607.4 ± 54.78a

Serum and unrinry biochemistry

Serum Ca (mmol/L) 1.62 ± 0.02a 1.66 ± 0.03a 1.4 ± 0.69a 1.42 ± 0.68a 1.73 ± 0.05b 1.74 ± 0.04b

Alkaline phosphatase (U/ml) 242.35 ± 20.82b 173.56 ± 20.29a 186.36 ± 20.45a 184.26 ± 21.79a 188.64 ± 9.72a 185.75 ± 22.93a

Osteocalcin (ng/ml) 4.22 ± 0.22a 4.88 ± 0.38ab 4.85 ± 0.05ab 5.28 ± 1.38ab 4.89 ± 1.05ab 6.02 ± 0.15b

Parathyroid hormone (pg/ml) 318.59 ± 9.03b 297.78 ± 77.69ab 271.62 ± 23.47ab 265.21 ± 9.69a 280.78 ± 9.5ab 263.27 ± 11.02a

Urinary pyridinoline content (nmol/L) 62.64 ± 6.37b 55.77 ± 9.63ab 53.09 ± 4.37ab 56.2 ± 5.62ab 52.67 ± 2.52ab 46.22 ± 8.62a

Femur physicochemical indices

Length (cm) 3.26 ± 0.16a 3.36 ± 0.11a 3.44 ± 0.07a 3.42 ± 0.06a 3.42 ± 0.06a 3.46 ± 0.08a

Weight (g) 1.35 ± 0.16a 1.31 ± 0.03a 1.4 ± 0.2a 1.45 ± 0.16a 1.43 ± 0.08a 1.38 ± 0.05a

Femur index 6.52 ± 0.41a 6.98 ± 0.21ab 7.12 ± 0.69ab 7.28 ± 0.13ab 7.43 ± 0.45b 7.43 ± 0.5b

Bone mineral density (g/cm2 ) 0.24 ± 0.01a 0.24 ± 0.01a 0.25 ± 0.01a 0.25 ± 0.01a 0.25 ± 0.01a 0.26 ± 0.01a

Ca content (mg/g) 105.54 ± 3.69a 115.49 ± 1.44ab 120.17 ± 4.69ab 119.72 ± 5.93ab 125.94 ± 4.56b 129.35 ± 9.32b

Means ± SD (n = 8). Different letters indicate statistical difference among the groups (p < 0.05). The control group and CaCO3 group data is from the previous study (19).

was also called D-pyrilinks and determined through pyridinoline
(PYD) level (38). Urinary PYD levels in all groups were found
to be higher than that of the control group. In particular, there
was a significant difference between CPP2-Ca-H group and the
control group. Collectively, these results revealed that both CPP1
and CPP2 could decrease bone resorption particularly under the
conditions presented in the CPP2-Ca-H group.

These results indicated that CPP1 and CPP2 provided in the
diet could increase bone formation and prevent bone resorption.
Of these, the condition presented by the CPP2-Ca-H treatment
group was the most effective.

High Dose of the CPP2 Group Significantly
Increased the Femur Index and Femur Ca
Content
Changes to femoral properties were an ideal indicator to monitor
the effects of calcium supplementation in this experiment. This is
because they are sensitive to Ca2+ assimilation and metabolism
(39). In this experiment, no statistically significant differences in
femoral weight and femoral length were found. These findings
were similar to other studies, which found no significant increase
in femoral length in subjects treated with the fish-bone peptide
when compared with controls (35). Other studies have shown
that the femoral and dry weight in low and medium gavage
groups were not significantly different when compared with
controls apart from the high-dose gavage group (11). To this
end, rats fed with CaCO3 with CPP2 groups showed significantly
higher Ca femoral content than controls (P < 0.05). This is
in agreement with the previous findings of other studies (32).
The BMD of the CPP-Ca-H group was higher than those of
control and CaCO3 groups. Although there were no significant
differences in femoral BMD among control, CaCO3, and CaCO3

with CPP groups, they exhibited a trend toward increasing BMD

in all the groups that were fed with CPP1 and CPP2. One possible
reason for this observation could be the low purity in CPP1 and
CPP2 groups. A second possible reason could be that the feeding
time was not long enough.

Taken together, the femoral property results illustrated that
CPP1 and CPP2 can promote calcium incorporation into bone in
rats. Specifically, the high dose of the CPP2 groupwasmuchmore
effective in promoting calcium absorption and bone calcification.
In the results of the calcium binding ability experiment in vitro,
the Caco-2 cell model and animal model all showed that CPP2
had better calcium binding ability and promoted greater calcium
uptake and calcium absorption abilities than CPP1. Although the
activity of the product CPP2 was significantly higher than that of
CPP1, the functional properties were important factors affecting
its application. In the future, the functional characteristics of the
two CPP will be systematically studied.
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Novel Angiotensin-I Converting
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Characterization, and
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The bioactive peptides that can inhibit angiotensin-I converting enzyme (ACE, EC. 3.

4.15.1) are considered as possible cures of hypertension. Food-derived angiotensin-I

converting enzyme inhibitory (ACEi) peptides have gainedmore attention because of their

reduced side effects. In this study, we reported the method for purifying ACEi peptides

from the lees of traditional Chinese rice wine and evaluated the product’s biochemical

properties. After three steps of reversed-phase high-performance liquid chromatography

(RP-HPLC), for the first time, we isolated, purified, and identified two novel peptides:

LIIPQH and LIIPEH, both of which showed strong ACEi activity (IC50-values of 120.10 ±

9.31 and 60.49±5.78µg/ml, respectively). They were further categorized as mixed-type

ACE inhibitors and were stable against both ACE and gastrointestinal enzymes during

in vitro digestion. Together, these results suggest that the rice wine lees that produced

as a by-product during rice wine production can be utilized in various fields related to

functional foods and antihypertensive medicine.

Keywords: hypertension, angiotensin-I converting enzyme, rice wine lees, ACE-inhibitory peptides,

structure-activity

INTRODUCTION

Raised blood pressure is a major cardiovascular risk factor (1). As one of the leading risk factors
for global mortality, uncontrolled hypertension causes stroke, myocardial infarction, cardiac
failure, dementia, and other diseases (2). According to the World Health Organization (WHO),
hypertension causes an estimated 9.4 million deaths yearly and represents 7% of the global disease
burden (3). Once hypertension develops, lifelong pharmaceutical treatment is typically required.
Several types of antihypertensive drugs have been developed based on different therapeutic targets,
including angiotensin-I converting enzyme (ACE) inhibitors (4). Angiotensin-I converting enzyme
(dipeptidyl carboxypeptidase, EC 3.4.15.1) is a zinc metallopeptidase that is found in male genital,
vascular endothelial, neuro-epithelial, and absorptive epithelial cells (5). Angiotensin-I converting
enzyme plays dual roles in the renin-angiotensin system (RAS) to regulate blood pressure by
degrading angiotensin-I (Ang I) into angiotensin-II (Ang II), a strong vasopressor. Moreover, in the
kallikrein-kinin system (KKS), ACE triggers inactivation of bradykinin, an important vasodilator
(6, 7). Currently, ACE inhibitors are considered to be the first-line treatment for hypertension (8).
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Compared to other regimens, treatment regimens based on
ACE inhibitors have been shown to reduce risk of coronary
artery disease, cardiovascular death, and heart failure, and these
treatments are frequently used for this reason (7, 9). However,
the long-term administration of several synthetic ACE-inhibition
drugs, such as captopril, enalapril, and lisinopril, is still associated
with undesirable side effects, including headache, dry cough, and
edema (9–11). Furthermore, drug treatment can be costly, and
the high prevalence of hypertension makes it a challenge for
resource-constrained settings (3). Therefore, the development of
safe, cost-effective, and efficient treatment approaches is urgently
needed. Angiotensin-I converting enzyme inhibitory peptides
derived from food sources represent an effective way to treat
hypertension without incurring unacceptable side effects (12).
Hence, much interest has been focused on the extraction of
ACE inhibitors from natural food sources as a replacement for
synthetic drugs (13).

Numerous protein-based foods, including milk (14, 15),
eggs (8), fish (16, 17), and rice (18–20), have been used
to prepare angiotensin-I converting enzyme inhibitory (ACEi)
peptides through enzymatic hydrolysis. Rice (Oryzae sativa,
Family: Oryzeae) is a major cereal crop worldwide (21). It is
a dietary staple for about half of the world’s population and is
particularly common in Asian countries, where it serves as a
substantial source of dietary protein for millions of people (21–
23). Compared to those of other cereals, rice proteins have a
preferable amino acid structure due to their essential amino acid
composition (24). In addition, the high availability of processing
by-products has led rice to attract even much attention as a
potential source of biologically active hydrolysates and peptides
(25). Wine lees is the main by-product of rice wine production,
and more than 400,000 tons are generated annually. Wine lees
are composed of solid and liquid fractions whose compositions
depend on their regions of origin and the associated agronomic
and edaphoclimatic characteristics (26). The protein content of
wine lees is approximately 28.0% (dry basis), making it a good
protein resource.

Six novel ACEi peptides, AVQ, YPQ, NQL, AYLQ, VLPVLS,
and VLPSLN, have successfully been identified from solid
fractions of wine lees (27). However, due to the high moisture
and organic acid contents, the liquid fraction of wine less
has received comparatively less attention. As a product of rice
fermentation, the liquid phase of lees contains considerable
amounts of peptides and proteins. Therefore, it is urgent
to development the comprehensive utilization of the liquid
phase of rice wine lees, as it has the potential to provide
new ideas for the treatment of rice wine lees to reduce
environmental pressure.

In this study, we purified and identified ACEi peptides
from rice wine waste using RP-HPLC and MOLDI-TOF-
MASS. The IC50-values of the products were determined, and
their inhibition types were kinetically characterized using a
Lineweaver–Burk plot. Additionally, we investigated the stability
of these compounds against digestive proteases and ACE. In
doing so, this work contributes to the comprehensive utilization
of rice wine waste and provides a theoretical basis for the
development of effective antihypertensive peptides.

MATERIALS AND METHODS

Materials and Chemicals
Rice wine lees was obtained from Guangdong Shunde Winery
Co., Ltd., Shunde, China. Angiotensin-I converting enzyme
(from rabbit lung) and N-Hippuryl-His-Leu hydrate (HHL) were
purchased from Sigma Co., USA. Other chemicals and reagents
were of analytical grade.

Physicochemical Characterization of Rice
Wine Lees Extract
To prepare Rice Wine Lees Extract (RWLE) for characterization,
large particles were removed by centrifuging at 4,000 rpm
for 10min, after which the supernatant was concentrated
and lyophilized. The molecular weight distribution of
RWLE was determined as previously described (28) with
some modifications. Specifically, the molecular weight
distribution was determined via gel permeation chromatography
(GPC) with a TSK gel filtration column, G2000 SWXL
(300 × 7.8mm; Tosoh, Tokyo, Japan). The mobile phase,
water/acetonitrile/trifluoroacetic acid (80/20/0.1, v/v/v), was
delivered at a flow rate of 0.5 ml/min. The determination was
carried out at room temperature, and the UV detector was
operated at 220 nm. A calibration curve was obtained using the
following standards: insulin (5,808 Da), bacitracin (1422 Da),
tetrapeptide GGYR (451 Da), and tripeptide GGG (189 Da).
Then, a molecular weight calibration curve (Y = −0.336X +

9.043, R2 =0.993) was obtained. In addition, fractions from
different molecular weights were collected, concentrated, and
tested using the ACE inhibition assay described below.

Measurement of ACEi Activity
Angiotensin-I converting enzyme inhibitory activity was
measured using the method described in Wu et al. (29) with
some modifications. For each reaction, 10 µl of 0.25 U/ ml
ACE solution (prepared in 0.01M potassium phosphate buffer
containing 0.5MNaCl, pH 7.0) was mixed with 10µl of inhibitor
solution and incubated for 5min at 37◦C. Subsequently, 30 µl of
HHL solution (5mM in 0.1M sodium borate buffer containing
0.3M NaCl, pH 8.3) was added, followed by incubation at
37◦C for 1 h. The reaction was terminated with the addition
of 70 µl 1M HCl before subsequent assays were performed.
For the control group, 10 µl ACE solution and 80 µl 1M HCl
were simultaneously added to the mixture. A blank sample was
prepared by replacing the inhibitor solution with 10 µl borate
buffer. Samples were then separated using a C18 column (4.6 ×

150mm, 5µm) at a flow rate of 1.0 ml/min. The mobile phase
was water/acetonitrile/trifluoroacetic acid (75/25/0.1, v/v/v)
with an isocratic gradient of 25% B in 15min. Absorbance was
monitored at 228 nm. Angiotensin-I converting enzyme activity
(%) was calculated according to the following equation:

ACE inhibition(%) = (A1− A2)− B/(A1− A2)× 100%

Where A1, A2, and B are peak areas corresponding to
Hippuric Acid in the control group, the blank and the sample,
respectively. The IC50-value was defined as the concentration
of inhibitor required to inhibit 50% of enzyme activity and was
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calculated by performing regression analysis of ACE inhibition
vs. sample concentration.

Purification of ACEi Peptides
Angiotensin-I converting enzyme inhibitory peptides were first
isolated by preparative high-performance liquid chromatography
(LC-8, Shimadzu, Japan) using a reversed-phase (RP) column
[Shimadzu PRC-ODS(K) 30 × 250mm, 15µm] of C18. Solvent
A was 0.1% trifluoroacetic acid in double-distilled water, and
solvent B was 0.1% trifluoroacetic acid in 100% acetonitrile. A
linear gradient of solvent B was applied at a flow rate of 10ml/min
for 55min as follows: 10–34% solvent B for 30min and 30–
45% solvent B for 45min. Fractions were collected, concentrated,
and tested using an ACE-inhibition assay. The fraction with the
highest ACEi activity was further separated using an additional
C18 column (ECOSIL 300 × 20mm,10µm, Germany) and the
same mobile phases. A linear gradient of solvent B was applied
at a flow rate of 10 ml/min for 45min as follows: 15–19%
solvent B for 5min and 19–23% solvent B for 45min. To further
purify the ACE inhibitor, active fractions were analyzed using
HPLC to identify monomeric peptides with increased ACEi
activity. The active fraction solution collected previously was
filtered through a 0.45µm membrane filter and separated using
an ECOSIL C18 column (260 × 4.6mm, 5µm). Mobile phases
were solvent A (double-distilled water with 0.1% trifluoroacetic
acid) and solvent B (acetonitrile with 0.1% trifluoroacetic acid).
Elution was performed using water/acetonitrile/trifluoroacetic
acid (80/20/0.1, v/v/v) with 5–15% solvent B (0–10min) and 15–
20% solvent B (10–45min) at a flow rate of 1 ml/min. Main peaks
were collected, concentrated, and lyophilized. All elution steps
were monitored at 214 nm. The ACEi activity of the eluted peaks
was tested.

Amino Acid Sequencing of Purified
Peptides
The amino acid sequences of active peptides displaying ACEi
activity were analyzed using a matrix-assisted laser desorption
ionization time-of-flight mass spectrophotometer (MALDI-
TOF-MASS, Bruker Daltonik GmbH, Bremen, Germany).

Peptide recognition was performed using an automated
protein/peptide sequencer (model PPSQ-53A, Shimadzu, Tokyo,
Japan). The purified peptide was dissolved in deionized water
and transferred onto a polyvinylidene fluoride membrane. After
fixation with polybrene, the amino acid sequence of the peptide
was characterized.

Synthesis of Identified Peptides
The sequences of the identified peptides were submitted to
Synpeptide Co., Ltd. (Shanghai, China) for peptides synthesis
using solid-phase methods. Purity and molecular weights of
synthesized peptides were determined using HPLC and LC-MS.

Stability of Purified Peptides During In Vitro

Digestion by Gastrointestinal Enzymes
Peptide stability was measured according to the methods
described in Chen et al. (30) with some modifications. For
this assay, 2% (w/w) pepsin was dissolved in a KCl–HCl buffer
(0.1mM) adjusted to pH 2.0, and 2% (w/w) chymotrypsin

was dissolved in a KCl–NaOH (0.1mM) buffer adjusted to
pH 7.0. Peptides were dissolved at 1 mg/ml in pepsin or
chymotrypsin solutions and incubated at 37◦C for 4 h. Reactions
were terminated by boiling for 15min. After centrifugation at
4,000 rpm for 15min, the supernatant was collected, pH was
adjusted to 8.0, and samples were assayed for ACEi activity. The
supernatant was also analyzed using the previously described RP-
HPLC conditions to evaluate changes to the peptides after in
vitro digestion.

Control groups were prepared by incubating inactivated
pepsin and/or chymotrypsin (boiled for 15min) with the sample
peptides. After incubation, the mixture was processed and
analyzed as described.

Stability of Peptides Against ACE
The stability of peptides against ACE was assayed according to
the methods of Deng (31), with some modifications. For each
reaction, 30 µl of peptides (2 mg/ml) was combined with 30
µl 0.25 U/ml ACE solution and incubated at 37◦C for 30min.
Angiotensin-I converting enzyme was then inactivated by boiling
the solution for 10min. As described in section Measurement of
ACEi Activity, 20 µl of each peptide sample was used for the
detection of ACEi activity.

Kinetic Parameters of ACEi Peptides
Angiotensin-I converting enzyme inhibition of purified peptides
was determined using Lineweaver–Burk plots according to
reported methods (32). Samples were added at two fixed
concentrations to each reaction mixture, and enzyme activity
was measured for different concentrations of the substrate HHL
according to the ACE inhibition assay. The curves were described
by 1/area and 1/[S], and the kinetics of ACE inhibitors were
estimated by comparing the resulting curves.

Design of ACEi Peptides According to
Source Proteins
As protein structure has a significant impact on ACE-inhibition
(33–35), we chose to prune or add peptides according to
UNIPROT (https://sparql.uniprot.org/) BLAST results. The
newly designed peptides were synthesized and further assessed
for ACE-inhibition capacity as described above.

Statistical Analysis
Analysis of variance was performed with SPSS 13.0 software
(Armonk, NY, USA). Linear regression was performed using
Origin (Microsoft Corp., Seattle, WA, USA).

All experiments were repeated at least three times, and mean
values were used. Data were subjected to analysis of variance, and
Duncan values were calculated with a confidence interval of 95%
to compare means.

RESULTS AND DISCUSSION

Physicochemical Properties and ACEi
Activity of Rice Wine Lees Extract
Rice Wine Lees Extract was prepared as described and
found to exhibit potent ACEi activity, with an IC50-value of
806.67± 58.97µg/ml. Previously, wine and wine lees have been
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TABLE 1 | Molecular distribution of RWLE.

MW (Da) Distribution (%)

3k−25k 10.19

500–3k 18.68

50–500 37.89

<50 33.24

subjected to recovery or transformation of components into high
value-added compounds (26).

The molecular weight distribution of RWLE was broad,
ranging from 50 to 25,000 Da, indicating that it contained
proteins and free amino acids (Table 1). Accordingly, RWLE
was further divided into four components, G1–G4 (Figure 1A).
As shown by the associated ratios, the 50–500 Da molecular
weight segment accounted for a significant proportion of
RWLE (37.89%).

Fractions G1–G4 were collected individually, and their ACEi
activities were further determined. As shown in Figure 1B,
G2 possessed the highest ACEi capacity at a concentration
of 1 mg/ml. Therefore, we predicted that the molecular
weights of ACEi peptides would fall in the range of 500–3,000
Da. This prediction is consistent with previous reports that
antihypertensive peptides are typically short, with molecular
weights >2,000 Da (36). Larger peptides are not capable
to contact the ACE active site easily, resulting in reduced
inhibitory capacity.

ACEi Peptide Purification
In the first step, fractions between 20 and 55min in the
RP-HPLC chromatogram were collected and termed D1–D5
(Figure 2A). Fraction D3 showed the lowest IC50-value (643.33
± 17.64µg/ml) and was further separated into different fractions
(Figure 2B). The seven main fractions were designated as S1–
S7 (Figure 3A). Each fraction was subsequently collected. All of
them exhibited ACEi activity at a concentration of 1 mg/ml, and
the inhibition rate was in the range of 43.65–93.68% (Figure 3B).
Importantly, activity analysis showed that Fraction S2 had the
lowest IC50 (479.00 ± 59.36µg/ml). Thus, this fraction was
further purified by RP-HPLC using an analytical C18 column. As
shown in Figure 4A, S2 was subsequently separated into six peaks
(H1–H6). Among them, H5 and H6 were the two most potent
ones in ACE inhibition with IC50-value of 120.10 ± 9.31 and
60.49 ± 5.78µg/ml, respectively (Figure 4B). Accordingly, they
were subjected to MOLDI-TOF-MASS to identify their amino
acid sequence.

Identification of Amino Acid Sequence of
Purified ACEi Peptides
MOLDI-TOF-MS/MS was used to determine the amino acid
sequence of the peptides (Figure 5). H5 was found to have a
molecular mass of 719.85 Da, and H6 had a molecular mass
of 720.85 Da. Because Leu and Ile have the same molecular
weight, we used an automated protein/peptide sequencer to
further validate the peptides sequence. The results showed that

H5 had a sequence of Ile-Leu-Leu-Pro-Gln-His, while H6 had a
sequence of Ile-Leu-Leu-Pro-Glu-His (Figure 6). Markedly, it is
the first time to isolate and identify these two novel peptides from
food proteins. Additionally, their molecular weights correspond
to the aforementioned results that the most active ACEi
peptide was found to fall within the molecular weight range of
<2,000 Da.

Interestingly, these two novel peptides are all oligopeptides
with six amino acid residues and shared the sequence LIIP. It
has been previously reported that most ACEi peptides are short,
containing 2–12 amino acids (37). Peptides with hydrophobic
amino acids, especially those with aliphatic chains such as Gly,
Ile, and Leu at the N-terminus, have very high ACEi activity (38–
40). Moreover, the presence of Leu at the final position has been
claimed to enhance the ACE-inhibiting effects of an amino acid
sequence (41, 42).

The C-domain of ACE is responsible for generating Ang II
from Ang I under physiological conditions (43). Of note, the
C-domain catalytic site of ACE consists of three subsites—S1,

S1
′

, and S2
′

–which accommodate the three hydrophobic C-
terminal residues of its natural substrate, angiotensin I (44).
Hence, preferred ACE inhibitors contain hydrophobic (aromatic
or branched side chains) amino acid residues at each of
the three C-terminal positions (39). Based on studies further
exploring ACEi penta- and hexapeptides and their structure-
activity relationships, some rules have been concluded. These
peptides contain, at minimum, two highly hydrophobic amino
acid residues (8). Notably, the sequences of RWLE-derived
ACE-inhibition peptides are consistent with these relationships
between the primary structures of ACEi peptides and their
inhibitory effects.

However, comparing the primary structures, the second N-
terminal amino acids of H5 and H6 are different. Specifically,
H5 contains Gln, an amino acid with a negative charge, while
H6 contains Glu, a neutral amino acid. Although the role of
positive charge at an amino acid remains unknown, it has
been suggested that the presence of positively charged amino
acids in the C-terminal region of the peptide could contribute
to ACE-I activity and substantially increase inhibitory potency
(45). This phenomenon might be explained by the presence
of negatively charged Glu403 and Glu162 residues at the S2
and S1′ subsites of the sACE C-domain, respectively (43). The
preference for positive charges at these two subsites might
enhance selectivity to the sACE C-domain over the N-domain,
therefor weakening ACE’s ability to produce ANG II (46, 47).
In theory, glutamic acid could act an important contributor to
ACE inhibition by chelating zinc at the ACE active center and
through hydrophobic interactions with ACE (48), which might
be another reason for the differing IC50-values. Furthermore, the

binding affinity of long peptides to ACE is influenced by the

structure adopted in the specific environment of the binding site
(49). Therefore, conformational changes in the peptide backbone
can be induced by the polarity of these two residues and influence
ACEi capacity (50).

In this work, the IC50-values of synthetic H5, H6, and the
products in each purification step are summarized in Table 2. We
found that synthetic peptides have no significant differences in
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FIGURE 1 | (A) Molecular distribution of RWLE; (B) inhibition of different molecular fractions (G1–G4).

FIGURE 2 | (A) Reverse-phase HPLC chromatogram of first-step purification of RWLE peptides; (B) inhibitory activity of five pooled fractions (D1–D5).

FIGURE 3 | (A) Reverse-phase HPLC chromatogram of second-step purification of the G3 fraction; (B) inhibitory activity of six pooled fractions (S1–S6).

Frontiers in Nutrition | www.frontiersin.org 5 September 2021 | Volume 8 | Article 746113173

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


He et al. Novel ACE Inhibitory Peptides

FIGURE 4 | (A) Reverse-phase HPLC chromatogram of third-step purification of the S2 fraction; (B) inhibitory activity of six fractions (H1–H6).

comparison to natural peptides. Since limited amounts of natural

peptides could be isolated from RWLE, synthetic peptides were

used to further study the inhibition patterns and assess biological
stability against ACE and gastrointestinal enzymes.

Stability of the Purified Peptides Against
Gastrointestinal Enzymes
In contrast to chemically synthesized low-molecular-weight
compounds, peptides are easily inactivated by gastrointestinal
enzymatic digestion (51). In addition to demonstrating high
inhibitory activity, purified peptides must remain sufficiently
bioavailability during hydrolysis by gastrointestinal proteases
after oral administration to bind their target sites and exhibit an
antihypertensive activity in vivo (52).

In this work, LIIPQH and LIIPEH were subjected to in
vitro digestion by pepsin and chymotrypsin (Figure 7). Although
ACEi capacity of H5 andH6was decreased by the combination of
two gastrointestinal enzymes, the differences were not statistically
significant (p > 0.05), suggesting that the peptides were stable
within the gastrointestinal environment and couldmaintain their
activities after being absorbed. Proline- and hydroxyproline-
containing peptides are generally resistant to degradation by
digestive enzymes (41, 53), so the great stability of these two

TABLE 2 | IC50-values of the products in each purification step.

Inhibitor IC50 (µg/ml)

RWLE 806.67 ± 58.97

G3 643.33 ± 17.64

S2 479.00 ± 59.36

H5 120.10 ± 9.31

H6 60.49 ± 5.78

H5 (synthesis) 143.33 ± 5.77

H6 (synthesis) 56.67 ± 12.02

peptides might be a result of a proline residue found in the third
C-terminal position.

Enzymatic Studies of ACEi Peptides
Due to the broad substrate specificity of ACE, some ACEi
peptides may become ACE substrates and be subsequently
cleaved into smaller fragments (54). Accordingly, ACEi peptides
can be classified into three categories based on the results of
ACE-ACEi peptides preincubation testing. The first type is true
inhibitors, the second type is real substrates, and the third type
is the pro-drug type (7). The stability of ACEi peptides we
purified against ACE were summarized in Table 3, showing that
both LIIPQH and LIIPEH had lower IC50-values compared to
the control (co-incubation with inactive ACE). Therefore, these
peptides could be categorized as pro-drug ACE-inhibitors, which
showed improved ACEi activity due to the formation of a more
active fragment after hydrolysis by ACE.

To clarify the kinetics of inhibition, Lineweaver–Burk plots
were generated. Various concentrations of substrate were
incubated with ACE solution in the absence or presence of RWLE
peptides at 0.05 or 0.1 mg/ml. The results were illustrated in
Figure 8A (H5) and Figure 8B (H6). We found that all lines
intersected at similar x-intercepts, but had different slopes and y-
intercepts, suggesting that H5 and H6 acted as non-competitive
inhibitors (mostly mixed-type) toward ACE. Thus, H5 and H6
could bind to both free enzymes and the enzyme-substrate
complex to reduce catalysis (55).

TABLE 3 | Stability of RWLE peptides toward ACE.

Peptide IC50 with IC50 without

pre-incubation (mg/ml) pre-incubation (mg/ml)

LIIPQH 82.0 ± 19.92 65.88 ± 18.42

LIIPEH 51.0 ± 7.51 36.98 ± 21.08
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FIGURE 5 | Identification of ACE-inhibition peptides from RWLE using MOLDI-TOF-MS. (A) Molecular mass and amino acid sequence of peptide H5; (B) molecular

mass and amino acid sequence of peptide H6.

As Km and Vm are important parameters of enzymatic
reactions, we further determined these values for the novel
ACEi peptides. Vmax for the uninhibited ACE reaction
was 0.191 min−1.Though Vm values decreased as peptide
concentration increased for both H5 and H6, H6 appeared
to be more effective (Table 4). The finding of a lower Vmax
in the presence of H6 was consistent with its lower IC50-
value compared to H5. Together, these results suggested that
the activation energy of the catalytic reaction increased in
the presence of peptides because of the decreased enzyme
reaction rate. We hypothesized that the peptides blocked the
substrate from binding to the ACE active site (56), resulting

in the reduction of enzymatic efficiency. Based on a linear
regression fit of the kinetic data, the Km-value of ACE activity
in the absence of inhibiting peptide was estimated as 3.199
(Table 4). The Km-values increased when ACEi peptide was
added to the reaction, suggesting that a higher concentration
of substrate was required for the ACE catalytic reaction.
The catalytic efficiency (CE) of the uninhibited ACE-catalyzed
reaction was 0.060. In the presence of H5 or H6, it was
decreased in a dose-dependent manner. The reduction of
CE was directly related to the lower Vmax and IC50-values,
suggesting that the peptides had binding affinity toward the target
enzyme (7).
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FIGURE 6 | Identification of peptide’s sequence using PPSQ (A) peptide H5 and (B) peptide H6.

FIGURE 7 | Stability of RWLE peptides against gastrointestinal enzymes (A) peptide H5 and (B) peptide H6.

The classification of “mixed-type inhibition” indicates that
the peptide binds to ACE at both active and non-active sites,
consequently reducing ACE’s catalytic activity (57). As the
space within the ACE active site is limited, which is hard
for large peptides to bind. Therefore, peptides H5 and H6
may preferentially bind to the non-active site of ACE (57).
Some research has explored mixed-competitive ACE inhibitors,
including NMAINPSKENLCSTFCK and EKVNELSK isolated
from casein (56, 57) and the synthesized peptides WG and
PRY (55).

Structure-Activity Relationship of ACEi
Peptides According to Source Proteins
The BLAST program was used for homology searches between
manually obtained sequences and sequences in the Uniprot
database. Analysis result indicated that a total of 27 rice proteins
contained the H5 peptide sequence, while H6 had no identifiable
source protein. H6 and H5 showed highly similar structure,
differing in only one amino acid. Therefore, we speculated that
H6 was a modified peptide generated during fermentation, while
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FIGURE 8 | Lineweaver–Burk plots of angiotensin I-converting enzyme (ACE) inhibition by different concentrations of synthesized RWLE peptides across varying

substrate concentrations (0–0.1 mg/ml). (A) Lineweaver–Burk plots of peptide H5 and (B) Lineweaver–Burk plots of peptide H6. V = initial rate of reaction [1A228

(nm)/min].

TABLE 4 | Kinetic constants of ACE-catalyzed reactions at different peptide concentrations.

Catalytic parameters Control H5 H6

Concentration (mg/ml) 0 0.05 0.1 0.05 0.1

Vm (1A/min) 0.191 0.120 0.070 0.099 0.049

Km (mg) 3.199 3.948 6.552 6.308 8.054

CE 0.060 0.030 0.011 0.016 0.006

Km is the Michaelis constant, Vmax is maximum reaction velocity, CE is the catalytic efficiency (Vmax/Km).

H5 corresponded to the source protein. To explore the structure-
functional relationships, only H5 peptide that conformed to the
rice protein sequence was selected to conduct further analysis.

Based on BLAST results, we determined that all source
proteins belonged to Oryza sativa subsp. japonica, and most of
them were glutelin. In addition, we found that the first amino
acid linked to the N-terminus of H5 was Leu, and the amino
acids connected to the C-terminus were His or Tyr. Thus, we
synthesized three new peptides with increased terminal amino
acid content.

Additionally, Pro, Trp, and Lys seem to be the most
effective ones in increasing a peptide’s ACEi potential
(39). Between H5 and H6, the common sequence was
identified as LIIP. Accordingly, new peptides with
decreased terminal amino acids and exposed proline
residues were also synthesized, and their IC50-values were
measured (Table 5).

Among LIIPQHH, LIIPQHY, and LLIIPQH, we found
LLIIPQH possessed the highest ACEi capacity. This might be
due to the fact that, among the added amino acids, Leu was the
only hydrophobic residue, further emphasizing the importance
of terminal hydrophobic amino acids for ACE inhibition. It
has been suggested that amino acids with positive charge

TABLE 5 | IC50-values of synthetic peptides.

Peptide IC50 (µg/ml)

LIIPQHH 1,206.67 ± 36.83

LIIPQHY 1,082.00 ± 38.85

LLIIPQH 829.00 ± 14.57

IIPQH 1,082.67 ± 36.83

LIIPQ 1,390.67 ± 21.40

LIIP 928.67 ± 24.01

H5 (LIIPQH) 143.33 ± 5.77

H6 (LIIPEH) 56.67 ± 12.02

can promote ACE inhibition. However, despite containing two
positively charged amino acids, LIIPQHH did not show the
lowest IC50-value. In conclusion, the inclusion of positively
charged amino acids improves inhibition rate only under certain
conditions, rather than universally. The different IC50-values
of LIIPQHH and LIIPQHY could attribute to the differences
in the polarity of C-terminal residues, which might induce
conformational changes in the peptide backbone that influence
ACEi capacity.
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For pruned peptides, IIPQH had a lower IC50-value than
LIIPQ. which might be due to the positive charge of His that
enhanced ACE inhibition. This is supported by a separated
research, in which three of five ACE inhibitor peptides obtained
from cherry seeds had a positively charge amino acid (H) in their
C-terminal positions (58).

However, the activities of IIPQH and LIIPQ were not as
high as that of LIIP. These differences might be a result of the
C-terminal proline residues. C-terminal proline residues were
found in lisinopril and enalapril peptides, suggesting that the
presence of proline residues at the C-terminus was a specific
feature associated with high ACEi activity and played a key role in
ACE binding (38, 59). In addition, the imidazole ring of proline
might easily interact with amino acid residues in the active center
of ACE (60).

After the addition or subtraction of amino acids, the peptide
sequence with the best activity was identified as LLIIPQH,
followed by LIIP. However, all newly synthesized peptides
exhibited lower ACEi activity than purified peptides obtained by
us. Similar results had been found that some peptides showed
high homology with ACEi peptides. Although these peptides
shared the subsequence VTSTAV, not all of them exhibited
significant ACEi effects (41).

CONCLUSION

In this study, we obtained antihypertensive peptides from RWLE
without enzymatic steps. Two novel peptides were purified and
identified: LIIPQH and LIIPEH. They both showed strong ACEi
activity and were classified as mixed-type inhibitors. Markedly,

these two peptides showed great stability to ACE and digestive
enzymes in vitro. Furthermore, we studied the structure-activity
relationship of ACEi peptides by synthesizing similar peptides.
Together, this study suggested that novel peptides with ACEi
activity can be derived from rice wine lees and utilized to develop
functional foods or antihypertensive medicine.
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Senye Wang 1,2†, Li Zhou 1,2†, Fatma Al-Zahra K. K. Attia 2,3, Qi Tang 1,2, Mengke Wang 1,2,

Zhenhua Liu 1,2*, Geoffrey I. N. Waterhouse 1,2,4*, Lijun Liu 1,5* and Wenyi Kang 1,2*

1National R&D Center for Edible Fungus Processing Technology, Henan University, Kaifeng, China, 2 Joint International

Research Laboratory of Food and Medicine Resource Function, Kaifeng, China, 3Department of Ornamental, Medicinal and

Aromatic Plants, Faculty of Agriculture, Assiut University, Asyut, Egypt, 4 School of Chemical Sciences, University of

Auckland, Auckland, New Zealand, 5Huaihe Hospital, Henan University, Kaifeng, China

Origanum majorana L. is an aromatic herb that has been grown in several Mediterranean

countries since ancient times, but became popular during the Middle Ages as a medicinal

plant and seasoning ingredient. O. majorana has many pharmacological effects, but

its immunoreactive components and mechanisms are still unclear. In this study, four

compounds were isolated and identified from O. majorana by a spectral analysis,

including 1H and 13C-NMR. They were 1H-indole-2-carboxylic acid (1), (+)-laricresol (2),

(+)-isolaricresol (3), and procumboside B (4, pB), which were isolated for the first time in

O. majorana. The immunomodulatory effects of the four compounds were screened, and

pB had good immunomodulatory activity on RAW 264.7 cells. The immunomodulatory

mechanism of pB was proved, in which pB could increase the secretion of nitric

oxide (NO), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and reactive oxygen

species (ROS) and simultaneously upregulate the expression of CD80 and CD86 on

the cell surface. These results suggested that the mechanism of pB may be related to

the activation of nuclear factor-kappaB (NF-κB) and mitogen-activated protein kinases

(MAPKs)-signaling pathways. O. majorana is rich in nutrients and is commonly used in

diets, so it can be used as a nutritional supplement with immunomodulatory effects.

Keywords: Origanum majorana L., procumboside B, immune, NF-κB, MAPKs, RAW264.7

INTRODUCTION

Origanum majorana L. is a perennial herb of the Lamiaceae family that is mainly distributed in the
Mediterranean region, especially in Morocco, Algeria, and Egypt (1). The chemical constituents
in O. majorana are mainly essential oils and other components, such as polyphenols, flavonoids,
sterols, triterpenes, alkaloids, coumarins, tannins, and saponins (2). The essential oils consist
of terpineol (29.6%), 2-carene (20.1%), camphene (13.4%) and α-pinene (7.9%), which have
antibacterial effects (2). In addition, phenolic acids are also the main components in O. majorana,
including gallic acid, caffeic acid, dihydroxy acid, and chlorogenic acid (3, 4).

Origanum majorana is an important aromatic plant whose essential oils and polyphenols
from its leaves, stems, and flowers are commonly used in cookery as a spice and condiment (5).
Polyphenols have strong antioxidant effects, often used as food additives (6). O. majorana can be
made into a tea and used to protect the hormone levels of women (7). Also, the plants contain
carbohydrates, proteins, amino acids, and vitamin C and are widely used in food industries (8, 9).
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Wang et al. Origanum majorana With Immunomodulatory Effect

In addition to the direction of food industries, O. majorana
has many medicinal functions. Methanol extracts and essential
oils of this plant have bacteriostatic, anticancer, antioxidant,
and insecticidal effects (10, 11). The phenolic compounds of
O. majorana have antidiabetic properties involving increased
plasma insulin, the stimulation of liver glycogen synthesis, and
increased glucokinase activity. In addition, O. majorana was
reported to have nephrotoxicity protective, anti-inflammatory,
analgesic, and antipyretic effects (6, 12). However, its immune
effect has not been reported yet, and its active components and
mechanism are still unclear. Therefore, it is necessary to conduct
immunomodulatory studies on the chemical constituents of
O. majorana.

Macrophages, as an important part of innate immunity, play
an irreplaceable role in immune regulation (13). In macrophages,
mitogen-activated protein kinases (MAPKs) and nuclear
factor-kappaB (NF-κB) are the main immunomodulatory-
signaling pathways reported (14, 15). The activation of NF-κB
and MAPKs-signaling pathways induces the expression of
inflammatory genes and increases the secretion of immune
molecules, including nitric oxide (NO), TNF-α, interleukin-
1 (IL-1), IL-6, and IL-12, leading to a systemic inflammatory
response and the clearance of pathogens (16, 17). Reactive oxygen
species (ROS) are also produced by activated macrophages as
immunomodulatory-signaling molecules in macrophages, like
other pro-inflammatory cytokines (18, 19). Macrophages are
involved in triggering the primary responses of the adaptive
immune system by processing and presenting antigens (20).
In response to immune challenges, macrophages are activated
to increase the expression of the major histocompatibility
complex (MHC) and differentiated molecule (CD) on the cell
surface to process presenting antigens and, thus, effectively
remove pathogens (21, 22). Macrophages RAW264.7 could
more realistically simulate the immune response of human
macrophages cultured in vitro. At the same time, mouse
macrophages RAW264.7 is a representative cell line for the
in vitro study of immune activity in many kinds of literature
(23, 24). Therefore, RAW264.7 macrophages were selected as the
experimental model of this study.

In this study, four compounds were isolated from the
40% ethanol extract of O. majorana, including 1H-indole-2-
carboxylic acid (1), (+)-lariciresinol (2), (+)-isolariciresinol (3),
and procumboside B (4, pB) (Figure 1). The immune effects
of the compounds were screened, and the results showed
that pB had good effect on RAW264.7 cells. Its mechanism
was elucidated by Western blot experiments and reverse
transcription-PCR (RT-PCR) experiments. The results prove that
O. majorana can be used as nutritional supplements.

MATERIALS AND METHODS

Reagents and Instruments
The following technologies were used in this research: NMR
spectra were performed on Bruker AM-400 instruments with
TMS as the internal standard (Bruker, Bremerhaven, Germany);
column chromatography was performed by silica gel (200–300
and 300–400 mesh, Qingdao Marine Chemical Inc., Qingdao,

FIGURE 1 | Structures of compounds 1–4 from Origanum majorana.

China); Rp-18 gel (40–63µm, Merck, Darmstadt, Germany);
Sephadex LH-20 (20–150µm, Amersham Biosciences, Uppsala,
Sweden); automatic microplate reader (Thermo Fisher Scientific,
Shanghai, China); QuanStudio 3 Real-Time PCR (Thermo);
NanoDrop2000c Spectrophotometer (Thermo); Fluor Chem M
(Protein simple); flow cytometer (BD Facsverse, BD Biosciences,
Franklin Lakes, NJ, USA).

The following reagents were used in this research: RAW264.7
cells were purchased from the Typical Culture Preservation
Committee Cell Bank, Chinese Academy of Sciences; Dulbecco’s
modified Eagle’s medium (DMEM) (ProCell, Wuhan, China);
a penicillin-streptomycin mixture, nucleoprotein extraction kit,
BCA protein quantitative kit, and protease phosphatase inhibitor
(SolarBio, Beijing, China); fetal bovine serum (FBS) (Gibco,
Grand Island, NE USA); LPS (Sigma-Aldrich, St. Louis, MO,
USA); NO kit and ROS kit (Beyotime Biotechnology, Shanghai,
China); mouse TNF-α ELISA kit and mouse IL-6 ELISA kit
(4A Biotech Co, Ltd., Beijing, China); Evo M-MLV RT Kit with
gDNA Clean and SYBG Green Premix Pro Taq HS qPCR kit
(Accurate Biotechnology, Hunan, China); antibody NF-κBP65,
p-NF-κBP65, P38, p-P38, SAPK/JNK, p-SAPK/JNK, P44/P22
ERK, and p-P44/P22 ERK (Cell Signaling Technology, Danvers,
MA, USA); primers were designed and synthesized by Thermo
Fisher Scientific (Shanghai, China). Primer sequences are shown
in Table 1.

Extraction and Isolation
The dried aerial parts of O. majorana (4.9 kg) were extracted
with a petroleum ether at room temperature for 72 h to remove
the volatile oil. The filter residue was soaked and extracted
three times (each time for 7 days) with 70% ethanol at room
temperature and then filtered and evaporated under reduced
pressure to obtain a crude extract (1,360 g).

The crude extract was chromatographed on D101
macroporous resin and eluted with water, 20% ethanol, 40%
ethanol, 60% ethanol, and 95% ethanol, respectively. Then, five
fractions were obtained (Fr. A–Fr. E). The 40% ethanol fraction,
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Fr. B (115 g), was subjected to silica gel column chromatography,
eluting with a gradient of CHCl3-MeOH (40:1∼1:1) to obtain
eight fractions (Fr. B-1∼Fr. B-8) by a TLC plate analysis.

Fr. B-2 (2.01 g) was subjected to silica gel column
chromatography, eluted with CHCl3-EtOAc (6:1, v/v), to obtain
four fractions (Fraction 1 to Fraction 4). Fraction 2 (725mg) was
separated by Sephadex LH-20 column chromatography (MeOH)
and then purified by semi-preparative HPLC (MeOH-H2O,
57:43, v/v) to obtain compound 1 (3.4mg) and compound 2

(9.5 mg).
Fr. B-3 (900mg) was separated by Sephadex LH-20 column

chromatography (MeOH) to obtain six fractions (Fraction 1
to Fraction 6). Fraction 2 (385mg) was subjected to silica gel
column chromatography, eluted with CHCl3-MeOH (6:1, v/v),
and then purified by semi-preparative HPLC (MeOH-H2O,
65:35, v/v) to obtain compound 3 (33 mg).

Fr. B-4 (3.1 g) was separated by an automatic preparation
of liquid chromatography (MeOH-H2O, 55:45, v/v) to
obtain four fractions (Fraction 1 to Fraction 4). Fraction 1
(1.04 g) was subjected to silica gel column chromatography,
eluted with a system of EtOAc-MeOH (10:1, v/v), and
then purified by Sephadex LH-20 (MeOH) to obtain
compound 4 (237 mg).

Compound 1: 1H-indole-2-carboxylic acid, pale yellow
crystal; 1H-NMR (CD3OD, 400 MHz) δ: 7.95 (1H, s, H-3), 8.08
(1H, dd, J = 6.4, 2.3Hz, H-4), 7.21∼7.14 (2H, m, H-5, 6), 7.43
(1H,m,H-7). 13C-NMR (CD3OD, 100MHz) δ: 133.3 (C-2), 108.8
(C-3), 122. (C-4), 123.6 (C-5), 122.3 (C-6), 112.9 (C-7), 138.2 (C-
8), and 127.6 (C-9). Its data were in good accordance with those
of 1H- indole-2-carboxylic acid (25).

Compound 2: (+)-lariciresinol, pale yellow jelly; 1H-NMR
(CD3OD, 400 MHz) δ: 6. 91 (1H, d, H-2), 6.77 (2H, d, H-5, H-
6), 4.75 (1H, d, J = 6.9Hz, H-7), 2.38 (1H, m, H-8), 3.63 (1H, dd,
J = 11, 6.5Hz, Ha-9), 3.81 (1H, overlapped, Hb-9), 6.80 (1H, d, J
= 1.9Hz, H-2′), 6.70 (1H, m, H-5′), 6.64 (1H, dd, J = 8., 1.9Hz,
H-6′), 2.49 (1H, dd, J = 13.4, 11.3Hz, Ha-7′), 2.93 (1H, dd, J =
13.4, 4.8Hz, Hb-7′), 2.73 (1H, m, H-8′), 3.72 (1H, dd, J = 8.4,
5.8Hz, Ha-9′), 3. 98 (1H, dd, J = 8.4, 6.4Hz, Hb-9′), 3.83 (3H, s,
3-OMe), 3.84 (3H, s, 3′-OMe); 13C-NMR (CD3OD, 100 MHz) δ:
135.7 (C-1), 110.6 (C-2), 149. (C-3), 147. (C-4), 116. (C-5), 119.8
(C-6), 84. (C-7), 54.1 (C-8), 60.4 (C-9), 133.5 (C-1′), 113.4 (C-2′),
149. (C-3, C-3′), 145.8 (C-4′), 116.2 (C-5′), 122.2 (C-6′), 33.7 (C-
7′), 43.9 (C-8′), 73.5 (C-9′), 56.3 (3-OMe), and 56.3 (3′-OMe). Its
data were in good accordance with those of (+)-lariciresinol (26).

Compound 3: (+)-isolariciresinol, pale yellow jelly; 1H-NMR
(CD3OD, 400MHz) δ: 6. 68 (1H, d, J = 1.5Hz, H-2), 6.74 (1H,
d, J = 8. Hz, H-5), 6.61 (1H, dd, J = 8., 1.7Hz, H-6), 3.82 (1H,
overlapped, H-7), 1.77 (1H, m, H-8), 3.68 (3H, m, Ha-9, H-9′),
3.40 (1H, dd, J = 11.2, 4. Hz, Hb-9), 6.65 (1H, s, H-2′), 6.18
(1H, s, H-5′), 2.78 (2H, d, J = 7.7Hz, H-7′), 2.00 (1H, m, H-8′),
3.80 (3H, s, 3′-OMe), 3.79 (3H, s, 3-OMe); 13C-NMR (CD3OD,
100 MHz) δ: 138.6 (C-1), 113.7 (C-2), 149. (C-3), 145.9 (C-4),
116. (C-5), 123.2 (C-6), 48. (C-7), 48. (C-8), 62.2 (C-9), 129., (C-
1′), 112.3 (C-2′), 147.1 (C-3′), 145.2 (C-4′), 117.3 (C-5′), 134.1
(C-6′), 33.6 (C-7′), 39.9 (C-8′), 65.9 (C-9′), 56.3 (3-OMe), and
56.4 (3′-OMe). Its data were in good accordance with those of
(+)-isolariciresinol (26).

Compound 4: procumboside B, amorphous white powder;
1H-NMR (CD3OD, 400 MHz) δ: 696. (1H, d, H-2), 6.94 (1H, d,
H-3), 6.66 (1H, d, H-5), 6.64 (1H, d, H-6), 4.73 (1H, d, J = 7.3Hz,
H-1′), 3.49∼3.39 (3H, m, H-2′, 3′,4′), 3.65 (1H, m, H-5′), 4.54
(1H, dd, J = 11.6, 2.1Hz, H-6a), 4.34 (1H, dd, J = 11.6, 5.6Hz,
H-6b), 7.18 (1H, d, H-2′′), 6.83 (1H, d, H-5′′), 7.08 (1H, dd, H-6′′),
7.64 (1H, d, J = 15.9Hz, H-7′′), 6.39 (1H, d, J = 15.9 Hz, H-8′′),
3.90 (3H, s, 3′′-OCH3) 0.1

3C-NMR (CD3OD, 100 MHz) δ: 153.9
(C-1), 119.5 (C-2), 116.6 (C-3), 152.3 (C-4), 116.6 (C-5), 119.6
(C-6), 103.7 (C-1′), 74.9 (C-2′), 77.9 (C-3′), 71.8 (C-4′), 75.4 (C-
5′), 64.7 (C-6′), 127.7 (C-1′′), 111.6 (C-2′′), 150.7 (C-3′′), 149.4
(C-4′′), 116.5 (C-5′′), 124.2 (C-6′′), 147.1 (C-7′′), 115.2 (C-8′′),
119. (C-9′′), 56.4 (3′′-OCH3). Its data were in good accordance
with those of procumboside B (27).

CELL CULTURE AND TREATMENT

Cell Viability Assay
RAW264.7 cells were cultured by the assay that was the same
as that of Junya Wang (28). RAW264.7 cells with logarithmic
growth were inoculated in 96-well plates at a density of 1 ×

104 cells per well and incubated at 37◦C and 5% CO2. When
the cell fusion reached about 70–80%, the cell culture medium
was removed, and the cells were treated with 100-µL DMEM,
containing different concentrations of pB (6.25, 12.5, 25, 50, 100,
and 200µM) for 24 h. The blank group was given the same
amount of complete DMEM without pB. Approximately 10-µL
ofMTT (0.5mg/mL) were added to each well, followed by further
incubation for 4 h at 37◦C. Then, the cell culture medium was
discarded and added to 100-µL of DMSO. The absorbance was
measured at 490 nm to calculate the survival rate of cells.

Nitric Oxide Assay
RAW264.7 cells with logarithmic growth were inoculated in 24-
well plates at a density of 1 × 104 cells per well and incubated
with 500-µL DMEM at 37◦C and 5% CO2. When the cell
fusion reached about 70–80%, the cell culture medium was
discarded. The LPS positive group was stimulated with 1-µg/mL
LPS, and the pB group was stimulated with pB. After further
incubation for 24 h, the cell culture medium was collected, and
the levels of NO were determined according to the instructions
of the manufacturer.

Measurement of Cytokines by ELISA
Cell treatment was the same as above. The cell supernatants
were collected, the dilution ratio was adjusted, and 100 µL of
the sample was absorbed for content determination. The levels
of TNF-α and IL-6 in RAW264.7 cells were measured by ELISA
assay kits according to the instructions of the manufacturer.

ROS Determination by Flow Cytometry
Cell treatment was the same as above. The content of ROS was
determined by flow cytometry according to the experimental
method in the literature of Honglin Wang (15). The cell culture
mediumwas discarded, and 1-mLDCFH-DA (10µM)was added
to each well. Then, cells were incubated for 30min at 37◦C in
the dark and washed three times with PBS to completely remove
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TABLE 1 | Primers for reverse transcription-PCR (RT-PCR).

Gene Sequences

iNOS Forward: 5′ -

GCTCGCTTTGCCACGGACGA -3′

Reverse: 5′ -

AAGGCAGCGGGCACATGCAA -3′

TNF-α Forward: 5′ -

CCCTCCTGGCCAACGGCATG -3′

Reverse: 5′ -

TCGGGGCAGCCTTGTCCCTT -3′

IL-6 Forward: 5′ -

AGACAAAGCCAGAGTCCTTCAGAGA -3′

Reverse: 5′ -

GCCACTCCTTCTGTGACTCCAGC -3′

β-actin Forward:5′-

TGCTGTCCCTGTATGCCTCT-3′

Reverse:5′-TTTGATGTCACGCACGAT

TT-3
′

the DCFH-DA from the cells. The intracellular ROS levels were
detected by detecting the changes in fluorescence intensity caused
by the oxidation of the fluorescent probe DCFH-DA.

CD80, CD86, and MHC II Determination by
Flow Cytometry
Cell treatment was the same as above. The cells were collected
and the cell density was adjusted to 1 × 106 cells per 100 µL,
then a 0.125-µg/100mL antibody was added, and the cells were
incubated for 30min at 37◦C in dark. After washing the cells with
PBS three times, the expression of CD80, CD86, and MHC II on
the cell surface was detected by flow cytometry.

Western Blot
Cell treatment was the same as above. Cells were collected;
total protein was extracted with the appropriate volume of
a weak radio-immune precipitation assay (RIPA) lysis buffer
depending on the density of the cultured cells (about 120 µL
per well); and protein concentration was determined by the BCA
method. Proteins (30 µg) were isolated by 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked with 5% skim milk powder
and hybridized with phosphorylated and non-phosphorylated
antibodies overnight at 4◦C. After being washed three times
with Tris-buffered saline-Tween 20 (0.1%), the membranes were
incubated with respective secondary antibodies conjugated with
horseradish peroxidase for 2 h. Blots were visualized using
enhanced chemiluminescence (ECL) detection kits and analyzed
using the Image J software.

Reverse Transcription-PCR (RT-PCR)
Cell treatment was the same as above. RAW264.7 cells were
treated with LPS or pB for 12 h, and the cells were washed
three times by PBS. Total RNA was isolated using Trizol reagent
and reversed to cDNA by using Evo M-MLV RT Kit with
gDNA Clean according to the instructions of the manufacturer.
The RNA concentration and A260/A280 value of each sample

FIGURE 2 | Effects of procumboside B (pB) on the viability of RAW264.7 cells.

Data presented are the mean ± SD, n = 6.

were measured by NanoDrop2000 spectrophotometer (Thermo).
Then, the expression of mRNAs was determined by the SYBR
Green Pro Taq HS Premix qPCR kit. According to the ratio of
the Ct value of the target gene to the Ct value of reference gene
β-actin, the mRNA-relative expression level of the target gene in
the samples was calculated by the 2−11Ct method.

Statistical Analysis
The experiments were repeated independently at least three
times and analyzed statistically by SPSS 20 software. Data were
expressed as mean ± SD. Statistical significance was calculated
by a one-way ANOVA analysis.

RESULTS

Effects of pB on RAW264.7 Cells Viability
To determine the non-toxic concentration range of pB, the effects
of six concentrations of pB (200, 100, 50, 25, 12.5, and 6.25µM)
on the viability of RAW 264.7 cells were detected by an MTT
assay. In Figure 2, compared with the blank group, pB had no
significant effects on cell viability in the concentration range of
200–6.25µM. Therefore, 100, 50, and 25µMwere selected as the
study doses for this study.

Effects of pB on NO Production and iNOS
Expression
Macrophage-derived NO plays an important role in immunity
and maintaining homeostasis. Nitric oxide synthase (iNOS), as
a pivotal enzyme in the inflammatory response of macrophages,
has catalytic effects on the production of NO (29, 30). Therefore,
we evaluated the immune efficacy of pB by detecting NO
content and the relative mRNA expression level of iNOS in
different groups. In Figure 3, the content of NO secreted
in the control group was low, while the content of NO
was significantly increased after LPS stimulation (p < 0.001).
After pB stimulation, the release of NO was significantly
higher than that of the control group (p < 0.001) with
a dose-dependent manner, indicating that pB could activate
NO release. The increased mRNA expression level of iNOS
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detected by RT-PCR further verified these results (Figure 3B).
Thus, it was found that LPS and pB (100µM) increased
the mRNA expression levels of iNOS at 12 h of treatment
(p < 0.001).

Effects of pB on the Expression of TNF-α,
IL-6, and mRNA in RAW264.7 Cells
When macrophages are activated, more cytokines will
be secreted, including TNF-α and IL-6, which all exert
immunomodulatory effect. TNF-α can increase the production
of a series of inflammatory cytokines and enhance the
immune response of monocytes and macrophages. IL-6
is a pleiotropic pro-inflammatory cytokine whose release
is associated with chronic inflammation and multiple
factors of autoimmune disorders, which can promote the
proliferation and differentiation of B cells and T cells (31–
33). Therefore, the contents of TNF-α and IL-6 in the
supernatant of different groups of cells were detected by
ELISA. In Figures 4A–D, the levels of TNF-α and IL-6
and the expression of their corresponding mRNAs were
significantly increased after LPS stimulation (1µg/mL). After
pB (100µM) stimulation, the contents of TNF-α and IL-6
and the expression of the corresponding mRNA were also
significantly increased compared with the control group (p
< 0.001). These results suggested that pB could induce the
corresponding mRNA expression and thus increase the secretion
of cytokines.

Effects of pB on the Activation of MAPKs
and NF-κB Pathways in RAW264.7 Cells
In macrophages, NF-κB and MAPKs-signaling pathways are the
main signaling pathways that control the immune response.
The key proteins in the signaling pathway, as markers of
signaling pathway activation, were selected, such as IκBα and
P65 and their corresponding phosphorylation forms in the NF-
κB-signaling pathway, extracellular signal–related kinase (ERK)-
1/2, P38, c-Jun NH2-terminal kinase (JNK), and corresponding
phosphorylation forms in the MAPKs-signaling pathway (15).
In Figure 5, compared with the control group, the expression
levels of phosphorylated P65 and phosphorylated IκBα were
significantly increased in the LPS positive group. By calculation,
the ratios of p-P65/P65 and p-IκBα/IκBα in the LPS positive
group were significantly higher than those of the control group
(p < 0.001). After pB stimulation, the ratios of p-P65/P65
and p-IκB-α/IκBα were also significantly higher than those of
the control group. The results indicated that pB could induce
immune response through the activation of the NF-κB-signaling
pathway. In Figure 6, the ratios of p-P38/P38, p-ERK, and p-JNK
in the LPS positive group were significantly higher than those in
the control group (p < 0.001). After pB stimulation, the ratios
of p-P38/P38, p-ERK/ERK, and p-JNK/JNK were significantly
higher than those in the control group. The results indicated that
pB could activate the MAPKs-signaling pathway to induce an
immune response.

Effects of pB on the Production of ROS in
RAW264.7 Cells
Reactive oxygen species act as immunomodulatory-signaling
molecules in macrophages, as other pro-inflammatory cytokines
do (34). Therefore, we used flow cytometry to detect the content
of ROS. In Figure 7, compared with the control group, the
peak shape of the LPS positive group moved to the right,
which indicated that the ROS content in RAW264.7 cells
was significantly increased after LPS stimulation. After pB
stimulation, the peak shape also shifted to the right compared
with the control group, indicating that ROS production increased
significantly. This suggested that pB could further affect the
immune response by producing ROS.

Effects of pB on the Expression of CD86,
CD80, and MHC II in RAW264.7 Cells
Macrophages act as antigen-presenting cells that load peptides
into the MHC-II molecule, subsequently internalizing and
processing the antigen, thereby allowing interaction with specific
T cell receptors (TCR). However, T cell activation requires that
costimulatory molecules CD80 and CD86 bind to CD 28 or CD
152 on the surface of the T cell to complete the immune synapse
(35). To explore the effects of pB on the presentation of antigens,
we examined the expression of CD86, CD80, and MHC II on
the cell surface. In Figure 8, compared with the control group,
the expressions of CD86, CD80, and MHC II were significantly
increased in the LPS positive group. After pB stimulation, the
peaks of CD86 and CD80 shifted significantly to the right, which
was significantly different from the blank group (p < 0.001).
Unfortunately, the peak value of MHC after PB stimulation did
not shift to the right, and there was no significant difference
compared with the control group. This suggested that pB could
upregulate the expression of CD86 and CD80, thus enhancing the
antigen-presenting effects of cells.

DISCUSSION

Immune regulation refers to the interaction between immune
cells and immune molecules, and between the immune system
and other systems of the body in the process of the immune
response, thus forming a mutual coordination and restriction
network, sensing the immune response of the body, and
implementing regulation to maintain the internal environment
stability of the body. NF-κB and MAPKs-signaling pathways
are two important pathways in immune signaling. NF-κB is
sequestered by IκBα within the cytoplasm of unstimulated
cells. After external stimulation, cells activate the IκB kinase
(IKK) complex, which then phosphorylates IκBα and leads to
the degradation and proteasome of the latter. Then, NF-κB
dimer (mainly P50/P65) migrated to the nucleus to induce
the expression of target genes and play an immunomodulatory
role (36–38). The MAPKs-signaling pathway can also be
activated by LPS, including ERK-1/2, P38, and JNK (39).
These kinases are jointly activated to promote cell proliferation,
migration and invasion, angiogenesis, metastasis, apoptosis,
and other functions that are crucial to the development and
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FIGURE 3 | Effects of pB on nitric oxide (NO) production (A) and nitric oxide synthase (iNOS) mRNA expression (B) in RAW264.7 cells. Data presented are the mean

± SD, n = 3. Compared with the control, ***p < 0.001, **p < 0.01.

FIGURE 4 | The effects of pB on the expression of IL-6 (A), tumor necrosis factor-α (TNF-α) (B), interleukin-6 (IL-6) (C), and TNF-α (D) mRNA in Raw264.7 cells. Data

presented are the mean ± SD, n = 3. Compared with the control, ***p < 0.001 and *p < 0.05.

activation of macrophages and T cells (40, 41). They are
closely related but relatively independent and are activated
in the form of phosphorylation, thereby jointly playing
immunomodulatory roles.

The association between many herbal products and
various aspects of immunity has been demonstrated, and
the immune-related therapeutic potential of herbal products
should not be underestimated. Black pepper (Piper nigrum)

and cardamom (Elettaria cardamomum) have been shown to
possess potent immunomodulatory effects (42). Nigella sativa
and thymoquinone also play an important role in immune
regulation (43). Throughout history, people have used extracts
of various herbs and plants to prevent disease and boost
immunity. Compounds like polysaccharides (44), alkaloids
(45), polyphenols (46), flavonoids (47), and other compounds
have certain effects on immune regulation. O. majorana is an
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FIGURE 5 | Effects of pB on the nuclear factor-kappaB (NF-kB) pathway with Western blotting. (A) The expression of p-P65, P65, p-IκBα and IκBα were detected

using Western blotting. (B) The ratio of the content of p-P65/P65 and p-IκBα/IκBα. Data presented are the mean ± SD, n = 3. Compared with the control,

***p < 0.001.

FIGURE 6 | Effects of pB on the mitogen-activated protein kinases (MAPKs) pathway with Western blotting. (A) The expression of p-P38, P38, p-ERK, ERK, p-JNK,

and JNK detected using Western blotting. (B) The ratio of the content of p-P38/P38. (C) The ratio of the content of p-ERK/ERK. (D) The ratio of the content of

p-JNK/JNK. Data presented are the mean ± SD, n = 3. Compared with the control, ***p < 0.001.

important aromatic plant that is used against cooling, diabetes,
allergies, fever, flu, and hypertension. As the ethnomedicinal
in Turkey, it is used to treat respiratory tract diseases and as a

sedative and a diaphoretic. (6). At present, there are few studies
on the immunomodulation of O. majorana. In this study, four
compounds were isolated from the 40% ethanol extract of O.
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FIGURE 7 | The effects of pB on reactive oxygen species (ROS) in RAW264.7 cells. (A) The fluorescence intensity was determined by flow cytometry at the FITC

channel. (B) The realitive fluoresence intensity of ROS per group. Data presented are the mean ± SD, n = 3. Compared with the control, ***p < 0.001 and *p < 0.05.

FIGURE 8 | Flow cytometric analysis of CD86, CD80, and MHC II expressions on the surface of RAW264.7 cells. (A,D) represent the results of CD86 expression.

(B,E) represent the results of CD80 expression. (C,F) represent the results of MHC II expression. Data presented are the mean ± SD, n = 3. Compared with the

control, ***p < 0.001 and **p < 0.01.

majorana, including 1H-indole-2-carboxylic acid (1), (+)-
lariciresinol (2), (+)-isolariciresinol (3), procumboside B (4pB).
The immune effects of the isolated compounds were screened,

and compound 1 had weak immune activity. Compounds 2

and 3 had certain immune activity, which was consistent with
previous studies (48, 49). Compound 4 (pB) had good immune
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activity on RAW264.7 cells and has not been reported. So, the
immunomodulatory mechanism of pB has been investigated, and
the results showed that pB significantly promoted the secretion
of NO, IL-6, and TNF-α, and also increased the expression of
the corresponding mRNA. Western blot results showed that pB
played an immunomodulatory role by activating NF-κB and
MAPKs-signaling pathways. In addition, pB could also promote
the production of ROS, and the production of ROS was closely
related to the activation of the NF-κB-signaling pathway (19).
Thus, we speculated that the activation of the NF-κB-signaling
pathway might be related to the production of ROS. We also
detected the expression of CD86, CD80, and MHCII on the cell
surface by flow cytometry, and the results showed that pB could
promote the expression of CD80 and CD86 on the cell surface
but did not affect the expression of MHC II. In summary, our
results provided further insight into how pB can play a direct
role in the regulation of primary macrophage activation early
in inflammation.

Procumboside B belongs to the type phenylpropanoid,
which has a variety of pharmacological effects, including
antitumor, anti-oxidation, antibacterial, antiviral, anti-
inflammatory, analgesic, hypotensive, enzyme inhibitory,
and immunosuppressive activities (50). The phenylpropanoids
in lilacs regulated adipogenesis (51). The anti-inflammatory
effect of phenylpropanoids from Dendropanax dentigerous was
exerted by inhibiting NF-κB, AKT, and JNK signaling pathways
in TNF-α-induced MH7A cells (52). Bingyou Yang found that
the phenylpropanoids from the fruits of Nicandra physaloides
showed anti-inflammatory activity (53). However, there are few
studies on the immune activity of phenylpropanoid compounds.
Our results proved that the phenylpropanoid compound has
immune regulation effects.

As the future of nutrition science continues to evolve
with rapidly advancing technology and research, the current
research team expects the further incorporation of beneficial
herbs to be included in general nutrition guidance (54).
Changes in nutritional status have a wide range of effects
on the body, which can influence organ size, hormone, and
cytokine levels and immune cell populations and function (55).
Nutrient deficiencies from the inadequate intake of healthful
foods can contribute to a weakened immune system and a
greater susceptibility to infection. As part of a healthy diet,
many plants provide powerful sources of nutrients through
antioxidants, polyphenols, polysaccharides, other biologically
active compounds, and needed vitamins and minerals (56). At
present, people with contemporary dietary patterns may still lack
the essential nutrients needed for optimal health, and herbs and
spices can provide substantial benefits for overall nutrition due to
their high concentration of phytonutrients and other biologically
active compounds (57). The Food and Drug Administration
(FDA) has recognized herbs and spices as generally recognized

as safe (GRAS) for human consumption. Including herbs and
spices in a balanced and diverse diet is one of the highlights
of nutritious eating that supports health and immunity (56). O.
majorana, often used as a spice and seasoning in cooking, can
help digestion, relieve gas, stop spasms in Egypt, and is essential
to our diet. Our results demonstrated the immunomodulatory
effects of O. majorana. Therefore, the dosage and performance
of O. majorana can be further investigated, and it can be made
into a nutritional supplement additive with immunomodulatory
effects and applied to our food and pharmaceutical industry.

CONCLUSION

In this study, four compounds in the 40% ethanol fraction of O.
majorana were isolated and identified, including 1H-indole-2-
carboxylic acid (1), (+)-laricresol (2), (+)-isolaricresol (3), and
procumboside B (4, pB). Immune activities showed that pB had
strong immune activity. The mechanism might relate to NF-κB
and MAPKs-signaling pathways in RAW264.7 cells, and could
also upregulate the expression of CD86 and CD80 to enhance the
antigen presentation of macrophages. These results provided the
potential of O. majorana to be used as a nutritional supplement
with immunomodulatory effects.
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The extent of retrogradation strongly affects certain physical and cooking properties

of rice starch (RS), which are important to consumers. In this study, oligomeric

procyanidins from lotus seedpod (LSOPC) was prepared and used to investigate

its inhibitory effect on RS retrogradation. Various structural changes of RS during

retrogradation were characterized by differential scanning calorimetry, low field nuclear

magnetic resonance, X-ray diffraction, scanning electron microscopy, and Fourier

transform infrared spectroscopy. The results showed LSOPC could effectively retard both

short- and long-term retrogradation of RS, and its inhibitory effect was dependent on

the administered concentration of LSOPC. Molecule simulation revealed the interactions

of RS and LSOPC, which indicated that the competition of hydrogen bonds between

RS and LSOPC was the critical factor for anti-retrogradation. This inhibitory effect

and mechanism of action of LSOPC could promote its applications in the field of

starch anti-retrogradation.

Keywords: oligomeric procyanidins, retrogradation, rice starch, molecule simulation, hydrogen bonds

INTRODUCTION

Rice is a common food and a basic staple for hundreds of millions of people (1). Starch is the main
component of rice, comprising up to about 90% of the dry weight. Retrogradation can substantially
affect the physical and cooking properties of starch in the storage (2, 3). It is well known that
starch retrogradation can be categorized as short- and long-term. Short-term retrogradation
normally occurs in the first few hours after gelatinization and is induced by the reordering
and recrystallization of amylose fractions, whereas long-term retrogradation is attributed to the
recrystallization of amylopectin fractions that takes place over several days or even weeks.

Several methods have been found to retard or decrease starch retrogradation, such as various
modifications and specially designed additives. Extrusion and microwaving are easy-to-operate
physical ways, however, the effects of anti-retrogradation are limited (4–6). Acetylation and cross-
linking are used as chemical modifications, and provide strong anti-retrogradation effects (7–9).
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But they are unacceptable for food safety due to the presence of
residual chemicals. As for additives, it has been widely shown
that retrogradation can be inhibited to a certain degree by adding
amylase, saccharides, or emulsifiers (10–12).

In addition, increased awareness of food safety has led to the
development of natural food additives. Natural polyphenols have
attracted attention because their non-negligible inhibiting effect
on starch retrogradation. Rutin, ferulic acid, epigallocatechin
gallate and tannin have already been used in research on
starch retrogradation (13–16). Procyanidins (PC) are natural
polyphenols widely existing in plants, which are formed by
the condensation of flavanol monomers (17, 18). The free

SCHEME 1 | Inhibition illustration of LSOPC on RS retrogradation.

TABLE 1 | Thermodynamic properties of RS with or without LSOPC.

Sample Tonset (
◦C) Tpeak (◦C) Tend (◦C) 1Hg (J/g)

RS 54.37 ± 0.13a 79.12 ± 0.24a 103.54 ± 0.33a 21.46 ± 0.36a

RS + 3% LSOPC 47.61 ± 0.30b 70.13 ± 0.41b 92.83 ± 0.15b 15.23 ± 0.20b

RS + 6% LSOPC 48.22 ± 0.52b 70.62 ± 0.29b 93.32 ± 0.41b 12.65 ± 0.42c

RS + 9% LSOPC 40.45 ± 0.44c 63.36 ± 0.48c 85.61 ± 0.23c 13.12 ± 0.22c

The data are given as mean ± S.D. (n = 3). Different letters indicated a significant difference (p < 0.05).

TABLE 2 | Texture characteristic of RS with or without LSOPC.

Sample Hardness Springiness Cohesiveness Gumminess Chewiness

RS 0.75 ± 0.09a 1.03 ± 0.16a 0.76 ± 0.03a 0.43 ± 0.06a 0.52 ± 0.02a

RS + 3% LSOPC 0.64 ± 0.08a 0.85 ± 0.05ab 0.68 ± 0.04b 0.40 ± 0.05a 0.29 ± 0.05b

RS + 6% LSOPC 0.21 ± 0.05b 0.79 ± 0.08b 0.68 ± 0.01b 0.14 ± 0.04b 0.11 ± 0.02c

RS + 9% LSOPC 0.16 ± 0.02b 0.70 ± 0.03b 0.61 ± 0.02c 0.11 ± 0.04b 0.08 ± 0.01c

The data are given as mean ± S.D. (n = 3). Different letters indicated a significant difference (p < 0.05).

radical scavenging ability and antioxidant efficiency of PC have
generated an enormous interest in the field of natural food
additives. As such, PC may offer a new opportunity to inhibit
starch retrogradation. However, the interactions between PC
and starches remains unclear, and the thorough interactions
investigation could provide valuable information for anti-
retrogradation effects of PC.

In this study, PC was prepared from lotus seedpod. The
retrogradation of rice starch with and without PC was then
investigated. Various structural changes of rice starch during
retrogradation were characterized by differential scanning
calorimetry (DSC), low field nuclear magnetic resonance (LF-
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NMR), X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR), and
computer molecular simulation (Scheme 1).

MATERIALS AND METHODS

Materials
Rice starch (RS) was purchased from Wuxi Jinnong
Biotechnology Co., Ltd. (Jiangsu, China). Lotus seedpods
were bought from the local supermarket (Wu Zhi 2 hao).

FIGURE 1 | LF-NMR spectra of RS with or without LSOPC.

FIGURE 2 | Infrared spectroscopy spectra of RS with or without LSOPC.

TABLE 3 | Ratios of absorbance values from the infrared spectra at 1,047 and

1,022 cm−1.

Sample Ratios

RS 0.915

RS + 3% LSOPC 0.908

RS + 6% LSOPC 0.852

RS + 9% LSOPC 0.843

Preparation of Samples
The method of Wu et al. (19) was used to prepare oligomeric
procyanidins from lotus seedpod (LSOPC). The polymerization
degree of LSOPC was 3. RS was mixed with LSOPC at the ratios
of 100:0, 100:3, 100:6 and 100:9 (RS/LSOPC, w/w). The mixtures
were added to deionized water to ensure uniformity, and themass
concentration of RS was 60 g/L.

Measurement of Thermodynamic Property
A DSC 214 (NETZSCH, Germany) was used to measure the
thermodynamic properties of RS with or without LSOPC. The
sample (2mg) was used, and the heating rate is programmed at
10◦C/min from 20 to 100◦C. After that, the onset temperature
(Tonset), peak temperature (Tpeak) and end temperature (Tend)
were obtained from the pasting curve. The pasting enthalpy
(1Hg) was analyzed by the calculation of peak area.

Detection of Texture Characteristic
After gelatinization, all samples were stored at 4◦C for 7 days.
The texture characteristics were detected by a TA-XY2i texture
analyzer (Stable Micro System Co., United States). The test
conditions were as follows: the probe was P/0.5 type, the pre-test,
test and post-test speed were all 1.0 mm/s, the trigger force was
set to 5.0 g, and the shape variable was set to 40%. TPA software
was used to analyze the final results.

LF-NMR Analysis
Gelatinized samples were stored at 4◦C for 7 days. All samples
were transferred to the NMR tubes and a NMI 20XNMR imaging
analyzer (Shanghai Niumag Co., China) was used to determine
the water distribution. The treatment conditions were as follows:
the number of sample point was set to 1,024, the number of
repeated scans was set to 8, and the relaxation attenuation
time was set to 2,000ms. CPMG pulse sequence was applied to
measure the relaxation time.

FT-IR Analysis
The samples were analyzed by a Nexus 470 FT-IR spectrometer
(Nicolet, United States) according to the previous method (20)
with some modifications. The samples were freeze-dried, fully

FIGURE 3 | X-ray diffraction patterns of RS with or without LSOPC.
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ground, and mixed with dried KBr powder. The wavenumber
range was 4,000–400 cm−1 and the final results were analyzed by
omnic 8.0 software.

XRD Analysis
The crystal structure of the freeze-dried powder sample
(10mg) was measured by a D8-Advance diffractometer (Bruker,
United States). The scanning range (2 θ) was 5◦-40◦ and the
scanning speed was 2◦/min. MDI jade 6.0 software was used to
analyze the final results.

SEM Analysis
About 2mg of freeze-dried sample was fixed and sprayed gold.
Then the sample was observed by a SU-8010 scanning electron
microscope (Hitachi, Japan).

Determination of Dynamic Rheological
Property
All samples were cooled to room temperature after gelatinization.
A DHR-3 rotational rheometer (TA Instruments Inc.,
United States) was applied to determine the dynamic
rheological properties of samples. The test conditions were
as follows: the plate diameter was 40mm, the gap was 0.5mm,
the temperature was set to 25◦C, the scanning strain was
set to 1%, and the frequency was 0.1–10Hz. Finally, the
spectra of storage modulus (G’) and loss modulus (G”)
were obtained.

Molecule Simulation
The structural models of RS and procyanidins were downloaded
from the National Center for Biotechnology Information (NCBI)
using PubChem SID: 135332954 and 374367001. ChemOffice

2010 was used to optimize these molecular structures. After
that, Materials Studio 8.0 was used to simulate the interactions
between RS and procyanidins.

FIGURE 5 | Dynamic rheological properties of RS with or without LSOPC, G’

(A), G” (B).

FIGURE 4 | Scanning electron micrographs of RS with or without LSOPC, RS (A), RS + 3% LSOPC (B), RS + 6% LSOPC (C), and RS + 9% LSOPC (D).
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FIGURE 6 | Simulation systems of molecule of RS with or without LSOPC, 0PC S (A), 1PC S (B), 2PC S (C), and 3PC S (D).

Statistical Analysis
All data were presented as means ± standard deviation (means
± S.D.). Analyses of variance (ANOVA) were performed by SPSS
25.0. The graph was drawn by OriginPro 8.0.

RESULTS AND DISCUSSION

Effect of LSOPC on the Thermodynamic
Property of RS
The thermodynamic properties are shown in Table 1. Compared
with RS without LSOPC, the Tonset, Tpeak, Tend and 1Hg of
RS with LSOPC trended downward, and the decline correlated
positively to the amount of LSOPC added. This result indicated
that RS with LSOPC could gelatinize at a lower temperature,
which may be due to the hydroxyl group in procyanidins.
The hydroxyl group, which has strong hydrophilicity, could
have interacted with the side chain of the starch and then
combined with its non-crystalline region. Therefore, the degree
of crystallinity changed, and the energy required for starch
gelatinization was reduced (21).

Effect of LSOPC on the Texture
Characteristic of RS
Qiu et al. (22) found the increase of hardness was a typical
retrogradation behavior of glutinous rice. As shown in Table 2,
the addition of LSOPC decreased the hardness of RS gel, and the

decline was positively related to the amount of LSOPC added. It
indicated that procyanidins could inhibit RS retrogradation to a
certain degree. A possible reason for this was that procyanidins
lessened the recrystallization level of amylopectin, and thus
reduced the stiffness of the starch granule and delayed the brittle
hardening of mechanical properties of the macroscopical system.

LF-NMR Properties of RS With or Without
LSOPC
The changes in water distribution of samples were determined
by using LF-NMR analysis, and the corresponding spectra were
shown in Figure 1. The length of relaxation time was inversely
associated with the degree of tightness of the combination of
water and matter (23). A long relaxation time indicated the
proton had a higher degree of freedom and was easily discharged.
The condition of the proton with a short relaxation time was
the opposite. Hence the migration rules of water in RS could be
analyzed according to the changes of relaxation time. Generally,
the relaxation time could be divided into three periods: T21

(0.02–10ms) corresponded to the binding water, which bound
the matter most tightly; T22 (17–165ms) matched the water
that did not flow easily, which was between the binding water
and the free water; and T23 (180–1,400ms) corresponded to
the free water, which possessed the highest degree of fluidity.
Figure 1 showed the amplitude of RS without LSOPC was the
largest at T23, indicating the internal water was mainly free water.

Frontiers in Nutrition | www.frontiersin.org 5 September 2021 | Volume 8 | Article 751627196

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Feng et al. Retrogradation Rice Starch by Procyanidins

FIGURE 7 | Changes of temperature and energy with time in simulation systems, temperature change of 0PC S (A), energy change of 0PC S (B), temperature

change of 1PC S (C), energy change of 1PC S (D), temperature change of 2PC S (E), energy change of 2PC S (F), temperature change of 3PC S (G), and energy

change of 3PC S (H).
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FIGURE 8 | Mean square displacement (A) and radial distribution function (B)

of RS with or without LSOPC.

With the increase of LSOPC addition, the wave peak shifted
to the left and finally located at T22, suggesting the water flow
became harder. The results of LF-NMR showed procyanidins
could increase the water holding capacity of RS, and subsequently
hinder its recrystallization.

FT-IR Properties of RS With or Without
LSOPC
The infrared spectra of samples are presented in Figure 2, and
there was an absorption peak at 3,442 cm−1 for RS. Notably,
the absorption peak did not change significantly after adding
3% LSOPC, but moved toward the direction of low wavenumber
after adding 6 or 9% LSOPC. The band of 3,100–3,500 cm−1 in
the infrared spectrum could reflect the hydrogen bond strength
formed by intramolecular hydroxyl groups: the stronger the
hydrogen bond strength, the larger the shift of the spectral band
to the lower wavenumber (24, 25). It demonstrated that a higher
proportion of procyanidins could increase the hydrogen bond
strength of the system. Retrogradation is a process in which
starch molecules rearrange and combine to become orderly after
gelatinization. The procyanidins would interact with the starch’s

molecular chain to strengthen the hydrogen bonds of system and
make starch retrogradation more difficult. In addition, the band
of 1,047 cm−1 correlated with the orderly area of the starch,
while the band of 1,022 cm−1 related to the amorphous area
of the starch. The ratios of absorbance values from the infrared
spectra at 1,047 and 1,022 cm−1 could reflect the orderly degree
of the crystal region (26). As shown inTable 3, the ratio decreased
after adding 6 or 9% LSOPC. These results indicated a higher
proportion of procyanidins performed better at inhibiting the
retrogradation of RS.

XRD Properties of RS With or Without
LSOPC
The crystal properties of samples were measured by using XRD
analysis (Figure 3). The diffraction peaks of RS appeared at 17◦

and 20◦. The former represented the B type crystallization of
starch, and the latter reflected the V type crystallization of starch.
The generation of a V type crystal might be due to the formation
of the complex between amylose and lipid (27). Nevertheless, the
diffraction peak intensity of RS at 17◦ decreased after the addition
of LSOPC, and the decreasing range rose with an increase of the
LSOPC addition. The hydroxyl group, which was introduced by
procyanidins, could have interacted with the molecular chain of
the starch through hydrogen bonds (28). Therefore, procyanidins
hampered themovement of water molecules near starch, lessened
the number of water molecules that effectively participated in the
retrogradation, and reduced the crystallinity of the starch.

SEM Properties of RS With or Without
LSOPC
The scanning images of RS with or without LSOPC are displayed
in Figure 4. There were many starch fragments with different
shapes piled together, and no obvious change on starch surface
occurred after adding 3% LSOPC. However, starch fragments
were reduced and became smaller with the addition of 6%
LSOPC. It indicated procyanidins reduced the proportion of
starch fragments and enabled the whole to be flatter and more
compact. Moreover, when 9% LSOPC was added, the starch
fragments were further reduced and the surface smoothness
was further enhanced. The probable reason was procyanidins
competed with starch granules for the nearby water molecules,
resulting in the low degree of pasting completion of starch
granules (29). Thereby some starch granules had compact
structures, which was not beneficial to ordering of starch
molecules and hindered the retrogradation.

Effect of LSOPC on the Dynamic
Rheological Properties of RS
As presented in Figure 5, the effects of LSOPC on the dynamic
rheological properties of RS were determined. G’ was the storage
modulus, representing the energy stored in the matter during
deformation. It could reflect the ability to restore to the original
state, and the storage modulus was positively correlated to the
restoring ability. It was reported that G’ was linked to the amylose
aggregation in the early stage of retrogradation (30). G” was the
loss modulus, representing the energy consumed by the matter
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FIGURE 9 | Free volume distribution of RS with or without LSOPC, 0PC S (A), 1PC S (B), 2PC S (C), and 3PC S (D).

during deformation due to the resistance of viscous drag. It
could mirror the capacity to resist flow, and the loss modulus
positively correlated to the resisting capacity. Figure 5 showed
G’ was larger than G” in all groups, and both of them tended
to rise with the increase of frequency. Compared with RS, the
RS-LSOPC groups revealed lower G’ and G”, demonstrating the
dynamic moduli declined by the addition of procyanidins. A
possible reason may be that procyanidins contended with the
starch for the nearby water molecules, decreasing the amylose
exudation and forming a weak gel structure (31). Overall,
procyanidins had an anti-retrogradation effect on starch in the
early stage.

Simulation Study of Molecule
The interactions between starch and procyanidins were simulated
using Materials Studio 8.0. Molecular interaction volume models
were shown in Figure 6. The content of procyanidins was 0%
(0PC S), 3% (1PC S), 6% (2PC S), and 9% (3PC S), respectively.
As displayed in Figure 7, the temperature fluctuation of the four
systemswas not obvious after a long dynamic simulation. Besides,
with the increase of the procyanidins ratio, the potential energy,
non-bond energy, and total energy of the system decreased,
while the kinetic energy increased slightly. It indicated that the
addition of procyanidins enhanced the stability of system, but

whether the movement ability was improved still needs further
verification. Mean square displacement refers to the degree that
the spatial position ofmolecules in the simulation system deviates
from the initial position at a certain time, which is used to
characterize the movement ability of a molecular chain (32,
33). As exhibited in Figure 8A, the mean square displacement
of the system increased over time, and the increment was
proportional to the ratio of procyanidins. It showed the addition
of procyanidins promoted the movement ability of the starch
chain. Radial distribution function is employed to describe the
molecular dynamics of the system. The probability of finding
a particle at a certain distance around another particle can
be obtained by this function. The radial distribution function
is helpful in describing the structure of the molecular system
and can characterize the molecular interactions of a simulation
system (34). The peak intensity comparison of 1.1 Å was 3PC
S > 2PC S > 1PC S (Figure 8B), which implied the higher
the content of procyanidins, the stronger the interaction force.
It was consistent with the results of FT-IR analysis. According
to the theory of free volume, the volume of a solid or liquid
includes occupied volume and free volume. The former is the
volume occupied by molecules themselves, and the latter is
the space between molecules. Free volume is distributed in
the polymer irregularly, which provides the active space for
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molecules. Notably, the free volume can significantly affect the
movement ability of a polymer (35). The free volume distribution
of 0PC S, 1PC S, 2PC S, and 3PC S are presented in Figure 9, the
percentage was 26.71, 35.77, 39.97, and 41.78%, respectively. It
means the movement ability of the starch chain improved as the
procyanidins ratio increase, which confirmed the results of mean
square displacement.

CONCLUSION

This study researched the effects of LSOPC on the retrogradation
of RS. The results of texture characteristics showed LSOPC could
reduce the degree of retrogradation of starch. DSC analysis
indicated LSOPC were able to decrease the energy required
for starch gelatinization. The reordering and recrystallization
processes of starch molecules were effectively hampered by
LSOPC, which was demonstrated by FT-IR, SEM, LF-NMR, and
XRD analyses. The formation of a weak gel structure between
LSOPC and RS was illustrated by the analysis of the results of
the dynamic rheological properties. Molecule simulation implied
LSOPC could enhance the stability of system and the movement
ability of the starch chain. In short, the retrogradation of RS
could be obviously retarded, and the effects were positively
correlated with the procyanidins ratio. The study shows that
procyanidins could be useful for the anti-retrogradation of
rice products.
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The contamination of infant milk and powder with Enterobacter sakazakii poses a

risk to human health and frequently caused recalls of affected products. This study

aims to explore the inactivation mechanism of E. sakazakii induced by high hydrostatic

pressure (HHP), which, unlike conventional heat treatment, is a nonthermal technique

for pasteurization and sterilization of dairy food without deleterious effects. The mortality

of E. sakazakii under minimum reaction conditions (50 MPa) was 1.42%, which was

increased to 33.12% under significant reaction conditions (400 MPa). Scanning electron

microscopy (SEM) and fluorescent staining results showed that 400 MPa led to a loss

of physical integrity of cell membranes as manifested by more intracellular leakage of

nucleic acid, intracellular protein and K+. Real-time quantitative PCR (RT-qPCR) analysis

presents a downregulation of three functional genes (glpK, pbpC, and ompR), which were

involved in cell membrane formation, indicating a lower level of glycerol utilization, outer

membrane protein assembly, and environmental tolerance. In addition, the exposure of

E. sakazakii to HHP modified oxidative stress, as reflected by the high activity of catalase

and super oxide dismutase. The HHP treatment lowered down the gene expression of

flagellar proteins (fliC, flgI, fliH, and flgK) and inhibited biofilm formation. These results

determined the association of genotype to phenotype in E. sakazakii induced by HHP,

which was used for the control of food-borne pathogens.

Keywords: E. sakazakii, high hydrostatic pressure, biofilm, flagellar proteins, mechanism

INTRODUCTION

Enterobacter sakazakii is a motile, non-spore formation and rod-shaped Gram-negative organism.
It is an emerging food-borne pathogen that is found in several foods, such as skim milk, meat,
chicken skin, fruits, and cheese (1). E. sakazakii can form biofilm, which is a spatially organized
dynamic ecosystem, against environmental stress and host immune surveillance mechanisms
(2). It can attach to abiotic materials such as silicon, latex, polycarbonate, stainless steel, glass,
and polyvinyl chloride, which results in a series of infectious diseases such as neonatal sepsis,
meningitis, and brain abscess (3). E. sakazakii can survive in a wide range of temperatures from
4 to 47◦C, exhibiting substantial resistance to heating process. Edelson-Mammel et al. (4) isolated
12 Enterobacter strains from rehydrated powdered infant formula that could survive at 58◦C.
Perez et al. (5) studied the effectiveness of pulsed electric field treatment on the inactivation of
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E. sakazakii, and they found that higher field strength and longer
treatment time increased the inactivation. Lee et al. (6) showed
that there was no regrowth of E. sakazakii in contaminated
infant powder after gamma-irradiation at 5 kGy. More and
more researchers are focusing on green and efficient non-thermal
sterilization instead of traditional heating process to keep the
sensory, nutritional, and functional ingredients of food.

High hydrostatic pressure has been demonstrated to be an
effective non-thermal processing method for the pasteurization
and sterilization of dairy food (7). The pressure is applied on
the interior and surface of foods through liquid instead of
traditional thermal treatment. The potential application of HHP
to E. sakazakii inactivation is focused on the process of wet
mixture treatment before spray drying and the production of
a novel non-thermally treated pasteurized liquid infant milk
formula. The first study on E. sakazakii inactivation by HPP
was conducted by Gonzalez et al. (8) using a reference medium.
Inactivation levels between 2 and 6 log10 cycles were achieved.
Arroyo et al. (9) reported that HHP resulted in sublethal
injuries to the outer and cytoplasmic membranes in E. sakazakii.
Pressure-holding time, pressure level, and food matrix also affect
the inactivation of E. sakazakii (10). Sublethal injuries to the
outer and cytoplasmic membranes were detected after HHP.
Scanning electron micrographs indicated that cellular envelope
and intracellular damages of E. sakazakii cells were apparent after
300 and 400 MPa for 5min compared with the untreated cells,
and a progressive increase of injured cells with increased pressure
treatment was observed. E. sakazakii was sensitive to high
pressure processing treatment, and high-pressure processing
treatment with 400 MPa for 3min can be used to control E.
sakazakii contamination in milk samples (11). This article aims
to determine the relationship between HHP-induced structural
changes and molecular variations that occur in E. sakazakii
by plate counting, fluorescence staining, SEM, cellular leakage,
oxidative enzyme activity, and RT-qPCR analyses. Applying new
findings in Cronobacter spp. sterilization techniques would be of
great help in assuring product quality.

MATERIALS AND METHODS

Bacterial Strain and Incubation Conditions
Enterobacter sakazakii (ATCC 29544) was purchased from
BeNa Culture Collection (Beijing, China). Strain activation was
performed by following the instructions of the supplier. First, the
activated strains stored at−20◦Cwere transferred into a test tube
containing 5-ml nutrient broth (Sinopharm Chemical Reagent
Co., Ltd., Beijing, China) at 37◦C in a constant temperature
incubator under 200-rpm shaking speed conditions overnight.
Then, 100 µl of the incubated strains were transferred in a fresh
nutrient broth (5ml) and cultured under same conditions for
approximately 4 to 5 h until the concentration of cells reached
108 colony-forming unit (CFU)/ml.

HHP Treatment
The bacteria were cultured in a nutrient broth medium for 6 h
and subjected to centrifugation at 5,700 × g for 3min. The cell
precipitates were washed twice with phosphate-buffered saline

(PBS) and then centrifuged by following the above procedure.
The pellets were resuspended in PBS (1ml) to a cell destiny of
108 CFU/ml. The HHP experimental method used in this study
is described in Yamin et al. (12). The cell suspension (2ml) was
heat-sealed in sterile polyethylene (Wangshi Packaging, Hebei
province, China) after exclusion of the air bubbles and subjected
to 0-, 50-, 100-, 200-, 300-, and 400-MPa treatments at 25◦C
for 10min, with 3-min pressurization/30-s depressurization. The
HHP treatment was administered using a 3-L-capacity pressure
vessel (Bao tou KeFaHigh Pressure Technology Co., Ltd, Bao tou,
China), with water as the transmission fluid.

Plate Counting Method
Viable colonies were enumerated by plate dilution colony
counting. All the treated groups of samples were serially diluted
with a 0.85% NaCl solution in a ratio of 1:9. Subsequently, the
aliquot (50 µl) of the cultures in solid nutrient broth was plated
and incubated at 37◦C for 24 h. Each experiment was performed
in triplicate.

Intracellular Leakage Measurement
Aliquots of 3ml of cell cultures exposed to different intensities of
pressure were centrifuged at 4,000× g for 5min. The supernatant
containing nucleic acid was gradually subjected to filtration using
a 25-mm and 0.22-µm-diameter filter. Total nucleic acid content
was quantified with a micro plate spectrophotometer (Infinite
200 PRO; Tecan, Mannedorf, Switzerland) with absorbance at
260 nm.

The leakage of protein was measured by bicinchoninic acid
(BCA) protein method with a protein assay kit (A045-4-2,
Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
One milliliter of the cell sample was mixed with 9ml of PBS
solution (0.1 mol/L, pH 7.4) and then centrifuged at 3,500 ×

g for 10min, and 10 µl of the supernatant was incubated with
BCA buffer (250 µl) at 37◦C for 30min before being subjected
to measurement using a microplate spectrophotometer (Infinite
200 PRO; Tecan, Mannedorf, Switzerland) with maximum
absorption at 562 nm.

The leakage of K+was measured by following the instructions
in the K+assay kit (C001-2-1, Nanjing Jiancheng Bioengineering
Institute, Jiangsu, China). The bacteria cell culture was mixed
with deionized water in a ratio of 1:9 and centrifuged at 2,500 ×
g for 10min, and then 20 µl of the supernatant was precipitated
with 180 µl of protein deposits and centrifuged at 3,500 × g
for 5min. Fifty picoliters of the supernatant was incubated with
an Na-TPB buffer (200 µl) for 5min before being subjected to
measurement using amicroplate spectrophotometer (Infinite 200
PRO, Tecan, Mannedorf, Switzerland) at 450 nm.

Measurement of Cellular Enzyme Activity
Superoxide dismutase enzyme activity was estimated using
a superoxide dismutase (SOD) assay kit (A001-3-1, Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China). All the E.
sakazakii samples were centrifuged at 1,000 × g for 10min
and the sediments were cultured with 1ml of PBS (pH = 7)
to get homogenized for 3 min; then, 20 µl of the culture was
mixed with 20 µl of the enzyme solution and 200 µl of the
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substrate solution at 37◦C for 30min before being subjected to
measurement using amicroplate spectrophotometer (Infinite 200
PRO; Tecan, Mannedorf, Switzerland) with 450 nm absorbance.

SOD inhibition ratio (%) = [(AC − ABC)− (AE − ABE)]/(AC

− ABC)× 100%

SOD activity (U/mg prot)

= SOD inhibition ratio×/protein concentration (mg prot/ml)

Catalase (CAT) activity was measured by following the
instructions in the CAT assay kit (A007-1-1, Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China). The cell culture was
prepared as SOD procedure: All the E. sakazakii samples were
centrifuged at 1,000 × g for 10min and the sediments were
cultured with 1 ml of PBS (pH= 7) to get homogenized for 3 min
which has been added. Then, 1ml of NO 0.3 solvent and 0.1ml
of NO 0.4 solvent were immediately added before measurement
using a microplate spectrophotometer (Infinite 200 PRO; Tecan,
Mannedorf, Switzerland) at 405 nm absorbance.

CATactivity(U/mg prot)

= (ODblank −ODsample)× 271/(60

× samplecapacity)/proteinconcentration(mg prot/ml) :

AC: the absorbance of control group at 450 nm
ABC: the absorbance of blank control group at 450 nm
AE: the absorbance of experimental group at 450 nm
ABE: the absorbance of experimental blank group at 450 nm.

Protein concentration was measured by following the
instructions in the protein assay kit (A045-4-2, Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China).

SEM Analysis
The samples were centrifuged (5,700 × g) for 3min. The
sediment was mixed with 2.5% glutaraldehyde overnight at 4◦C
to fix. Then, the fixed cells were washed with phosphate buffer
and dehydrated in graded ethanol solutions (50, 70, 95, and
100%), stuck to the conductive adhesive tape, coated with gold-
palladium, and observed with a scanning electron microscope
(X650; Hitachi, Tokyo, Japan).

Fluorescent Staining Procedure
Fluorescent dye propidium iodide (PI) was used to evaluate cell
permeabilization. The HHP-treated E. sakazakii (50 and 400
MPa) suspensions in phosphate buffered saline (PBS) were mixed
with 50 µl of the PI solution (5 mg/ml). The mixture was placed
in the dark at 25◦C for 10min and then centrifuged (5,700 ×

g) for 3min at 4◦C. The precipitate was washed with PBS twice
until no excess dye was left. Fluorescence was measured with a
fluorescence microscope (ECLIPSE Ti2; Nikon, Tokyo, Japan).

Quantification of Biofilm Formation
Biofilm quantification was performed by crystal violet (CV)
assay. Biofilms formed in 96-well polystyrene microtiter plates
after the HHP treatment. Non-adherent cells were washed softly

with phosphate-buffered saline (PBS) after 12, 24, and 48 h of
growth and fixed under 60◦C for 1 h. The biofilms were stained
with 200 µl of 0.1% crystal violet (CV) for 20min and washed
with PBS (pH = 7) three times until no CV was left. First,
the biofilms were imaged using the fluorescence microscope
(ECLIPSE Ti2; Nikon, Tokyo, Japan) and then dissolved in 33%
acetic acid. The OD values of each well were determined at
590 nm using the microplate spectrophotometer (Infinite 200
PRO; Tecan, Mannedorf, Switzerland).

RNA Isolation and Real-Time Quantitative
Polymerase Chain Reaction (RT-qPCR)
Assay
The cells were pelleted by centrifugation at 5,000 rpm/min for
1min, washed three times, and resuspended in PBS (pH =

7). Total RNAs were extracted from E. sakazakii using RNeasy
Protect Bacteria Mini Kit (QIAGEN, Shanghai, China) after
the HHP treatment. The quality, integrity, and concentration
of the RNA were measured. Subsequently, the RNA was
reverse-transcribed into cDNA with First-Stand cDNA Synthesis
SuperMix (Transgen Biotech, Beijing, China) and stored at
−20◦C, resulting in the first stands of total cDNA. The primers
custom-synthesized by General Biosystems LTD (Anhui, China)
are listed in Table 1. Amplification and detection were carried
out using LightCycle96 Q-PCR (Roche, Basel, Switzerland). The
relative expression of each gene was quantified using 16S rRNA
as internal control. All the samples were analyzed in triplicate.

Statistical Analysis
All the experiments were carried out in triplicate. Statistical
analysis was performed using the SPSS software (version 19.0;
IBM; Armonk, NY, United States). An analysis of variance was
performed on the results by an independent sample test, and the
data were presented as the mean values ± SD. A P-value lower
than 0.05 indicated a significant difference.

TABLE 1 | Primers used for real-time quantitative PCR (RT-qPCR) analyses.

Primers Sequences (5′-3′) Gene

GlpKF TGGCGAACAACTTCCTGA GlpK

GlpKR CGCTCGGTGGTTTCAATAC

PbpCF TTCGCAACTTGGCTATTCC PbpC

PbpCR AAGCGTAGTGGTGATTTTGG

OmpRF TGGTGCTTGATCTGATGCTTC OmpR

OmpRR AGGGTTGAACGGTTTAGGAAT

FliCF CTTACAGCGTATCCGTGAGC FliC

FliCR GCCGTTGAAGTTAGCACCA

FliHF ACCTGATTAAGCAGATCCAGAC FliH

FliHR TTCATCGGCGGAGACTTTG

FlgKF CGTTCTGGGGCAGTCTAACA FlgK

FlgKR GACCATATCGTCGATTTTCG

FlgIF GATTCCTGCTGTTGCTCGTC FlgI

FlgIR TCAGGCTCTGGGTGGTAAA
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RESULTS AND DISCUSSION

Inactivation of Enterobacter sakazakii With
HPP
The extent of the inactivation of E. sakazakii exposed to
the pressure treatment was assessed by plate count analysis
(Figure 1A). This result revealed that the percentage of survival
of the cells decreased with increase in pressure. The mean initial
count of E. sakazakii in PBS was 9.39 log CFU/ml, which was
slightly reduced by the 50-MPa treatment by 0.35 log but was
significantly (P < 0.001) decreased to 3.11 log CFU/ml under

400 MPa conditions. This showed that the organism tolerated
the pressure with little effect on viability when 50 MPa was
reached. Similar results were reported by Gonzalez et al. (8)
and Perez et al. (5). Inactivation levels between 2 and 6 log10
cycles were achieved. Thus, 50 and 400 MPa were used as the
minimum treatment limit and significant treatment conditions
for subsequent structural and molecular analyses.

Structural changes in E. sakazakii were observed by
propidium iodide (PI) uptake and scanning electron microscopy
(SEM). PI analysis exhibited higher permeability of HHP-
treated bacterial cell membrane, since the fluorescent agent

FIGURE 1 | (A) Survival curves of Enterobacter Sakazakii in phosphate buffer with HHP treatment. (B) Scanning electron microscopy (SEM) micrographs and (C)

uptake of propidium iodide by E. sakazakii cells. Asterisks indicate difference between control and different high hydrostatic pressures (HHPs) at ****P < 0.0001.
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FIGURE 2 | Intracellular leakage after HHP treatment. (A) Nucleic acid leakage, (B) protein leakage, (C) potassium leakage. Asterisks indicate difference between

control and different HHPs at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

could penetrate into the internal structure of the damaged cell
membrane (13). As shown in Figure 1C, there is no detection
of PI intracellular accumulation observed in both the control
group and the 50-MPa-treated group, indicating live bacteria
with integrated cell membrane. In the case of 400 MPa, most
of the bacteria were stained red, implying that HHP led to
incomplete outer and inner membranes, which is in agreement
with the results of the plate counting method. Higher HHP
treatment resulted in more damage in cell.

The survival changed with modified morphology, which is
present in Figure 1B. The bacteria cell kept intact and the
structure of cell was full under 50 MPa conditions. However,
the original structure of E. sakazakii cells treated with 400 MPa
was seriously damaged after inactivation, and it presented more
pimples and swellings on the surface, and had an enlargement
of electron-transparent regions in the bacterial cytoplasm.
It indicated a damaged outer membrane of HHP-treated E.
sakazakii, which was consistent with the results of Lee et al.
(14), who found that HHP caused disruption of bacterial cell
membrane and cell wall.

Effect of HHP on Intracellular Leakage
Figure 2 shows the leakage of DNA, intracellular protein, and K+

of E. sakazakii affected by the 50- and 400-MPa treatments. The
400-MPa treatment induced an obvious increase in intracellular

protein release from 3.19 to 13.55µg/ml, while no significant
changes were noted in the 50-MPa group. A similar trend was
also observed in the content of DNA and K+. Nucleic acid
and protein are important in bacterial cell growth, while K+

affects cell internal balance (15). These intracellular leakages
can be used as makers of cell membrane disruption. When the
microorganism was exposed to severe environmental stress, the
microbial cell membrane was destroyed, leading to different
extents of loss of intercellular contents from the interior of the
cell, cell lysis, and, finally, cell death.

Effect of HHP on Key Cell Membrane
Genes
In order to understand the association of genotype to phenotype,
three functional genes (glpK, pbpC, and ompR) that correspond
to the progress of cell membrane formation were quantified
by qPCR (Figure 3). The RT-PCR analysis revealed that the
transcript level of the membrane genes was downregulated by
the HHP treatment in a significant way (P < 0.05. Glycerol
kinase (glpK) could catalyze the conversion of glycerol to gly-
cerol-3-phosphate, the first step in glycerol catabolism, while
pbpC could contribute to the biogenesis of surface organelles by
interaction with a patch of the cytoskeletal protein bactofilin.
HHP reduced glpK and pbpC activity, indicating lower glycerol
utilization rate and outer membrane protein assembly, which

Frontiers in Nutrition | www.frontiersin.org 5 September 2021 | Volume 8 | Article 739863206

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Liao et al. Inactivation of Enterobacter sakazakii by HHP

FIGURE 3 | Expression of selected cell membrane genes in E. sakazakii treated with HHP. Asterisks indicate difference between control and different HHPs at *P <

0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

FIGURE 4 | Enzyme activity of superoxide dismutase (SOD) and catalase

(CAT) of E. sakazakii with different pressures. Asterisks indicate difference

between control and different HHPs at *P < 0.05, **P < 0.01, ***P < 0.001,

and ****P < 0.0001.

was disadvantageous for cell growth. ompR is a response
regulator in protecting cells against environmental stress through

phosphorylation to elicit an adaptive response. The HHP
treatment induced less ompR transcript in the E. sakazakii
strain where it failed to repair damage caused by osmotic stress.
This was consistent with the results observed in Gram-negative
bacteria where the regulatory system of stress responses was
triggered against limited conditions (16).

Effect of HHP on Anti-oxidative Enzymes
Activity
The inhibitory action of HHP is mainly regarded as the
generation of ROS in the bacterial cell. The major regulation
of antioxidant levels contains superoxide dismutase (SOD) and
catalase (CAT), or non-enzymatic antioxidants (17). Figure 4
shows the bacterial defense mechanisms against oxidative stress
by HHP. The activity of SOD and CAT decreased at 50 MPa
from 83.61 and 120.27 U/mg prot to 71.54 and 19.41 U/mg
prot, respectively. This suggested that the intracellular redox
homostasis in E. sakazakii was broken by the HHP treatment
(18). However, increasing the pressure showed an opposite trend.
The 400-MPa treatment increased the activity of SOD andCAT to
108.72 and 183.77 U/mg prot, respectively. The initial inhibition
of the SOD and CAT activity in the preliminary 50-MPa HHP
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treatment might be due to the limited conditions to make stress
response for E. sakazakii. The bacteria had the ability to adapt
and tolerate the lower pressure stimuli. When high pressure was
applied, the enzyme activity was increased for bacterial oxidative
stress response to external stimuli, which caused damage to the
cells (19). Other studies have been conducted to analyze the
endogenous intracellular oxidative stress in Escherichia coli and

FIGURE 5 | Biofilm formation of E. sakazakii incubated at 12, 24, and 48 h.

Vertical error bars represent standard deviations of three replicate samples.

Mytilus galloprovincialis, which have shown an increase in the
SOD and CAT activity when exposed to HHP (20, 21).

Effect of HHP on Biofilm Formation System
Figure 5 show the biofilm-producing ability of E. sakazakii
incubated at 12, 24, and 48 h. After 24-h incubation, biofilm
formation was increased while an opposite trend was observed
at 48 h. This could be attributed to the biofilm dispersion
induced by starvation (22). When HHP was applied, the biofilm-
producing ability was reduced. The quantity of biofilm was
significantly decreased by 45% in the presence of 400 MPa
after 24-h incubation. This suggests that HHP could inhibit
E. sakazakii cells from adhering to solid surfaces, which is
in agreement with the cell membrane variations mentioned
in sections of Intracellular Leakage. The biofilm-producing
ability of E. sakazakii strains under different environmental
stress conditions has been described previously in a number of
studies (23).

The changed biofilm formation was controlled by their related
virulence genes (fliH, fliC, flgI, and flgK). As shown in Figure 6,
it is found that the flagellin genes are increased at 50 MPa and
decreased at 400 MPa. FliC and FliD, two flagellar cap proteins,
were present on the F1 gene locus of the flagellar regulon, while
flgK and flgI coded for a hook-associated protein that stabilized
the hook-filament junction together with FlgL (24). They were
involved in the growth and diffusion of biofilm as a function
of adhesion and colonization. The mRNA expression of biofilm-
related genes slightly increased after the low-pressure treatment

FIGURE 6 | Expression of flagellin genes in E. sakazakii treated with HHP. Asterisks indicate difference between control and different HHPs at *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001.
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compared with the control, which could have contributed to
bacterial chemotaxis. The flagellum synthesis in E. sakazakii was
activated against poor environment for protection. However, the
high-pressure conditions damaged the protection mechanism
and resulted in loss of the ability to self-regulate.

CONCLUSION

In summary, HHP influenced cell membrane-related cell
behaviors, such as metabolism utilization, outer membrane
protein assembly, and stress responses in E. sakazakii. The
variations in genotypes were reflected as lower level of
cell membrane permeability, higher leakage of intracellular
substances, and cellular deformations. Meanwhile, HHP
increased bacterial oxidative stress response and disrupted
biofilm formation by inhibiting cell adherence and extracellular
matrix production. These findings will provide an understanding
of the associations between bacterial genotype and phenotype
induced by HHP.
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Our previous research showed that capsaicin exhibits hypoglycemic effects by activating

the transient receptor potential vanilloid 1 (TRPV1) channel in diabetic rats. Interestingly,

capsiate was also able to activate the TRPV1 channel, but with a non-significant

hypoglycemic effect. This study aimed to investigate the effect of capsaicin on the

glycometabolism of streptozotocin (STZ)-induced diabetic rats by blocking the TRPV1

channel. After a 4-week capsaicin treatment (6mg/kg·bw), the serum insulin level of

STZ-induced diabetic rats increased from 15.2 to 22.1 mIU/L, the content of hepatic

glycogen andmuscle glycogen increased by 81.2 and 20.2%, respectively, and the blood

glucose level decreased significantly from 19.3 to 14.7mmol/L. When the TRPV1 channel

was blocked, capsaicin lost the above-mentioned effects, and the hypoglycemic effect

was no longer significant. It was concluded that a combined up-regulation of both TRPV1

receptors and pancreatic duodenal homeobox-1 (PDX-1) led to the hypoglycemic effect

of capsaicin, which partially explains our previous observation: capsiate activating TRPV1

without showing a significant hypoglycemic effect was due to the lack of a significant

up-regulation of PDX-1. Based on the experimental results, we speculated that two

signaling pathways [TRPV1-(PDX1)-(GLUT2/GK) and TRPV1-(PDX-1)-(IRS1/2)] exist in

the pancreas of STZ-induced diabetic rats.

Keywords: capsaicin, TRPV1, glycometabolism, blood glucose, insulin secretion, hypoglycemic effect

INTRODUCTION

Diabetes is a metabolic disorder caused by insufficient insulin secretion, action, or resistance (1–
3). It is widely recognized as one of the leading causes of death and disability in the Western
world. With the rising incidence of diabetes, capsaicin (8-methyl-N-vanillylnonanamide), a
phytochemical present in chili peppers, has attractedmuch attention due to its hypoglycemic effects
(4, 5). Studies have shown that capsaicin can reduce fasting blood glucose levels in obese mice and
improve glucose tolerance by increasing the insulin content (6). Furthermore, capsaicin treatment
can also stimulate the secretion of insulin from rat islet cells by activating the transient receptor
potential vanilloid 1 (TRPV1) ion channel, thereby achieving a hypoglycemic effect (7). In addition,
capsicum has long been used in the treatment of diabetes in traditional Jamaican medicine,
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GRAPHICAL ABSTRACT | Signal pathway of hypoglycemic mechanism of capsaicin in the pancreas of STZ-induced diabetic rats.

and capsaicin has also been used in the treatment of diabetic
neuropathy (8, 9). However, the related mechanism of action
is still unclear. The proposed hypoglycemic mechanism of
capsaicin is through the activation of the TRPV1 channel, which
promotes intracellular Ca2+ concentrations and leads to the
activation of further downstream pathways (10–12). Moreover, a
large number of studies have shown that TRPV1 has the function
of distinguishing and integrating various pain stimuli, and is
involved in the regulation of anti-inflammatory, analgesic and
weight-reducing mechanisms (13–15). Conversely, some studies
have shown that the above effects of capsaicin are not related
to the activation of the TRPV1 channel (16, 17). Our previous
research showed that the hypoglycemic effect of capsaicin was
associated with activation of the TRPV1 ion channel and up-
regulation of TRPV1 receptor expression in the liver and
pancreas (18). Capsiate is equally capable of activating the TRPV1
ion channel, but no significant hypoglycemic effect has been
observed (19). Therefore, the role of TRPV1 in the hypoglycemic
effect of capsaicin requires further investigation.

In this study, capsazepine was used to block the TRPV1
channel in order to examine the role of TRPV1 receptors
in the hypoglycemic mechanism of capsaicin. Streptozotocin
(STZ)-induced diabetic rats were treated with an intraperitoneal
injection of capsazepine and oral administration of capsaicin.

Relevant indicators of hypoglycemia were measured, including
the apparent absorptivity of total sugar, blood glucose level, oral
glucose tolerance, plasma insulin level, glycogen content, and
glycometabolism-related genes and protein expression levels in
the liver, pancreas and ileum.

MATERIALS AND METHODS

Materials
Four-week-old male Sprague-Dawley (SD) rats were used in
the present study, and a standard diet was purchased from
Chongqing Tengxin Inc. (Chongqing, China).

Chemicals
Capsaicin (95% purity) and STZ were purchased from Sigma-
Aldrich (St. Louis, MO). Capsazepine (98% purity) was
purchased from Shanghai Hanxiang Biotechnology Co., Ltd
(Shanghai, China). Glycogen and insulin (INS) enzyme-linked
immune detection kits were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Amylase was supplied
by Zhengzhou Tianle Chemical Products Co., Ltd. (Zhengzhou,
China). Other chemical reagents were of analytical grade and
purchased from Dishui Chemical Co., Ltd. (Chongqing, China).
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Capsaicin and Capsazepine Solution
Preparation
(1) We weighed and dissolved 0.5 g of capsazepine in a 50mL
mixed solution of tween 80 (2%), ethanol (2%) and normal
saline (96%) (20). Capsazepine was stored at 4◦C prior to use,
and a 10 mg/mL capsazepine peritoneal injection was prepared.
Ultrasound assisted dissolution was performed prior to injection.

(2) Capsaicin was weighed according to the tolerance dose (2
mL/kg) by gavage in rats. After being mixed with soybean oil via
ultrasonication and configured with a concentration of 3 mg/mL,
the prepared capsaicin solution was stored for use at 4◦C.

Diabetes Induction and Experimental
Design
Four-week-old male SD rats were maintained under controlled
conditions (25 ± 1◦C, 55 ± 5% relative humidity, and a 12-
h light/dark cycle). Distilled water and solid feed were given
ad libitum. After 1 week of feeding, diabetic rats induced
by STZ (60 mg/kg, intraperitoneal injection) and the control
group rats were injected with the same dose of citrate buffer.
Fasting blood glucose (FBG) levels were measured by tail blood
sampling after 72 h, and rats with FBG ≥ 11.1 mmol/L were
screened as diabetic rats and underwent the capsaicin treatment
experiment. Experimental rats were divided into five groups
(8 rats/group): control group (healthy group), model group
(hyperglycemic, no treatment), and three diabetes treatment
groups [capsazepine group (CPZ), capsaicin group (Cap), and
capsaicin and capsazepine group (Cap+CPZ)]. The control and
model groups were lavaged with 2 mL/kg·bw soybean oil and
administered 1 mL/kg·bw blank solvent [tween 80 (2%), ethanol
(2%), and normal saline (96%)] by intraperitoneal injection; the
CPZ group was lavaged with 2 mL/kg·bw soybean oil and 10
mg/kg·bw capsazepine by intraperitoneal injection 10; the Cap
group was lavaged with 6 mg/kg·bw capsaicin and 1 mL/kg·bw
blank solvent [tween 80 (2%), ethanol (2%), and normal
saline (96%)] by intraperitoneal injection; the Cap+CPZ group
was intraperitoneally injected with 10 mg/kg·bw capsazepine
and lavaged with 6 mg/kg·bw capsaicin. In addition, an
intraperitoneal injection of capsazepine and gavage capsaicin was
conducted at 9 a.m. every day for 4 weeks. All of the rats had
common feedstuff and drank water freely, and the control and
model groups were treated with the same amount of soybean oil.

Animal experiments were conducted following the rules of
the International Animal Welfare Committee Requirements
and Regulations. The experiments were ethically acceptable
and approved by the Committee on Animal Experimentation
[experimental animal license SCXK (Chongqing) 200120008].

Sample Collection
This animal experiment lasted 4 weeks; the food intake was
measured every 2 days, and fresh feces were collected from
rats in each group on the last 2 days of the experiment. Blood
samples were taken from the necks of the rats, and plasma was
separated via centrifugation at 1,400 rpm and 4◦C for 15min
and then stored at −80◦C. The quadriceps, liver, pancreas, and
ileum were isolated, and samples were snap frozen and stored

at −80◦C for subsequent RNA isolation and gene expression
analysis (19, 21). In addition, the remaining pancreatic tissue was
taken for HE staining, and the pancreatic section was observed
and photographed using Olympus BX53 microscope and DP80
high-resolution digital imaging system.

Biochemical Index and Determination of
Apparent Absorptivity of Total Sugar
Feces were collected from rats in every group on the last 2
days of the experiment. The fodder and feces samples were
pretreated by amylase hydrolysis for 2 h at 70◦C (18), and then
the total sugar (TS) was measured in the fodder and feces using
the anthrone colorimetry method (the formula is as follows)
(22). Biochemical indicators such as insulin, glycosylated serum
protein (GSP), and hepatic andmuscle glycogen were determined
using relevant reagent kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). An oral glucose tolerance test (OGTT)
was conducted according to the method described by Yu-Ming
You (21).

Digestibility of TS (%) = 100-100×

(

%TS in fodder

%TS in feces

)

RNA Extraction and Quantitative RT-PCR
Analysis
The total RNA was extracted from the frozen tissue samples
(liver, pancreas, and ileum) according to the method described
by You et al. (21). The concentration and purity of RNA
were quantified using a NanoDrop 1000 spectrophotometer
(Thermo Scientific, Delaware, USA), and the integrity of RNA
was verified by agarose gel electrophoresis using a Gel Doc XR+

System (Bio-Rad, Hercules, CA, USA). Subsequently, 2 µg of
RNA was reverse transcribed to cDNA using a PrimeScript RT
Reagent Kit (TaKaRa Bio, Otsu, Japan). The mRNA expression
of liver X receptor (LXR), glucose transporter 2 (GLUT2),
glucose transporter 5 (GLUT5), pancreatic duodenal homeobox-
1 (PDX-1), sodium-glucose cotransporter 1 (SGLT1), glucose 6
phosphatase (G6pase), glucokinase (GK), phosphoenolpyruvate
carboxykinase (PEPCK), insulin receptor substrate 1 (IRS1),
insulin receptor substrate 2 (IRS2), and TRPV1 were determined
using RT-PCR with a light cycler instrument (Roche Diagnostics,
Mannheim, Germany). A total of 2 µL of cDNA and 10 µL of
SYBR Premix Ex Taq II (Bio-Rad Corp., USA) were freshly mixed
before the experiment. The polymerase activation and DNAwere
initially incubated at 95◦C for 30 s, followed by 40 cycles of
denaturation at 95◦C for 5 s and then 60◦C for 30 s. The 2−11CT

method was used to calculate the relative expression level of each
gene, and the beta-actin gene was used as the reference (19, 21).

Western Blot Analysis of the Target
Proteins
Western blot analyses of LXR, PEPCK, G6Pase, GK, PDX-1,
GLUT2, TRPV1, SGLT1, GLUT5, IRS1, and IRS2 were performed
using standard procedures as described by Zhang et al. (19) and
You et al. (21). PVDFmembranes were purchased fromMillipore
Co., Ltd. (Billerica, MA, USA), and all of the primary antibodies
were purchased from Abcam Inc. (Cambridge, MA, USA).
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TABLE 1 | Effects of TRPV1 receptor antagonist and capsaicin on weight and apparent absorption of TS in STZ-induced diabetic rats.

Project Control Diabetes groups

Model CPZ Cap Cap+CPZ

Food intake (g/d) 26.2 ± 1.93 46.3 ± 2.07a 43.5 ± 1.28b 34.7 ± 1.00c 39.8 ± 1.58d

Sugar intake (g/d) 12.7 ± 0.93 22.4 ± 1.00a 21.0 ± 0.62b 16.8 ± 0.48c 19.2 ± 0.76d

Fecal excretion (g/d) 2.83 ± 0.19 4.99 ± 0.23a 4.52 ± 0.16b 3.77 ± 0.10c 4.32 ± 0.17d

Sugar in feces (%) 27.4 ± 3.47 36.8 ± 6.00a 35.1 ± 3.78a 58.6 ± 2.65b 25.9 ± 1.09c

Sugar excretion (g/d) 0.78 ± 0.15 1.85 ± 0.38a 1.59 ± 0.20b 2.21 ± 0.13c 1.12 ± 0.05d

Apparent absorptivity (%) 97.8 ± 0.17 98.3 ± 0.34a 98.3 ± 0.17a 96.5 ± 0.21b 98.6 ± 0.10c

Body weight (0 day) 265 ± 7.42 264 ± 7.96 260 ± 18.09 261 ± 15.26 260 ± 17.48

End body weight (28 day) 324 ± 14.31 275 ± 7.40 275 ± 17.10 288 ± 16.11 280 ± 13.78

Body weight gain (g) 59.9 ± 16.70 11.1 ± 3.27a 15.4 ± 5.15a 27.1 ± 8.84b 19.6 ± 7.09ab

All data are expressed as means ± SD, n = 8. Bold means are significant difference compared with the control group (P < 0.05). Means with different superscript letters are significantly

different among the diabetes groups (P < 0.05). Effective concentrations of capsaicin and capsazepine are 6 and 10 mg/kg·bw, respectively.

Statistical Analysis
All data were expressed as means and standard deviations (n =

8). Data were subjected to a one-way analysis of variance using
Origin 8.5 and SPSS version 19.0. The differences among groups
were examined by Duncan’s multiple-range test. P < 0.05 was
considered statistically significant.

RESULTS

Apparent Absorptivity of Total Sugar, Body
Weight, and Food Intake
As shown in Table 1, no significant differences were observed
in the food intake or body weight of rats before the treatment,
while after 28 days of feeding, there were significant differences
in the food intake, sugar intake and fecal excretion among each
group. The content of TS in feces increased significantly in the
Cap group, and the apparent absorptivity of TS in the Cap group
was reduced by 1.84 and 1.83% compared to the model and CPZ
groups, respectively. Meanwhile, the apparent absorptivity of the
Cap+CPZ groups showed a 0.30 and 0.31% increase compared
to the model and CPZ groups, respectively.

The effect of capsaicin on the body weight of STZ-induced
diabetic rats is shown in Table 1. Compared to the control group,
the model and CPZ groups showed significantly lower weight
gain. Compared to the model and CPZ groups, the weight of
rats in the Cap group significantly increased, by 2.44 and 1.76
times, respectively. The Cap+CPZ group only increased by 1.76
and 1.28 times when compared to the model and CPZ groups,
respectively, but the differences were non-significant.

Fasting Blood Glucose and Oral Glucose
Tolerance Test
As shown in Figure 1A, no significant differences were observed
in the blood glucose levels of the diabetes groups before the
treatment (0 week). Compared to the normal control group,
the blood glucose level (BGL) of the model and CPZ groups
significantly increased. The hypoglycemic effects of capsaicin
became more pronounced with each time increment following
the feeding. A significant reduction (23.42%) in the BGL of the

Cap group was observed after 4 weeks. In contrast, the BGL of
the Cap+CPZ group showed a significant increase.

As shown in Figures 1B,C, the trend observed during OGTT
was a peak in blood glucose at 30min in the control, model
and CPZ groups, while the peak in the Cap and Cap+CPZ
groups was delayed by 30min. We observed that after the
four groups reached their peak blood glucose level (BGL), the
rate of decline was fastest in the Cap group, and the areas
under the blood glucose concentration curve showed significant
differences (Figure 1B). Conversely, the rate of decline of the
Cap+CPZ group was slow compared with the Cap group, and
the areas under the blood glucose concentration curve were not
remarkably different.

Determination of Serum Insulin, GSP, and
Glycogen
As shown in Figure 2A, the serum insulin content in the model
group was significantly lower compared to the control group.
After 4 weeks of capsaicin gavage and capsazepine intraperitoneal
injection, serum insulin values in the Cap group (22.13 ± 2.28
mIU/L) increased significantly, by 50.5% compared to those in
the model group (15.2 ± 1.13 mIU/L), while the model and
Cap+CPZ groups showed different degrees of increase, although
the differences were non-significant.

As shown in Figure 2B, compared with the control group,
glycosylated serum protein in the model group significantly
increased. After treatment with capsaicin and capsazepine,
glycosylated serum protein (1.95 ± 0.23 mmol/L) in the Cap
group significantly decreased by 21.4% compared to the model
group (2.48 ± 0.29 mmol/L), while the CPZ and Cap+CPZ
groups showed different degrees of non-significant decline.

Liver glycogen and muscle glycogen in the model group were
significantly reduced compared to the control group, as shown
in Figure 2C. After treatment with capsaicin and capsazepine,
the glycogen content of the Cap group increased significantly
compared with that of the model group, and the content of
hepatic glycogen and muscle glycogen increased by 81.2 and
20.2%, respectively, while the CPZ and Cap+CPZ groups showed
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FIGURE 1 | Effects of TRPV1 receptor antagonist and capsaicin on the oral glucose tolerance test (OGTT) (A), area under curve (AUC) (B), and fasting blood glucose

(C) in STZ-induced diabetic rats. All data are expressed as means ± SD, n = 8. *Means are significant difference compared with the control group (P < 0.05). Means

with different superscript letters are significantly different among the diabetes groups (P < 0.05). Effective concentrations of capsaicin and capsazepine are 6 and 10

mg/kg·BW, respectively.
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FIGURE 2 | Effects of TRPV1 receptor antagonist and capsaicin on the serum insulin (A), glycosylated serum protein (B), and hepatic glycogen and muscle glycogen

(C) in STZ-induced diabetic rats. All data are expressed as means ± SD, n = 8. *Means are significant difference compared with the model group (P < 0.05). Means

with different superscript letters are significantly different among the diabetes groups (P < 0.05). Effective concentrations of capsaicin and capsazepine are 6 and 10

mg/kg·BW, respectively.
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FIGURE 3 | Effects of TRPV1 Receptor Antagonist and Capsaicin on pancreatic tissue morphology in STZ-induced diabetic rats. Pancreatic tissue sections were

stained with HE and photographed with a scale of 100µm. Effective concentrations of capsaicin and capsazepine are 6 and 10 mg/kg·BW, respectively.

different degrees of increase, although the differences did not
reach significance.

Effects of TRPV1 Receptor Antagonist and
Capsaicin on Pancreatic Tissue
Morphology in STZ-Induced Diabetic Rats
As shown in Figure 3, in the control group, the pancreatic
tissue structure was arranged regularly, the islet cells were evenly
distributed in the pancreatic tissue, and the β cells and nuclei
(black dots) were clearly visible. The situation of model group
and CPZ group was similar, with disorderly arrangement of islet
structure and uneven distribution of β cells. After 4 weeks of
capsaicin treatment, the islet tissues were evenly arranged, and β

cells and nuclei were clearly seen. In Cap+CPZ group, islet tissue
was sparse, and β cells were still in pathological state with fuzzy
boundary. These results indicate that capsaicin can improve the
damage of streptozotocin on pancreatic and islet beta cells, and
has a certain repair effect on the damaged pancreas. Capsazepine

not only has no improvement effect on pancreatic tissue and islet
beta cells, but also can inhibit the improvement of capsaicin on
islet beta cells.

Effects of TRPV1 Receptor Antagonist and
Capsaicin on mRNA and Protein Levels of
Key Genes for Glycometabolism in Liver of
STZ-Induced Diabetic Rats
As shown in Figures 4A–C, compared with the control group,
the mRNA expression and protein levels of GLUT2, LXR, PDX-
1, and GK in the model group were significantly down-regulated,
and G6pase and PEPCK were significantly up-regulated. For the
Cap group, the mRNA expression and protein levels of GLUT2,
PDX-1, GK, LXR, and TRPV1 were significantly up-regulated
compared to the model group, while LXR, PDX-1, and GK were
up-regulated to different extents in the CPZ group, but with
no significant differences. In the Cap+CPZ group, the mRNA
expression and protein levels of GLUT2, LXR, and GK were
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FIGURE 4 | Effects of TRPV1 receptor antagonist and capsaicin on protein (A,B) and mRNA (C) expression levels of key genes for glycometabolism in liver of

STZ-induced diabetic rats. All data are expressed as means ± SD, n = 8. *Means are significant difference compared with the control group (P < 0.05). Means with

different superscript letters are significantly different among the diabetes groups (P < 0.05). G6pase, glucose 6 phosphatase; GLUT2, glucose transporter 2; PEPCK,

phosphoenolpyruvate carboxykinase; TRPV1, transient receptor potential cation channel subfamily V member 1; LXR, liver X receptor; PDX-1, pancreatic duodenal

homeobox 1; GK, glucokinase. Effective concentrations of capsaicin and capsazepine are 6 and 10 mg/kg·BW, respectively.
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significantly up-regulated, and G6pase was significantly down-
regulated, but the changes were not as significant as those in
the Cap group. These results show that the blocking effect on
the TRPV1 ion channel by capsazepine indirectly weakened the
effect of capsaicin on each gene. In addition, compared to the
model group, the expression of TRPV1 in the CPZ group was
significantly down-regulated, indicating that capsazepine can not
only block the TRPV1 ion channel, but also affect the expression
of TRPV1 receptors.

Effects of TRPV1 Receptor Antagonist and
Capsaicin on mRNA and Protein Levels of
Key Genes for Glycometabolism in
Pancreas of STZ-Induced Diabetic Rats
As shown in Figures 5A–C, compared with the control group,
the mRNA expression and protein levels of PDX-1 and GLUT2
were significantly down-regulated in themodel group. Compared
with the model group, the mRNA expression and protein levels
of TRPV1, PDX-1, IRS1, IRS2, and GLUT2 were significantly
up-regulated in the Cap group; in the CPZ group, the mRNA
expression of PDX-1 was significantly up-regulated, but with
no significant difference in the protein levels, and the mRNA
expression and protein levels of IRS1, IRS2, GLUT2 showed
no significant differences; in the Cap+CPZ group, the mRNA
expression and protein levels of TRPV1, PDX-1, and IRS2 were
significantly up-regulated, but not as significantly as those in the
Cap group. In addition, compared with the control group, an
interesting phenomenon was observed, which is that the protein
levels of IRS2 were significantly up-regulated in the model group,
and we speculate that this may be due to the self-regulation of the
rat’s immune system.

Effects of TRPV1 Receptor Antagonist and
Capsaicin on mRNA and Protein Levels of
Key Genes for Glycometabolism in Ileum of
STZ-Induced Diabetic Rats
As shown in Figures 6A–C, in the model group, the mRNA
and protein expression levels of SGLT1, GLUT2, and GLUT5
were significantly up-regulated compared with the control group.
After 4 weeks of treatment with capsaicin and capsazepine, the
mRNA and protein expression levels of SGLT1, GLUT2, and
GLUT5 in the CPZ and Cap groups were significantly down-
regulated compared with those in the model group, and the Cap
group was the most significant; in the Cap + CPZ group, the
mRNA and protein expression levels of SGLT1, GLUT2, and
GLUT5 were significantly up-regulated.

DISCUSSION

In this study, the TRPV1 receptor antagonist (capsazepine)
was used to block the activation of the TRPV1 ion channel
by capsaicin. The effects of capsazepine, capsaicin, and a
combination treatment of capsaicin and capsazepine on a series
of biochemical indicators and related genes in STZ-induced
diabetic rats were compared. The results showed that the
intraperitoneal injection of capsazepine had no significant effect

on the body weight, feed intake, TS apparent absorptivity, fasting
blood glucose, oral glucose tolerance, insulin level, glycosylated
serum protein, or glycogen content in STZ-induced diabetic
rats. Capsaicin can significantly reduce TS apparent absorptivity
and fasting blood glucose, as well as increase insulin and
glycogen content, and repair damaged islet cells in STZ-induced
diabetic rats. However, a combined treatment of capsaicin and
capsazepine significantly weakened the effect of capsaicin on the
above indexes. These results indicate that TRPV1 receptors are
involved in the effects of capsaicin on glycometabolism disorder
in diabetic rats and are indispensable genes in the mechanism
of lowering the glucose level. This observation is consistent
with reported studies in which the activation of TRPV1 plays
an important role in insulin secretion and islet autoimmune
inflammation (11, 23–25). For example, TRPV1+ sensory
neurons can control beta cell stress and islet inflammation in
autoimmune diabetes (26, 27); the insulin secretion levels of
TRPV1 knockout mice were shown to be significantly lower than
those of control mice (25); capsaicin can stimulate the insulin
secretion of pancreatic islet beta cells by activating TRPV1, and
serum insulin was significantly increased by a subcutaneous
injection of capsaicin (10 mg/kg) in rats (7).

In order to further clarify the mediating role of TRPV1
receptors in capsaicin-regulated glycometabolism in STZ-
induced diabetic rats, the mRNA and protein levels of key
genes in the liver, pancreas, and ileum were measured. The
results showed that capsaicin up-regulated the expression of
GLUT2 and GK, down-regulated the expression of PEPCK and
G6Pase, and thus improved gluconeogenesis and glycolysis in the
glycometabolism of diabetic rats in order to regulate the level
of blood glucose. In the Cap group, the TRPV1 ion channel
was activated by capsaicin, the expression of TRPV1 and PDX-1
in the liver and pancreas of diabetic rats was significantly up-
regulated, and the hypoglycemic effect was obvious (Figures 4,
5). In the Cap+CPZ group, when the TRPV1 ion channel was
blocked by capsazepine, the expression of TRPV1 and PDX-1
in the liver and pancreas of diabetic rats was only marginally
increased and capsaicin lost its hypoglycemic effect (Figures 4C,
5C). This indicates that the activation of the TRPV1 ion channel
is essential to the hypoglycemic effect of capsaicin. However,
when capsiate was administered to diabetic rats, the TRPV1 ion
channel was activated while the expression of TRPV1 and PDX-
1 in the liver and pancreas of diabetic rats was up-regulated to
a certain extent, but the hypoglycemic effect of capsiate was not
significant (19). This phenomenon indicates that the activation
of the TRPV1 ion channel alone is not enough to lead to a
hypoglycemic effect. As shown in Figure 5B, when the TRPV1
ion channel was activated by capsaicin, the protein levels of
TRPV1 and PDX-1 were significantly up-regulated by 1.95 and 91
times in the pancreas, respectively, in comparison with the model
group. Considering our previous experimental results, when the
TRPV1 ion channel was activated by capsiate, the protein levels
of TRPV1 and PDX-1 were only up-regulated by 1.3 times
and 1 time in the pancreas, respectively (19). Meanwhile, the
protein levels of TRPV1 and PDX-1 in the liver also showed
a similar phenomenon. Based on these observations, we can
propose that capsaicin needs to meet two conditions at the same
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FIGURE 5 | Effects of TRPV1 receptor antagonist and capsaicin on protein (A,B) and mRNA (C) expression levels of key genes for glycometabolism in pancreas of

STZ-induced diabetic rats. All data are expressed as means ± SD, n = 8. *Means are significant difference compared with the control group (P < 0.05). Means with

different superscript letters are significantly different among the diabetes groups (P < 0.05). TRPV1, transient receptor potential cation channel subfamily V member 1;

PDX-1, pancreatic duodenal homeobox-1; IRS1, insulin receptor substrate 1; IRS2, insulin receptor substrate 2; GLUT2, glucose transporter 2. Effective

concentrations of capsaicin and capsazepine are 6 and 10 mg/kg·BW, respectively.
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FIGURE 6 | Effects of TRPV1 receptor antagonist and capsaicin on protein (A,B) and mRNA (C) expression levels of key genes for glycometabolism in ileum of

STZ-induced diabetic rats. All data are expressed as means ± SD, n = 8. *Means are significant difference compared with the control group (P < 0.05). Means with

different superscript letters are significantly different among the diabetes groups (P < 0.05). SGLT1, sodium/glucose cotransporter 1; GLUT2, glucose transporter 2;

GLUT5, Glucose transporter 5. Effective concentrations of capsaicin and capsazepine are 6 and 10 mg/kg·BW, respectively.
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time to have a significant hypoglycemic effect: (1) activation of
the TRPV1 ion channel; (2) significant up-regulation of PDX-1
expression. The hypoglycemic effect of capsaicin can be achieved
only when both of the above two conditions are met. However,
the specific mechanism of TRPV1-induced PDX-1 up-regulation
was not clear in the present study. Relevant studies have shown
that continuous infusion of GLP-1 increases PDX-1 expression
in rat pancreas (28), and GLP-1 analog liraglutide induces
PDX-1 expression in mice (29). TRPV-1 activation increases
the release of GLP-1 from L cells in wild type mice, but not
in TRPV1−/− mice (25). These results suggest that capsaicin-
induced PDX-1 expression is mediated by TRPV-1 activation-
GLP-1 release-PDX-1 up-regulation in beta cells. However, to
clarify this speculation, more indicators need to be included and
more sophisticated methods are needed for further research. For
example, measuring plasma GLP-1 levels in STZ diabetic rats and
using GLP-1 receptor antagonists would be helpful.

It is well-known that diabetes is an endocrine and metabolic
disease characterized by glycometabolism disorders (30, 31).
However, when studying the hypoglycemic mechanism of
capsaicin, most researchers have focused on the metabolism of
lipids in the body instead of the hypoglycemic effect of capsaicin
on glycometabolism in the liver, pancreas, and ileum of the
body (27–29). As diabetes is highly associated with pancreatic
function, it is extremely important to study how capsaicin
regulates glycometabolism in the pancreas. As addressed in
our experiments and shown in Figure 5, when the TRPV1 ion
channel was activated by capsaicin, the expression of TRPV1
receptors and PDX-1 were both significantly up-regulated. PDX-
1 further regulated the downstream key genes GLUT2, IRS1,
and IRS2. The significant up-regulation of GLUT2 promoted
glycogen synthesis and the up-regulation of IRS1 and IRS2
simulated insulin secretion, and consequently, a hypoglycemic
effect was achieved. In addition to promoting the secretion of
insulin, it is well-documented that PDX-1 can also regulate the
proliferation and apoptosis of islet beta cells, as well as promote
the transformation of pancreatic ductal cells into islet beta cells
(15, 30). Another research study proved that the up-regulation of
PDX-1 could not lead to the proliferation of beta cells, but only
simulated pancreatic beta cells to secrete more insulin (31). Our
previous research results also indicate that appropriate amount
of capsaicin (50–100 µmol/L) can stimulate pancreatic beta cells
to secrete insulin, but does not have a proliferation effect on
islet cells (32), and has a repair effect on damaged pancreatic
tissue (Figure 3). It was further confirmed that hypoglycemic
effect of capsaicin derived from the stimulation of normal islet
cells and repair function of dysfunction cells, rather than the
proliferation of islet cells. Therefore, we proposed the TRPV1-
mediated hypoglycemic mechanism as the following signaling
pathways, TRPV1–(PDX-1)–(GLUT2/GK), and TRPV1–(PDX-
1)–(IRS1/2), present in the pancreas, which contributed to the
hypoglycemic effect of capsaicin.

In addition, there is an interesting observation in this study
that deserves our attention. The administration of combined
capsaicin and capsazepine had a negative effect on the intestinal
tract of diabetic rats. As shown in Table 1, the apparent
absorptivity of TS in the Cap group was significantly reduced,

and this is believed to be beneficial for both the hypoglycemic
effect and kidney function (reducing the burden of kidney
urination). But the apparent absorptivity of TS in the Cap+CPZ
group surprisingly increased, indicating that glucose absorption,
and metabolism in the intestinal tract of diabetic rats was
disordered. This assumption was verified by the determination
of relevant genes in the ileum, as shown in Figures 5B,C.
When capsazepine blocked the TRPV1 ion channel, in the
Cap+CPZ group, the mRNA and protein expression levels of
SGLT1, GLUT2, and GLUT5 were significantly increased in
the ilium of diabetic rats, indicating that capsaicin combined
with capsazepine could lead to a more severe intestinal
glycometabolism disorder in STZ-induced diabetic rats and
further accelerate the progression of diabetes. Unfortunately, the
mechanism causing this phenomenon escaped this study and still
needs further research.

CONCLUSION

In general, the mediation of TRPV1 receptors in the
hypoglycemic effect of capsaicin was studied from the perspective
of glycometabolism. The blocking of the TRPV1 ion channel
by capsazepine helped verify that the activation of the TRPV1
ion channel was the necessary initial step for capsaicin’s
hypoglycemic effect. The changes in the expression of key genes
TRPV1 and PDX-1 in the pancreas indicated that after the
TRPV1 ion channel was activated, the significantly up-regulated
expression of TRPV1 receptors and PDX-1 led to a hypoglycemic
effect. The signaling pathways in the pancreas were TRPV1-
(PDX1)-(GLUT2/GK) and TRPV1-(PDX-1)-(IRS1/2). Overall,
the hypoglycemic effect of capsaicin is attributed to three
mechanisms: (1) stimulation of pancreatic cells to secrete insulin
through signaling pathways TRPV1-(PDX1)-(GLUT2/GK)
and TRPV1-(PDX-1)-(IRS1/2); (2) inhibition of the intestinal
absorption of glucose and promotion of glycogen synthesis; (3)
reduction of the apparent absorption rate and increase of the
discharge of sugar in feces.
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Both Acidic pH Value and Binding
Interactions of Tartaric Acid With
α-Glucosidase Cause the Enzyme
Inhibition: The Mechanism in
α-Glucosidase Inhibition of Four
Caffeic and Tartaric Acid Derivates
Wenyue Li, Yi Song, Wanshu Sun, Xi Yang, Xuebo Liu and Lijun Sun*

College of Food Science and Engineering, Northwest A&F University, Xianyang, China

The inhibition mechanism of four caffeic and tartaric acid derivates, including caffeic acid

(CA), tartaric acid (TA), caftaric acid (CFA) and chicoric acid (CHA) against α-glucosidase

was characterized by substrate depletion, fluorescence quenching, isothermal titration

calorimetry (ITC) and molecular docking. TA and CA were found with the highest and no

inhibition effect respectively, and caffeoyl substitution at 2 and/or 3-OH of TA significantly

decreased its inhibition. The enzyme inhibition effects of organic acids were not in an

inhibitor concentration-dependent mode, and there was a rush increase in inhibition at

a respective acidic pH value, especially for CFA and CHA, suggesting the important role

of acidic pH in the enzyme inhibition for both compounds. Besides, CA, CFA and CHA

were shown with strong quenching effects on α-glucosidase fluorescence because of

π-conjugations between aromatic ring of caffeoyl moiety and that of enzyme fluorescent

residues. However, no fluorescence quenching effect was observed for TA due to lack of

aromatic ring. Additionally, a direct binding interaction behavior was observed for TA with

α-glucosidase according to the fitted independent binding model in ITC, but not for CFA

and CHA. Therefore, both acidic pH and binding interactions of TA with α-glucosidase

resulted in the enzyme inhibition.

Keywords: α-glucosidase inhibition, mechanism, tartaric acid, binding interactions, acidic pH value

INTRODUCTION

Postprandial hyperglycaemia has been considered as one essential factor inducing disorder
symptoms of carbohydrate metabolisms (1). Starch is one primary component of main foods for
human beings. The velocity and extent of starch digestion decide blood sugar level after meal to a
large extent (2). After starchy foods ingestion, starch is initially digested by salivary and pancreatic
α-amylase, producing maltose, maltotriose, maltooligosaccharides and limit dextrin, and then the
reducing sugars are further hydrolyzed by α-glucosidase at intestinal brush borders, including
maltase-glucoamylase and sucrase-isomaltase, producing glucose that is adsorbed into portal blood
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through glucose transporters (3). Therefore, inhibiting
carbohydrate-hydrolyzing enzymes has been reported to
potentially regulate starch digestion and thus control blood
glucose level (4).

Some pharmaceuticals have been prescribed to type II
diabetes patients to retard the increase in blood sugar content,
like acarbose, voglibose, etc., due to the inhibiting effects of
these medicines against α-glucosidase (5). However, long-term
administration of the prescribed pharmaceuticals may lead to
some side-effects, such as flatulence, stomachache, diarrhea
(6); therefore, it is necessary to explore and develop natural
products that possess a relatively strong inhibitory activity and
less side-effects. In recent years, dietary polyphenols have been
suggested as one kind of natural inhibitors of α-glucosidase,
like tea polyphenols, flavonoids and edible plant phenolic
extracts (7). There are structure-activity relationships regarding
α-glucosidase inhibition of polyphenols (8). As for flavonoids
(one kind of polyphenols with C3-C6-C3 skeleton structures),
the hydroxyl groups (-OH), especially that at 3- position of
ring C and 5’-position at ring B play an important role in
hydrogen bondings of myricetins with the active site of α-
glucosidase and thus in the enzyme inhibition (9). The double
bonds C2 = C3 can form a conjugation system with C4
= O, which further conjugates with ring A. This promotes
the electron delocalization within ring A and C, decreasing
the molecular internal energy of myricetin and quercetin, and
thus makes the π-stacking of the flavonoids with the enzyme
more stable (9, 10). Besides, some structural moieties are
also essential in α-glucosidase inhibition of polyphenols, for
instance, galloyl moiety (11). The presence of galloyl moiety
has been reported to enhance the inhibitory activity of tea
polyphenols (catechins and theaflavins) against α-glucosidase by
increasing the polyphenol-enzyme binding interactions. This is
attributed to the fact that the three -OHs can form hydrogen
bondings with the enzyme active site, and that the benzene ring
can form π-stacking with the aromatic ring(s) of fluorescent
amino acids of the enzyme (12). It is necessary to explore
more polyphenol structure-inhibitory relationships in order
to increase the efficiency in discovery of natural inhibitors
of α-glucosidase.

Caffeic and tartaric acid derivates, including caffeic acid,
tartaric acid, caftaric acid (one caffeoyl substituted tartaric acid)
and chicoric acid (two caffeoyls substituted tartaric acid) (the
molecular structures of four compounds shown in Figure 1A)
are the predominant organic/phenolic acids existing in green
coffee bean, grape and chicory (13, 14). The inhibition of these
compounds against α-amylase has been reported and it is found
that the caffeoyl moiety is able to enter into and interact with
the active site of the enzyme, thus enhancing the competitive
inhibition of the organic acids (15). As introduced above, both α-
amylase and α-glucosidase are key enzymes for starch digestion.
The inhibitory activity of the caffeic and tartaric acid derivates
against α-glucosidase, however, has not been studied. Therefore,
the enzyme inhibition of the four organic acids and the inhibition
mechanism are explored by use of substrate hydrolyzation,
fluorescence quenching, isothermal titration calorimetry and
molecular docking, revealing how they develop the inhibiting

FIGURE 1 | Molecular structures of caffeic acid, tartaric acid, caftaric acid and

chicoric acid, and the caffeic acid part in caftaric acid and chicoric acid is

defined as caffeoyl moiety (A). The plot of absorbance values of pNPG

hydrolysis solution against reaction time (min) in the absence and presence of

organic acids with different concentrations (taking chicoric acid as an example,

and the plots for other organic acids were shown with similar profiles, except

for caffeic acid due to its weak inhibitory activity) (B). The initial reaction

velocity (v) was calculated as the slope of the plot, and the enzyme inhibition

effects (%) were obtained using equation (1) for the organic acids at a series of

inhibitor concentrations (C). Besides, the threshold concentrations of organic

acids for the enzyme inhibition were labeled.

effects and the contribution of structural caffeoyl moiety(s) to
α-glucosidase inhibition of caffeic and tartaric acid derivates.

MATERIALS AND METHODS

Materials and Chemicals
α-Glucosidase from Saccharomyces cerevisiae (G0660-750UN)
and phosphate buffered saline (PBS) tablets were purchased
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from Sigma-Aldrich Co. (St. Louis, US). p-Nitrophenyl-α-D-
glucopyranoside (pNPG) and four organic acids, including caffeic
acid, tartaric acid, caftaric acid and chicoric acid were obtained
from Yuanye Biotech. Co. (Shanghai, China). Other chemicals in
this study were of analytical grade.

Inhibition of Organic Acids Against
α-Glucosidase
The inhibition effects of four organic acids were characterized
by determining the initial velocity of pNPG hydrolyzation in
the absence and presence of the inhibitors according to previous
studies (11, 16). The initial velocity was obtained from the slope
of the plot of pNP equivalent (1absorbance value) against the
reaction time (min), and the inhibition (I) was calculated using
the equation (1) as follows (17):

I (%) =

(

1−
v

v0

)

× 100 (1)

where, v and v0 are the initial hydrolyzation velocity in the
presence and absence of organic acids, respectively.

Determination of pH Values of Organic
Acids
The organic acids were dissolved in PBS or 20% DMSO (in PBS)
with a series of concentrations same as that in the inhibition
determination. Then, 300 µL of each organic acid solution was
withdrawn for determination of pH value by use of an INESA pH
meter (PHSJ-3F, Shanghai, China) equipped with a BestLab Semi-
Micro electrode probe. During pH determination process, the
liquid level was kept stable tomake the determined values precise.

Fluorescence Quenching
The fluorescence spectra of α-glucosidase in the absence and
presence of organic acids were determined using a Shimadzu R©

RF-6000 spectrofluorometer according to one previous study
(12). The fluorescence quenching constant, KFQ was calculated
from the Stern-Volmer equation as follows (18, 19):

F0

F
= 1+ kqτ0 [Q] = 1+ KFQ[Q] (2)

where, F0 and F are the maximum fluorescence intensity
values in the absence and presence of organic acids. kq is the
bimolecular quenching constant; τ 0 is the lifetime of fluorophore,
and for α-glucosidase the value is 10−8 s; [Q] is the organic
acid concentration.

Additionally, there may be some positive deviations of the
Stern-Volmer equation for some quenchers, which causes the
fitted plot concave to y axis. For this case, the modified
exponential form of Stern-Volmer equation is applied as
follows (20, 21):

F0

F
= e(KFQ[Q]) (3)

Isothermal Titration Calorimetry
The enthalpy changes caused by binding interactions of
organic acids with α-glucosidase were determined using a
TA R© isothermal titration calorimetry instrument (NanoITC, US)
according to one previous study (22). Specifically, 50 µL of
5mg/mL each organic acid that was loaded in an ITC syringe was
titrated drop-by-drop into 170 µL of 1.5 mg/mL α-glucosidase
solution in an ITC sample cell. The total injection number was 25
with each injection volume of 2 µL. The duration time between
each injection was 180 s. The temperature during the titration
process was maintained at 25◦C with a magnetic stirring at 250
rpm. The titration of organic acid to PBS buffer was applied
as the control, and the enthalpy changes of the control was
subtracted from that of titration of organic acid to α-glucosidase
solution (23). The raw data was obtained as a plot of heat rate
(µJ/s) against time (s). Then, it was processed by integration of
peak-by-peak and normalization, obtaining a plot of corrected
enthalpy per mole of organic acid injection (kJ/mol) against
injection order. In the following step, the integrated enthalpy
was fitted using an independent (single-site) binding model at
the modified and available range of molar ratios of organic acid
to α-glucosidase (making the model fitted better and the related
constants calculated). The fitting equation (4) of independent
binding model is described as follows (24):

Qi =
n[M]1HitcV0

2

{

1+
[P]

n [M]
+

Kd

n[M]
−

√

(1+
[P]

n [M]
+

Kd

n[M]
)
2

− 4
[P]

n[M]







(4)

where, Qi is the total heat released after injection i; V0 is the
volume of the ITC sample cell (here 170 µL); [M] is the total
concentration of α-glucosidase; [P] is the total concentration of
each organic acid; n is themolar ratios of binding species;1Hitc is
the enthalpy change; Kd is the equilibrium dissociation constant
of organic acid-glucosidase complex.

Molecular Docking
A Sybyl 2.0 molecular docking software was used to predict the
interaction forces and sites of for binding of organic acids with
α-glucosidase (25). The crystal structure of α-glucosidase was
obtained from the Protein Data Bank (PDB ID: 3A4A). Notably,
to obtain the optimal docking result, the spatial conformations
of organic acids were modified and adapted to the docking sites.
The binding energy, Eb was calculated based on the equation (5)
as follows:

Eb = RT loge(10
−pkd ) (5)

where, pkd is the affinity score according to the Surflex scoring
function, and the RT is 0.59 kcal/mol.

Statistical Analysis
One-way analysis of variance (ANOVA) followed by Tukey’s
test (Graphpad Prism 6) was applied to analyze the significant
difference between the constants. When P < 0.05, the data

Frontiers in Nutrition | www.frontiersin.org 3 October 2021 | Volume 8 | Article 766756227

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Li et al. α-Glucosidase Inhibition of Organic Acids

is considered as statistically significant and thus marked with
different superscripts.

RESULTS AND DISCUSSION

Inhibition of Organic Acids Against
α-Glucosidase
The inhibition of four organic acids against α-glucosidase at a
series of inhibitor concentrations was studied by determination
of initial reaction velocity (v) of substrate pNPG depletion in the
absence and presence of organic acids (Figure 1B). It was found
that there was a satisfactory (all R2 > 0.99) linear correlation
between the product amounts (reaction solution absorbance
equivalents) and the reaction time (Figure 1B). Therefore, the
obtained v from the slop of product amount-reaction time
correlation was able to indicate the residual activity of α-
glucosidase, and thus the enzyme inhibition was calculated
using the equation (1). Specifically, CA hardly inhibited the
enzyme even at a relatively high concentration (5 mg/mL), at
which the other three organic acids were shown with a strong
inhibiting effect (Figure 1C), indicating that CA was a very
weak inhibitor of α-glucosidase. TA was always shown with the
highest inhibition in the four compounds at each organic acid
concentrations (Figure 1C).

Besides, the threshold concentration of TA for the enzyme
inhibition (the lowest concentration required for inhibition) was
determined as 0.625 mg/mL, and the values of CFA (one caffeoyl
substituted TA) and CHA (two caffeoyls substituted TA) were
2.5mg/mL and 5mg/mL, respectively (Figure 1C). This indicates
that caffeoyl substitution at 2-OH and/or 3-OH of TA gradually
decreased the inhibitory activity of the organic acid against
α-glucosidase. Interestingly, it was found that α-glucosidase
inhibition of the four organic acids was not typically inhibitor
concentration dependent, that is, there existed a large gap of
inhibition effects between the adjacent gradient concentrations
of each organic acid. For instance, the inhibition ratios of TA at
1.25 and 2.5 mg/mL were 19.9 and 99.8%, and similarly, 0 and
67.9% of inhibition corresponded to the two concentrations of
CFA (Figure 1C). This resulted in the fact that the IC50 values
of the four inhibitors were not detectable because an inhibitor
concentration-dependent inhibition mode is required to obtain
this inhibitory constant (4, 26).

It is accepted that inhibition of a polyphenol against α-
glucosidase results from binding interactions between them (4).
The special inhibition character of the studied organic acids
suggests that there may exist additional force (along with organic
acid-enzyme binding) that caused α-glucosidase inhibition of
these compounds, which was further explored and discussed
as follows.

The Relationships Between Organic Acid
pH Values and α-Glucosidase Inhibition
To explore the factors causing the enzyme inhibition of organic
acids, the pH values were determined at a series of compound
concentrations (Figure 2). Although these organic acids were
dissolved in PBS buffer (pH = 7.4), the compound solutions

FIGURE 2 | The pH values of organic acids at a series of concentrations. The

threshold pH values of organic acids for α-glucosidase inhibition were labeled.

still presented with acidic property that was attributed to
the dissociation of carboxylate acid moieties, and all the pH
values decreased with the organic acid concentration increasing
(Figure 2). It was found that TA and CA were always shown
with the lowest and highest pH values at each organic acid
concentrations (Figure 2), corresponding to the highest and
lowest inhibition effects of the two compounds (Figure 1C).

The large gaps of α-glucosidase inhibition between adjacent
pH values for organic acids (from 19.93% at pH 3.95 to 99.8%
at pH 3.37 for TA; from 0 at pH 6.27 to 67.9% at pH 3.84
for CFA; from 0 at pH 4.01 to 78.5% at pH 2.95 for CHA,
Figures 1C, 2) indicate that the acidic pH of solutions played a
crucial role in the enzyme inhibition of organic acids, especially
for CFA and CHA as there was no inhibiting effects at the
near-neutral pH values for both compounds but a rush increase
in inhibition at the obvious acidic pH values (Figures 1C, 2).
Usually, an enzyme develops a satisfactory catalytic efficiency
at the suitable pH ranges in solutions (27). The optimum pH
value for α-glucosidase used in this study (from Saccharomyces
cerevisiae) is 6.8 (as described in the manufacture instruction).
The addition of organic acids caused the significant shift away
from this value. Besides, there was hardly any enzyme activity
observed when the pH value was below 3, especially for TA
and CFA (two compounds with the lowest pH values and
the highest inhibition effects) (Figures 1C, 2). Therefore, the
decreased catalytic capacity caused by organic acid addition
resulted from the acid-oriented denaturation of the enzyme to a
large extent that finally caused the enzyme inactivation at a high
inhibitor concentration. This result is different from one previous
finding that the four organic acids studied, except for CA,
caused the reversible inhibition against α-amylase at the available
concentrations (15). That is, the acidic pH of the four organic
acids contributed less to α-amylase inhibition. This is supposed
to be attributed to the fact that the difference in enzymic spatial
structures leads to the difference in acid stability/tolerance of the
enzymes (28).

However, similar to the analysis of threshold concentration
for α-glucosidase inhibition, the threshold pH values of TA,
CFA and CHA for the enzyme inhibition were 5.88, 3.84, and
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FIGURE 3 | The fluorescence spectra of α-glucosidase in the absence and presence of caffeic acid (A), tartaric acid (B), caffeic acid (C) and chicoric acid (D),

respectively, and the modified Stern-Volmer equation (E) was applied for the quenching analysis.

2.95, respectively (Figures 1C, 2). The difference in threshold
pH values indicates that acidic pH of organic acid solution
was not the only one factor that caused the enzyme inhibition.
By this way, the binding interactions between the organic
acids and α-glucosidase were further studied by fluorescence
quenching, isothermal titration calorimetry and molecular
docking approaches as follows.

Fluorescence Quenching
There are some aromatic amino acids at the active site of
α-glucosidase, like Tyr, Trp and Phe, making the enzyme
emit fluorescent spectrum at certain excitation wavelengths
of ultraviolet light (11, 29). Binding interactions between an
exogenous molecule (usually called as a quencher) and the
enzyme, especially π-π hydrophobic conjugations between the

aromatic ring(s) of the quencher and that of the enzyme, would
cause the decrease in the enzyme fluorescence intensity because
the π-stacking is able to “cover” the fluorescent property (9).
Therefore, the fluorescence quenching approach was used to
study the binding interactions between organic acids and α-
glucosidase (30) (Figure 3). Interestingly, it was found that
although CA hardly showed the inhibitory activity against
α-glucosidase, the phenolic acid significantly quenched the
enzyme fluorescence (Figure 3A). Similarly, TA was shown

with the highest inhibition effect, however, it hardly showed
the quenching effect (Figure 3B). Besides, the fluorescence
quenching constant (KFQ) that quantificationally indicates
the quenching intensity was also calculated (Table 1), and a
higher KFQ suggests a higher quenching effect. Therefore, the
fluorescence quenching effects of four organic acids followed
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TABLE 1 | The constants that indicate the inhibitory activity and binding of organic acids with α-glucosidase.

Organic acids IC*
50 (mg/mL) KFQ (L/mol) kq (1010 L/(mol·s)) Kitc (105 L/mol) 1H (kJ/mol) 1S (J/mol·K) n Eb (kcal/mol)

Caffeic acid >5 511.59a 5.12a - - - - −7.174

Tartaric acid 1.25–2.5# - - 9.41 −1.216 110.3 360 −7.482

Caftaric acid 1.25–2.5# 518.83a 5.19a - - - - −12.841

Chicoric acid 2.5–5.0 865.49b 8.65b - - - - −15.384

*The IC50 values were not able to be calculated because of the rush increase in the inhibition effects at the condition of acidic pH values of organic acids, and the values were estimated

according to the inhibition effects at the corresponding organic acid concentrations.
#Although the estimated IC50 values of tartaric acid and caffeic acid were the same, the inhibitory activity of tartaric acid was higher than caftaric acid.

‘-’ means not detectable or calculated due to very weak fluorescence quenching or binding interactions.

The different superscript letters in the same column indicate the significantly different (P < 0.05) with each other.

the order of CHA > CFA = CA >> TA (Table 1), which is
different from the order of inhibition effects (TA > CFA > CHA
> CA) (Figure 1C). The inconsistency between the inhibition
and quenching effect lies in the fact that there is caffeoyl moiety(s)
in CA, CFA and CHA (Figure 1A). The benzene (aromatic) ring
of the moiety was considered to form π-conjugation with the
aromatic fluorescent residues (like Tyr, Phe) of α-glucosidase
(which was also indicated by the molecular docking results and
discussed as follows), causing the decrease in fluorescent intensity
of the enzyme fluorophores (Figures 3A,C,D). By this way, the
higher quenching effect of CHA resulted from the more caffeoyl
moieties (i.e., the more aromatic rings) in its molecule, and the
very weak (hardly any) quenching effect of TA was attributed
to the lack of aromatic ring. Therefore, it is concluded that the
quenching effect of an organic acid on α-glucosidase fluorescence
is highly related with the presence of aromatic ring(s) in the
quencher molecule, instead of its inhibitory activity.

In addition, the exponential Stern-Volmer equations of CA,
CAF and CHA (Figure 3E) indicate that the three organic
acids quenched the fluorescence of α-glucosidase through both
static and dynamic mechanisms or there was a “sphere-of-
action” between organic acids and α-glucosidase (18, 31). To
confirm this, the bimolecular quenching constants (kq) were
calculated (Table 1). For a typical dynamic quenching action
(collision mechanism), the kq value is close to 11 × 010 (18).
The kq values of three organic acids were around 5–8 times as
this value, indicating that there tended to form an interaction
sphere region between the quenchers and the enzyme, i.e.,
apparent static quenchingmechanism. In this region, the binding
affinity of organic acids to α-glucosidase was stronger than
the molecular collision mechanism (dynamic one) and weaker
than the complexation mechanism (static one), corresponding
to the relatively weak inhibition effects at the low organic acid
concentration ranges.

Isothermal Titration Calorimetry
To directly characterize the binding affinity of organic acids to α-
glucosidase, isothermal titration calorimetry (ITC) was applied
to analyze the enthalpy changes caused by binding interactions
between organic acids and the enzyme (Figure 4). It was found
that the titration of organic acids to PBS also caused enthalpy
changes (Figure 4) due to the heat of dilution of the ligands

from an ITC syringe to a sample cell. After subtracting the
released dilution heat, the enthalpy changes that resulted from
organic acid-glucosidase binding interactions were obtained for
each titration. Then, the correlations of enthalpy changes against
injection order were fitted using the independent (single-site)
binding model.

Specifically, the corrected enthalpy changes during the

titration of TA to α-glucosidase was observed as negative

(Figure 4A), indicating that the ligand-enzyme binding
process was an exothermal one (23, 32). This is consistent
with the general heat-releasing character for binding of a
biomicromolecule with a protein in previous studies (23, 32, 33).
Besides, the well-fitted independent binding model (Figure 4A)
suggests that the binding sites of α-glucosidase with TA tended
to be specific or homogenized (which may be the active site
of the enzyme). From the fitted binding model equation, the
dissociation constant of TA-glucosidase (Kd) was obtained
(Figure 4A); therefore, the association constant between the
two molecules (K itc) that indicates the binding affinity of TA
to the enzyme was calculated as the reciprocal of Kd (1/Kd,
Table 1) (34). The stoichiometry, n that means the molar ratio
of ligand to enzyme is also able to be obtained from the binding
model equation, and a higher n indicates more ligand molecules
are required to occupy the binding sites of the enzyme (33).
In this study, the n value for TA- glucosidase binding was
determined as 360 (Table 1), which was considered as relatively
high compared with some other micromolecule-enzyme binding
interactions, like EGCG-amylase and ellagitannin-bovine serum
albumin (22, 33). This may be caused by the relatively weaker
TA-glucosidase binding interactions than the above ones. Also,
it is supposed to arise from the lower molecular weight of TA,
which caused the smaller number of non-covalent bondings
of one TA molecule with α-glucosidase, and thus more TA
molecules were required to saturate the enzymic binding sites. As
a result, the entropy value after titration of TA to α-glucosidase
was significantly increased, indicated by a large positive entropy
change (1S, Table 1), because the introduction of abundant
TA molecules into the enzyme system led to the increase in the
disorder degree of the interaction mixture (35).

Additionally, in consideration of the sharp increase in α-
glucosidase inhibition along with the pH reduction (Figures 1C,
2), the enzyme inhibition of TA was caused by both the acidic pH
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FIGURE 4 | The ITC data for binding interactions of tartaric acid (A), caftaric

acid (B) and chicoric acid (C) with α-glucosidase. In each figure, the upper

section indicates the heat flow for titration of organic acids to α-glucosidase

solution (the read peak curves) and the heat flow for titration of organic acids

to buffer (the green peak curves), and the lower section of (A) indicates the

fitted plot of the enthalpy changes against injection order using an independent

binding model. The input molar ratio of tartaric acid to α-glucosidase was

modified within the available range to make the model fit the curve better.

(Continued)

FIGURE 4 | However, the plots in (B,C) could not be fitted using the

independent binding model because of the weak binding interactions of

caftaric acid and chicoric acid with α-glucosidase. Notably, the molecular

weight of α-glucosidase was estimated during the data analysis, which may

cause the difference in the fitted and calculated ITC results, but it was kept

consistent in this study.

and the TA-enzyme binding interactions. On the other hand, the
irregular enthalpy changes for the corrected titration of CFA and
CHA to α-glucosidase (Figures 4B,C) indicate that the binding
interactions of both organic acids with the enzyme were weak
or not detectable. By this way, the enzyme inhibition effects
of CFA and CHA were mainly attributed to the acidic pH of
the phenolic acid/α-glucosidase mixtures. Besides, taking the
molecular structures of TA, CFA and CHA into account, caffeoyl
substitution at 2 and/or 3-OH of TA decreased the binding
affinity of TA to α-glucosidase.

Molecular Docking
Molecular docking is an effective approach to simulate
binding interactions between a micromolecular ligand and a
macromolecular protein at the active site, from which the
interacting sites and non-covalent interaction forces can be
obtained, as well as the binding efficiency (36). The docking
method was used to study the molecular interactions between
organic acids and α-glucosidase (Figure 5). It was found that π-
π conjugations (stackings), including parallel and vertical ones
were formed between the aromatic ring(s) of caffeoyl moiety(s)
and that of fluorescent amino acids for CA, CFA and CHA,
such as Try72, Tyr158, Phe314 or Tyr316 (Figures 5A,C,D), which
confirms with the strong fluorescence quenching effect of the
three organic acids (Figures 3A,C,D). Besides, one more caffeoyl
moiety in CHA provided it with one more π-stacking with the
enzyme (Figure 5D), causing the higher quenching effect than
CA and CFA (Table 1). However, there was no π-conjugation
of TA formed with α-glucosidase (Figure 5B) due to the lack of
aromatic ring in TA; therefore, no fluorescence quenching was
observed for this organic acid compound (Figure 3B).

As caffeoyl substitution at 2 and/or 3 -OH of TA (which
keeps the carboxylic acid moieties intact, Figure 1A) significantly
decreased the binding affinity and inhibitory activity of TA
against α-glucosidase (Figures 1C, 4), the two -OH moieties
played an important role in binding interactions with the
enzyme, while the two carboxylic acid moieties mainly
contributed to the acidic pH environment in solutions which
finally caused the inactivation of the enzyme. Therefore, the
non-covalent interaction forces involving the binding sites at
2 and/or 3 -OH of the organic acids mainly contributed
to the reversible enzyme inhibition. It was observed that
hydrogen bondings were formed between Arg446 and 2-OH
(two bondings) and between Tyr72 and 3-OH (one bonding)
in TA-glucosidase docking (Figure 5B). Both the amino acid
residues of α-glucosidase have also been reported to take part
in binding with micromolecular inhibitors (like polyphenols)
(11, 12). Obviously, caffeoyl substitution at 2 and/or 3 -OH
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FIGURE 5 | The molecular docking for binding interactions of caffeic acid (A), tartaric acid (B), caftaric acid (C) and chicoric acid (D) with α-glucosidase, respectively.

The interaction forces involved hydrogen bonding (yellow dashed lines) and π-π hydrophobic forces, including parallel conjugations (red dashed lines) and vertical

conjugations (red full curves).

gradually disappeared the hydrogen bondings of the two -OHs
with Arg446 and Tyr72 (Figures 5C,D), causing the decrease
in inhibition effects of CFA and CHA compared with TA
(Figure 1C).

As for the binding energy (Eb) that indicates the binding

efficiency of organic acids with the enzyme, it is interestingly
found that along with the introduction of caffeoyl moiety(s),

the Eb values of TA, CFA and CHA increased in sequence

(Table 1). This is supposed to result from the increased

interaction forces including hydrogen bondings (7 for CA,
8 for CFA, and 8 for CHA) and π-conjugations (0 for

CA, 2 for CFA and 3 for CHA) due to the presence of
caffeoyl moiety(s) (Figure 5). Even though, the increased non-

covalent forces did not contribute to the inhibitory activity

against α-glucosidase because of the disappearance of the

essential hydrogen bondings regarding 2 and/or 3 -OH with

Arg446 and Tyr72 as discussed above. On the other hand,

the increased π-conjugations did increase the interactions of

organic acids with the enzyme fluorophores, increasing the

fluorescence quenching effects. Therefore, it is concluded that

the inhibitory activity of an inhibitor against α-glucosidase

is not necessarily related with its general interactions with

the enzyme. Instead, it depends on the binding interactions

(or binding affinity) of the inhibitor key moiety(s) with the

essential amino acid residues that decide the catalytic activity of
the enzyme.

CONCLUSION

The inhibition of four organic acids against α-glucosidase
was investigated in this study. Interestingly, although the four
compounds, except for CA, were shown with different inhibition
effects, there was a large gap of inhibition between two adjacent
gradient organic acid concentrations and thus between two
adjacent gradient pH values for each compound. Thus, the acidic
environment at the relatively high organic acid concentrations
tended to finally cause the acid-oriented inactivation of α-
glucosidase. From the ITC result, only TA was shown with an
obvious direct binding behavior with α-glucosidase. Therefore,
the enzyme inhibition of CFA and CHA mainly resulted from
the acidic pH values that were not suitable for the enzyme
activity, while the inhibitory activity of TA was attributed to
both the acidic pH and binding interactions with the enzyme.
Besides, although caffeoyl moiety decreased the inhibitory
activity of TA, the moiety provided the caffeoylated organic acids
with a higher fluorescence quenching effect due to π-stacking
between aromatic rings of caffeoyl and enzyme fluorophores,
as well as with a higher docking efficiency. Therefore, the
inhibitory activity of an inhibitor against α-glucosidase does
not necessarily correspond to the interaction constants with the
enzyme obtained from fluorescence quenching and molecular
docking. Instead, it largely depends on the binding affinity of the
inhibitor to the essential catalytic residues at the specific/active
site of the enzyme.
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Non-destructive testing of low-density and organic foreign bodies is the main challenge

for food safety control. Terahertz time-domain spectroscopy (THz-TDS) and imaging

technologies were applied to explore the feasibility of detection for insect foreign bodies

in the finishing tea products. THz-TDS of tea leaves and foreign bodies of insects

demonstrated significant differences in terms of time domain and frequency signals in

the range of 0.3–1.0 THz. These signals were corrected by the use of adaptive iteratively

reweighted penalized least squares (AirPLS), asymmetric least squares (AsLS), and

baseline estimation and de-noising using sparsity (BEADS) for reducing baseline drift and

enhancing effective spectral information. The K-nearest neighbor (KNN) and partial least

squares discrimination analysis (PLS-DA) models showed the best performance after

AirPLS correction with the prediction accuracy of 98 and 100%, respectively. In addition,

the locations and outlines of insect bodies could be clearly presented via the THz-TDS

image. These results suggested that THz-TDS spectroscopy and imaging provide an

alternative tool for the detection of insect foreign bodies in finishing tea products.

Keywords: terahertz, time-domain spectroscopy, time-resolved, imaging, foreign body

INTRODUCTION

During processing, the food matrix is easy to be contaminated by foreign bodies, such as insects,
metal, sand, plastics, hair, and so on, resulting in physical pollution (1). Foreign bodies are
the biggest single source of customer complaints on many food manufacturers, retailers, and
enforcement authorities (2). In addition, food foreign contamination issues will cause conflicts
between manufacturers and consumers, and importers and exporters, which can only be reduced
rather than eradicated. Therefore, non-destructive testing technologies used to scan and exclude
foreign bodies will be one of the hot issues for future food analysis.

As a current mainstream technology, X-ray imaging is conducted based on the density difference
between food matrix and foreign bodies. This method can be applied to detect metal and extended
to high-density plastics. However, the low-density and organic foreign bodies are beyond their
limitation (3), which poses big challenges for foreign bodies detection in food processing.

Terahertz wave locates between microwave and infrared light, with frequency ranging
from 0.1 to 10.0 THz and wavelengths from 0.03 to 30mm. Terahertz (THz) has
low energy transmission, and the photon energy of THz wave at 1 THz stands at
about 1 meV, which prevents from photo-ionization radiation damage to biological
samples. With such low transmissivity, THz can penetrate through non-polar packaging
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materials like paper, and plastic, etc. to obtain the THz spectral
and image information of the food matrix, serving as the optimal
detection method for low-density and organic foreign bodies
(4, 5).

Jördens and Koch (6) firstly adopted THz time domain
spectroscopy (THz-TDS) technology to detect metal, sand, and
stone foreign bodies imbedded in chocolate bars. They found that
these foreign bodies resulted in the delay of the THz time-domain
signal and the second wave peak appeared in the waveform,
showcasing the potential advantage of THz-TDS technology for
detecting foreign bodies in the foodmatrix. THz-TDS technology
can not only reflect the variation of amplitude and phase that
indicate the differences of food substrate and foreign bodies
(7, 8) but also identify low-density foreign bodies like insect
bodies imbedded in food substrate. Shin et al. (7) detected
food substrates and insect foreign bodies by means of THz-TDS
technology and found that different food substrates and insects
showed varied absorption coefficients and refractive indexes.
From the THz reflection image, insect bodies could be observed
from the food substrate. Therefore, it showed that the THz
imaging technology based on complex refractive index mapping
was a helpful tool for food quality assessment (9). Shen et al.
(10) discriminated wheat and impurities through THz spectral
imaging technology combined with a convolutional neural
network (CNN). They found that wheat and foreign bodies had
shown differences in time domain signal, absorption coefficient,
and refractive index, with the detection accuracy reaching
97.86%. Jiang et al. (11) identified foreign bodies of metals,
stones, glass fragments, and wood in different depths of cereal
by using THz reflection imaging technology. They found that the
THz reflected signals of the cereal and foreign bodies showed
significant differences. When foreign bodies were imbedded, the
medium of food substrate was significantly changed. On the verge
of medium change, the THz-TDS spectra can easily be subject
to scattering that further leads to baseline drift. Therefore, the
application of baseline correction algorithms can improve the
detection accuracy of THz-TDS technology (12, 13). In addition,
the time delay of the THz-TDS signal, affected by the change of
medium, has remarkable time-resolved characteristics.

As continuous THz waves can reflect the amplitude changes
of food substrate and foreign bodies, it has been adopted by
researchers to detect foreign bodies. OK et al. (4, 14) developed a
high-speed THz imaging system on the basis of continuous wave
(CW) THz imaging modal, which can simultaneously realize a
fast scanning speed of 80 mm/s, wide range detection of about
150mm, and high resolution of 2.83mm at 210 GHz. Yu et al.
(15) developed a THz imaging system operating at 0.3 THz by
means of an array sensor structure, which can be used to detect
foreign bodies in food conveyed at a speed higher than 20m/min.
The research mentioned above serves as powerful evidence that
CW THz scanning imaging enjoys great potential in detecting
foreign bodies in food on the assembly lines.

The objective of this study is to study the response
characteristics of spectra and images at the THz frequency
band of food substrate and foreign bodies in a bid to find
out the optimal detection method for low-density and organic
foreign bodies. What has been done is presented as follows: first,
the response characteristics of THz-TDS of tea substrate and

insect bodies were analyzed and the corresponding model was
established. Second, the response characteristics of THz time-
resolved images of tea substrate and insect bodies were studied.

MATERIALS AND METHODS

Experimental Samples
Pests feed on tea leaves during the growth stage and are easily
mixed into the raw materials, forming foreign bodies pollution.
Insect body pollution accounted for 25% (1) among all foreign
bodies, so barley pests and beetles were selected as the foreign
bodies. The insects and Longjing Green tea were collected from
the local market.

The samples were prepared according to the following steps.
First, the samples of tea leaves and insects were cleaned before
being put into the drying baker with a controlled temperature
of 50◦C for 12 h. Second, the dried tea leaves were grounded
into powder and screened out by a 200-mesh sieve. Third, the
powder was pressed at a stress of 5,000 kg/cm2 by a tableting
machine (HY-12, Tianjin Tianguang Optical Instrument Co.,
LTD, Tianjin, China) for 3min so that the insect bodies
could be buried into the tea powder. Considering that the
insect foreign bodies in tea were mostly fragments, the legs
and shells of the insects were directly pressed into the tablet.
Lastly, tea powder and insect bodies were made into one
tablet with a diameter of 13mm and the thickness varied
between 0.95 and 1.10mm. The discrimination of THz-TDS
spectroscopy generally required the appropriate quantity of
samples for building trusted models. Therefore, this experiment
was conducted twice with the interval of 1 week for two
populations, the first (n = 125) for modeling and the last for
prediction (n= 51).

For studying the changes of the pattern in the THz-TDS image
of tea mixed with insect foreign material, the barley pest was
imbedded into the bottom of tea leaves with a thickness of about
2mm. To avoid the influence of moisture content, both tea leaves
and barley pest samples were controlled by drying them at 50◦C
for 12 h.

THz-TDS Spectroscopy System
The THz-TDS system was constituted by a femtosecond laser
device, a photoconductive antenna, a time delay device, and
a data collection and processing software (TDS1008, BATOP
Optoelectronics, Gena, Germany). The femtosecond laser with a
wavelength of 780 nm generates femtosecond pulse which is split
by the spectroscope into two light beams, one of which is pump
light with a power of 100 mW and the other is a probe light.
The pump light then generates a THz pulse after passing through
the GaAs photoconductive antenna. Through the focusing lens,
the THz pulse reaches the sample which carries the sample
information reaching the detector. At the same time, another
beam of probe light reaches the detector crystal after passing
the delayer so that the detector transforms the received signal
into an electrical signal to the computer, thus obtaining the THz
spectral information of the samples. During the experiment, the
THz frequency was 0.05 to 4 THz and the temperature was 24◦C.
Before the samples were placed into the experiment module,
the devices were preheated for 30min after being fed with dry
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nitrogen. Two spectra were collected for one sample and averaged
for calibration and prediction.

The original THz signal is a time domain spectrum that needs
to be transformed into THz frequency domain spectrum by
means of fast Fourier transform (FFT). The formula is shown as
follows (16).

Ẽ (ω) = A (ω) e−iφ(ω)
=

∫

dtE (t)e
−iωt

(1)

where A(ω) is the amplitude of the electric field, φ(ω) is the
phase position of the time-domain spectrum, and E(t) is the
time-domain spectrum.

THz-TDS Imaging System
The THz image scanning system is a three-dimensional imaging
system (QT-TO1000, Terahertz Technology Co., Ltd, Qingdao,
China) (Figure 1). The femtosecond laser generates femtosecond
pulses which are divided into pump light and probe light. The
pump light enters the THz emitter and generates THz radiation.
The THz pulse emitted by the emitter reaches the samples after
being focused. Then the THz reflection wave carrying sample
information is focused on the detector when the probe light
also gets to the detector crystal. During the experiment, the THz
frequency was 0.1 to 3.5 THz with the maximum scanning area
of 100 × 100mm, maximum detection thickness of 9mm, and
maximum imaging speed of 60 pixels/s.

The room temperature and the humidity were set at 26.5◦C
and 65%, respectively. After half an hour of preheating, the
devices were used to collect THz reflection images. The samples
were placed on the moving platform whose height was then
adjusted to get the optimal THz reflection signals. With metal
as the reflection floor, the images were scanned in a dot-to-
dot mode. The X-Y platform moved with the step of 0.2mm.
Images were collected under the control of software and the THz
three-dimensional tomographic images.

FIGURE 1 | Semantic diagram of optical path in QT-TO100 terahertz

(THz) device.

Data Processing
AsLS Correction
As an alternative and general method for baseline estimation,
asymmetric least squares (AsLS) was proposed by Eilers et al.
(17). AsLS is only correlated to parametric time distortion, so it
does not require prior information of waveform or baseline. For
AsLS, Whittaker smoother is used to obtain baseline estimation
with slow change. The valid baseline estimators can be obtained
by combining a smoother with an asymmetric weighting of the
smoothed trend deviation. By means of the least square penalty
function, the noises can be removed and baseline trends can be
kept balanced. The relationship between estimated baseline (z)
and spectral signal (y) can be expressed as follows:

z =
(

W + λDTD
)−1

Wy (2)

ωt =

{

p, yi ≥ zi
1− p yi ≥ zi

(3)

whereW is the diagonal matrix whose diagonal element isω (also
serves as the weight vector); p is an asymmetrical parameter, often
set at 0.001–0.1, and is used to adjust the balance between the
fitness and smoothness of baseline; D is second order difference
matrix. With certain values of λ and p, the smooth baseline
undergoes iterations until ω gets stabilized or the number of
iteration reaches the predefined number.

Adaptive Iteratively Reweighted Penalized Least

Squares (AirPLS) Correction
Adaptive iteratively reweighted penalized least squares is a rapid
and flexible baseline fitting algorithm based on penalized least
square method, in which irregular and complicated baselines
can be drawn near by means of iteratively re-weighted least
squares. During iteration, the weights of the residual sum of
squares (RSS) between the fitting baseline and the original signal
are adaptively adjusted in an iterative process. Based on an
adaptive iterative reweighting process similar to AsLS, AirPLS
supplements a penalized parameter to control the smoothness of
fitting baselines. Through different methods, AirPLS can acquire
updated weightings in a self-adopted manner. The new ωi is
expressed as follows (18):

ωi =

{

0, yi ≥ zi

e
t(yi−zi)
|d| , yi ≤ zi

(4)

where t is the number of iteration and d is the controls parameter.
If the value of signal yi is larger than that of baseline zi, then
signal yi is a part of the absorption peak, with a weight set at 0;
otherwise, the weight of signal yi is updated in accordance with
Formula (4). When t reaches the maximum number of iteration
or

∣

∣d
∣

∣ < 0.001×
∣

∣y
∣

∣, the iteration ends.

BEADS Correction
Baseline estimation and de-noising using sparsity, proposed by
Ning et al. (19), is a method based onmodeling a series of spectral
peaks as sparse signals with sparse derivative, which performs
the complete decomposition of spectrum in net signal, baseline,
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and noise. The spectral baseline and noise are modeled as low-
pass signal and high-pass component, respectively, while the
analysis peak is described as a sparse signal. An asymmetrical
penalty function is used to demonstrate the positivity of the
spectral peak. The baseline estimation and de-noising using
sparsity (BEADS) method for minimized asymmetrical penalized
function is defined as follows (12).

Step one: initialization of parameters. In the formula d =

BTBA−1y − λ0A
−1 (1− r) /2, x is substituted for y. y is the

original spectrum and y equals x plus f plus w (y = x + f +w). x
is the sparse signal, f is the spectral baseline and w is the spectral
noise. A and B are both banded convolution matrices. The high
pass filtering H is defined as H = BA−1, with two parameters of
an order and cut-off frequency. λ is a regularization parameter
that controls the sparsity of peaks while r is a parameter with a
value above 0.

Step two: repeat the following calculations until convergence.

9 =

{

(1+ r)/(4 |v|), |v| ≥ |δ|

(1+ r)/(4 |δ|), |v| ≤ |δ|
(5)

3i =
ϕ′ ([Dix])

[Dix]
, i = 0, . . . P (6)

M = 2λ09 +

p
∑

i=1

λiD
T
i 3iDi (7)

x = A
(

BTB+ ATMA
)−1

d (8)

where δ is a parameter that is adjusted to maintain the effective
sparsity enhancement of the original non-differentiable penalty
function and avoid the value issues appearing in the MM
optimized algorithm. P is the order of derivative and the value of
i can be set from 0 to P. Di is the i order difference matrix and ψ
is the diagonal matrix. 3 is a diagonal matrix with the diagonal
element 3(ν) = φ(ν)�ν in which v is a scalar quantity. M is
banded matrix and the final baseline estimation can be expressed
as f= y−x−BA−1 (y – x).

Modeling Algorithm
KNN Algorithm
K-nearest neighbor is a classification method without definitive
training stages (20). When the input is classified, k nearest
neighbors are searched in the training data through a given
distance measure. If the majority of these k nearest neighbors
fall into a certain category, then the input can also be
classified into this category. The distance measured herein is the
Euclidean distance.

PLS-DA Algorithm
Partial least squares discrimination analysis is a supervised mode
of partial least squares analysis. That is to say, in the process
of data analysis, the information of grouped samples is already
known so that the characteristic variable of each group can
be better selected and distinguished to determine the relations
between samples. The principle is to establish a regression model
based on partial least squares (PLS) regression while reducing the
dimensionality of the data and to judge the regression results.
Among them, PLS mainly establishes a linear model through

multiple linear regressions. Discrimination analysis (DA) refers
to the discriminant analysis of the regression results.

RESULTS AND DISCUSSION

Characteristics of THz Spectra
Figure 2 shows the mean THz time-domain spectra of pure tea-
leaf powder tablet, pure insect powder tablet, and their mixture
tablet of 25% insect foreign material. It could be observed that
the spectrum of the pure insect sample had lower intensity
than that of the pure tea sample, and the spectral intensity
of the sample with insect foreign material was between the
pure tea and the pure insect. This indicated that the insect
foreignmaterial showed greater absorption to THz radiation. The
insect contained fat, protein, and other compounds which had
strong absorption of THz radiation. Meanwhile, there were some
differences in the time delay of the THz signal between the insect
and the tea samples.

The average terahertz frequency domain spectra calculated
with FFT are shown in Figure 3. The spectral shapes of tea and

FIGURE 2 | THz time-domain spectra of tea, insect, and their mixture tablets.

FIGURE 3 | Frequency-domain spectra of tea, insect, and their mixture

tablets.
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insect material at 0.3 to 1.2 THz differed from each other, with
the spectrum of the insect material sample, basically, lower than
that of the pure tea sample. In the frequency of 0.2–0.3 THz,
the spectral of the samples showed a slight difference, and the
samples with insect foreign material were more similar to those
of the pure insects. In the frequency of 0.3–1.2 THz, the spectrum
of the insect material sample was obviously lower than that of the
tea material sample, and the tea sample with insects was higher
than that of pure insect and lower than that of pure tea. This
may be caused by the insect material contained in tea which
presented different absorption and scattering at the different
THz frequencies.

THz Spectral Baseline Correction
The reflection and transmission characteristics of THz radiation
will be changed when the tea powder is contaminated by the
foreign bodies of insects, and these properties can be applied
to identify the foreign bodies (6). However, the scatter effects
are easily caused because of particle size and shape of tea leaves
and it cannot be ignored for foreign bodies identification using

THz-TDS spectroscopy. The correction algorithms of AsLS,
AirPLS, and BEADS were adopted for reducing baseline shift,
the spectra before and after correction are shown in Figure 4.
The correct recognition rates were increased from 90 to 98%
and 100% for K-nearest neighbor (KNN) and PLS-DA models,
respectively. This indicated that the baseline correction could
improve the accuracy of qualitative discrimination for THz-
TDS spectroscopy. These correction methods also improved the
accuracy of quantitative analysis of 2, 4-dichlorophenoxyacetic
acid in the previous report (12).

THz Spectral Calibration and Prediction
Table 1 compares the discriminative performance of baseline
correction methods combined with different modeling methods
and correspondingly summarized the accuracy results obtained
from calibration and prediction sets. A detailed comparison
based on the accuracy suggested that the best discriminant
accuracy was obtained by using the KNNmethod combined with
the AirPLS baseline correction method, with the discrimination
accuracy in calibration and prediction sets reaching 100 and 98%,

FIGURE 4 | Raw spectra (A) and the spectra after baseline correction with AsLS (B), AirPLS (C), and BEADS (D).
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TABLE 1 | Detection results of KNN and PLS-DA models of tea leaves with insects.

Modeling method Correction method No. of misclassified

samples in

calibration set

Accuracy in

calibration set (%)

No. of misclassified

samples in

prediction set

Accuracy in

prediction (%)

KNN No 0 100.00 5 90.20

AirPLS 0 100.00 1 98.04

AsLS 0 100.00 4 92.16

BEADS 0 100.00 4 92.16

PLS-DA No 19 84.80 5 90.20

AirPLS 9 92.80 0 100.00

AsLS 14 88.80 0 100.00

BEADS 13 89.60 0 100.00

FIGURE 5 | RGB photo of the sample for THz image scan with insect foreign

material embedded into the bottom of tea products.

respectively. For models using the same chemometric method,
those that underwent baseline correction showed better effect
than those without. This may result from the fact that when the
medium is changed, the THz time domain signals in original
data are subject to scattering which leads to the baseline drift of
THz spectral signals and destabilizes the model. As for baseline
correction methods, the modeling set accuracy and prediction set
accuracy of the AirPLS-KNN model and AirPLS-PLS-DA model
reached 100 and 98%, and 93 and 100%, respectively, which were
superior to those of BEADS and AsLS methods.

The result in the current study was better than our previous
reports in THz-TDS detection of insect foreign bodies in Green
tea with an accuracy of 89% (21). The accuracy of 89% was close
to this report of 90% when without scatter effect correction was

FIGURE 6 | Time domain waveforms for the region of interest of tea leaves

and insect foreign material.

applied. Our experiment was also slightly better than the THz-
TDS application for wheat defect detection with an accuracy
of 96% (22). The scatter effect is a common problem in THz-
TDS measurement of solid state samples, especially for irregular
granular samples (23). To reduce or remove baseline shifts,
mathematical algorithms can be considered.

THz-TDS Image Recognition
THz-TDS Reflection Image
Terahertz time-domain spectroscopy imaging provided a
potential tool for food foreign material detection, e.g., Jördens
and Koch’s report in the detection of metallic and non-metallic
foreign bodies in chocolate by THz-TDS imaging (6). However,
foreign bodies detection for tea products is more difficult than
uniform solid samples because the THz wave is influenced by the
status of randomly scattered tea leaves. We implanted two insect
foreign bodies into the bottom of the tea leaves with a thickness
of about 2mm and put them into a petri dish with a diameter of
60mm and a depth of 8mm (Figure 5). The circular regions of
interest for insects and tea leaves about 100 pixels were selected,
and then the time domain waveforms were extracted from
the two regions (Figure 6). The time delay could be observed
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from Figure 6 because the flight time of the THz wave at the
insect location was longer than the region of tea leaves. The 2D
THz-TDS image (2,480 × 3,509 pixels) was scanned with the
movement step of 0.2mm, and the minimum and maximum
grayscale values fluctuated from 68 to 1,272 (Figure 7). When
the grayscale values for visualization were limited to 80–120, the
appearance of two worms could be found (Figure 8). Although
several suspicious areas appeared, the insect foreign bodies
could be judged by image processing algorithms combined with
shape features. A good performance image could be obtained,

e.g., THz-TDS images for the tablet of the walnut kernel and
shell (24), but the scattering effect caused by non-homogeneous
media was still a challenge for THz-TDS imaging practical
application (25).

Both resolution and imaging speed should be considered
for THz-TDS imaging applications. Our current study with an
imaging time of 6 min/frame over a range of 35 × 25mm was
superior to a 140 GHz sub-wavelength imaging system of 2
h/frame for 60 × 60mm (26). However, it was slightly lower
than the sub-terahertz imaging system of 45 min/frame with a

FIGURE 7 | False color image obtained by THz reflection imaging (2,480 × 3,509 pixels) with grayscale values varying from minimum and maximum values (68-1272).

FIGURE 8 | False color image for THz reflection imaging (2,480 × 3,509 pixels) with grayscale values adjusted from 80 to 120.
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range of 80 × 60mm (25). For the resolution, the sub-terahertz
imaging system provided good contrast when it focuses on the
homogeneous samples, e.g., mealworm in the chocolate bar (26)
and crickets in noodle flour (25). A clear image was also obtained
for non-homogeneous samples of tea leaves via controlling the
flight time of the THz wave (Figure 7). Up to now, most of the
publications did not involve model development and prediction
and still remained in feasibility investigation. One of the priorities
of future work should focus on image processing models and
predictions. For example, using a large amount of data and
models to evaluate the performance of THz-TDS imaging (10).

CONCLUSIONS

Terahertz time-domain spectroscopy and imaging were applied
to investigate the feasibility of non-destructive testing of insect
foreign matters in finishing tea products. Results showed that
the tea leaves and insect foreign bodies showed a significant
difference in THz frequency based on THz-TDS signals and THz
absorption coefficient. Baseline correction algorithms could be
used to enhance the difference between tea leaves and insects
bodies. The KNN and PLS-DA models showed the best result
using AirPLS correction, with the prediction accuracy reaching
98 and 100%, respectively. These results indicated that THz-
TDS could be adopted to detect insects’ foreign bodies imbedded

in tea leaves. In addition, the THz-TDS imaging provided a
visual detection method for tea inclusion foreign bodies, and the
position and the profile of the insect foreign bodies could be
observed by using THz-TDS imaging.
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Classification of beef cuts is important for the food industry and authentication purposes.

Traditional analytical methods are time constraints and incompatible with the modern

food industry. Taking advantage of its rapidness and being nondestructive, multispectral

imaging (MSI) has been widely applied to obtain a precise characterization of food

and agriculture products. This study aims at developing a beef cut classification

model using MSI and machine learning classifiers. Beef samples are imaged with a

snapshot multi-spectroscopic camera within a range of 500–800 nm. In order to find

a more accurate classification model, single- and multiple-modality feature sets are

used to develop an accurate classification model with different machine learning-based

classifiers, namely, linear discriminant analysis (LDA), support vector machine (SVM), and

random forest (RF) algorithms. The results demonstrate that the optimized LDA classifier

achieved a prediction accuracy of over 90% with multiple modality feature fusion. By

combining machine learning and feature fusion, the other classification models also

achieved a satisfying accuracy. Furthermore, this study demonstrates the potential of

machine learning and feature fusion method for meat classification by using multiple

spectral imaging in future agricultural applications.

Keywords: multi-spectral imaging, machine learning, beef cuts, classification, feature fusion

INTRODUCTION

Beef plays an important role in daily diet and the food industry because it contains essential
nutrients with high biological value (1). The great variability of beef cuts often lead to highly
variable qualities, such as tenderness juiciness, and flavor, which are important for consumer’s
evaluation of beef quality and purchase decision (2). However, the price of high-quality beef cuts,
such as sirloin, is much higher than that of low-preference cuts, such as shank and flank. The higher
growth demand of beef leads to frauds in retail or supply chain, which means the substitution of
high-class beef cuts from low-class. In this sense, concern on beef quality management is highly
demanded to identify frauds and prevent any potential hazard. Consequently, beef cut classification
becomes essential to meet the demand of consumers and food safety regulators.

Among analytical techniques, the spectroscopy method has been proved to be of great potential
for meat analysis because of rapidness, being nondestructive, and minimum preprocessing
requirements (3–5). The basic composition of beef, such as water, proteins, myoglobin, fatty acids
and lipids, possesses functional groups with certain chemical bonds (O-H, C-H, N-H, etc.) that
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cause the deviation of a spectrum at a particular wavelength (6).
Based on vibrational spectroscopy, the chemometrics method
could be applied to extract reliable information from the
spectrum and analyze beef cuts qualitatively and quantitatively.
However, the spectroscopy approach also suffers from a small
sampling area and a lack of spatial information, which limit
its application.

The multispectral imaging (MSI) system could capture
spectral information at each pixel of a two-dimensional array
(7). The three-dimensional hypercube with both spatial and
spectral information may potentially make a classification model
more detailed (8). Therefore, a high-data dimension also requires
feature extraction and fusion to build a reliable classification
model (9). In recent years, MSI has been widely applied for
quality evaluation and variety classification of food products (10–
12). Jiang extracted spectral features and textural features from
hyperspectral data of chicken breasts, and then fused them for
classification (13). The results demonstrated that fusion features
were more conducive to the correct classification of the classifier
than single features. Pu also proved that the combination of
spectrum and texture information in the modeling process could
improve the classification accuracy of different states of pork (14).

Because different types of beef cut might have similar
composition, they are difficult to be identified with only spectral
information. Meanwhile, the scattering and textural properties
of beef are also related to sarcomere length and collagen
content. The accuracy of a classification model is dependent
on feature extraction, fusion method, and classifier. Feature
extraction is recognized as an important approach to obtain an
informative feature from high dimensional data. Considering the
MIS measurement, feature fusion incorporating both spatial and
spectral information has been investigated intensively in a remote
sensing area to improve classification accuracy (15). Recently,
machine learning (ML) was applied for the processing of spectral
and multiple modality data (16–18).

The objective of this study is to develop a classification
method by MSI in combination with machine learning-
based classifiers. Based on multispectral images of beef cuts,
spectral and textural features were extracted to reduce the
dimension of data. Three machine learning-based classifiers were
used to establish classification models with different feature
sets. After the performance of single and multiple-modality
features was compared, the best models were put forward.
The results confirmed the feasibility of classifying beef cuts
with a satisfactory accuracy. Using multiple-modality features,
the optimally developed LDA classifier achieved a prediction
accuracy of over 90%. Therefore, the proposed approach
would provide an effective and empirical reference for meat
classification in similar future research and application.

MATERIALS AND METHODS

MSI System and Image Processing
As shown in Figure 1, the MSI system consists of a light source
(HL-2000-FHSA; Ocean Optics, Dunedin, FL, United States) and
an adjustable focus lens (Nikon, Tokyo, Japan) coupled with
a multi-channel spectroscopic camera (miniCAM5; QHYCCD,

FIGURE 1 | Schematic of the multispectral imaging system.

China). The spectroscopic camera has one TE-cooled, 16-bit
scientific CCD camera and a six-position filter wheel, in which
dichroic bandpass filters are mounted. With an adjustable focus
lens, the system achieves high-resolution imaging of 1,290 ×

960 pixels with six bands, centered at 500, 530, 570, 680, 760,
and 808 nm. In this approach, each band covers a relatively
wide range of wavelengths (about 16 nm in full-width half-
maximum, FWHM), which is typically strong for fast imaging.
MSI measurements were performed on fresh beef cuts bought
from a local market. The spectra of the beef cuts were also
measured with a visible near-infrared (VIS-NIR) spectrometer
(BTC611E; BWTEK, United States).

In order to reduce the error caused by the configuration of the
MSI system and avoid the oversaturation of the charge-coupled
device (CCD) sensor, each image was normalized as a pointwise
ratio of dark-noise-corrected intensity from the beef cuts and that
from the diffuse reflectance standard (20% reflection; Labsphere
Inc., United States), as follows:

IR =
Iraw−Idark
Iref−Idark

× 20% (1)

where IR is the calibrated reflectance, Iraw is the raw intensity
measured from the test sample, Idark is the intensity of
the dark response, and Iref is the intensity of the 20%
standard reference. This procedure could also compensate
inhomogeneous illumination fields and serve as a relative
intensity correction.

All the beef cuts were purchased from theMing Yuan abattoir.
The bulls were slaughtered according to standard procedure. The
samples were sent to the laboratory within 20min after purchase,
sliced immediately, bagged separately, and stored in a freezing
room at −18◦C. Before data collection, the samples were thawed
in a cold storage room at 6◦C for 12 h. The processing steps
of all the samples are generally the same, and the time interval
of the experiment is short, which guarantees the reliability of
the sampling process. To evaluate the representativeness of the
samples, emphasis was placed on collecting diverse data with
expected variations in color, size, and shape from different sites.
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Classification Model
As shown in Figure 2, the basic steps of the classification model
generally involved preprocessing, feature extraction, fusion, and
classification. First, the spectral and textual features of multiple-
spectral images were extracted and used as single-modality
feature sets. After normalization, feature fusion process was
introduced by concatenating the spectral and textural features
into a single array, which represents the multiple-modality fusion
features set. Linear discriminant analysis (LDA), support vector
machine (SVM), and random forest (RF) algorithms were applied
to establish the classificationmodels based on the single-modality
or multiple-modality feature sets. The classification accuracy of
different classifier and feature sets were further compared. Details
of every step are described in the following sections.

We implemented all the algorithms, i.e., feature extraction,
feature fusion, and classifiers, by employing a written script in
Python. The built-in function of LDA, SVM, and RF from the
sklearn library was used to build the classification models.

Feature Extraction and Fusion

The multispectral images contain abundant information, with
two spatial dimensions and one spectral dimension, which
give more details of the samples. However, the high data
curse of dimensionality also makes the classification model
more complex. Feature extraction is required to obtain relevant
information to make the classification model more accurate
and robust.

Considering the anisotropic muscles of beef, the textural
features could be extracted with the gray-level co-occurrence
matrix (GLCM), which represents the probability that a pixel
of specific gray level appears in a specified direction and
distance from its neighboring pixels (19). In this study, four
statistical textural features were calculated from GLCM, namely,
homogeneity, contrast, energy, and correlation, as follows:

Homogeneity =
N
∑

i=1

N
∑

j=1

g(i−j)

1+(i−j)
2 (2)

Contrast =
N
∑

i=1

N
∑

j=1

(

i− j
)2
g
(

i, j
)

(3)

Energy =
N
∑

i=1

N
∑

j=1
g
(

i, j
)

(4)

Correlation =

[

∑N
i=1

∑N
j=1 (i−j)g(i,j)−µxµy

]

σxσy
(5)

where µx =
∑

i

∑

j i·g
(

i, j
)

, µy =
∑

i

∑

j j·g(i, j), σx =
√

∑

i

∑

j (i− µx)
2 g(i, j), σy =

√

∑

i

∑

j

(

i− µy

)2
g(i, j),

and (i,j) denote the probability statistics that both pixels
with the gray levels i and j co-occur in the corresponding
texture image, and g(i,j) is the (i,j)th entry in the gray-tone
spatial dependence matrix. In general, homogeneity assesses the
prevalence of gray-tone transitions; contrast quantifies the local
variation in an image; energy reflects the uniformity of the
image gray distribution; correlation measures its gray-tone linear
dependencies. The four statistical features are obtained from the

images of each band and finally formed the textural feature set
with 24 variables.

To obtain the spectral features, the multiple-spectral images
were quantified into CIELAB color space, and the values in this
color space represent the information of the partial band intensity
values of the multi-spectrum (20). First, the multispectral images
were converted into the CIEXYZ space as follows:





X
Y
Z
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where R, G, and B are the values of RGB channels and X, Y,
and Z are the values in the CIEXYZ space. Then, the values in
the CIEXYZ space were converted into the CIELAB space by
the following:
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f (x) =
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(11)

Finally, the L, a∗, and b∗ values of the CIELAB space were used
as the spectral features.

The spectral and textural features could be used as an
input for the classification separately, and are referred to as
a single-modality feature set. For multimodal measurement,
feature fusion could combine the information obtained by a
different modality and generate a composite representation
containing more informative description than the single-
modality feature could provide. In feature-level fusion, the
spectral and textual features could be concatenated integrated
into a high-dimensional vector used for classification. In order to
eliminate the degradational effect of the feature value, the features
were normalized by subtracting the mean and dividing by the
standard deviation of each feature vector.

Classification Model

In this study, three supervised machine learning-based
algorithms, LDA, SVM, and RF, were used to build the
classification model for identifying three kinds of beef cuts.
Among them, LDA is a generalization of Fisher’s linear
discriminant, which finds a linear combination of features that
characterizes or separates two or more classes. After the input
variables are first projected to low dimensions, LDA aims at
maximizing the ratio of between-class cluster to within-class
cluster. SVM separates different types of samples by mapping
the low-dimensional space to the high-dimensional space with a
kernel function (21). Generally, the linear kernel function is often
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FIGURE 2 | Flow chart of main steps in data acquisition and analysis using multispectral images combined with machine learning for classification of beef cuts.

a good choice that works with high speed and efficiency. For
multi-classification tasks, multiple classifiers can be constructed
through “one-vs.-one” strategies to vote. RF generates an
ensemble of decision trees and is trained to get majority votes
from all the trees with the highest information gain (22). Given
an estimate of important variables in the classification, the single
tree does not affect the overall prediction. Different trees may
show different results from the same classification task, and the
most popular result will be selected as the final result.

Considering the dimensionality of the features, we chose
the optimization algorithm of “singular value decomposition”,
which is good at handling high-dimensional features for LDA.
The kernel function and penalty factor were the key parameters
of the SVM model. In this study, we used linear as kernel
function because of its being highly efficient. The best values
for C = 0.6 were optimized using a grid search method. An
RF classifier was constructed using the maximum number of
features as the square root of the number of features, and the
minimum number of samples in the leaf node as 1 to achieve high
classification accuracy and efficiency. We tested the results of our
proposed model on a various number of trees and found the best
performance of RF when the number of trees was 160.

Model Evaluation

The experiments were carried out on 550 samples, including
200 cuts of sirloin, 195 cuts of shank, and 160 cuts of flank. All
the samples were divided into two subsets manually, namely,
calibration set (445 samples) and prediction set (110 samples).
The samples in the calibration set were used to establish the
classification model. A hierarchical 10-fold cross-validation was

performed on the calibration set to verify the performance of
the model.

Cross-validation is an effective and widely used technique
to evaluate classification models by partitioning the original
sample into a training set to train the models, and a test set
to evaluate it. In 10-fold cross-validation, the original sample is
randomly partitioned into 10 subsamples of equal size. Of the
10 subsamples, a single subsample is retained as the validation
data for testing the model, and the remaining nine are used as
training data. The cross-validation process is then repeated 10
times (the folds) with every subsample used exactly once as the
validation data. For classification problems, the advantage of this
method is each fold contains roughly the same proportions of
class labels.

The performance of the classification models was evaluated
in terms of accuracy, sensitivity, and specificity, which were
calculated as follows:

Accuracy = TP + TN
TP + TN+ FP+ FN × 100% (12)

Precision =
TP

TP + FN × 100% (13)

Recall = TP
TP + FN × 100% (14)

where TP is the number of samples correctly classified as positive;
TN is the number of samples correctly classified as negative; FP
is the number of samples incorrectly classified as positive; FN is
the number of samples incorrectly classified as negative. Based on
these metrics, confusion matrices were also calculated to explore
detailed classification performance.
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RESULTS AND DISCUSSION

VIS-NIR Spectrum and Multispectral
Images of Beef Cuts
As shown in Figure 3A, the reflectance spectrum of three types
of beef cut shows different intensity and absorption features in
the range of 500–800 nm. There are obvious absorption peaks
centered at 510, 550, and 640 nm. The absorbance at 510 nm
corresponds to light absorption by muscle pigments, while the
absorption bands at 550 nm are related to the oxymyoglobin
absorption (23, 24). Red meats also show an absorption band at
630 nm, which has been attributed to sulfmyoglobin (24). The
weak absorption peak centered at 760 nm corresponds to the
third overtone region of O-H or an absorption band produced
by deoxymyoglobin (23, 25). Because sirloin contains more water
and deoxymyoglobin, the absorption peak around 760 nm is
obvious. The main component of flank and shank is a muscle,
which contains less water and deoxymyoglobin, resulting in less
absorption at 760 nm. These compositions also determine the
color and reflectance intensity of the beef, which makes the
absorption differ between beef cuts. Among these three kinds of
beef cuts, the shank cuts have lower absorption, because they have
more white tendons and lipids.

The multispectral images of the beef cuts also show
heterogeneity in the arrangement of protein fibers and the
presence of intramuscular fat and other tissues, as shown in
Figures 3B-G. However, the texture properties also differed
with spectral bands. The textural feature also reflects the main
components of the beef cuts. Due to the high absorption of
myoglobin in muscle, all the three types of beef cuts show lower
reflectance at 500 nm, but the heterogeneity of beef was more
detailed in this band.

Results of Classification Model Based on
Single-Modality Features
As mentioned above, the three kinds of classification models
established were LSVM (linear support vector machine), LDA
(linear discriminant analysis), and RF (random forest). In order
to prevent overfitting, the regularization parameters need to be
set properly in SVM, and it was set as 1 finally. The optimization
algorithm in LDA is set as singular value decomposition that
is good at handling high-dimensional features. As for RF, the
number of trees needs to be set reasonably to achieve high
classification accuracy and good computing efficiency. In the
attempt, it was found that after the number of trees reached 10,
the accuracy of the model no longer improved significantly. The
model parameters have been set so far, and model building and
prediction are completed using the sklearn library in python3.

As shown in Table 1, the performance of the classification
models based on single-modality features was validated by 10-
fold cross-validation and prediction test. Generally, classification
models based on textural features achieve a better accuracy than
those based on spectral features. There was not much difference
in the result between two linear classifiers with textual features.
The SVM and LDA classifiers achieved a prediction accuracy of
70.91 and 72.73%, respectively. With the spectral features, the RF
classifier achieved a cross-validation accuracy of 68.07% and a

prediction accuracy of 64.55%. However, the prediction results
of the model with spectral features were always lower than that of
the model with textural features.

The confusion matrix was calculated to present the metrics
of sensitivity and recall, providing insights into the classification
capability of the models. As shown in Figure 4, the correctly
classified results were located on the diagonal, which also
indicated the sensitivity of the model. The results demonstrated
that most of the sirloin cuts could be correctly classified based
on the spectral features. Meanwhile, 97% of the shank could be
identified by the LDA classifier with textural features, because
the shank cuts have more textural features related to strips of
white fascia and unique muscle fiber directions, which can be
easily identified as a textual feature. However, the sensitivity of
the shank cuts is below 60% with the three classification models,
indicating that the flank samples are more difficult to distinguish
with single-modality features. According to the confusionmatrix,
the classification accuracy of different beef cuts varied with the
feature set. In that sense, the classification model could be further
improved by multiple-modality feature fusion.

Results of Classification Models With
Multiple-Modality Fusion Features
Table 2 summarizes the performance of the classification models
with multiple-modality fusion feature sets. The classification
accuracy was improved by merging the spectral and textural
features. All of the three classifiers performed better with
the multi-modality feature fusion set of MS- CIELAB-texture.
Regarding feature fusion, the optimally developed LDA classifier
shows the biggest improvement, achieving a prediction accuracy
of over 90%. The RF classifier is not improved much as the two
linear classifiers, because nonlinear classifier needs larger number
of samples for training to find good classification criterion.

As shown in Figure 5, the classification accuracy of the
linear classifiers is significantly improved with multiple-modality
feature fusion sets. Compared with a single textural feature, the
classification accuracy of flank was greatly improved with MS-
CIELAB-texture set, achieving a sensitivity of 80% with the LDA
classifier, as shown in Figure 5C. Meanwhile, the classification
accuracy of sirloin and flank was also improved. The sensitivity
of the LDA classifier with MS-textural features set was 98%
for sirloin cuts, while the sensitivity for shank also reached an
excellent level of 100% with the combination of CIELAB and
textural features.

All the results demonstrate that the multiple-modality feature
could efficiently improve the accuracy and synergy of the
classification model. Thus, feature fusion can combine the
sensitive feature by which the classifier established performed
better. However, the number of features will also affect the
performance of a classifier, such as error tolerance, number
of iterations, and training time. More importantly, we should
consider all aspects of the model comprehensively when selecting
feature set and classification algorithm.

To date, multimodality approaches have shown a considerable
capacity to improve the performance of classification and analysis
applications. However, most researches have merged redundant
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FIGURE 3 | Visible near-infrared (VIS-NIR) spectrum of (A) three kinds of beef cut and corresponding multispectral images at 500 nm of (B) sirloin, (C) flank, (D)

shank; and multi spectral images at 760 nm of (E) sirloin, (F) flank, and (G) shank.

TABLE 1 | Performance of the classification models based on single-modality features.

Types of data No. of Feature Variables Mean Accuracy (%) of Cross-Validation Accuracy (%) of Prediction

LSVM LDA RF LSVM LDA RF

MS 6 52.79 66.25 69.25 57.27 43.64 68.18

CIELAB 3 37.51 45.24 46.79 47.27 64.55 50.91

Texture 24 66.46 74.33 71.71 70.91 72.73 59.09

FIGURE 4 | Confusion matrix detailing the multiclass discrimination results of three different beef cuts using (A) random forest (RF) model with multispectral data (B)

linear discriminant analysis (LDA) model with CIELAB data, and (C) LDA model with texture data.

TABLE 2 | Performance of the classification models based on multiple-modality features.

Types of Data No. of Feature Variables Mean Accuracy (%) of Cross-Validation Accuracy (%) of Prediction

LSVM LDA RF LSVM LDA RF

MS + Texture 30 84.25 88.06 75.75 86.36 83.64 80.00

CIELAB + Texture 27 74.83 74.13 71.92 78.18 84.55 61.62

MS +Texture + CIELAB 33 85.37 89.42 80.69 90.00 90.91 80.00
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FIGURE 5 | Confusion matrix detailing the multiclass discrimination results of three different beef cuts using (A) the linear support vector machine (LSVM) classifier

with MS-texture fusion features, (B) the LDA classifier with CIELAB-texture fusion features, and (C) the LDA classifier with MS-CIELAB-texture fusion features.

information based only on different vibrational spectroscopy
techniques. More than improving the classification accuracy, this
study tries to provide a better interpretation of a chemometric
model and machine vision method.

Recently, portable multispectral devices were developed
to meet the increasing requirements of food analysis. This
study utilized portable equipment with simplified snapshot
measurement, providing the potential to develop a low-cost
instrument for online detection. By taking advantage of high-
efficiency data acquisition and processing, the MSI approach
could be widely applied for many tasks with a low budget.
There is also a large potential for combining molecular
information and machine vision in data fusion models for
applications to different matrices, such as food authenticity
and storage.

CONCLUSION

In this study, a classification method was proposed to
identify different beef cuts with MSI and machine learning-
based classifiers. With feature extraction and fusion strategy,
multispectral images were converted into single-modality and
multiple-modality feature sets and used further as input of
machine learning-based classifiers. The results demonstrated that
the classification model with multiple-modality fusion feature set
performed better than the model with a single feature set. The
performance of the LDA classifier was greatly improved with
multiple-modality feature fusion, achieving a prediction accuracy

of above 90%. This study also provided a better interpretation of
the MSI approach, which should be considered for use in routine,
nondestructive analyses of the food industry.
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Processing Technologies for Bee
Products: An Overview of Recent
Developments and Perspectives
Xuan Luo, Yating Dong, Chen Gu, Xueli Zhang and Haile Ma*

School of Food and Biological Engineering, Jiangsu University, Zhenjiang, China

Increased demand for a more balanced, healthy, and safe diet has accelerated studies

on natural bee products (including honey, bee bread, bee collected pollen royal jelly,

propolis, beeswax, and bee venom) over the past decade. Advanced food processing

techniques, such as ultrasonication and microwave and infrared (IR) irradiation, either has

gained popularity as alternatives or combined with conventional processing techniques

for diverse applications in apiculture products at laboratory or industrial scale. The

processing techniques used for each bee products have comprehensively summarized

in this review, including drying (traditional drying, infrared drying, microwave-assisted

traditional drying or vacuum drying, and low temperature high velocity-assisted fluidized

bed drying), storage, extraction, isolation, and identification; the assessment methods

related to the quality control of bee products are also fully mentioned. The different

processing techniques applied in bee products aim to provide more healthy active

ingredients largely and effectively. Furthermore, improved the product quality with a

shorter processing time and reduced operational cost are achieved using conventional

or emerging processing techniques. This review will increase the positive ratings of the

combined new processing techniques according to the needs of the bee products. The

importance of the models for process optimization on a large scale is also emphasized

in the future.

Keywords: bee products, processing techniques, drying, wall-breaking, extraction, identification, quality control

INTRODUCTION

Natural products and preparations for food and nutritional supplement or dietetic purposes have
been used in folk medicine for several years (1). Apiculture products have long been used for
phytotherapy and diet because of their positive effects on health (2, 3).

The history of bee products and their therapeutic effects date back to the ancient times. Healing
properties of the bee products are recorded in many religious texts, including the Bible, Vedas,
and Quran (4, 5). Bee collected pollen (BCP) and bee bread (BB) are used as food supplements
for humans (6), even the Greeks believed that BCP and honey were the food of kings, which can
give them the youthfulness and life. Nowadays, bee products [honey, royal jelly (RJ), propolis,
beeswax, bee venom (BV), bee collected pollen (BCP), and bee bread (BB)] as natural medicines are
gaining prominence for the full of bioactive compounds that are associated with their high bioactive
molecule content (7), beneficial health properties (4, 8), including powerful healing properties.
Thus, there is an increasing demand for these natural bee products currently.
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Luo et al. Bee Products: Processing and Technology

The biologically active components of bee products include
carbohydrates (9), proteins, peptides (10), lipids (11), vitamins
(12, 13), minerals (14), polyphenols, flavonoids (15), terpenoids
(16, 17), and a small amount of other compounds. The nutritional
value of their chemical components certainly improves health
and body functioning (12). Multiple studies also shown that for
the active compounds contained in the bee products made them
possess excellent antioxidant (17), antimicrobial (18, 19), anti-
inflammatory, immunomodulatory (20), antiproliferative (21),
anticarcinogenic, antitumor (22), and antiallergic properties.
Served in the form of tablets, capsules, powders, granules, candy
bars, oral liquids, and tonics or as received, bee products are
particularly recommended as dietary supplements for human
consumption (14, 23).

China is a large global producer of apiculture commodities,
to fully develop these resources, maintain quality at the desired
level, achieve maximum benefits and nutritional values, and
produce each type of bee product as a dietary supplement
for human beings, more effective processing techniques are
badly needed to produce more nutritional and high-quality
apiculture products.

Many external factors, including, temperature, humidity
affected the physicochemical properties of bee products, even
the processing treatments, such as ultrasonic assisted extraction,
microwave-assisted drying (MWD), and analytical techniques
(24, 25) can strongly influence the content of the active
ingredients and their bioactivity. An integrated approach would
be useful and efficient for the preservation of bioactivity
ingredients during the production and processing stages. Physical
processing of bee products focus on changing the moisture
content (26), enhancing the extraction (27, 28), modifying the
external structures (29).

In previous, several reviews have focused on the bioactivity
and therapeutic properties (18, 30–33) of bee products; bee
products active ingredients from different botanical origins
and regions (34, 35); extraction (11) and analytical techniques
(36) have been used to obtain, purify, identify, characterize,
and/or quantify bioactive compounds (37). However, few reviews
have comprehensively summarized the processing technologies
applied in the bee products.

Thus, this review aims to present recent developments in
processing techniques applied in bee products, which will
strengthen the existing knowledge regarding bee product
processing techniques and proposing potential combine
processing strategies for better processing the bee products.

BEE PRODUCTS

Honeybee-derived products are used as traditional
complementary medicines worldwide, especially in oriental
countries (38). Bee products can be divided into three categories:
(1) bee collection and brewing products, such as propolis, honey
and BCP, BB; (2) Bee secretions, such as RJ, beeswax, and BV;
and (3) bee ecological bodies and hives, such as bee larvae, bee
corpses, and old beehives (39) (Figure 1). Hive products and
their apitherapy have a long history dates back to the ancient

times, which have been used in phytotherapy and diet for their
powerful healing properties (6). Over the past 5 years, several
research papers have been published focus on the beneficial
compounds, data from the web of science were shown in
Figure 2.

Bee Collection and Brewing Products
Honey
Reports of ancient populations using honey for both nutritional
and medicinal properties can be traced back to nearly 5,500
years ago (41, 42). Honey as a natural product produced from
the nectar of flowers by honeybees (43). Because of its high
nutritive components, it has been traditionally used to treat
wounds and diseases of the gut, including gastric ulcers, used as a
remedy for sore throat, cough, hepatitis, thirst, earaches, hiccups,
fatigue, worm infections, tuberculosis, dizziness, constipation,
piles, eczema (44–46).

Around 300 types of honey have been identified (47). The
main component of honey is carbohydrate, which contributes
95–97% of its dry weight (48), predominantly fructose and
glucose (40, 49, 50). Furthermore, honey contains proteins
(0.5%), vitamins, more than 20 amino acids, minerals (0.04–
0.2%), organic acids (0.57%), enzymes (sucrose, diastase or
amylase; CAT; invertase, α-glucosidase; and glucose oxidase), and
solid particles derived from the honey collection (51). Flavonoids
and polyphenols are the two main bioactive (antioxidants)
molecules present in honey (41, 52, 53).

Bee Pollen and Bee Bread
Both BCP and BB are rich in nutritional components like sugars,
proteins, fatty acids (including ω-3 and ω-6 fatty acids), essential
amino acids, vitamins, and even macro-and microelements (54).

Global production of BCP is∼1,500 tons per year. The largest
producers are China, Australia, and Argentina (55). As a well-
known functional food, the main primary constituents of the
BCP are carbohydrates (12, 56, 57), and water, which are rich
in protein (58, 59), lipids (57, 60–62), dietary fiber, and mineral
contents, as well as vitamins and antioxidants (63).

BCP is the basic food for worker bees for RJ production or
directly as food (larval queen and worker larvae) because of the
large amount of proteins and lipids in it (64–66). The use of BCP
for human nutrition on a larger scale began only after the Second
World War (67, 68).

BB is a kind of hive product of lactic acid fermentation of BCP,
which is unexplored by many beekeepers (52).

BCP are partly destroyed after fermentation, higher
nutritional value and bioavailability it possess make it better
digestibility than BCP (69). BB contains a few proteins and
fats but an abundance of easily assimilated carbohydrates, free
amino acids, and lactic acid. The conversion of BCP to BB is a
result of biochemical changes, which are mediated by microbial
metabolism, principal lactic acid fermentation by bacteria and
yeasts (33).

Propolis
Propolis (bee glue) is a sticky resinous material that released
from bud exudates, flowers, and leaves modified by bee secretions
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FIGURE 1 | Bee products (A) and their bioactivities (B). Cite from Pasupuleti et al. (40).

(enzymes) and wax (70, 71), which are present in bee hives
and used by honeybees as a cementing material to close open
spaces and cracks occurring in their hives (72). Propolis has
been utilized as a helpful drug and nourishment for overall
well-being since 300 BCE (73, 74). In 1908, the first scientific
work was published about the propolis chemical properties and
composition (73).

The composition of propolis varies depending on the
geographical, vegetation, and ecological region, and even the
time and method of the collection (75, 76). In general,
propolis is composed of 45–55% vegetable balms and resins
(flavonoids, phenolic acids, and esters), 8–35% wax, 5–10%
essential oils and aromatics (including pinene, viridiflorol,
eudesmol, and tricosane), 5% pollen, 5% fatty acids, and
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FIGURE 2 | Papers related to bee products published in the recent 5 years

(2017–2021). Data from the Web of Science on 4.25. (A) Sugar, (B) lipid,

(C) protein, and (D) peptide.

5% other organic compounds, and minerals (77). Flavonoids,
aromatic acids, chlorogenic acids, diterpenic acids, phenolic
compounds and their derivatives, fatty acids, prenylated
benzophenones, prenylated phenylpropanoid acids, and other
secondary metabolites appear to be the principal components
responsible for the biological activities of propolis (21, 78).

Bee Secretions
RJ
RJ is produced by nurse bees to feed young worker larvae during
the first 3 days and the entire life of queen bees (79–81). RJ
is known as a “superfood,” and considered as one of the most
appreciated and valued natural products that has been primarily
used in traditional medicines, health food, and cosmetics (82).
There is a long history about the RJ production techniques. In
1921, Sherlock Holmes simply use a syringe to suck the RJ out of
a naturally queen cell. By the 1950 s, the small-scale production
and sale of RJ was started by the Mexican, French, and Italian
beekeepers (83). China began producing RJ using the method
reported in a French literature in 1957 (84).

China is the largest producer and exporter of RJ worldwide,
with more than 4,000 tons production annually 90% of the
total RJ production are exported to Japan, Europe, and the
United States and more than a $2.5 billion market (84, 85).
Fresh RJ contains (60–70% w/w) water. The dry matter of the
RJ is composed of protein (27–41%), carbohydrates (∼30%),
lipids (8–19%), minerals, some vitamins, and trace elements
(13, 58, 86–88).

Beeswax
Beeswax is a natural biological polymer (89) isolated from
bee secretions, and its chemical composition varies from
geographical zones and bee species, although its concentrations
may vary depending on the honeybee species and geographical
origin. In 150 BC, beeswax was one of the components
in cosmetic cream created by ancient physician (90), and
it also played an important role in ancient and traditional
Indian medicine (91). Beeswax are primarily composed of
esters, fatty acids, alcohols and hydrocarbons, linear wax
monoesters, free fatty alcohols, hydroxymonoesters derived from
palmitic, oleic acids, 15-hydroxypalmitic, and complex wax esters
containing 15-hydroxypalmitic acid and diols (92). Beeswax are
multicomponent solid mixture at room temperature (93), and
used as an additive in the food industry, cosmetics, and candles
(16). Beeswax is a natural biological polymer (94), which is used
as a thickener, drug carrier, binder, and a release retardant in
pharmaceutical preparations (95).

BV
BV is a discovery dates back to ancient Egypt more than 6,000
years (96). As a therapeutic modality, BV has been used since the
second century BC in Eastern Asia (97). BV is a complex natural
mixture produced by A. mellifera, an European honeybee (98,
99). It has been widely used as a traditional medicine for treating
various diseases (8). It is known to contain peptides [mast cell
degranulating (MCD) peptide, melittin, apamin, and adolapin];
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enzymes (phospholipase A2 (PLA2) and hyaluronidase); amino
acids and volatile compounds (10, 100).

Bee Ecological Bodies and Hives
Bee Larvae and Pupae
The life cycle of the honeybee has four major stages: egg, larva,
pupa, and adult. The larval stage usually lasts ∼6 days (101). As
early as 1200 BC, the ancient book “Erya” recorded the eating
of bees. The silk book “Fifty-two Cases” an ancient medical
prescription unearthed in Mawangdui, Changsha, contains a
prescription for treating diseases with bee embryos and bees (39).
Honeybee larva was first recorded in the earliest extant classic on
pharmacology for traditional Chinese medicine, “Shen nong ben
cao jing” (102). In China, honeybee larvae have been used to treat
and prevent various diseases for more than 1,000 years. Previous
study reported that lyophilized powder of honeybee larvae could
alleviate tinnitus-associated depression (103).

The protein and fat content of A. mellifera (larvae and pupae)
were 42 ± 0.4–50 ± 1.6 and 19 ± 1.8–21 ± 1.5, respectively, and
the minerals were 3± 1.3–4± 1.6 (104). As the larvae progressed
to the imago stage, carbohydrate and fat contents decreased
from 46.1 and 14.5% to 30.6 and 6.9%, whereas protein content
increased from 35.3 to 51%. Ramos-Elorduy reported the protein
content for pupae and bee larvae were 42 and 49% (dry weight),
respectively (105). The pupae and larvae of the honeybee become
an especially good source of essential amino acids [16.45/100 g
of honey bee larvae powder (HLP)] and fatty acids (106). In
addition, honey bee larvae powder extract (HLE) is full of total
phenolic content (51.44mg GAE/g) and total flavonoid content
(2.47mg RE/g) (22). High antioxidant amino acid residues can
be obtained from queen bee larvae (QBL) using simple processing
methods (enzymatic hydrolysis and membrane isolation) (107).

Honeybee larvae could also use as potent clinical medicines or
functional food for tumor therapy (22) and an adjunctive therapy
for the management of atopic dermatitis (AD) (108).

Summary
• The content of the nutritional components in the three kinds

of the bee products are different;
• Carbohydrate are mostly studied in the BCP; Lipids are most

studied in the honey, beeswax and BCP; Protein are most
studied in the propolis, BCP, RJ, BV; the peptide are most
studied in the BV;

• The carbohydrates are the most content in the honey,
contributes 95–97% of its dry weight; Fresh RJ contains (60–
70% w/w) water. The dry matter of the RJ is composed
of protein (27–41%), carbohydrates (∼30%), lipids (8–19%);
peptides are the main components in BV, ∼48–50% of dry
venom were the small proteins and peptides; Propolis is
composed of 45–55% vegetable balms and resins, 8–35%
wax, 5–10% essential oils and aromatics, 5% pollen, 5% fatty
acids, and 5% other organic compounds, and minerals; BCP
contains about 15–60% carbohydrates, total lipid content of
the BCP varying from 1 to 13% from different botanical
species, proteins are the second largest amount of nutritional
component in BCP and fulfill the nutritional requirements of

a honeybee. The content in the larvae are different according
to the stages.

All the bee products are potent clinical medicines or functional
food for human being.

STORAGE OF THE BEE PRODUCTS

Owing to the high moisture level in the BCP and BB, the
process of dehydration is essential since this moisture causes
rapid fermentation and deterioration (109). The vitamin contents
of pollen can be altered by processing and storage (61, 110). The
quality of the product for consumption, from the monitoring of
its production, preparation, and storage should be clarified to
ensure the beneficial actions of the bee products.

Bee Pollen and Bee Bread
For fresh BCP with high moisture levels, storage conditions can
affect much of the nutrients it contains. The BCP is dried (111)
or pulverized (112), freeze-dried (9, 62), treated with vacuum to
remove the impurities, then packed in glass bottles and stored at
−18◦C (9, 111, 113–115), −20◦C (62, 116, 117), 4◦C (36, 112,
118) or stored in sterilized containers or bags and stored at 4◦C
(119, 120), in the dark at room temperature (±20◦C) (121). Some
researchers also homogenized the BCP samples and stored them
under argon at −24◦C (122). P. mirabilis was found after 1- and
2-year vacuum cold storage (0–4◦C) in dried flower BCP (123).
It is possible to infer that it is better to consume BCP frozen at
−20◦C compared with that dried in an electric oven (124).

Studies have shown that pure dried BB, fresh BCP and all
conserved mixtures with dried BB, fresh BCP can be stored in
a refrigerator at 4–5◦C for 2 years and at room temperature for
1 year (34, 125) without any marked changes in the product
quality. Other researchers have also chosen to store bee bread
at a lower temperature. Usually, samples are put in a freezer
and conserved at −12◦C (126). After lyophilization and stored
at−20◦C (30, 127).

RJ and Honey
Refrigeration and freezing can delay and effectively reduce the
chemical changes in RJ during storage, and thus escape the effect
of the heat, light, and air. Regarding the shelf-life, Donadieu (128)
recommended that the optimal conservation temperature is 0–
5◦C for fresh RJ preservation for 1 year, whereas the lyophilized
RJ can store at room temperature for several years without
deterioration (129). A recent study from the MARIA CRISTINA
MESSIA who determined the Furosine of the freezed drying
RJ during different days and temperature, and pointed out that
the lyophilized RJ was more prone to Maillard reaction than
fresh RJ for the furosine values risen during the days passing by,
even 18 months later. Researchers also pointed that the storage
temperature of 4◦C is appropriate for raw RJ (130).

The storage temperature was 4◦C, the shelf life of the fresh RJ
was 6 months, while for lyophilized RJ, or lyophilized RJ in honey
(humidity <18%), and the Apilac pills (lactose-glucose-freeze-
dried RJ), the time would be 1 year, 2 year at room temperature,
and at 4–8◦C for 2 years, the shelf lives of fresh RJ and lyophilized
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FIGURE 3 | Processing techniques used for bee products.

RJ were 2 and > 2 years, the temperature was set at < −18◦C,
respectively (131). BCP, propolis, honey, and BB were stored at
6◦C for a maximum of 4 weeks, while for RJ was stored at−18◦C
(52, 132). The collected honey samples can be stored at 4◦C
(133, 134), or 20◦C (135).

Propolis
Raw propolis was stored at 4◦C (136). To ensure the propolis
quality, the samples were harvested using a plastic propolis trap
and stored in the dark at −20◦C (∼30 days) (15), or even
grounded in a marble mortar at−30◦C (137).

Summary
• The storage condition is different according to the

bee products;
• Fresh BCP and BB with high moisture are easy contaminated

by the microbial infection; Dried BCP and BB are better store
at lower temperature in the dark at room temperature; the
storage condition should be choose store at −18, −20, 4◦C
or stored in sterilized containers or bags and stored at 4◦C in
the dark at room temperature (±20◦C), homogenized the BCP
samples and stored them under argon at−24◦C;

• Raw propolis was better stored at lower temperature.
• The collected honey samples can be stored at 4 or 20◦C;
• The storage temperature for the RJ is controversy for the water

content in it; storage temperature of 4◦C is appropriate for
raw RJ, for the lyophilized RJ temperature could be at room
temperature, and at 4–8 or < −18◦C for different days.

PROCESSING TECHNIQUES APPLIED IN
BEE PRODUCTS

Processing techniques influence food composition and structure,
including the flavor, physical properties, functions, and in turn
the product quality (138). The processing techniques applied in
the bee products are shown in the Figure 3. Drying techniques
is essential for controlling the moisture of BCP and BB after
harvest. For RJ, the production and harvest are distinct from
that of other bee products as the machines used are different.
Special techniques with minimum impact on the health of
bees are needed to collect a considerable quantity of BV (139).
For the other bee products, extraction, separation, purification,
and identification procedures are in common. Quality control
techniques are important applied in BCP, BB, RJ, honey, and
propolis. The characters and the effects of each drying techniques
are shown in Supplementary Table 2 and Figure 4.

Drying Techniques
Fresh BCP contains∼20–30% water. The higher humidity makes
BCP easily contaminated bymicroorganisms such as bacteria and
yeast. To prevent spoilage and preserve the maximum quality,
the BCP must be harvested daily and frozen immediately. The
drying of BB is also an important technological process that
affect the quality of the bee product (140). Among the four
steps procedure (drying, segmenting, filtering, and disinfecting)
(33) for the BB industrial collection, drying is the most
important process.
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FIGURE 4 | The effects of each drying techniques.

Traditional Drying Techniques
Traditional drying methods include freezing, solar drying and
in a hot air chamber. The bioactive compound content like
carotenoid and phenol content in dry BCP and the antioxidant
activity (0.85 mmol Trolox/g) did not change substantially from
the initial raw BCP drying by solar dehydration (141).

Compared with the sun drying, hot air drying has a reasonably
shorter processing time, more effective sanitary conditions, lower
risk of microbial contamination, and better control of drying
conditions. It has been used for the dehydration of food and
agricultural products in an industrial scale drying applications

(118). But hot air drying processing has an effect on the
BCP quality and organoleptic characteristics, physicochemical
properties, morphological structure (118). BCP dried at 40 and
50◦C showed a marked increase in acidity, flavonoids, phenolics,
and antioxidant activity after thermal treatment, and a loss
of carotenoids, while the most adequate temperature for BCP
drying is at 60◦C (142).

In comparison with the convective drying, the cyclic
convective drying of Perga is not only highly effective to reduce
the moisture content and can also reduce energy costs by more
than two times. The low speed of the cyclic drying process avoids
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overheating of the Perga and ensures the safety of biologically
active substances (143).

FD is considered the most gentle drying method, with fast
rehydration rates and high rehydration capacity, as it causes
negligible damage to the product microstructure and thus
maximum preserve the physical and chemical properties (144).
FD influenced the rutin level of the honeybee-collected chestnut
pollen, when treated for 420 and 540min, rutin and amino
acid parameters were maintained in the range that required
for the standardization of commercial BCP in the European
market (145).

Currently, the freezing and FD methods are often used to
preserve RJ. The optimal mathematical model was build and
suitably used for calculating and setting up the technological
mode of the RJ FD processing (146). During the FD process,
the nutritional properties of RJ well-preserved, but FD RJ is
highly susceptible to Maillard reaction (MR) and cannot meet
the product quality and stability requirements (130). The final
product of the FD process of RJ had a very good quality (147).

Innovative Drying Techniques
IR radiation drying is an innovative drying technique which can
be applied in BCP samples. IR radiation greatly affected the
drying and quality characteristics of the samples, especial the
color. Surface morphology changes of BCP grains a lot with the
increasing IR intensity.

Drying the BCP using IR radiation at 50W better retained
its quality characteristics than treated at other power levels
(148). An IR heating-assisted fluidized bed dryer was applied in
the BCP drying process to ensure physical and microbiological
stability. The drying condition is more smoother than thin-layer
IR drying that prevented color degradation, thus conserving
product quality of the BCP, and compared with the conventional
fluidized bed drying the specific energy consumption was 52%
lower (51).

The developed model of BB drying with IR heating or the
combine use of the IR heating with the convection drying
was built using the COMSOL Multiphysics. The geometric
dimensions of the drying chamber, the trays with the product,
the thermal and physical properties of air and BB should be
considered (140).

Microwave heating can be an efficient drying method.
Compared to the conventional drying, microwave can lead to
a faster process and obtain better quality of the dried material
at the same cost (149). Irradiating fresh BCP with microwaves
under vacuum can effectively reduce the water content without
thermally deteriorating important bioactive compounds (26).
Microwave drying was important for the BCP conservation,
but the microwave treatment showed a damaging action on
tocopherols (150) and proline content at the highest level
treatment (151).

A domestic digital microwave oven (505mm × 574mm ×

376mm in size) (ArcelikMD 599, Turkey) with technical features
of 230V and 50Hz was used for the BCP drying. Operating at
a frequency of 2,450 MHz with 180W microwave power level
retained its quality (152). BCP dried using microwave-assisted
vacuum drying (MW-VD) had higher antioxidant activity than

hot air drying method (HAD), irrespective of the pressure or
power level (153).

Different drying processes (FD, MWD, and HAD) affect the
polyphenol, flavonoid, and amino acid contents of the BCP
(chestnut, willow, ivy). All drying techniques led to a depletion of
flavonoids in willow BCP; Whereas, FD and MWD did not affect
the flavonoid content in the ivy pollen during storage, the amino
acid-related quality of BCP was efficiently preserved up to 6
months.MWD ensured the highest flavonoid content even after 6
months (154). However, low temperature high velocity (LTHV)-
assisted fluidized bed drying method preserve the bioactive
components of BCP (155), it can be applied especially drying BCP
as a bioactive food at 4◦C.

Wall-Breaking
BCP cell wall contains two distinct layers. The outer layer exine is
made of sporopollenin, which provides chemical resistance and
preserves the bioactive compounds in it. The inner layer is intine,
which is composed of cellulose and similar to that of a plant
cell wall (156). Wall breaking methods like physical, chemistry,
biological and combinations are used to break the BCP cell
wall (157). The effects of each of the BCP cell wall breaking and
some related research are shown in the Figure 5 and Table 1.

Several biotechnological solutions have been proposed for
BCP processing to increase the accessibility to nutrients
for intestinal absorption, the fermentation being one of the
most potential method. Fermented BCP is enriched in bio
accessible phenolics with recognized bioactivity in humans
(159). The yeast-fermented BCP greatly increased the number
of active ingredients such as phenolic compounds, nicotinic
acid, oligopeptides, nicotinamide, fatty acids, riboflavin, and free
amino acids (158). Fermented BCP is distinguished by its higher
nutritional value and better digestibility because the BCP cell
walls are partly destroyed during the fermentation process (69).

In addition to the role of microorganisms, the use of proper
enzymes is a good way to hydrolyze the wall of the BCP.
Enzyme hydrolysis is safe, inexpensive, and easy to apply. Pepsin,
trypsin, and papain hydrolysates from BCP are beneficial not
only in health food diets, but for special patients with diseases
as cancer, cardiovascular, and diabetes. Thus, honeybee-collected
pollen peptides can be used in various fields of medicine and
food technology (161). Compared to other BCP modification
strategies, proteases improved the BCP protein content by ∼13–
18%, phenolics 83–106%, flavonoids 85–96%, and all essential
amino acids were increased, even the antioxidant activity
increased up to 68% (160).

Physical processing technology also resulted in the breaking
of the BCP cell wall. Ultrasonication and high shear (US-HS)
technique was applied to break the cell walls of five species
of BCP. The digestibility of protein and crude fat, amino
acids, and reducing sugars increased to more than 80% and
nearly 1.5-and 2 times, respectively (162). Besides, an ultrasonic
temperature difference was applied to treat the bee pollen under
specified conditions: the ratio of water to material 20 mL/g,
ultrasonic power 400W, temperature difference 90◦C, ultrasonic
treatment time 40min. The extracts after the wall-breaking are

Frontiers in Nutrition | www.frontiersin.org 8 November 2021 | Volume 8 | Article 727181259

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Luo et al. Bee Products: Processing and Technology

FIGURE 5 | The mechanism of wall-breaking techniques.

potential to be developed as effective functional ingredients as
immunomodulatory (163).

Ultrasonic and ball-milling treatment especially the ultrasonic
treatment affected nutritional component release and thus
change the antioxidant activities in vitro and in vivo of the
rose BCP (29). Supercritical carbon dioxide (CO2) could be a
feasible and a promising cell wall-breaking method applied to the
BCP (156).

Other Processing Techniques
Shredding of the Bee Pollen
The technology of shredding was optimized in the BCP to obtain
high-quality powder by its technological and physical-chemical
indicators. By using modern types of shredders, it is possible
to shred BCP to particles with sizes ranging from 120 to 8µm.
Technological parameters of shredding BCP in a mill-mortar:
speed is 70–80 rpm (min−1), treatment duration is 6min, and
the batch weight is 150 g (164).

Collection and Membrane Ultrafiltration of BV
To collect a considerable quantity of BV, Markovic and Molnar
(1963) used electroshocks and squeezed to induce a bee sting
(165). A method modified from Benton et al. (166) was used
to collect the liquid fraction of the BV in sufficient quantity to
facilitate chemical analysis. Carpena et al. also used electroshock
traps to collect more BV (139). BV from free-living honeybees
(A. mellifera) was obtained using a collecting device (Chung-Jin
Biotech Ltd., Ansan, Korea) or Bee Whisper 0412 BV collector
(IGK Electronics, Bulgaria). The collectors were installed at the
entrance of the hive to collect crude BV (167, 168).

Hermia’s models were used to predict the fouling mechanisms
during cross-flow ultrafiltration (UF) (169) of BV in a 10 kDa
regenerated cellulose membrane (170, 171).

Production and Harvesting of RJ
The conventional method of producing RJ usually involves
five steps: cleaning queen cells, grafting larvae, inserting RJ
production frames, supplementary grafting, and harvesting. A
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TABLE 1 | BCP wall-breaking.

Bee products Wall-breaking method Conditions and results Advantages and disadvantages References

Rose BCP (China) Ball-milling treatment ♦ Milling for 3min at 25Hz frequency (29)

Rose BCP (China) Ultrasonic treatment ♦ At acoustic power of 600W and

frequency of 20 kHz treating 4 h at 25◦C

➢ More effective in nutritional

components release

➢ Causes more losses in vitamin B1 and

vitamin C

(29)

Rape BCP (China) Supercritical carbon dioxide ♦ More effective with higher CO2 pressure

♦ Optimum oil yield was obtained 5.98%

of dry BCP

♦ Optimum conditions: 39.2 MPa and

54.7◦C and CO2 flow rate of 17.1 L/h

after treated with supercritical CO2

for 2 h.

➢ Under low temperature with short time

➢ Higher selectivity

➢ No solvent residue in the extract

(156)

Rape BCP, Brassica

campestris L., BP

(China)

Microbial fermentation

(lactic acid bacteria, yeast,

the two mixed)

♦ 83.5% reduction in fructose and 87.4%

glucose reduction after

yeast-fermented

♦ Oligopeptides, fatty acids and phenolic

compounds increased by 68.8, 18.2,

and 9.3%

(158)

Bee-collected pollen

(BCP) flowers of ivy

(Italy)

Fermented with selected

microbial

♦ Incubated kunkeei strains and H.

uvarum AN8Y27B at 30◦C for 216 h

➢ Markedly increased the number of

volatile compounds (VOC)

(159)

BCP (Colombia) Enzymatic hydrolysis ♦ Proteases improved the protein content

by ∼13–18%, phenolics 83–106%,

flavonoids 85–96%,

♦ increased all essential amino acids and

antioxidant activity up to 68%

(160)

Pollen Cistus

ladanifer (Japan)

Enzymatic hydrolysates ♦ Three types of enzymes (pepsin,

trypsin, and papain)

♦ high content of proteins and phenolic

compounds after

enzymatic hydrolysates

(161)

BCP, Bee Collected Pollen; VOC, volatile compounds; CO2, carbon dioxide.

new method based on a device that obviates grafting and is
therefore convenient and efficient (172, 173).

Currently, electroshock technology is widely used for the BV
collection. For the RJ production technology, the new method is
convenient and efficient.

Extraction, Separation, and Purification
Techniques
Considering the current demand for healthy and natural
food, some hive products have been attracting the commercial
interest recently, for several health-promoting compounds
contained, making them one of the most widely consumed food
supplements. Extraction and separation techniques are essential
for obtaining large quantities of high-quality active ingredients.
Recent study (5 years) about the sugars/polysaccharide
extraction, separation and purification techniques were shown in
the Table 2.

Sugars/Polysaccharide
Carbohydrate was the largest fraction that contained in
the honey and BCP. The concentration and carbohydrates
ratio may play a role in the identification of geographical

origins and the monofloral of the honeys (180). The main
compound in honey is carbohydrates, which contribute
about 95–97% of its dry weight (41, 48). Predominantly,
monosaccharides such as glucose and fructose (40, 49, 50, 181),
mannose, and rhamnose are common in honey. In addition,
disaccharides, trisaccharide, and tetra saccharides have also
been identified in honey (133, 179). The beneficial effects of
honey on human health have long been recognized (180).
BCP contains about 15–60% carbohydrates, which represent
the most fraction in the BCP (182). Monosaccharides are
the major source of metabolism energy, polysaccharides
store energy, and are also the structural components (183).
Glucose and fructose are the most abundant reducing
sugars in BCP (9). In addition, other carbohydrates such as
disaccharides (sucrose), monosaccharides (pectin, glucan, and
arabinogalactan), oligosaccharides, and dietary fiber were also
found in BCP (176, 178). The main sugars in RJ are fructose
and glucose in relatively constant proportions similar to those of
honey (13).

The extraction methods of polysaccharides focus on the
traditional method, after 96% ethanol (175) or ultrasonic assist
(30) solvent to skim the lipid, hot water (163, 176–178) is
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TABLE 2 | Sugars/polysaccharides from bee products (2017–2021).

Bee products

reference

Sugars or polysaccharides Extraction method Determine method Separation/purification Identification/analysis

Honey (France)

(174)

– SPE filtered on 0.45µm

syringe filter

HPAEC-PAD Analysis

BCP (China)

(20)

– Phenol-sulfuric acid

method

DEAE-52 cellulose column Fourier

transformed-infrared

(FT-IR)

BCP (China)

(175)

– 90% ethanol solution;

Next soaked in distilled

water

Phenol-sulfuric acid Gas chromatography

BCP (China)

(163)

– Temperature-difference

ultrasonic treatment;

extraction was carried out

at 85◦C

Quadruple volume of

absolute ethanol

precipitates

BCP (China)

(176)

Arabinose, xylose, galactose, mannose, ribose,

rhamnose, galacturonic acid, glucose, and in a molar

ratio of 1.03: 0.08: 0.67: 0.38: 0.09: 0.17: 0.64: 0.22

With distilled water

extracted three times at

85◦C for 2 h each

Phenol-sulfuric acid A quadruple volume of

absolute ethanol

precipitates

High-performance gel

permeation

chromatography

BCP of

Nelumbo

nucifera

(China) (177)

Rha (11.5%), Ara (29.7%), GalA (12.0%), Gal (41.2%),

1.5-L-Ara (25.6%), 1,6-D-Gal (18.3%), t-D-Gal (12.0%)

Hot water extraction DEAE-cellulose,

Sepharose CL-6B

GC-MS

13C-NMR

BCP (China)

(178)

Two sub-fractions: RBPP-N and PBPP-P (yield 23.4%

and 35.8%) and PBPP-P (yield 35.8%); Glc (glucose

35.0%) is special contained in RBPP-N, which might be

glucan and arabinogalactan (AG);

Ara (arabinose: 37.8%, 51.8%), and Gal (galactose:

27.2% and 21.0%) are identify out in both subfractions,

Rha (rhamnose: 5.4%), and Gal A (galacturonic acid:

18.9%) were special contained in RBPP-P, might be

monosaccharides for pectin;

Hot water extraction and

ethanol precipitation

DEAE-cellulose 13C-NMR, FT-IR

spectroscopy

RJ (Greece)

(132)

Glucose, fructose, and sucrose Zorbax Carbohydrate

Analysis Column

HPLC-RID technique

Honey

(European)

(China) (179)

Monosaccharides (glucose, fructose, rhamnose,

mannose);

Disaccharides (sucrose, -trehalose, turanose, maltose,

isomaltose, gentiobiose nigerose, maltulose, palatinose,

melibiose, melezitose, and kojibiose);

Trisaccharides (melezitose, maltotriose, panose,

raffinose, isomaltotriose, erlose, and 1-kestose).

NMR

Honey (Italy)

(133)

Seven monosaccharides;

Four trisaccharides; eight Disaccharides;

One tetrasaccharide;

CarboPac PA10TM

column (Thermo Scientific,

2 × 250mm, 10µm)

equipped with a

CarboPac PA10TM guard

column (2 × 50mm)

High-performance

anion-exchange

chromatography coupled

to a mass spectrometry

detector

(Continued)
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used to extract the polysaccharide, and then a quadruple
volume of absolute ethanol precipitates (163, 176, 178). Solid-
phase extraction (9, 174) as well as DEAE-52 cellulose column
(20, 177, 178), Zorbax Carbohydrate Analysis Column (132)
and other columns were used to separate the polysaccharides.
High-performance liquid chromatography (HPLC), HPAEC-
PAD (174), Fourier transform infrared (FT-IR) spectroscopy
(20, 178), gas chromatography (GC) (175), high-performance
gel permeation chromatography (176), GC-MS (177), 13C NMR
(177–179), and HPLC-RID (132) techniques were used to
identify the polysaccharides.

Lipid or Fatty Acids
Besides the carbohydrates and proteins in the BCP, lipids are
the third-largest constituent, lipids are vital for the generation
of RJ (3). Among bee products, lipids from BCP, BB, RJ,
and Beeswax have been widely studied in recent 5 years.
The fatty acids identified are listed in Table 3. Lipids from
bee products extracted using a Soxhlet extractor (62, 186) or
extracted with a simple solvent. The extraction solvents such
as petroleum ether (124), hexane:isopropanol (184), and diethyl
ether:petroleum ether (2:1, v/v) (186, 187) diethyl ether/iso-
propanol, chloroform:methanol (1:1), chloroform:isopropanol
(4:1) (150), methanol/diethyl ether/isopropanol 50/1 (v/v) (188),
heptane (112), (CH2Cl2:MeOH) (2/1 v/v) extraction (189), and
n-hexane (111, 127, 190) are used these years. Gravimetric
method was used to determine the total lipid content in all cases.

Traditional extraction techniques with the disadvantages as
the long extraction time, loss of the volatile compounds, toxic
solvent residues, and the unsaturated compounds degraded due
to heat (191). In certain cases, it can be resolved by using
supercritical fluid (carbon dioxide) extraction (SFE).

For the identification technologies, thin-layer (184), capillary
gas chromatography, gas chromatography (111, 114, 190), GC-
FID (16, 30, 186, 190), GC/MS (36, 127, 187, 190, 192), GC, and
5,973MSDmass spectrometry (113), are the preferred techniques
for determining fatty acids. The samples detected using GC-MS
should be firstly converted into their corresponding methyl esters
(FAMEs) using a transesterification procedure, chromatographic
data obtained are more robust and reproducible (193).

Total lipid content of the BCP varying from 1 to 13%
from different botanical species. The lipid fraction of BCP
contains mainly carotenoids, sterols, and fatty acids (194). Fatty
acids are important nutritional substances for living organisms,
especially those of the ω-3 series. The fatty acid of the BCP
with the functional role as an anti-atherogenic food for human
metabolism (150). Nearly 20 fatty acids have been reported
in BCP from C4 to C24, among which ω-3 fatty acids are
dominant (36, 62, 111–114, 150, 184). In beeswax, fatty acids
were identified from C12:0 to C36 (189). Approximately 80–
90% of the RJ fatty fraction is composed of free fatty acids.
The major fatty acid from the RJ were trans-10-hydroxy-2-
decenoic acid [10-hydroxydecanoic acid (HDA)], and other
four suspect fatty acids decanedioic acid, 2-dodecenedioic acid,
decanoic acid, and decanedioic acid were also detected using
the liquid chromatography-high resolution mass spectrometry
(HRMS) method (188).
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TABLE 3 | Lipid extraction, separation purification, and identification of the fatty acids from the bee products (2017–2021).

Bee products

reference

Compounds Extraction method Separation/purification Identification/analysis

BCP (Italy)

(184)

Ten saturated and the other unsaturated

C8:0; C13:0; C15:0; C16:0; C17:0; C18:0; C18:1; C18:2n-6t: C18: 2n-6c;

C18: 3n-6;

C18: 3n-3; C20:0; C20:1; C20:2; C22:0; C22:1; C23:0; C24:0 N-6PUFA;

n-3 PUFA

Hexane:isopropanol Silica Gel 60, 230/400 mesh Thin-layer chromatography

Gas chromatography

BCP (China)

(185)

Phospholipids and polyunsaturated fatty acids Folch method XSelect CSH C18 100

×2.1mm, 2.5µm column

(Waters) and CORTECS

C18 100 × 2.1mm, 2.7µm

column (Waters)

UPLC-Q-Exactive Orbitrap/

MS

BCP (Portugal)

(124)

– Petroleum ether using an

automatic Soxtec device

Gas chromatography Flame ionization

BCP (Italy),

(Spain),

(Colombia)

(186)

– Soxhlet extraction using a

Soxtec HT 1043 system

ether:petroleum ether (2:1,

v/v)

Omegawax 320 capillary

column;

GC-FID

RJ (Italy) (187) – Diethyl ether/iso-propanol Fused silica capillary column

SE-52

Capillary Gas

Chromatography

GC/MS

BCP (Brazil)

(57)

Soxhlet extraction

BCP (Italy)

(150)

(150) ω-6 fatty acidsω-3 fatty acids and carotenoids Chloroform:methanol (1:1)

solution solid-phase

extraction

Chloroform:

isopropanol (4:1)

GC2010 Shimadzu gas

chromatograph

High polar fused-silica

capillary column

RJ (Greece)

(188)

10-DHA; 2-Dodecenedioic acid; Decanoic acid; Decanedioic acid;

3-Hydroxydecanoic acid; Decanedioic acid;

Methanol/ Diethyl

ether/isopropanol 50/1 (v/v)

Liquid chromatography-high

resolution MS

BCP/BB

(Turkey) (113)

Caproic acid; Caprylic acid; Myristic acid; Palmitoleic acid; Stearic acid;

Oleic acid; Linoleic acid; Linolenic (ALA) acid; Arachidic acid; Eicosenoic

acid; Eicosadienoic acid; Behenic acid; Erucic acid; Tricosanoic acid;

Lignoceric acid; Palmitic acid; Nervonic acid; Docosahexaenoic acid; Capric

acid; Lauric acid; Heneicosanoic acid; Heptadecanoic;

Ethanol (95%),

ultrasonic-assisted

extraction; AOAC method

Soxhlet extraction

A DB-23 60m × 0.25mm

ID, 0.15µm (J&W

122–2,361) column

GC and 5,973 MSD mass

spectrometry

BCP (Serbia)

(112)

C18:0; C12:0; C14:0; C15:0; C16:0; C16:1; C17:0; C18:0; C18:1n-9; C18:

2n-6; C18: 3n-6; C20:0; C21:1; C20:2; C20:3n-6; C20:3n-3; C22:0;

C22:5n-3; C24:0;

Ultrasonic assist heptane

extraction for 15min

Filtered through filter paper

(Whatman No. 2);

cyanopropyl HP-88 column

GC capillary analysis with

FID

BCP (Korea)

(62)

C6:0; C8:0; C10:0; C12:0; C13:0; C14:0; C15:0; C16:0; C16:1; C17:0;

C18:0; C18:1; C18:2 n-6; C18:3 n-6; C18:3 n-3; C20:0; C20:1; C20:2;

C20:3 n-3; C20-4 n-6; C21:0; C22:0; C22:1; C22:2; C22:6 n-3; C23:0;

C24:0; C24:1;

Soxhlet extraction GC-FID

BCP (Turkey)

(114)

Lauric; Myristic; Palmitic; Linolelaidic; Arachidic; Linolenic; Behenic;

Arachidonic Stearic; Elaidic; Oleic; Linoleic;

FID and capillary column GC

(Continued)
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TABLE 3 | Continued

Bee products

reference

Compounds Extraction method Separation/purification Identification/analysis

BCP (Malaysia)

(36)

Butanedioic acid, Butanoic acid, bis(trimethyl silyl) ester; 4-[bis(trimethylsilyl)

amino]-, trimethylsilyl ester; Linoleic acid ethyl ester; ethyl

ester;9,12-Octadecadienoic acid (Z, Z)-, trimethyl silyl ester; alpha.-linolenic

acid, trimethyl silyl ester; Dodecanoic acid, tetradecyl ester;

9,12,15-Octadecatrienoic acid;

Ethanol extraction solicited

in an ultrasound bath

Agilent mass selective

detector (MSD) 5975C,

HP-5MS fused-silica

capillary column (30m ×

0.25mm I.D, 0.25µm film

thickness)

(GC-MS)

BCP (India)

(111)

C4:0 Butyric acid; C6:0 Caproic acid; C8:0 Caprylic acid; C10:0 Capric

acid; C11:0 C12:0 Lauric acid; C14:0 Myristic acid; C15:0 Pentadecanoic

acid; C16:0 Palmitic acid; C16:1, cis-17 (ω-7) Palmitoleic acid; C17:0

Heptadecanoic acid; C17:1, cis-17 (ω-7) Heptadecenoic acid; C18:0

Stearic acid; C18:1, trans-19 (ω-9) Elaidic acid; C18:1, cis-19 (ω-9) Oleic

acid; C18:1, cis-16 (ω-12) Petroselinic acid; C18:2, cis, cis-19,12 (ω-6)

Linoleic acid; C18:2, trans, trans-19,12 (ω-6) Linoelaidic acid; C18:3, cis,

cis, cis-19,12,15 (ω-3) α-Linolenic acid; C18:3, cis, cis, cis-16,9,12 (ω-6)

γ-Linolenic acid; C20:0 Arachidic acid; C20:1, cis-111 (ω-9) Eicosenoic

acid; C21:1, cis-19 (ω-9) Heneicosanoic acid; C20:2, cis, cis-111, 14 (ω-6)

Eicosadienoic acid; C20:3, cis, cis, cis-18, 11, 14 (ω-6) Dihomo-γ-linolenic

acid; C20:3, cis, cis, cis-111,14,17 (ω-3) Eicosatrienoic acid; C20:4, cis,

cis, cis, cis-15,8,11,14 (ω-6) Arachidonic acid; C22:0 Behenic acid; C22:1,

cis-113 (ω-9) Erucic acid; C22:6, cis, cis, cis, cis, cis, cis-14, 7, 10, 13, 16,

19 (ω-3) Docosahexaenoic acid; Undecanoic acid; C23:0 Tricosanoic acid;

C20:5, cis, cis, cis, cis, cis-15,8, 11, 14,17 (ω-3) Eicosapentaenoic acid;

C24:0 Lignoceric acid; C24:1, cis-115 (ω-9); Nervonic acid;

n-hexane extraction in a

Soxhlet apparatus for 8 h

SLB-IL111 capillary column

(100 m × 0.25mm internal

diameter, 0.20µm film

thickness; Sigma-Aldrich)

GC-FID

BB (Romania)

(127)

C4:0 Butanoic acid; C6:0 Hexanoic acid; C8:0 Octanoic acid; C10:0

Decanoic acid; C11:0 Undecanoic acid; C12:0 Dodecanoic acid; C13:0

Tridecanoic acid; C14:0 Tetradecanoic acid; C14:1 (cis-9)

(Z)-tetradec-9-enoic acid; C15:0 Pentadecanoic acid; C15:1 (cis-10)

(Z)-pentadec-10-enoic; C16:0 Hexadecanoic acid; C16:1

(9Z)-hexadec-9-enoic acid; C17:0 Heptadecanoic acid; C17:1

cis-10-heptadecenoic; C18:0 Octadecanoic acid; C18:1

(E)-octadec-9-enoic; C18:1 (Z)-octadec-9-enoic; C18:2 (all-trans-9,12)

Octadeca-9,12-dienoic acid; C18:2 (all-cis-9,12)

(9Z,12Z)-octadeca-9,12-dienoic acid; C18:3 (all-cis-9,12,15)

Octadeca-6,9,15-trienoic acid C20:0 Icosanoic acid; C18:3 (all-cis-6,9,12)

Octadeca-6,9,12-trienoic acid;C20:1 (cis-11) (Z)-icos-11-enoic acid;; C20:2

(all-cis-11,14,) Icosa-11,14-dienoic acid; C20:3 (all-cis-8,11,14)

(8Z,11Z,14Z)-icosa-8,11,14-trienoic acid; C20:3 (all-cis-11,14,17);

(11Z,14Z,17Z)-icosa-11,14,17-trienoic acid; C20:5 (all-cis-5,8,11,14,17);

(5Z,8Z,11Z,14Z,17Z)-icosa-5,8,11,14,17-pentaenoic; C20:4

(all-cis-5,8,11,14); (5Z,8Z,11Z,14Z)-icosa-5,8,11,14-tetraenoic acid; C21:0

Heneicosanoic acid; C22:0 Docosanoic acid; C22:1 (cis-13)

(Z)-docos-13-enoic; C22:6 (all-cis-4,7,10,13,16,19);

Docosa-4,7,10,13,16,19-hexaenoic; C22:2

(all-cis-13,16) Docosa-13,16-dienoic; C23:0 Tricosanoic acid; C24:0

Tetracosanoic acid; C24:1 (cis-15) (Z)-tetracos-15-enoic;

Extracted with n-hexane GC-MS
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Proteins, Peptides, and Amino Acids
Bee products such as BCP, BB, and RJ are good sources of
protein, which can be consumed as a food supplement to the
diet. According to the characteristics of the protein, the extraction
solvent usually focuses on distilled water (195), acid extraction
(196, 197), phosphate buffer with different pH (pH 7.6) (198),
(pH 7.2) (199), or 50mM Tris-HCl, pH 8 (200). The method for
the protein extraction and determination are shown in Table 4.

In most cases, total protein content was the result of nitrogen
measurement using the Bradford (199, 200, 208), Kjeldahl, or
Micro-Kjeldahl methods (202, 203), using 5.60 (205, 206) and
6.25 factor (207). In addition, the Micro BCA Protein Assay Kit
(195, 204) and Bio-Rad Protein Assay kit (19, 201) were used for
protein determination.

The crude proteins were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS/PAGE) (80,
192, 196, 209–213), and western blotting (19, 201), native-
PAGE (209), blue native-PAGE or 2-D blue native/SDS-PAGE
(204). The tryptic peptides were subsequently determined
using two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE), LC-Chip/ESI-QTOF-MS (80, 199), MALDI-TOF/MS
(214, 215).

In Tables 4–6, the protein and peptide identified in recent
years have been listed. RJ can be consumed by humans as
a food integrator, and it has high commercial value because
of its nutritional and nutraceutical properties. It is estimated
that 50% of dry RJ constitutes of proteins (237). Majority of
RJ proteins (MRJPs) belong to a wider family, nine members
have been identified out with molecular weight ranging from
49–87 kDa. The proteins MRJP1, MRJP2, MRJP3, MRJP4, and
MRJP5 represent ∼82% of the total proteins present in RJ
(192, 238, 239). MRJP1 has a molecular weight of 57 kDa as a
monomer or 350 kDa as a hexamer. MRJP3 is a glycoprotein
(60–70 kDa) (195) that has been isolated from RJ. MRJP1–
8 have been characterized by cloning and sequencing their
respective cDNAs (240). Royalisin is a 5.5-kDa antibacterial
peptide isolated from the RJ and the antimicrobial activity
against fungi, gram-negative and gram-positive bacteria have
been revealed (234).

Proteins are the second largest amount of nutritional
component in BCP and fulfill the nutritional requirements of a
honeybee. The peptides from bee products also possess various
bioactivities. A novel angiotensin-I converting enzyme (ACE)
inhibitory peptide was separated using UF and purified using
preparative HPLC, which was derived from rape BCP protein
hydrolysate (197). Seven peptide sequences were identified
out by the quadrupole time-of-flight mass spectrometry, the
three peptide displayed potent anti-inflammatory activity (199).
The protein and amino acid concentrations in BCP were
variable depending on their botanical origin. Five dominant
amino acids (aspartic acid, glycine, glutamic acid, leucine,
and alanine) were found in the tested BCP. They constituted
∼58.56, 56.67, 58.80, 58.98, and 58.79% of the total quantified
amino acids from alfalfa, date palm, summer squash, and
rape, respectively (205). A novel protein with 42,388 Da
from oilseed rape (Brassica napus L.), contained 17 amino
acids (215).
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TABLE 4 | The techniques for the protein extraction and determination.

Bee products Extraction method Determine method References

RJ Bio-Rad Protein Assay kit (19, 201)

BCP (eastern Saudi Arabia) Micro-Kjeldahl method (202)

Black Dwarf Honey and

BCP (Thailand)

Kjeldahl’s method (203)

RJ (Japan) Dialyzed against distilled water Micro BCA Protein Assay Kit (Pierce) (204)

RJ (Japan) Dissolved in deionized water and

ultracentrifuged

Micro BCA Protein Assay Kit (195)

RJ (Pisa) 50mM Tris-HCl, pH 8 Bradford (200)

RJ (Japan) Acid extraction (196)

BCP (Al-Ahsa Eastern Saudi

Arabia) (Australia)

Micro-Kjeldahl method using the 5.60

factor

(205, 206)

BCP (China) Extracted in phosphate buffer pH 7.6 (198)

BCP (Apis mellifera)

(Thailand)

Pretreated with 1,000mL of 20mM

phosphate buffer solution (pH 7.2)

Hydrolyzed by Alcalase, Flavourzyme, or

Neutrase (separately)

Bradford (199)

BCP (Bulgaria) Extracted with distilled water the

homogenized adjusted pH 7.0 hydrolysis

Kjeldahl using the equation: N×6.25 (207)

BCP Bradford (208)

BCP (China) 0.1 mol/L HCl solution (197)

RJ, Royal Jelly; BCP, Bee Collected Pollen; BB, Bee Bread.

BV is a liquid mixture that contains 88% water and only
0.1 g dry weight of a complex mixture of enzymes, peptides,
and non-peptide components in one drop (241). Among them,
peptides are the main components in BV (242). Approximately
48–50% of dry venom were the small proteins and peptides.
Melittin and PLA2 (229) are the two most abundant compounds
in BV. Melittin (a 26-amino acid peptide) is the main biologically
active component in BV, which plays an important role in
inducing reactions associated with bee stings (100) and it.
Melittin and isoforms were also identified using the LC-MS
ESI-QTOF system (225–227, 243–246), SDS-PAGE (213), and
HPLC (100, 212).

Phenolic and Flavonoid Compounds
Honey, propolis, BCP, BB, RJ, beeswax, and BV are natural
products that have been used for medicine since the ancient
times (247).

Phenolic character substances that express the ability to
scavenge free radicals, are primarily responsible for the
antioxidant capacity of bee products (248). They comprise
two main groups of compounds: flavonoids and phenolic
acids (249).

The extraction procedure for the phenolics and flavonoids
was primarily via solvent extraction using alcohol (methanol
or ethanol) and water mixture (76, 250–253); cyclohexane,
dichloromethane, butanol, and water (254); petroleum ether,
n-butanol, ethyl acetate, and water (255); and acidified water
(256). As for the phenolic and flavonoid contents in bee
products, the Folin-Ciocalteu method (57, 254, 257–259) has
been predominantly employed. The TFC of the BCP extracts

was established (UV-Vis) in most cases using the aluminum
trichloride colorimetric assay at 510 nm (253, 260) or aluminum
nitrate at 415 nm (57, 258).

The characterization of phenolic compounds has been
performed using different methods, especially HPLC (261), and
the presence of these compounds in stingless bee honey has
been evaluated by matching the retention time of the standard.
HPLC with different detectors was also used to identify the
phenolic compounds: HPLC with diode array detection (262),
and semi-preparative HPLC system with a diode array detector
(DAD) (263). High-performance liquid chromatography-mass
spectrometry (HPLC-MASS) (264), liquid chromatography with
diode array detection coupled with electrospray ionization
(ESI) tandem mass spectrometry (LC-DAD-ESI) (265),
ultra-high-performance liquid chromatography-diode array
detection- mass spectrometry/mass spectrometry (UHPLC-
DAD-MS/MS) (266), and HPLC-MASS methods have been
developed for the characterization of secondary metabolites
present in the methanol extract of BCP (267). UHPLC-DAD-
ESI-MS, UHPLC-ESI-QTOF, HPLC-PDA, SPME-GC/MS,
UHPLC-ESI-QTOF, and related techniques have been
widely used to detect many active ingredients (268). The
chemical composition of raw propolis was determined
using GC-MS (269). Recently, high-speed counter-current
chromatography has been used to separate tyrosinase inhibitors
from camellia pollen (270, 271). Furthermore, using high-
speed countercurrent chromatography and preparative HPLC,
nuclear magnetic resonance and mass spectrometry are also
used to identified the tyrosinase inhibitor compound as
caffeine (272).
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TABLE 5 | Purification and identification of the peptides from bee products.

Bee products Protein/peptide Molecular weight (kDa) Separation/purification Identification/analysis References

RJ MRJP1 [A. mellifera

MRJP (AmMRJP)]

AmMRJPs 1–7

The MagneHisTM Protein

Purification System (Promega,

Madison, WI, USA)

SDS-PAGE and western

blot analysis

(19, 201)

RJ (China) MRJP1–3 228 kDa MRJP1 oligomer 1;

408 kDa MRJP1 oligomer 2 a;

639 kDa MRJP1 oligomer 3

Hydrophobic interaction

chromatography;

Ion-exchange chromatography,

Size exclusion chromatography

Native-PAGE (SDS-PAGE)

LC-MS/MS (SRCD)

spectroscopy (SEC-HPLC)

(209)

BCP (Eastern

Saudi Arabia)

LC3000 automatic amino

acid analyzer

ion-exchange

chromatography

(202)

Black Dwarf

Honey and BCP

(Thailand)

ARACUS amino acid

analyzer;

high-performance liquid

chromatography

(203)

RJ MRJP7-9 (216)

RJ (China) MRJP1 57 kDa monomer or 350 kDa

hexamer

(217)

RJ Royal actin

MRJP1 oligomer

55 kDa

280 kDa

(218)

RJ MRJP1 oligomer 350 kDa (219)

RJ (Japan) MRJP1 oligomer 420 kDa Size-exclusion and

anion-exchange HPLC

2-D blue

native/SDS-PAGE.

MALDI-TOF-MS

SDS-PAGE

Blue native-PAGE

(204)

RJ (Japan) MRJP2: Royal jelly

glycol-protein

55 kDa Cosmosil 5CI8-AR Column RP-HPLC

MALDI-TOF MS

(220)

RJ (Japan) MRJP2 and MRJP3

MRJP1

(52 kDa)

(60–70 kDa)

(290 kDa)

Size-exclusion HPLC,

SDS–PAGE and 2-DE

Superose 12 HPLC

SDS–PAGE

(195)

RJ (Pisa) Apalbumin 2

Apalbumin β

11 cm Immobiline DryStrip, pH

3–10

2-DE

SDS-PAGE

MALDI-TOF MS

(200)

RJ (Slovakia) MRJP3

Apalbumin 3

Apalbumin γ

49–87 kDa DEAE cellulose DE-52. SDS-PAGE (192)

RJ RJP-1

RJP57-1

(221)

RJ (China) MRJP5 80 kDa 2D-PAGE

(MALDI-TOF/MS)

(214)

RJ (Japan) 55 kDa Gel filtration on Sephadex G-100;

Reverse-phase HPLC; Gel

filtration on a GCL-90 column

SDS-PAGE (196)

RJ (China) MRJP1, MRJP2,

and MRJP3

48.6 kDa

45.06 kDa

46.27 kDa

Extracted and separated using

two-dimensional electrophoresis

(2-DE)

(SDS-PAGE)

(MALDI-TOF/MS) (Bruker

Daltonics)

LC-Chip/ESI-QTOF-MS

(80)

BV (Egypt) Melittin

Apamin

MCD peptide

Adolapin

Minimine

Procamine A, B

Secarpin

Tertiapin

Melittin F

2,840

2,036

2,588

11,500

6,000

500

2,600

2,000

2,840

(222)

(Continued)
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TABLE 5 | Continued

Bee products Protein/peptide Molecular weight (kDa) Separation/purification Identification/analysis References

BV (French) Apim6

MCD

(ca. 8,000) Size exclusion chromatography

and HPLC;

SDS-PAGE (212)

Cardiopep (1940) (223)

Icarapin (24,387) SDS–PAGE (213)

MRJP8, MRJP9 (45,100), (46,300) Nickel-chelating affinity matrix

[nitrilotriacetic acid-agarose

Qiagen, Hilden, Germany];

SDS-PAGE

Waters Micromass QTOF2

mass spectrometer

immobilized onto

nitrocellulose membranes

(211)

BV (South

Korea)

Melittin Stepped-gradient open column

(ODS-A; 120◦A, 150 mesh)

C18-5E YMC packed column;

HPLC (100)

BV Epitope-based

peptide

(224)

BV (Korea)

(Egypt)

(Brazil)

Melittin and isoforms Reversed-phase liquid

chromatography using a

Proeminene UPLC; Shim-pack

VP-ODS C18 column

LCMS system using

ESI-QTOF

(225–227)

Apamin (228)

Adolapin Gel filtration and chromatography

on CM cellulose Sephadex GSO

fine column

SDS (10)

BV (South

Korea)

(USA)

PLA2 (Apim1) PTFE membrane filter

Pellicon 3 devices with

Ultracel-10 kDa membrane;

Reversed-phase (RP)-HPLC

system on a C18 column

(HPLC) (229–231)

BCP (Al-Ahsa

eastern Saudi

Arabia)

(Australia)

Ion exchange chromatography

with the utilization of Automatic

Amino Acid Analyzer LC 3000

(205, 206)

BCP (China) 2-DE MALDI-TOF/MS (198)

BCP (Apis

mellifera)

(Thailand)

0.65, 3, 5, and 10 kDa molecular

weight cut-off Pellicon XL filter

membranes (Merck); filtered

through 0.45mm filters;

RP-HPLC system;

Quadruple time-of-flight

mass spectrometry

(Q-TOF-MS)

Liquid

chromatography-mass

spectrometer (LC-MS)

(199)

BCP (Bulgaria) SDS-polyacrylamide gel

electrophoresis.

(207)

BCP (China) Ultra-filtration and purification

using preparative

high-performance liquid

chromatography

(197)

BCP (Gorgan) size-exclusion chromatography

(SEC). A Sephadex G-25 column

Agilent 1100 HPLC

system

TOF MS

(232)

RJ (China) RP-HPLC35 × 50mm

low-pressure glass column 250 ×

20mm, S-10µm, 12 nm C18

column (ODS-A, YMC, Japan)

HPLC system

SDS-PAGE

(233)

RJ (recombinant

royalisin)

Royalisin 5.5-kDa (234)

RJ (Japan) Membrane ultrafiltration,

anion-exchange chromatography,

gel filtration chromatography, and

reverse-phase high-performance

liquid chromatography

ESI-MS

RP-HPLC (API-ESI)

(235)

(Continued)
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TABLE 5 | Continued

Bee products Protein/peptide Molecular weight (kDa) Separation/purification Identification/analysis References

BCP (China) Polypeptide-2 42,388 Da Ion-exchange column and gel

filtration chromatography

MALDI-TOF-MS, LC-MS

immunological histological

chemistry transmission

electron microscope

SDS-PAGE

(215)

RJ, Royal Jelly; BCP, Bee Collected Pollen; BV, Bee Vonom; BB, Bee Bread; SEC, Size-Exclusion Chromatography; SDS-PAGE, Sodium Dodecyl Sulfate Polyacrylamide Gel

Electrophoresis; LC-MS/MS, Liquid Chromatography-Mass Spectrometry/Mass Spectrometry; Q-TOF-MS, Quadruple Time-Of-Flight Mass Spectrometry; SDS, Sodium Dodecyl

Sulfate; RP-HPLC, Reverse Phase-High Performance Liquid Chromatography; SRCD, Synchrotron Radiation Circular Dichroism; SEC-HPLC, Steric Exclusion Chromatography High

Performance Liquid Chromatography; LC-DAD-ESI, Liquid Chromatography Diode Array Detection Electrospray Ionization Tandem Mass Spectrometry; MALDI-TOF-MS, Matrix-

Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry; 2-DE, Two-dimensional gel electrophoresis; LC-Chip/ESI-QTOF-MS, Liquid Chromatography-Chip/ Electrospray

Ionization-Quadruple Time-of-Flight Mass Spectrometry.

Summary
• Drying techniques are essential for the storage of the

bee products;
• Traditional drying methods include freezing, solar drying

and in a hot air chamber. Hot air drying has a reasonably
shorter processing time, the most adequate temperature for
BCP drying is at 60◦C, but hot air drying has an effect on the
BCP quality and organoleptic characteristics, physicochemical
properties, morphological structure; FD is considered themost
gentle drying method, with fast rehydration rates and high
rehydration capacity;

• The freezing and FDmethods are used to preserve RJ, however
some researchers pointed that FD RJ is highly susceptible to
Maillard reaction (MR) and cannot meet the product quality
and stability requirements;

• Innovative drying methods like IR, thin-layer IR, microwave,
microwave-assisted vacuum drying (MW-VD), low
temperature high velocity (LTHV)-assisted fluidized bed
drying have been applied in the BCP drying;

• Several biotechnological solutions: fermentation with the
yeast and enzyme hydrolysis; physical processing technology:
ultrasonication and high shear (US-HS) technique, ultrasonic
temperature difference, ultrasonic and ball-milling treatment,
supercritical carbon dioxide (CO2) techniques have been used
in the wall breaking;

PROCESSING TECHNIQUES APPLIED IN
THE BEE PRODUCTS QUALITY CONTROL

Assessment of the Bee Products
Among all the methods, morphometric analysis for morphology
or surface texture and molecular structural analysis were the
two aspects mainly for the differentiation or identification of
compounds from bee products. The assessment methods applied
in the bee products are shown in Table 7.

Microscopic (SEM) and spectroscopic methods (FT Raman;
FT-MIR-ATR; FT-NIR; and Vis) were used to identify
pollen grains and interpret the specific contribution of the
main chemical constituents (126). SEM usually analyzes
the morphometry and surface of the BCP (276) and the
morphological changes after treatment (148). GC and GC-MS
techniques were used to identify and confirm free amino acids

in RJ (277) or the fatty acids in the bee products (112). Quick,
easy, and non-destructive tools are used to ensure the quality
and efficacy of PP and CP for clinical therapy (273, 278). FT-IR
and 2D-IR spectroscopy were used to identify the Cattail pollen
(CP) and pine pollen (PP) from BCP. In addition, differential
scanning calorimetry (DSC) and FTIR spectroscopy were used
to study the influence of aging conditions (274) and verify
the authenticity of the beeswax (279). Matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) was
used to detect honey adulteration based on oligosaccharide and
polysaccharide profiles (134).

Recently, omics technologies have been applied in honeybee
product research to assess authentication, adulteration detection,
quality, safety, and traceability of bee products, bioactivity
(antimicrobial and antioxidant), microbiome characterization,
and human health effects (280).

Electrochemical techniques (sensors and biosensors) are
the predominant methodology that can be applied for the
quantification of individual or total phenolic compounds, either
in standard solutions or in real matrices (e.g., plants, fruits,
and beverages) and their capability for assessing antioxidant
activity/capacity (281). An electrochemical sensing platform
based on a silver ion-cross-linked hydrogel for the evaluation
of three different bee products has also been proposed (39).
Electrochemical techniques have been acted as essential analytical
tools for the characterization especial the antioxidant properties
of the honey and propolis samples in an early stage (281).

Bee Products Quality Control (Techniques
and Standard)
Water Content and Microbial Quality Control
The moisture content and microbiological safety are the two
key parameters to control to ensure the quality of bee products,
especially for BCP and BB. Therefore, some standards or
technologies are emerging at the same time. The presence of
microorganisms in honey is an important indicator of quality.
The drying out process for the bee product should ensure that
the temperature lower than 42◦C, with a water content<6% (282,
283). Minimal requirements for dried BCP have been established
in Brazil: max. 4%; Switzerland and Poland: max. 6%; Uruguay:
max. 8%; Bulgaria: max. 10% (283). The bacterial load should be
control within legal hygienic limits (68). In addition, destruction
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TABLE 6 | Peptides sequence and bioactivity from bee products.

Bee products Peptides Sequence and structure Bioactivity References

RJ (Japan) pisimin

5 kDa

KTSISVKGESNVDVVSQINS (204)

RJ (Slovakia) MRJP1 (55 kDa) NILRGESLNKS (192)

MRJP2

49 kDa

AIVRENSPRNLEK

MRJP3

60–70 kDa

AAVNHQ (R/K)KSANNLAHS

MRJP5

77, 87 kDa

VTV (R/N)E (N/Q)SPR

BCP (Thailand) H2 VLAKNAPP

RLNTAEAGH

NO scavenging activity

IC50: 3.55 ± 0.09 mg/mL

(199)

H3 VTAHSATVLPR

KNKKWPAEAAH

KLRSRNLLHPT

TNRLLSGHSAKKH

1.57 ± 0.11

H4 TPVPWEAPRLN 5.64 ± 0.28

BCP (China) HPVTGL ACE inhibitory activity

IC50 of 51 µg/mL

(197)

RJ (Japan) F1-1 IA (235)

F1-2 LT

F1-3 ATA

F1-4 AT

F1-5 PL

F1-6 PL

F1-7 LP

F1-8 LASTP

F4-1 TGG

F4-6 GIPHA

F4-11 IGIPHA

F2-1 LAA

F2-2 GVPSS

F2-3 AL

F2-4 LPHVP

F2-5 ALPHVP

F5-1 SAG

F5-3 TA

F6-1 TGGA

F6-2 PAA

F6-4 TAT

F5-12 GIPHA

F5-13 TAGH

F5-15 TT

F5-7 VATGG

F5-9 IAGGS

F5-10 IAGG

Fd-1 LL

Fd-2 HGT

RJ (synthesis) RJ I

RJ II

RJ III

RJ IC

RJ IIC

RJ IIIC

RJ I N

RJ IIN

RJ IIIN

TA

TB

PFKISIHL

TPFKISIHL

EPFKISIHL

PFKISIHLGGY

TPFKISIHLGGY

EPFKISIHLGGY

YGGPFKISIHL

YGGTPFKISIHL

YGGEPFKISIHL

FLPLIGRVLSGIL

LLPI VGNLLKSLL

(236)

ACE, Angiotensin-I Converting Enzyme; IC50, half maximal Inhibitory Concentration; BCP, Bee Collected Pollen; RJ, Royal Jelly.
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TABLE 7 | Assessment methods for the bee products.

Bee products Techniques Functions References

RJ (Turkey) FTIR ♦ Prediction of the royal jelly content in

hive products

(273)

BB (Ukraine) Microscopic (SEM) and spectroscopic

FT Raman and Vis, FT-MIR ATR, FT-NIR

♦ Discrimination of bee bread samples

Morphometric analysis

(126)

BCP (Turkey) SEM ♦ Morphological analysis (148)

Beeswax (Slovakia) FTIR

Differential scanning calorimetry

(274)

BCP (China) SEM, TEM, Particle size distribution ♦ Morphological observation (162)

Rape BCP (China) SEM (156)

Honey (China) MALDI-MS ♦ Detection of honey adulteration based

on oligosaccharide and polysaccharide

profiles

(134)

BCP (Turkey) HP-TLC

HPLC

♦ Fingerprinting of the phenolic

compounds

(275)

BCP, propolis (Turkey) GC-MS, SEM ♦ Analysis of the chemical composition

♦ Evaluation of the shape and size

(269)

RJ, Royal Jelly; BB, Bee Bread; BCP, Bee Collected Pollen; SEM, Scanning Electron Microscope; GC-MS, Gas Chromatography-Mass Spectrometer; HPLC, High Performance Liquid

Chromatography; HP-TLC, High Performance Thin-Layer Chromatography; MALDI-MS, Matrix-assisted laser desorption/ionization mass spectrometry; TEM, Transmission Electron

Microscope; FT-MIR, Fourier Transform micro infrared spectroscopy, FT-NIR, Fourier Transform Near infrared spectroscopy; FTIR, Fourier Transform infrared spectroscopy.

of bacteria using chemical fumigants (284) or irradiation, ozone
treatments (285) is not necessary and leads to toxic residues,
but can control the microbiological quality (285). The European
Union make the standard for microbiological quality follows
AOAC methods and levels (283). While the major taxon needs
to be not <80% (283).

Contaminant Control
BCP is least influenced by contaminants from beekeeping.
The main contaminants in BCP are the heavy metals (286)
and pesticides (287) originating from the environment and
agricultural practices. BCP should gather in the areas at least
3 km from the contamination sources for control the quality.
Requirements for heavy metal content of BCP loads are no more
than: Cd; 1 mg/10 kg, Pb; 5 mg/10 kg, As; mg/10 kg, and Hg; 0.3
mg/10 kg (283).

The residual levels of three chemicals (i.e., imidacloprid,
thiamethoxam, and chlorpyrifos) were higher in pollen than
in bee bread (288). BCP from genetically modified organisms
(GMOs) have a compulsory requirement (Regulation EC
1829/2003) to label products where the GMO content exceeds
1%, and the requirement could also be applied to BCP and honey
(283). The dominant chemicals were the herbicides atrazine and
trifluralin, followed by the insecticide chlorpyrifos thiamethoxam
found only in one honey sample (289, 290).

Others
Detecting the compounds in bee products is a good strategy to
compare samples from different regions and ensure the quality
of bee products. The analysis of polysaccharides is a simple
and efficient tool for honey quality control and detection of
product adulteration (174). HPLC in gradient mode coupled
with photodiode array detection (PAD) method remains for
assay the most relevant propolis components. APCI-IT-MS
represents a valuable alternative analysis method to obtain typical

fingerprints of propolis and can be reliable identify a large
number of propolis components (291). A suitable headspace
solid-phase micro extraction (HS-SPME) techniques act as new
and reliable tools were applied to determine the fingerprint of raw
propolis samples from different Italian regions, thus providing
the complete chemical characterization of this bioactive material
(292). Raman spectroscopy combined with partial least squares-
linear discriminant analysis as a potential technique have applied
to detect the adulterants (high-fructose corn syrup and maltose
syrup) in honey (293).

Moisture, HMF (Hydroxymethyl furfural), free acid, diastase
are the composition and quality criteria used routinely for the
international honey trade (135, 294). Knowledge of the physical
or physicochemical properties of bee products is important for
monitoring the quality of honey. The hot wire and dynamic
plane source methods showed that both methods are suitable
for the identification of the bee products thermal parameters
(295). Multi-component analysis coupled with modern statistical
data evaluation techniques seems to be a promising approach for
authenticating honeys.

The nutrient content of the pollen also changes with storage.
Thermophysical parameters are substantially correlated with the
quality of bee products. Knowledge about the bee products
thermophysical characteristics during thermal manipulation can
improve the technological processing and storage (295). The
color of the honey determined its value for marketing and its
end-use. Sensory analysis can also help to determine the botanical
origin of the honey (296).

Summary
Microscopic (SEM) and spectroscopic methods (FT Raman; FT-
MIR-ATR; FT-NIR; and Vis) were used to identify pollen grains.
modern techniques like omics technologies and electrochemical
techniques (sensors and biosensors) are the predominant
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methodology to assess authentication, adulteration detection,
quality, safety, and traceability of bee products.

CONCLUSIONS AND FUTURE
PROSPECTS

Hive products and the apitherapy have a long history dating
back to the old times, which being used in phytotherapy and diet
due to their powerful healing properties. Bee products as natural
medicines are gaining prominence for the constituent bioactive
compounds possess beneficial health properties and are widely
used in food, medicines, and cosmetics. Convenient and efficient
machines have been designed, and proper processing techniques
have been applied based on the properties of the bee products.

Traditional drying techniques such as sun drying, hot air
chamber, and FD are used to dehydrate the BCP and BB after
harvesting. FD is considered the most effective technique, as it
causes negligible damage to bee products; it has been used to
dry bee pollen, bee bread, and preserve RJ. But some researchers
pointed that RJ samples are not suitable for the FD techniques,
for it may cause MR even at lower temperature for some days,
the mechanism of that deserve more study. The RJ storage in
industrial scales also need more emphasized in the future.

Innovative drying technologies are emerging these years to
conserve the good quality of bee products. The water content
for the BCP should control <6 or 4% in other country. The
traditional drying temperature control at 60◦C relative better to
escape the water and deduce the microbial metabolism. MWD,
IR radiation drying, thin-layer IR drying, vacuum drying alone
and combined with other methods. MW-VD, LTHV-assisted
fluidized bed drying, and IR heating-assisted fluidized bed drying
are also widely used. These innovative drying methods can
effectively escape the water, but have a marked effect on the
quality characteristics, especially color. Beside the water escape
effect, drying can also kill microorganisms of the bee products
to some extent; irradiation, ozone treatments, and chemical
fumigants can also control the microbes in bee products. New
cold sterilization technologies should be applied in the future and
combined with drying techniques.

Wall-breaking techniques special used for BCP and BB,
biotechnological techniques (fermentation with yeast) and
physical pretreatments have been used to increase the
accessibility of nutrients for intestinal absorption. During
fermentation, enzymes that can hydrolyze the wall of the
BCPs are produced. The addition of different enzymes, such as
pepsin, trypsin, and papain, can also effectively rupture the wall.
Physical pretreatment like temperature difference, supercritical
CO2, combined ultrasonic-ball-milling treatment, higher shear
technique, and temperature difference with ultrasonication
showed better wall-breaking efficiency. After fermentation or
physical pretreatment, wall-breaking bee pollen yielded better
active ingredients with excellent bioactivity. In the further

study, wall-breaking technology should focus on the combine
treatment, like the physical with fermentation and combine with
ultrasound assist enzyme hydrolysis, which can produce the bee
products for special patient (higher protein and peptide and
less carbohydrate).

Extraction, isolation, and purification techniques are required
for almost all bee products to obtain active ingredients.
Carbohydrates, proteins, lipids, and fatty acids are the main
compounds in BCP, BB, and RJ. Propolis is rich in phenols and
flavonoids. The venom contains many peptides such as melittin
or isoforms with excellent pharmacological effects. Recently,
several active ingredients have been isolated. For the extraction
technologies, related studies usually focus on the traditional
methods, extraction using water, solvents or solvents with water,
and Soxhlet extraction for obtaining oil or fatty acids by using
a Soxtec HT 1043 system or solvent extraction alone. Different
chromatography columns are widely used for the isolation
of each compound, including DEAE cellulose DE-52. They
include size-exclusion and anion-exchange HPLC, hydrophobic
interaction chromatography, ion-exchange chromatography, size
exclusion chromatography, gel-filtration chromatography, and
affinity chromatography. Currently, procedures for isolation are
tedious and only useful for analytical or preparative purposes
in the laboratory, but unsuitable for large-scale processing;
thus, new, facile, and efficient technologies should be applied
for the extraction and isolation of active ingredients. High-
speed countercurrent chromatography, which is a liquid-liquid
separation technology, should be used more for isolating
other small active ingredients, such as peptides in the future.
Ultrasonication is an innovative technique that can be an efficient
technique to assist in the extraction and isolation of lipids or
other active ingredients.

For the different techniques, there is still scope for
improvement in terms of the characteristics of the samples or the
processing steps. Using combined physical processing techniques
is a viable way to efficiently obtain more desirable bee products.
In addition, to apply each technique on a pilot, or industrial scale
is always a tough decision in the future.
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Previous studies from our lab have shown that the antimicrobial peptide F1 obtained from

the milk fermentation by Lactobacillus paracasei FX-6 derived from Tibetan kefir was

different from common antimicrobial peptides; specifically, F1 simultaneously inhibited

the growth of Gram-negative and Gram-positive bacteria. Here, we present follow-on

work demonstrating that after the antimicrobial peptide F1 acts on either Escherichia

coli ATCC 25922 (E. coli) or Staphylococcus aureus ATCC 63589 (S. aureus), their

respective bacterial membranes were severely deformed. This deformation allowed

leakage of potassium and magnesium ions from the bacterial membrane. The interaction

between the antimicrobial peptide F1 and the bacterial membrane was further explored

by artificially simulating the bacterial phospholipid membranes and then extracting

them. The study results indicated that after the antimicrobial peptide F1 interacted with

the bacterial membranes caused significant calcein leakage that had been simulated

by different liposomes. Furthermore, transmission electron microscopy observations

revealed that the phospholipid membrane structure was destroyed and the liposomes

presented aggregation and precipitation. Quartz Crystal Microbalance with Dissipation

(QCM-D) results showed that the antimicrobial peptide F1 significantly reduced the quality

of liposome membrane and increased their viscoelasticity. Based on the study’s findings,

the phospholipid membrane particle size was significantly increased, indicating that the

antimicrobial peptide F1 had a direct effect on the phospholipid membrane. Conclusively,

the antimicrobial peptide F1 destroyed the membrane structure of both Gram-negative

and Gram-positive bacteria by destroying the shared components of their respective

phospholipid membranes which resulted in leakage of cell contents and subsequently

cell death.

Keywords: quartz crystal microbalance with dissipation (QCMD), antimicrobial peptide F1 (AMP), phospholipid

membrane, antibacterial mechanism of action, bacteria
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INTRODUCTION

The phospholipid bilayer is the foundation of all bacterial
cell membranes and antimicrobial peptides usually target this
membrane to kill bacteria (1, 2). Therefore, the mechanism of
action between an antimicrobial peptide and the phospholipid
membrane is the core of the peptide’s ability to penetrate into the
membrane (3). Single or multiple phospholipids are used tomake
liposomes, which are similar to the phospholipid membranes of
microorganism to simulate the biofilm and study themechanisms
associated with the antimicrobial peptides (4). Among these
models, liposome, solid supported, and micelle are all classical
methods to study the interaction between various antimicrobial
substances and the phospholipid membrane.

In water, phospholipids or other similar compounds actively

form a closed structure called a liposome. The chemical

composition and thickness of the formed liposomes are very

similar to those of the natural membranes. Liposomes also have
fluidity and asymmetry, so they are widely used as a membrane
model (5). Liposomes made of either natural or synthetic
phospholipids can simulate different kinds of cell membranes
by changing their phospholipid composition. For instance, there
is a higher content of phosphatidyl ethanolamine (PE) in the
membrane of Gram-negative bacteria such as E. coli (6). In
addition, bacterial cell membranes also contain phosphotidyl
glycerol (PG), cardiolipin (CL), and other negatively charged
phospholipid molecules. However, the major phospholipid
molecules found in the mammalian somatic cell membrane
are phosphatidyl choline (PC) and cholesterol (CHOL) (7). A
mixture of PG and PE phospholipids has been used to simulate
the cell membrane of E. coli; some people have also used
PC, PG, and CHOL to simulate the surface of Gram-positive
bacterial cell membranes (8). Dipalmitoylphosphatidylcholine
(DPPC), dipalmitoylphosphatidylglycerol (DPPG) and 1,2-
Dipalmitoryl-sn-Glycero-3-Phosphoethanolamine (DPPE)
are important components of PC, PG, and PE, respectively,
and are often used to simulate phospholipid membranes. To
explore the effects of antimicrobial peptides on membrane
permeability, liposomes have been embedded with fluorescent
probes such as calcein to study the leakage of their contents
(9). When different concentrations of antimicrobial peptides
applied on calcein-containing liposomes which resulted
in changing phospholipid membrane permeability due to
the actions of the antibacterial peptide. This permeability
change was evident from the release rate of calcein (10).
Solid supported membrane is a membrane model of the
phospholipid membrane that is spread on a plane and simulates
the basic, biological structure of the phospholipid bilayer
(1). Quartz Crystal Microbalance with Dissipation (QCM-D)
monitors the frequency (F) and energy dissipation (D) of
the quartz crystal surface in real time, thereby monitoring
the dynamics of the membrane solid support membrane
surface, and measuring the quality and viscoelastic changes
in the phospholipid membrane (11, 12). Moreover, due
to their different sound penetration depths, higher octave
frequencies monitor the information on the surface of the
sensor, while lower octave frequencies are closer to the

water surface. Therefore, QCM-D is used to monitor the
quality and viscoelastic changes at different depths of the
phospholipid membrane on the surface of the quartz crystal
in real time. This information allows one to preliminarily
infer the types of interactions between the antimicrobial
peptide molecules and the phospholipid membrane
(13, 14).

In our previous research, which reported an antimicrobial
peptide F1 (Thr-DAP-Asn-Thr-PEA-Gln-Ala-Arg-Ser-Lys-Gln-
Asp-PEA-CySH-Val-Asn-PEA-Tau) (15), a novel antimicrobial
peptide obtained from Tibetan kefir. Briefly, this work showed
that the antimicrobial peptide F1 had strong antimicrobial
activity against several bacterial and fungal strains (16, 17).
Based on this initial work, present study aimed to determine the
destructive effects of antimicrobial peptide F1 on the bacterial
membrane structure particularly. In this study, transmission
electron microscope (TEM) was used to investigate the changes
in the bacterial membrane microstructure after the antimicrobial
peptide F1 acted on both E. coli and S. aureus and caused
leakage of potassium and magnesium ions. Secondly, different
liposomes (DPPG, DPPE, DPPC, and CHOL) to simulate various
bacterial phospholipid membrane compositions followed by
calcein permeability, TEM, QCM-D, and other methods to
study the interaction between the antimicrobial peptide F1 and
bacterial phospholipid membrane.

MATERIALS AND METHODS

Microorganisms and Materials
Probiotic L. paracasei subsp. tolerans FX-6 was used in
the present study, previously isolated from Tibetan kefir
(traditional fermented milk from Tibet, China), and stored
at −80◦C in the College of Food Science, South China
Agricultural University, Guangzhou, China. Both Escherichia
coli ATCC 25922 and Staphylococcus aureus ATCC 63589
were stored at −80◦C in the microbial culture laboratory.
DPPG, DPPE, DPPC, and CHOL were acquired from
Corden Pharma (Liestal, Switzerland). Cholesterol and calcein
were purchased from Sangon Biothch (Shanghai, China).
All the solvents and chemicals used in this study were of
analytical grade.

Transmission Electron Microscopy
Observations of the Damaged Bacterial
Membrane by F1
The tested bacterial strains used in this study E. coli and S. aureus
were liquid cultured to the late logarithmic growth stage. After
reaching this stage, the antimicrobial peptide F1 was added at a
final concentration of 5×MIC, after which it was cultured for 2 h
at 37◦C and sampled at 0.5, 1, and 2 h. Afterwards, centrifugation
(2,000 rpm/min) for 10min was used to collect the cells, after
which the following steps were taken; (1) three rinses (10
min/rinse) with 5 mmol/L PBS buffer; (2) fixation with osmium
acid for 1 h; (3) three rinses (10 min/rinse) with 5 mmol/L PBS
buffer; (4) dehydration using a series of ethanol concentrations
(30, 50, 70, 80, 90, and 100%). Among these, dehydration steps
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using 30, 50, 70, and 80% ethanol lasted for 10min; cells were
dehydrated with 90 and 100% ethanol twice per concentration
(10 and 15 min/step, respectively); (5) dehydration using 100%
acetone (twice, 15 min/step) (6) soaking in acetone: EPON812
resin in a 3:1 ratio for 2 h; (7) soaking in acetone:EPON812 resin
in a 1:1 ratio overnight; (8) soaking in acetone:EPON812 resin in
a 1:3 ratio for 6 h; (9) soaking in pure EPON812 resin twice for
12 h each time; (10) polymerize at 45◦C for 24 h; (11) polymerize
at 60◦C for 48 h; (12) ultrathin sectioning followed by staining
with 3% uranyl acetate and imaging using TEM (18).

Detection of Bacterial Cell Ion Leakage
One milliliter of bacteria (E. coli and S. aureus) was removed
and cultured to the late logarithmic growth stage. After reaching
this stage, it was centrifuged, washed twice with sterile ultrapure
water, and then 950 µL of sterile ultrapure water and 50 µL of
antimicrobial peptide F1 were added. The final concentration was
1 × MIC. Ultrapure water was used as a negative control, and
the antimicrobial peptide Triton X-100 was used as a positive
control. Samples were incubated for different times (30, 60,
90, 120, 150min) in a water bath (37◦C) and then centrifuged
(4,000 rpm/min, 10min). After centrifugation, 0.1mL of the
supernatant was removed and 9.9mL of ultrapure water was
added to dilute it. An atomic absorption spectrometer was used
to detect the concentration of potassium and magnesium ions.

Extraction and Preparation of Lipids From
E. coli and S. aureus
Lipid extraction was based on the method used by Dennison et al.
(19) with minor modifications. Briefly, the bacterial solution that
had been cultured to the logarithmic growth phase was placed
in a 50mL centrifuge tube and centrifuged at 4,000 rpm/min
for 15min at 4◦C. The supernatant was re-suspended by adding
PBS buffer, and then centrifuged at 4,000 rpm/min for 10min,
after which the supernatant was discarded. A small amount
of buffer was added to the pellet and cells were transferred
to a 300mL beaker. Then 60mL of buffer and 180mL of
chloroform methanol (1:2, v/v) solution were added and the
resulting solution was stirred for 90min. The liquid was then
transferred from the beaker to a 500mL separatory funnel, after
which it was allowed to stand for separation of the different
layers. The lowest liquid layer was collected and placed in a 50mL
round bottom flask and the solvent was evaporated at 40◦C.
The remaining organic solvent was blown off using nitrogen,
after which 5mL of PBS buffer was added to the extracted
phospholipids. The sample was then sonicated for 30min in a
water bath to disperse the adherent film in the buffer. Using a
300W intermittent ultrasonication for 5min, the liquid nitrogen
was repeatedly frozen and thawed for 8 cycles, after which it was
repeatedly extruded for 10 times with a 100 nm film of liposome
extruder to evenly distribute the individual liposomes. From this
liposome dispersion, 3mL was taken and subjected to a particle
size analyzer, three cycles at a time. After determining the initial
particle size, the liposomes were separated into the following two
groups: (1) control group (37◦C for 10min) and (2) experimental
group (1mg/mL F1 and placed at 37◦C for 10min). A particle size
analyzer was then used to detect the resulting particle sizes; each

group had three samples run in parallel and the experiment was
repeated three times independently.

Effect of Antimicrobial Peptide F1 on
Artificial Liposomes Embedded With
Calcein
Briefly, 10mg of phospholipid was weighed and the phospholipid
composition of the four groups was as follows: (1) 100% DPPG,
(2) 30% DPPG and 70% DPPE, (3) 100% DPPE, (4) 90% DPPC
and 10% cholesterol. To each group, 5mL of chloroform was
added to fully dissolve the included phospholipids and a 50mL
round-bottom flask was used to evaporate to dryness at 40◦C.
The remaining organic solvent was blown off using nitrogen to
form a film on the bottom of the flask. Five milliliter of calcein
solution (60mM) was added to the above-mentioned flask, after
which the solution was fully hydrated at 60◦C and probed using
300W intermittent ultrasound for 5min. The solution was then
filtered 8–10 times using a 100 nm filter to obtain a mixture of
liposomes with a uniform particle size. From this mixture, 1mL
was removed and passed through a 1.5 × 60 cm dextran gel G-
50 column to remove any free calcein from the liposomes. The
mobile phase uses PBS buffer, and each 4mL sample is collected
in a test tube separately. Then, a multi-functional microplate
reader was used to separately detect the fluorescence value of
the liquid in each tube. The excitation and emission wavelengths
were 485 and 530 nm, respectively.

To this, 10% Triton X-100 was added and mixed thoroughly
prior to re-measuring. The sample with the largest fluorescence
change before and after adding Triton X-100 was selected for the
following experiment. The calcein-embedded liposome fluid was
added to a 96-wells plate (200 µL per well) and its fluorescence
value was detected (excitation and emission wavelengths were
485 and 530 nm, respectively). Afterwards, 10 µL of different
concentrations of F1 (0, 20, 40, 60, and 120µM) solution was
added to each group. Fluorescence was measured after every
2min. Finally, 10% Triton X-100 was added and thoroughly
mixed to determine the final fluorescence value to indicate
complete leakage. The following formula was then used to
calculate the different fluorescence leakage values: Leakage % =

(Ft – F0)/(F – F0)× 100%, where F is the fully leaked fluorescence
value, F0 is the initial fluorescence value, and Ft is the measured
fluorescence value (20, 21).

Using QCM-D to Study the Effect of F1 on
Spreading Phospholipid Membrane
Liposome (70% is DPPG and 30% is DPPE) sample was
weighed (1 mg/mL) and prepared into a liposome solution
according to the previously described method in section Effect
of Antimicrobial Peptide F1 on Artificial Liposomes Embedded
With Calcein. The surface of the quartz wafer was cleaned with
alcohol, then dried with nitrogen and loaded into the instrument.
The samples were then sequentially introduced into the crystal
chamber. The operating procedure was as follows: (1) 0–20min
(buffer used to make a stable baseline); (2) 20–30min (rinse with
1 mg/mL liposome solution at a flow rate of 100 µL/min); (3)
30–40min (pump stopped and solution was allowed to stand; the
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liposomes were fully ruptured and spread; (4) any liposomes that
were not adsorbed onto the wafer were washed away with buffer
at a flow rate of 100 µL/min for 40–50min; (5) antibacterial
peptide F1 (50 µL/min) was flowed over the wafer for a 50–
60min rinse; (6) 60–90min (no solution flow and F1 was allowed
to fully work on the membrane); (7) ∼90–100 or 90–130min
(unadsorbed and detached components were washed away with
buffer at a flow rate of 100 µL/min) (22).

TEM Observations of Liposome
Morphology Before and After F1 Treatment
High-purity antibacterial peptide F1 (1mg) was added and
mixed well into the liposome solution prepared according to the
previously described method in section Detection of Bacterial
Cell Ion Leakage. Samples were removed from this liposome
solution at 1 and 10min before F1 addition. TEM sample
preparation was as follows: The treated liposome suspension
was added dropwise to a 200-mesh carbon support membrane
and dried overnight at 40◦C. Then, 2% phosphotungstic acid
was added dropwise to negatively stain the sample. After 1min,
the dye was sucked away and dried. Then, the prepared carbon
support film was observed by TEM (23).

Statistical Analysis
All assays were conducted in triplicate and the average values
were taken for data analysis. The data was expressed as mean
values ± standard deviation (SD). The statistical significance
was measured using one-way analysis of variance (ANOVA) and
a multiple comparison by Tukey’s test. Moreover, statistically
significant difference was determined at P < 0.05. Standard
curves and other figures were created using GraphPad Prism 5.0
(GraphPad Software Inc., San Diego, CA, USA) and Origin 8.5
[OriginLab (Microcal), CA, USA].

RESULTS AND DISCUSSION

Microscopic Morphology Effect of
Antimicrobial Peptide F1 on E. coli and S.

aureus Cells
The ultrastructural changes of S. aureus over time after addition
of the antimicrobial peptide F1 are shown in Figure 1. Normal
S. aureus at time 0 h and without the effects of antimicrobial
peptide F1 on its cell wall and membrane are clearly visible.
The cell morphology is the typical morphology of S. aureus
with a uniform cytoplasm, clear and complete cell wall and
cell membrane, and smooth surface. After 0.5 h of incubation
with antimicrobial peptide F1, the surface of the S. aureus
cell membrane became rougher, with blurred cell wall and
cell membrane and an uneven cytoplasm. After 1 h incubation
with the antimicrobial peptide F1, the S. aureus cell membrane
was almost mixed with the entire cell and the surface contour
became blurred. The cell morphology was notably deformed and
normal cells were not present, indicating that the intracellular
lysate had leaked due to rupturing of cells and a complete
dried out phenomenon occurred. After 2 h incubation with the
antimicrobial peptide F1, the morphology of S. aureus cells was

FIGURE 1 | Transmission electron microscopic analysis of S. aureus treated

by 5 × MIC of antimicrobial peptide F1 for 0, 0.5, 1, and 2 h, respectively. All

images are representative of three independent experiments. The arrow is

pointing a breakage in the membrane.

severely deformed and the cells were severely lysed, making it
impossible to identify the cellular morphology.

Antimicrobial peptide F1 was also applied and investigated
against E. coli, and the results had been published in a
previous paper (15). Similar to the results observed in
present study against S. aureus, the E. coli membrane was
also gradually damaged after addition of the antimicrobial
peptide F1. These result indicate that the antimicrobial
peptide F1 has the potential to simultaneously damage the
membranes of Gram-positive and Gram-negative bacteria (24).
The main components of Gram-positive bacterial membrane are
peptidoglycan, periplasmic space, and plasma membrane. The
cell membrane of Gram-negative bacteria is composed of an
outer membrane (lipopolysaccharide and protein), periplasmic
space, and plasma membrane (25). Gram-positive bacteria have
a thick peptidoglycan layer and no outer lipid membrane;
comparatively, Gram-negative bacteria have a thin peptidoglycan
layer along with an outer lipid membrane (26). Given this,
the antimicrobial peptide F1 is likely to destroy the membrane
structure by destroying the plasma membrane components
shared by both Gram-positive and Gram-negative bacteria.

Bacterial Ion Leakage After Antimicrobial
Peptide F1 Acts on E. coli and S. aureus
The potassium ion leakage from E. coli showed an increasing
trend from 0 to 90min and at the initial concentration of ions
in F1 group was found higher than other groups. These results
showed that F1 can contact and destroy the bacterial membrane
in a short time (<30min). In all groups, the concentration of
potassium ion reached the maximum in 30min and remained
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FIGURE 2 | Analysis of bacterial ion leakage after antimicrobial peptide F1 applied on E. coli and S. aureus. (A,C) As well as (B,D) show the leakage of potassium and

magnesium ions after the antimicrobial peptide F1 acted on E. coli and S. aureus for 30, 60, 90, 120, and 150min, respectively.

FIGURE 3 | The effect of different concentrations of antibacterial peptide F1 on phospholipids of E. coli (A), and S. aureus (B). These letter represent statistically

significant difference among the groups at P < 0.05.

relatively stable, indicating that potassium ion is very sensitive to
bacterial membrane damage. The potassium ion concentration
for S. aureus continued to rise slowly during the first 120min,
while the potassium ion leakage rate suddenly increased after

120min. Our results also indicated that the antibacterial peptide
F1 had a stronger effect on both bacteria in the first 150min
than the membrane breaker Triton X-100. After 150min, the
ion leakage concentrations of the antimicrobial peptide F1 and
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FIGURE 4 | The effect of antibacterial peptide F1 on artificial liposomes. Composition of artificial liposomes was as follows: (A) DPPG (100%), (B) DPPG (30%) +

DPPE (70%), (C) DPPC (100%), and (D) DPPC (90%) +CHOL (10%).

Triton X-100 treatment groups were similar (Figures 2A–D).
Compared with the negative control, F1 caused a notably larger
amount of magnesium ion leakage in the somatic cells of E. coli
and S. aureus. Moreover, the effect was better than that of the
positive control of Triton X-100.

Some studies showed that most of the antimicrobial peptides
from lactic acid bacteria form holes in the bacterial cell
membrane, causing intracellular ions to leak out and ultimately
causing the dissipation of the proton-driven potential (27).
Although different antimicrobial peptides achieve this ultimate
end, their target mechanisms are different. Currently, the
detergent damage model and pore channel model are the two
models that illustrate this mechanism (28). Both models are
related to membrane damage and proton dynamic potential
dissipation. Studies have shown that some antimicrobial peptides
cause damage to bacterial cell membranes, decrease the fluidity
of the membrane, and/or cause loss of its semi-permeability.
Ultimately, resulting in leakage of intracellular electrolytes and
nucleic acids to the outside of the cell, simultaneously affecting
the various metabolic pathways of the cell. Interference with

the regulation of osmotic pressure inside and outside the cell
eventually leads to cell death (29). Potassium and magnesium
ions are two types of metal ions found in bacterial cells. Under
normal circumstances, they exist stably inside the cells. When the
cell membrane of the bacteria is either permeabilized or ruptured,
a large amount of leakage will follow. Given this, most researchers
use the detection of potassium ions or changes in magnesium
ions concentration to assess cell membrane integrity (30).

Effect of F1 on E. coli and S. aureus

Phospholipids
To demonstrate that the antimicrobial peptide F1 directly reacts
with bacterial liposomes, thus liposomes were extracted from
both from E. coli and S. aureus. The liposomes made from the
extracted lipids of E. coli and S. aureus have a degree of stability,
and the particle size remained unchanged (∼200 nm) after being
left untouched for a period of time (Figure 3). After applying the
antimicrobial peptide F1, the size of the liposomes significantly
increased. After the antimicrobial peptide F1 application, the size
of liposomes in the 0.1% antimicrobial peptide F1 group was
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FIGURE 5 | TEM observation of the effect of antibacterial peptide F1 on phospholipid membrane at 1 and 10min.

significantly larger than that of the 0.05% antimicrobial peptide
F1 liposomes. This difference indicated that high concentrations
of antimicrobial peptide F1 interfered with liposomal stability.
This instability was caused by interacting with liposomes to
increase their size. The increase in particle size of S. aureus
liposomes was larger than that of E. coli liposomes, indicating
that antimicrobial peptide F1 had different degrees of damage
to liposomes of different strains, indicating that F1 has a certain
selectivity for liposome damage.

Effect of Antibacterial Peptide F1 on
Liposomes
Calcein has self-quenching properties. When high
concentrations of calcein are found inside liposomes, the
fluorescence value is low. When antibacterial peptides damage
liposomes, calcein leakage starts and resulting in an increased
fluorescence. The internal strength increases with the degree of
leakage; the molecular diameter is smaller than that of probes
such as FITC, which is suitable for liposomes with small particle
size (31).

According to the fluorescence working curve of calcein shown
in Supplementary Figure 1, it is clear that the fluorescence value
of calcein has a concentration range that showed a linear change.
Taking the level of fluorescence leakage after adding 10% Triton
X-100 as an indicator of the complete leakage of liposomes.
More specifically, it has a good linear relationship across a
fluorescence intensity range of 0–400,000. This quantitatively
reflects the leakage level of the probe. When the concentration
exceeds 3µg/mL, the fluorescence intensity exceeds this range
and the fluorescence value no longer significantly increases.
As shown in Figures 4A,B, after treatment with F1, the above

two liposomes had strong fluorescence leakage. Moreover, the
leakage degree increased with increasing F1 concentration. The
leakage rate of DPPG liposomes under the same F1 concentration
was significantly greater than that of the DPPG + DPPE
liposomes. When the liposomes contained DPPE molecules,
the efficiency of F1 was reduced. This may be because the
addition of DPPE molecules (without charge) reduces the overall
negative charge. As shown in the aforementioned figures, the
fluorescence leakage after F1 acted on the liposomes was very
fast. More specifically, a leakage level of more than 80% was
observed within the time span of 2min; over the following 2–
10min, subsequent leakage rate increase was not very high.
This indicated that the interaction between the antimicrobial
peptide F1 and the phospholipid membrane occurred quickly
and when F1 contacted other liposomes, the amount of leakage
increased. DPPC and cholesterol are the main components
of mammalian cell membranes (32). DPPC molecules are not
charged, and cholesterol has a protective effect on the stability of
phospholipid membranes. As shown in Figures 4C,D, the effect
of F1 on DPPC liposomes was significantly smaller than that
on DPPG and DPPG + DPPE. The effect on DPPC + CHOL
was smaller, and the fluorescence leakage rate in these liposomes
never exceeded 10%. This reduction in permeability was due to
the cholesterol molecules introducing conformational ordering
of the lipid chains and creating a denser and more rigid barrier
for the calcein to cross (33).

TEM Observation of the Effect of F1 on the
Phospholipid Membrane
TEM is commonly used to characterize the internal structure
of nanoemulsions (34). Nano-sized liposomes are dispersed in
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FIGURE 6 | Changing trend of frequency and dissipation at three times the frequency on the membrane after applying antimicrobial peptide F1. Different

concentrations of antimicrobial peptide F1: (A) 0.1 mg/mL, (B) 0.2 mg/mL, (C) 0.3 mg/mL, and (D) 0.5 mg/mL.

the buffer and their integrity is observable using transmission
electron microscope (TEM). As shown in Figure 5, before
adding F1, liposomes were found in a regular and uniform
spherical shape as liposomes primarily appeared as unilamellar
spherical vesicles consisting of a lipid bilayer (higher density
bands) surrounding an aqueous core (same density as exterior
aqueous phase) (35). One min after adding the antimicrobial
peptide F1 to the system, the liposomes were fused and
presented as a large liquid phospholipid membrane. At this
point, the phospholipid bilayer completely lost its structure. After
the antimicrobial peptide F1 interacted with the phospholipid
membrane for 10min, the phospholipid membrane broke into
an irregular dispersion. When examined closely, it was clear
that the original liposome became a transparent phospholipid
membrane structure. Although the liposomes were clearly fused,
they maintained a membranous structure. When acting upon
for a length of time, the phospholipid membrane ruptured, and
the precipitate accumulated. This led to increased agglomeration
between liposomes over time, the liposome membrane ruptured
and the average particle size increased.

Conclusively, the study’s results showed that the antimicrobial
peptide F1 disturbed the structure of the phospholipid

membrane, thereby destroying the cell membrane structure
of the tested bacteria and causing the cell body contents to leak
out ultimately resulting in cell death.

Effect of F1 on Spreading Phospholipid
Membrane
QCM-D is an emerging technology based on quartz crystal
microbalance (QCM) technology (36). QCM-D monitors the
frequency (F) and energy dissipation (D) of the quartz crystal
surface in real time, thereby monitoring the dynamics of the
surface of themembrane solid support membrane andmeasuring
the quality and viscoelasticity of the phospholipid membrane
(37). As shown in Figure 6A, before adding F1, the frequency
and dissipation of the wafer surface were relatively stable, and
the phospholipid membrane had reached a fairly stable state.
Fifty minutes min after F1 had been added, the frequency
and dissipation fluctuated greatly. The frequency significantly
decreased, indicating that the quality of the membrane surface
increased. Moreover, the membrane surface quality continued to
increase slowly after stopping the flow of F1. After allowing the
flow into the buffer to rest, the frequency and the dissipation
value both recovered and quickly stabilized. The final frequency
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FIGURE 7 | Variation of dissipation on spreading phospholipid membrane at frequency of 3 and 11 times after applying antimicrobial peptide F1. Different

concentrations of antimicrobial peptide F1: (A) 0.1 mg/mL, (B) 0.2 mg/mL, (C) 0.3 mg/mL, and (D) 0.5 mg/mL.

and dissipation values had a certain difference from before
flowing into F1, indicating that both the quality of the membrane
surface and its viscoelasticity had increased. Taken together,
these results showed that this concentration of F1 was adsorbed
on the surface of the phospholipid membrane, which changed
the physical parameters of the membrane surface. As shown
in Figure 6B, the change on the surface of the phospholipid
membrane at 0.2 mg/mL F1 was almost the same as that
observed at 0.1 mg/mL. However, the frequency of themembrane
surface was more notably changed. This indicated that F1
adsorbed more on the membrane surface, but did not show any
obvious destructive effects. As shown in Figure 6C, when 0.3
mg/mL F1 was added, the frequency of the membrane surface
also decreased, and the dissipation phenomenon increased.
When F1 was continuously in contact with the phospholipid
membrane, the frequency of the membrane surface began to
slowly rise, and dissipation was slow and had decreased. At this
stage, this indicated that the membrane mass was reduced, the
viscoelasticity was reduced, and/or the membrane was thinned.
After flowing into the buffer, the frequency increased and was
closer to the initial value than when the concentration was
low. This indicated that more material was washed away on

the surface of the wafer. It may be that the phospholipid
membrane was damaged due to the action of F1, causing
part of the phospholipid molecules to fall off. As shown in
Figure 6D, after adding 0.5 mg/mL of F1, both the mass and
viscoelasticity of the membrane increased rapidly during the
adsorption period. During the standing process, the frequency
significantly decreased, which indicated that the mass of F1
decreased after interacting with the phospholipid membrane.
Moreover, the D value also slowly increased (4).

After adding the buffer, the frequency increased to a large
degree, indicating a large amount of damage to the phospholipid
membrane and the washing away of a large amount ofmaterial on
the wafer. As shown in Figures 7A–D, when 0.1 and 0.2 mg/mL
of F1 were individually applied, the dissipation at 3 octave and
11 octave increased with increasing frequency. Comparatively,
at 0.3 mg/mL, the F and D values began to change. When
the concentration reached 0.5 mg/mL, its change law became
more complicated and the curve of the 3 octave frequency
changed to the upper left direction. The slope of the curve
was first larger and then smaller, and the curve of the 11
octave frequency changed to the lower left. Taken together,
these results showed that the viscoelasticity of the phospholipid
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FIGURE 8 | Variation of film value on spreading phospholipid membrane at different octaves after applying antimicrobial peptide F1. Different concentrations of

antimicrobial peptide F1: (A) 0.1 mg/mL, (B) 0.2 mg/mL, (C) 0.3 mg/mL, and (D) 0.5 mg/mL.

membrane on the wafer surface varied at different depths (14).
As shown more intuitively in Figures 8A–D, the value of the
membrane changed at different frequency doublings. At lower F1
concentrations, the surface quality of the film increased; notably,
this increase became larger with increasing concentration. At the
same concentration, the amount of mass increase decreased with
an increase of the frequency doubling. As shown, the change on
the surface of the film was greater, while the internal impact was
less. With increasing F1 concentration, the mass change was not
proportional to the concentration, but began to decrease. After
applying 0.3mg/mL F1, the frequency of each frequency doubling
was reduced; that is, the mass increased, but the increase was
<20Hz. This was notably <0.2 mg/mL. When the concentration
reached 0.5 mg/mL, the frequency still decreased at the three
times the frequency, while the frequency of five to eleven-times
was significantly increased. Taken together, this indicated that
the internal quality of the membrane was decreased and the
membrane was no longer intact after F1 application.

In summary, the results of the QCM-D experiment showed
that different F1 concentrations had different effects on the
surface of the phospholipid membrane. When either 0.1
or 0.2 mg/mL F1 was applied over the membrane surface,

adsorption occurred. Moreover, the amount of adsorption
increased with increasing F1 concentration. However, when F1
with a concentration higher than 0.3 mg/mL was applied onto
the surface of the phospholipid membrane, it caused significant
damage to the phospholipid membrane. At 0.3 mg/mL of F1, the
membrane surface quality was slightly reduced. At 0.5 mg/mL
of F1, the membrane quality was significantly reduced, but
the viscoelasticity increased. The changes in the properties of
the membrane surface and the interior of the membrane were
not fully synchronized, but as the concentration increased, the
amount of molecular aggregation also increased and affected the
membrane integrity.

CONCLUSIONS

Based on the study’s findings, antimicrobial peptide F1 exhibited
potential to inhibit the growth of both Gram-negative and Gram-
positive bacteria. Specifically, antimicrobial peptide F1 mainly
interacts with the bacterial liposome membrane, causing the
membrane to lose viscoelasticity and destroying its structure
leading to destroy the structure of the entire cell membrane,
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subsequently causing the cell content’s leakage and killing of
the bacteria. This study showed that F1 exhibited promising
antimicrobial activities and could possibly be used to enhance
antimicrobial status of commercial edibles and also to develop
organic antimicrobials to counter foodborne and of medical
importance pathogens.
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Beef quality is the first deciding factor for consumers to consider before purchasing.

The aim of this study was to evaluate the effects of suspension and aging time on beef

quality. We compared the differences in pH, drip loss, cooking loss, color, shear force,

myofibril fragmentation index (MFI), and electron microscope of three muscle tissues

between Achilles tendon (AT) and neck-arm restraint (NR) suspensions during seven

aging periods (days 0, 1, 2, 3, 7, 14, and 21) after slaughter using the carcasses of

six Xinjiang brown cattle. We found that NR suspension could significantly increase the

water loss rate and MFI, as well as reduce the shear force compared to AT suspension.

The muscle fiber structure with NR suspension was more severely damaged. The

proteomics of longissimus dorsi was checked for the post-mortem days 1, 7, and

14. We detected 50, 26, and 29 differentially expressed proteins between NR and

AT suspension at post-mortem days 1, 7, and 14, respectively. These proteins were

involved in metabolic and muscle structure associated pathways and contributed to

a comprehensive understanding of suspension-dependent meat quality regulation by

proteins in beef cattle. To conclude, NR suspension can accelerate the aging time of beef

carcasses, which will reduce the cost of carcass suspension and bring more benefits in

the beef industry.

Keywords: beef quality, carcass, neck-arm restraint suspension, TMT, proteomics

INTRODUCTION

Meat is the important nutrient-intensive food that has been worldwide consumed. Meat quality is
affected bymany factors, such as tenderness, flavor, and juiciness (1). Tenderness is themain quality
attribute of beef and the main reason for consumers’ willingness to repurchase and acceptability
(2). Tenderness is dependent upon animal’s age, breed, sex, nutritional status, post-mortem aging,
manner of suspension, and other factors. In beef industry, the suspension is often considered to be
one of the important factors determining the ultimate tenderness of the meat (3).

There was a linkage between improved tenderness and sarcomere length increases (4). The
carcass suspended method had a major influence on sarcomere length and tenderness (5).
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It has been reported that hanging carcasses using different
configurations in the cooler increased tenderness by stretching
certain muscles and decreased tenderness by relaxing others (6).
Achilles tendon (AT) suspension, pulling the hind leg backward
in a position unlike the normal muscle configuration of a
standing animal, is a conventional method for carcasses hanging
during the slaughter process. However, this method brings less
skeletal restraint on a large proportion muscle of the hind limb.
By AT suspension, the vertebral column is less stretched and
more curved, and pushed together, which allows more muscle
shortening for the longissimus dorsi (LD) during the rigor
process (7).

Pelvis suspension is a carcass hanging configuration, in which
the carcasses are hanged by pelvic bone. Pelvis suspension
increased tension over loin and hindquarter muscles during
rigor establishment, avoided intense contraction, and turned
them more tender compared to AT suspension (8). For beef
carcasses, stretched muscle has been proved to be tender than
corresponding ones under reduced tension (9). Nevertheless,
the hind leg hanging in a 90◦ position might require additional
space for the carcasses or sides in chilling rooms (3). Tendercut
technology is another tenderness intervention that involves
cutting through bones without damaging the major muscles,
which are more stretched and tender for muscles (10). However,
the tendercut requires more work, and the round/sirloin cut
seems to be dependent on well-defined criteria for the specific
cutting (3).

Although the toughness of beef is a critical problem that
can be solved by long time aging (14–21 days), a lot of energy
may be wasted by extended aging. Neck-arm restraint (NR)
suspended technique is a suspension imposing a radial external
force between the distal end of the forearm and the front end of
the neck. The NR suspension can keep the LD stretch, which may
prevent the contraction of LD and forelimb muscles. However,
little information is available about the effects of NR suspension
on beef quality. It is uncertain whether beef with NR suspension
can achieve higher tenderness compared with AT suspension.

The rising quantitative proteomic technology allows the
systematic study of proteome expression profiles and the
identification of meat quality biomarkers (11, 12). Recently,
several studies have been carried out to elucidate muscle
development and meat quality traits in cattle through
proteomics-based methods (12). However, there are still
limited studies examining the changes in protein solubility
with different suspended methods for beef cattle during
post-mortem aging.

Neck-arm restraint suspension can increase the tension of
loin and hindquarter compared to AT suspension. Hence, our
hypothesis is that hanging carcasses by NR method may have
an impact on the tenderness of some muscles. In this way,
the objectives of this study were to evaluate the effects of NR
suspension on the beef quality (pH, drip loss, cooking loss,
shear force, color difference, and myofibril fragmentation index
[MFI]) during post-mortem days 0, 1, 2, 3, 7, 14, and 21.
The protein expression profiles of LD and related biomarkers
contributing to meat quality were also investigated under
different suspension methods.

MATERIALS AND METHODS

Animals and Samples Collection
The Xinjiang brown cattle is an important breed in the beef
industry of Xinjiang Uygur Autonomous Region, China. In
this study, six Xinjiang brown bulls with ∼30 months of
age and similar body masses were slaughtered at a local
slaughterhouse (Yining, Xinjiang, China) according to the
commercial procedures. All corn-fed calves were raised on the
same farm to ensure consistent background and then slaughtered
using electrical stunning on the same day. After slaughter, for
each cattle, the right half of carcass was matured with the
traditional AT suspension. The left half of carcass was matured
by NR suspension, which used nylon rope to tie the distal end of
forearm to the junction of the first and second cervical vertebrae
and continued to apply a radial pulling force of 10–50 kg. The
carcasses were overhung in a cold room (3 ± 1◦C) with 85–
90% humidity for 21 days. Then, the biceps femoris (BF), LD,
and triceps brachii (TB) of the right and left half of carcasses
were collected for each carcass at days 0, 1, 2, 3, 7, 14, and 21
after slaughter. All procedures were undertaken the guidelines
given by the Animal Care and Ethics Committee for animal
experiments, Institute of Animal Science, Chinese Academy of
Agricultural Sciences.

Beef Quality Measurements
For assessing the beef quality, we measured the pH, drip loss,
cooking loss, shear force, and color difference. The pH value
of the beef was measured at the post-mortem days 0, 1, 2, 3,
7, 14, and 21 following the method described by the previous
study with minor modifications (13). Chopped meat (10 g)
was mixed with 100ml of distilled water for 15 s, and then
homogenized using an Ultra-Turrax T25 homogenizer at 2,800
g. The pH of the homogenate was measured using a pH meter
equipped with an electrode (PB-10, the precision was 0.01).
The drip loss was measured by Strain controlled unconfined
pressure gauge (yyw-2, Nanjing Soil Instrument Factory Co.,
Ltd, China). For the cooking loss, the beef was weighed as
m1 after removing the fascia and fat, and then was heated in
an Electro-Thermostatic Water Bath (Dk-s28, Qingdao Mingbo
Environmental Protection Technology Co., Ltd, China) at 80◦C,
when the central temperature of the beef reached 70◦C, the beef
was weighed as m2, the cooking loss rate (%) was calculated
according to the formula:

cooking loss rate (%) =
m1−m2

m1
× 100%.

The shear force measurement was performed according to
the determination method of national standard (NY/T 1180-
2006) with the Texture analyzer (TA-XT2i, SMS, UK). The
meat color traits, L∗, a∗, and b∗ values, were measured
by the Colorimeter (CR-400, Beijing kermeirunda Instrument
Equipment Co., Ltd., China). In this study, all the measured
values were performed in triplicate, and the average statistics
were as the normalized results.
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Beef Histologic Evaluation
To investigate the MFI of beef, 2 g beef was weighted after
removing the visible fat, and co-centrifuged with the MFI buffer
including 100 mmol/L KCl, 11.2 mmol/L K2HPO4, 8.8 mmol/L
KH2PO4, 1 mmol/L ethylene glycol diethyl ether diamine tetra
acetic acid, 1 mmol/L MgCl2, and 1 mmol/L NaN3. Further, 5ml
MFI buffer was added into the precipitation after discarding the
supernatant, and then the connective tissue was filtered out to
obtain the myofibrillar protein suspension. The protein content
of myofibrillar protein suspension was measured by the biuret
method, and was adjusted to 0.5 mg/ml through MFI buffer
(14). The optical density (OD) was measured at 540 nm by using
spectrophotometer. The MFI was obtained by multiplying OD
with 200. For each sample, the MFI values were performed
in triplicate, and the average statistic was as the normalized
result. In addition, the meat samples were cut into cuboids of 3
× 1 × 1mm, fixed with glutaraldehyde solution, washed with
phosphoric acid buffer, dehydrated by ethanol gradient, and
replaced by anhydrous acetone. After embedding, slicing, and
staining the meat samples, we observed and photographed using
the transmission electron microscope (H-7500, Hitachi Limited,
Tokyo, Japan).

Protein Extraction
The 36 LD samples were collected from six AT suspension right
carcasses and six NR suspension left carcasses at post-mortem
days 1, 7, and 14. After grinding the tissues by liquid nitrogen,
two samples were randomly selected for pooling together in each
suspended group, which generated 18 samples for six groups
and each group contained three biological replications. Protein
was extracted as follows: (1) Each sample was homogenized
in extraction sodium dodecyl sulfate (SDS) buffer such as 4%
SDS, 1mM dithiothreitol, and 150mM Tris-HCl (pH 8.0). (2)
The homogenate was sonicated 2min after 5min incubation
in boiling water. (3) The crude extract was incubated in
boiling water 5min again and then clarified by centrifugation
at 20,000 g for 10min at 25◦C. (4) The concentrations of
proteins were quantified by BCA protein assay reagent (Shanghai
Bioprofile Technology, Shanghai, China). (5) The integrities of
samples were measured with electrophoresis on 8–16% SDS-
polyacrylamide gels and stained with Coomassie Brilliant Blue.

Protein Digestion and Tandem Mass Tags
Labeling
For the protein digestion, 300 µg of protein isolated from each
sample was mixed with dithiothreitol to 100mM. After 5min
incubation in boiling water, the protein solution was cooled to
room temperature, and then was mixed with 200 µL UA buffer
(8MUrea, 150mMTris-HCl, pH 8.0) to centrifuge at 12,000 g for
15min. After discarding the filtrate, 100 µL IAA (50mM IAA in
UA) was added into the sediment, and the mixture was vibrated
for 1min, kept away from light for 30min, and centrifuged for
10min at 12,000 g. Processes adding 100 µL UA buffer and
centrifuging the mixture for 10min at 12,000 g were performed
twice. And then, processes adding 100 µL NH4HCO3 buffer
and centrifuging the mixture for 10min at 14,000 g were also
performed twice. Finally, 40 µL trypsin buffer (6 µg Trypsin in

40µL NH4HCO3 buffer) was added into the precipitate to obtain
the filtrate via vibrating for 1min, keeping 37◦C for 16–18 h, and
centrifugation for 10min at 12,000 g. The peptide was quantified
by the C18 cartridge desalination.

Peptide mixture from each filter was labeled using tandem
mass tags (TMT) reagents (Thermo Fisher, MA, USA) to quantify
simultaneously up to 18 samples. For each TMT set, six isobaric
compounds were used to label different samples of the study
group according to the manufacturer’s instructions. Briefly, the
labeled peptides of each group were mixed equally, and separated
by the High-pH (PierceTM High pH Reversed-Phase Peptide
Fractionation kit, Thermo Fisher, MA, USA) after drying the
peptides. Finally, a total of 45 components were obtained by three
labeling, and the peptides of each component were dried and
redissolved with 0.1% FA.

Data Analysis
Maxquant software (v1.6.0.16) was used to identify and quantify
the peptide against UniPort Proteomes-Bos taurus-46707-
20190911.fasta with the following parameters: type ∼ reporter
ion MS2, isobaric labels ∼ TMT 6plex, enzyme ∼ trypsin,
reporter mass tolerance ∼ 0.005 Da, max missed cleavages
∼ 2, main search peptide tolerance ∼ 4.5 ppm, first search
peptide tolerance ∼ 20 ppm, MS/MS tolerance ∼ 20 ppm,
fixed modifications ∼ carbamidomethyl, variable modifications
∼ oxidation and acetyl, database pattern ∼ target-reverse, PSM-
FDR ∼ < 0.01, and protein FDR ∼ < 0.01. The proteins
were quantified by razor and unique peptides. The differentially
expressed protein (DEP) analysis was performed with one-way
ANOVA using ANOVA function of R Stats Package (version
3.4.3). The proteins with P-value < 0.05 and fold change > 1.2
or < 0.83 were considered as DEPs.

Biological Function Analysis
The Kyoto encyclopedia of genes and genomes (KEGG) pathways
and functional enrichment of gene ontology (GO) terms were
performed for DEPs in the KOBAS database (http://kobas.
cbi.pku.edu.cn/kobas3/genelist/) (15). Both KEGG pathways
and GO terms with the P-values < 0.05 were considered
to be significantly enriched. In addition, the protein–protein
interaction (PPI) networks were conducted with the String
database and Cytoscape software (16, 17).

Parallel Reaction Monitoring Validation
To further validate the protein expression level gained through
TMT quantification, additional quantification by parallel
reaction monitoring (PRM) analysis was performed. Protein
extraction, trypsin digestion, and LC–MS/MS analysis were
performed as described previously (18). The raw data were
analyzed using Skyline 4.1 to obtain the signal intensities of
individual peptide sequences (19). For the PRM–MS data, each
sample’s average base peak intensity was extracted from the full
scan acquisition using RawMeat (version 2.1, VAST Scientific).
The normalization factor for sample N was calculated as fN
= the average base peak intensity of sample N divided by the
median of the average base peak intensities of all samples. The
area under the curve (AUC) for each transition from sample N
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was multiplied by this factor. After normalization, the AUC of
each transition was summed to obtain AUCs at the peptide level.
The relative protein abundance was defined as the intensity of a
certain peptide.

Statistics
Statistical analysis was conducted by SPSS 20.0 using the
independent t-test. Differences with P-value < 0.05 were
considered to be significant. Results are shown as the means and
standard errors.

RESULTS

Measurement of Beef Quality
Our experimental workflow is shown in Figure 1. We measured
the pH, drip loss, cooking loss, shear force, color difference,
and microstructure for right half of carcass matured with AT
suspension and left half of carcass matured with NR suspension
in BF, LD, and TB from six Xinjiang brown cattle at days 1, 7, and
14 after slaughter.

Determination of pH
A significant decrease of pH value could be seen during the
first 72 h storage in both suspended groups. There was no
considerable pH difference between the two suspended methods
during aging (Figure 2A; Table S1A).

Drip Loss and Cooking Loss Analysis
The increase trend of drip loss was found in both NR and AT
suspended groups during aging time. The drip loss of BF and
TB with NR suspension were significantly increased compared

FIGURE 1 | The experimental design of this study. Flowchart shows detailing

the experiments such as the sample preparation, quality measurements, and

data analysis.

with AT suspension at post-mortem day 3 (P = 0.013) and 1
(P = 0.036), respectively. The LD showed significantly higher
drip loss with NR suspension than those with AT suspension at
post-mortem day 2 (P = 0.011) and 3 (P = 0.009) (Figure 2B;
Table S1B). In addition, the cooking loss of LD and TB with NR
suspension was significantly lower than that with AT suspension
at post-mortem day 1 (Figure 2C; Table S1C).

Quality Classification of Meat Color
The results of measured meat color were shown in Figure S1;
Table S1D. The L∗, a∗, and b∗ values increased in both NR and
AT suspensions with the growing aging time. The L∗ of LD
significantly decreased with NR suspension at post-mortem day
1 (P = 0.017) and 14 (P = 0.036), and the a∗ of LD significantly
decreased with NR suspension at post-mortem day 1 (P= 0.023),
7 (P= 0.029), and 14 (P= 0.047), while the b∗ of LD significantly
increased with NR suspension at post-mortem day 14 (P =

0.033). The L∗ and a∗ values at other aging time of NR suspension
were lower than those of AT suspension, these differences were
not statistically significant. The difference of TB and BF between
suspension methods was limited. We did not see the significant
changes in L∗ between two suspension methods in both TB and
BF during aging. The a∗ and b∗ values of BF with NR suspension
decreased at post-mortem day 1 and 21, while the a∗ and b∗

values of TB with NR suspension increased at post-mortem days
1 and 7, respectively.

Assignment of Shear Force
The effects of suspended methods and aging time on shear force
are presented in Figure 2D; Table S1E. Both suspended method
and aging time affected the shear force of BF, LD, and TB. The
decrement of shear force was found in NR and AT suspended
groups during aging time. For BF, the significant decrease
tendency of NR suspension only was found at post-mortem day
3 (P = 0.007). The shear force of LD decreased significantly after
NR suspension compared with AT during post-mortem day 1 to
day 7 (P < 0.05). For TB, the shear force of NR suspension was
significantly decreased at post-mortem day 1 (P = 0.033) and
3 (P = 0.012). The shear force of NR suspension at other post-
mortem aging was also lower than that of AT suspension, while
these differences were not statistically significant. We found the
tenderness of NR suspension at post-mortem day 3 was similar
with that of AT suspension at post-mortem day 7. In addition,
the average gaps of shear force between NR and AT from post-
mortem days 1–14 were 0.612, 1.388, and 0.768 kg for BF, LD,
and TB, respectively.

Measurement of Myofibril Fragmentation Index
MFI increased in both NR and AT suspended methods from days
1 to 21 after slaughter (Figure 2E; Table S1F). For BF, the MFI
values of NR suspension only increased at post-mortem day 3
compared with the AT method (P = 0.009). The MFI values
of LD matured with NR significantly increased at post-mortem
day 2 (P = 0.003), 3 (P = 0.003), 7 (P = 0.001), and 14 (P
= 0.002). The MFI values of TB matured with NR suspension
were larger at post-mortem days 3 and 7 than those with AT
suspension. Additionally, the average increases of MFI during
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FIGURE 2 | Changes in pH, drips loss, cooking loss, shear force, myofibril fragmentation index (MFI) and muscle microstructure between achilles tendon (AT) and

neck-arm restraint (NR) in biceps femoris (BF), longissimus dorsi (LD), and triceps brachii (TB) muscles during aging time. (A–E) Changes in pH, drips loss,

(Continued)
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FIGURE 2 | cooking loss, shear force, MFI between AT and NR in BF, LD, and TB muscles from days 1 to 21 after slaughter. The lines with green, red, and blue

represent BF, LD, and TB, respectively. The solid and dashed line represent AT carcasses suspension and NR carcasses suspension, respectively. *Symbol means the

values are significantly different between AT and NR suspension (P-value < 0.05). a–g means the values are significantly changed during aging (P-value < 0.05).

(F) Transmission electron microscopy (TEM) images of LD at post-mortem days 0 and 7 aging periods. The up-left and up-right of pictures represent the LD at

post-mortem day 0 with AT suspension and NR suspension, respectively. The down-left and down-right of pictures represent the LD at post-mortem day 7 with AT

suspension and NR suspension, respectively. The Z-disc and M-line information were marked in these pictures.

post-mortem days 1–14 were 7.788 for BF, 46.076 for LD, and
12.565 for TB.

Muscle Microstructure
We performed the muscle microstructure and found that the
sarcoplasmic reticulum around the sarcomeres can be clearly
distinguished and the myofibrils are tightly combined with the
visible I-band and A-band and the Z-disk and M-line can be
differentiated at post-mortem day 0. After 7 days, the overall
integrity of the myofibrils diminishes. The worst myofibrillar
structure is observed at NR suspended group in which the
overlapping structure of thick and thin filaments was destroyed,
the skeletal muscle structure was severely broken, and the Z-disk
was distorted and weakened (Figure 2F).

Identification and Quantification of Protein
We conducted the proteome of 18 LD samples with NR and
AT suspensions across three post-mortem stages of 1, 7, and
14 d by TMT. In total, we obtained 12,900 peptide spectrum
matching numbers and 12,056 unique peptides, which were
mapped to 1,943 proteins with the FDR <1%. More than 68%
of the identified proteins had molecular weights in the range
of 10–20 kD (287), 20–30 kD (332), 30–40 kD (289), 40–50
kD (229), and 50–60 kD (190) (Figure 3A). Approximately 70%
of the identified proteins had at least three unique peptides.
Additionally, the identified proteins had high peptide coverage,
of which, 40 and 65% proteins showed more than 20 and 10%
sequence coverage, respectively (Figure 3B). Details of all the
identified proteins are shown in Table S2. Despite differences
in sample characteristics, samples from the same aging of
suspensions clustered together based on their protein expression
profiles (Figure 3C).

Differentially Expressed Proteins of
Comparison Groups
As shown in the volcano plots (Figures 3D–F), we identified 92
DEPs with P-value < 0.05 and fold change > 1.2 or < 0.83
in NR suspension vs. AT suspension using one-way ANOVA,
such as 50 DEPs (12 up-regulated and 38 down-regulated), 24
DEPs (13 up-regulated and 11 down-regulated), and 29 DEPs (19
up-regulated and 10 down-regulated) at post-mortem days 1, 7,
and 14, respectively (Table 1 and Table S3). Further, hierarchical
cluster analysis of DEPs was performed to better visualize the
differences in protein abundance among comparison groups, and
these results were visualized as a heat map (Figure 4A). A total of
1,456, 1,352, and 1,339 DEPs were detected in 1 vs. 7 d, 7 vs. 14
d, and 1 vs. 14 d, respectively. Interestingly, we found 707 DEPs
exhibited common changes across all three comparison groups
(Table S4).

Functional Annotation of DEPs
To investigate the molecular mechanism of DEPs in
determination of meat quality, we performed GO and KEGG
enrichment analysis using KOBAS3.0. KEGG analysis showed
that these DEPs at post-mortem day 1 were significantly
enriched in 12 KEGG pathways, such as biosynthesis of amino
acids, metabolic pathways, protein processing in endoplasmic
reticulum and proteasome. GO annotation demonstrated these
DEPs at post-mortem day 1 were involved in 144 GO terms,
such as Z disc, actinin binding, myosin light chain binding, titin
binding, I band, and fibronectin binding (Figure 4B; Table S5).
The DEPs at post-mortem day 7 were associated with tight
junction, viral carcinogenesis, base excision repair, adherens
junction, and biosynthesis of amino acids. Their GO terms were
mainly involved in cytosol, stress fiber, protein folding, Z disc,
lamellipodium, and focal adhesion (Figure 4B; Table S5). The
DEPs at post-mortem day 14 were enriched in 20 pathways, such
as synaptic vesicle cycle, toxoplasmosis, platelet activation, cell
adhesion molecules (CAMs), tight junction, and arginine and
proline metabolism. GO enrichment analysis confirmed that
these DEPs genes were involved in cytosol, protein binding,
keratin filament, contractile fiber, actin filament binding,
intermediate filament cytoskeleton organization, fibronectin
binding, and cell–cell adhesion mediator activity (Figure 4B;
Table S5).

In addition, we conducted the PPI network analysis, which
showed the interaction networks of some important DEPs in
different comparison groups. The PPI network analysis focused
on several significantly key pathways of energy metabolism
and muscle development between AT and NR at post-mortem
days 1, 7, and 14 (Figures 5A–C). The results of DEPs
at post-mortem day 1 showed that MYOC (Myocilin) was
enriched in myosin light chain binding and fibronectin binding,
while CKAP4 (Cytoskeleton Associated Protein 4) and CNN3
(Calponin 3) were involved in protein processing in endoplasmic
reticulum, and ATAC1 (Actin Alpha 1) was derived from striated
muscle thin filament. ATP5F1E (ATP Synthase Peripheral Stalk-
Membrane Subunit B) was observed to closely associate with
metabolism pathways and proton-transporting ATP synthase
activity (Figure 5A). The results of DEPs at post-mortem day
7 days showed that ACTN1 (Actinin Alpha 1) involved in
a variety of muscle metabolism pathways or GO terms, such
as Z disc, skeletal muscle fiber development, and stress fiber,
while MYL6B (myosin light chain 6B) was associated with tight
junction and calcium ion binding (Figure 5B). The results of
DEPs at post-mortem day 14 showed that ITGB1 (Integrin Beta
1) was involved in cell adhesionmodules, fibronectin binding and
tight junction, and KRT5 (Keratin 5) was derived from keratin
filament (Figure 5C).
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FIGURE 3 | Features of the identified proteins. (A) The mass distribution of all identified proteins. (B) The coverage, sequence length, and unique peptides number of

all identified proteins. (C) Clustering analysis of all 18 proteomic samples using t-Distributed Stochastic Neighbor Embedding (t-SNE) procedure. (D–F) Volcano plots

display differentially expressed proteins (DEPs) between AT and NR suspension at post-mortem days 1, 7, and 14. The hot pink dots represent the up-regulated

DEPs; the light blue dots represent the down-regulated DEPs.
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TABLE 1 | The differentially expressed proteins (DEPs) between achilles tendon

(AT) and neck-arm restraint (NR) suspension at days 1, 7, and 14

after slaughtering.

Post-mortem aging DEPs Up-regulated Down-regulated

Day 1 50 12 38

Day 7 24 13 11

Day 14 29 19 10

Validation of DEPs by PRM
To assess the validity of TMT analysis, we randomly selected 10
DEPs (TIMM13, COII, EIF3A, RTN2, HBA, MYL6B, IMPDH2,
KRT5, TAGLN, and RPN1) to perform the PRM–MS analysis. As
shown in Figure 5D, these 10 protein expression levels obtained
by TMT were further confirmed through PRM–MS analysis. The
Pearson correlation coefficient between the results of TMT and
PRM was R2 = 0.839. The PRM results had a good correlation
with the TMT data, indicating that these quantitative results were
strongly convincing.

DISCUSSION

Muscle Characteristics
In this study, we compared the pH, drip loss, cooking loss, color,
shear force, MFI, and microstructure of BF, LD, and TB muscles
between AT and NR suspended methods at days 0, 1, 2, 3, 7, 14,
and 21 after slaughter. There were differences between the two
suspendedmethods in the dimensions of BF, LD, and TBmuscles.
The NR suspension had no significant effect on pH, which is
in agreement with pelvic suspension that did not affect the pH
values (20). Drip loss of NR suspended treatment was increased
in early aging for three muscles, while these increases were
slightly reduced with the suspended time going. The cooking
loss of NR suspended treatment was significantly reduced in LD
and TB with a similar tendency in BF. These data on liquid
retention suggest a structural change within the two suspended as
a consequence of being stretched. This improved water holding
capacity can be attributed to the less overlap between thick and
thin filaments which favors expansion of the myofibrillar lattice
in the presence of brine and hence larger interfilament space to
hold water (21).

L∗, a∗, and b∗ were increased during the aging time, which
have been reported in AT and pelvic suspensions in the previous
study (22). Meat color depends on the heme iron content of the
meat (23). The reduction of L∗ and b∗ in LD with NR suspension
implied that NR suspension method may affect the heme iron
content of LD.

The shear force of BF, LD, and TB was decreased in NR
suspended group, implying that NR suspended method could
rapidly improve tenderness during post-mortem aging compared
with AT suspension. The tenderness of NR suspension at post-
mortem day 3 was similar with that of AT suspension at
post-mortem day 7, which indicated that NR suspension could
accelerate tenderization. The average increase of shear force

values of LD was higher than that of TB and BF during days 1–
14, suggesting NR suspended method could better improve the
tenderness of LD than TB and BF.

The MFI of muscle is an important indicator of the
myofibrillar structural protein degradation extent of muscle
during post-mortem time (24). Here, the post-mortem day
showed a significant effect on MFI with each of suspended
method, which was consistent with the previous studies (22,
25). Comparing with AT suspension, the MFI of BF, LD,
and TB was increased with NR suspension, implying NR
suspended method accelerated degradation of the myofibrillar
structural protein during post-mortem time. The decreased
integrity of sarcomeres indicated the stretched muscles with
NR suspended method could accelerate the fragmentation
of LD.

It has been reported that the stretched muscles with
longer sarcomeres and smaller fiber diameter, were also
lower shear force (26). The NR suspension could keep
LD stretch, which might explain why NR suspension
could more obviously affect LD than TB and BF. The
effect of NR treatment at post-mortem days 14 and 21
was limited that might be due to these samples became
relatively tender at the later time, and had little room for
further improvement.

Proteomic Analysis
In the present study, the decrease of shear force values observed
in LD with NR suspension is supported by the increase of
MFI, suggesting differences in proteolytic potential among
LD could exist. Therefore, a detailed investigation of the
biochemical processes and protein changes in characterizing the
beef tenderization may improve our understanding of the muscle
related-variation in tenderness. Proteomic analysis is a powerful
technique for studying the protein expression patterns, and has
been widely carried out in identifying proteome changes of
skeletal muscle in beef cattle (27). Here, we performed a TMT–
MS/MS-based proteomic analysis of muscle at post-mortem
days 1, 7, and 14, and a total of 95 DEPs were identified
(FC > 1.2 or < 0.83 and P-value < 0.05) in NR suspension
vs. AT suspension. These results strengthen our knowledge of
protein temporal expression profile and make the complements
to previous findings. Some discussion on the key proteins at post-
mortem days 1, 7, and 14, and their association with meat quality
is provided as below.

The DEPs at post-mortem day 1 were mainly associated
with biosynthesis of amino acids, metabolic pathways, protein
processing in endoplasmic reticulum and proteasome, Z disc,
actinin binding, myosin light chain binding, titin binding,
I band, and fibronectin binding. ATP5F1E, a mitochondrial
membrane ATP synthase, is mainly involved in metabolic
pathways and oxidative phosphorylation pathways. The previous
study has reported that expression of ATP5F1E was down-
regulated in tender beef animals (28). ATP5F1E was down-
regulated in NR suspended group and dynamic changed between
post-mortem 1 and 7 days, implying NR suspension might
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FIGURE 4 | The cluster and pathway analysis of DEPs of AT and NR suspension at post-mortem days 1, 7, and 14. (A) Cluster analysis of DEPs based on their

expression. Red indicates higher expression, and blue indicates lower expression. (B) Predominant function categories targeted by DEPs at post-mortem days 1, 7,

and 14. Larger significant values and shapes suggest higher relevance and higher enriched fold, respectively.

improve the tenderness of beef. CKAP4 is a cytoskeleton-
related protein that is mainly involved in endoplasmic reticulum-
related pathways. With cells gradually lose their activity after
slaughter, and the protein processing in the endoplasmic
reticulum gradually stagnates, which resulting in the reduction
of protein content of CKAP4. ACTA1 is actin filaments,
affecting muscle contraction strength and cell apoptosis. ACTA1
undergo enzymatic proteolysis during the post-mortem period.
The degradation of these myofibrillar proteins is related to
tenderness, and a greater occurrence of fragments than intact
structures has been observed in more tender meats (29, 30).
CNN3 is calmodulin 3, which is implicated in the regulation
and modulation of smooth muscle contraction. CNN3 is
capable of binding to actin, calmodulin, and tropomyosin. The
interaction of calponin with actin inhibits the actomyosin Mg-
ATPase activity. CACYBP is a class of calmodulin, which is
involved in the Wnt signaling pathway, calcium-dependent
ubiquitination, and subsequent degradation of target proteins

by the proteasome. In early stage of post-mortem maturity,
the DEPs involved in a variety of pathways, indicating
various intracellular activities have not completely stopped.
The NR suspension makes the skeleton protein degrade
faster, which lead to a down-regulated trend in skeleton
proteins. ACTA1, CNN3, and CACYBP were dynamically
changed among three post-mortem aging time, which implied
these three proteins could be acted as stable biomarkers
during post-mortem aging. MYOC, a glycoprotein secreted
by myosin, involved in cell adhesion, cell matrix adhesion,
cytoskeletal organization, and cell migration. MYOC stimulates
the formation of stress fibers and regulates the actin cytoskeleton
synthesis through interaction with Wnt signaling pathway
(31). As the dissolving of protein in muscle, the content of
myosin decreases, resulting in a decrease in the content of
glycoprotein. MYOC was down-regulated in NR suspended
group, which implied NR suspension could stimulate the protein
dissolved process.
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FIGURE 5 | (A–C) Network plots of DEPs between AT and NR groups at post-mortem days 1, 7, and 14. The red diamonds and green circles represent DEPs and

pathways, respectively. (D) The correlation plot between TMT and parallel reaction monitoring methods based on their fold change values of AT suspension vs. NR

suspension.

The DEPs at post-mortem day 7 were associated with tight
junction, viral carcinogenesis, base excision repair, adherens
junction, biosynthesis of amino acids, cytosol, stress fiber,
protein folding, Z disc, lamellipodium, and focal adhesion.
COX (Cytochrome c oxidase) plays a prominent role in
energy metabolism and other related processes (32). COXII
(Cytochrome c oxidase subunit 2), a component of COX,
received much attentions for its significant roles in apoptosis
induction, pathological processes, and diseases (33). Apoptotic
enzymes are related to the degradation of skeletal proteins
and have an impact on tenderness of beef (34). The extensive
degradation of mitochondria in carcass with NR suspension
may accelerate the apoptotic process, which lead to the increase
tenderness of carcass. Myosin comprises a family of ATP-
dependent motor proteins that are involved in a wide range
of motility processes. MYL6B regulates the light chain and
relates to the vascular smooth muscle contraction. MYL6B
protein identified in the present study was associated with the
tenderness phenotype (29, 35). ACTN1 protein, also differentially

expressed between the post-mortem days 1 and 14, was closely
associated with muscle development, growth, and degradation
(36). ACTN1 was located in quantitative trait loci for shear force
and tenderness score in cattle (37).

The DEPs at post-mortem day 14 were enriched in CAMs,
tight junction, and arginine and proline metabolism, cytosol,
protein binding, keratin filament, contractile fiber, actin filament
binding, intermediate filament cytoskeleton organization,
fibronectin binding, and cell–cell adhesion mediator activity.
ITGB1 was mainly involved in the regulation of actin
cytoskeleton, tight junctions, platelet activation and ECM–
receptor interaction metabolic pathways. ITGB1 was associated
with cooking loss and drip loss in swine (38, 39). NCAM1
(Neural CAM 1) encodes a cell adhesion protein which is a
member of the immunoglobulin superfamily. NCAM1 has been
reported to be associated with meat quality traits in swine (40).
Both of ITGB1 and NCAM1 proteins were dynamically changed
between AT and NR suspension, implying NR suspension can
help improve the meat quality. The cytoskeleton protein showed
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a gradual decrease in the early stage of maturation. However, the
cytoskeleton protein was no longer detected, instead the non-
degradable keratin (KRT5) was left at the late stage of maturity
14 days, indicating the degradation of the skeleton fibrin can
affect the tenderization of muscle, and the effect becomes smaller
in the late stage of maturity. These three proteins were also
shown significant changes among post-mortem 1, 7, and 14 days.

CONCLUSION

In this study, it can be concluded that the meat characteristics
of BF, LD, and TB responded differently to the storage time and
were significantly affected by the suspended method. The meat
quality parameters of LD, BF, and TB were significantly improved
using NR suspension, which was due to its higher water loss rate
andMFI and lower shear force. The temporal expression patterns
of some suspension-dependent proteins were determined and
elucidated the dynamic changes in the LD muscle proteomes
with the suspended methods as well. Overall, NR suspension
can accelerate the aging time of beef carcasses, which reduces
the production cost and brings more benefits in beef industry.
The present work could also strengthen our view of the temporal
expression profile between two suspended methods during post-
mortem aging and identify novel biomarkers for meat quality of
beef cattle.
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Panax notoginseng saponins (PNS) have been used to treat cardiovascular diseases

for hundreds of years in China. Lysozyme can bind to exogenous compounds and

promote their activity. Nevertheless, knowledge of whether there is a synergistic role

between lysozyme and PNS is far from sufficient. In this study, we show that the

mixture of PNS and lysozyme synergistically inhibited platelet derived growth factor BB

(PDGF-BB)-induced vascular smooth muscle cell (VSMC) viability, and in the five main

components of PNS, GS-Re, but not GS-Rb1, NG-R1, GS-Rg1, or GS-Rd, reduced

VSMC viability by combined application with lysozyme. Next, the supramolecular

complexes formed by GS-Re and lysozyme were detected by mass spectrometry, and

the binding ability increased with the concentration ratio of GS-Re to lysozyme from 4:1 to

12:1. In the supramolecular complexes, the relative contents of α-helix of lysozyme were

increased, which was beneficial for stabilizing the structure of lysozyme. The 12:1 mixture

of GS-Re and lysozyme (12.8 µmol/L GS-Re+1.067 µmol/L lysozyme) repressed

PDGF-BB-induced VSMC viability, proliferation, and migration, which were associated

with the upregulated differentiated markers and downregulated dedifferentiated markers.

Finally, in CaCl2-induced rodent abdominal aortic aneurysm (AAA) models, we found that

the 12:1 mixture of GS-Re and lysozyme slowed down AAA progression and reversed

phenotype transformation of VSMCs. Thus, Gs-Re combined with a small amount of

lysozyme may provide a novel therapeutic strategy for vascular remodeling-associated

cardiovascular diseases.

Keywords: Panax notoginseng saponins, lysozyme, Ginsenoside Re, vascular smooth muscle cells, phenotype

transformation
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INTRODUCTION

Vascular smooth muscle cells (VSMCs), a kind of highly
differentiated cells in normal vessels, are quiescent and possess a
contractile phenotype. As the main component of media, VSMCs
not only provide structural support for vessels, but also play a
key role in conferring vascular homeostasis. However, VSMCs are
not the terminally differentiated cells, and they can shift from the
contractile or differentiated to the synthetic or dedifferentiated
phenotype in response to various environmental cues, such
as growth factor and mechanical stimulation, manifesting
themselves as re-entering the cell cycle and migrating from
media into the intima (1, 2), which are the crucial pathological
basis of vascular diseases such as atherosclerosis, hypertension,
vascular restenosis, arterial aneurysm and diabetic vascular
complications (2–4). Therefore, agents that can effectively inhibit
VSMC proliferation and migration may have a crucial role in the
prevention and treatment of vascular remodeling diseases.

Sanqi (Sanqi Notoginseng Radix et Rhizoma) comprises the
dry root and rhizomes of the plant species, Panax notoginseng
(Burk.) F. H. Chen and has been used to treat various
cardiovascular and cerebrovascular diseases for hundreds
of years in China (5, 6). Panax notoginseng saponins (PNS)
is the main active component in Sanqi, and according to the
pharmacopeia of China, PNS mainly includes Ginsenoside
Rb1 (GS-Rb1) (30%), Ginsenoside Rg1 (GS-Rg1) (25%),
Ginsenoside Rd (GS-Rd) (5%), Notoginsenoside R1 (NG-R1)
(5%), and Ginsenoside Re (GS-Re) (2.5%). PNS has numerous
pharmacological effects, such as blood dynamics invigoration,
cerebral vasodilation, hemostasis, anti-inflammation, anti-
apoptosis, anti-edema, anti-thromboembolism, anti-coagulation,
anti-hyperglycemia, and anti-hyperlipidemia (7, 8).

Lysozyme, known as an alkaline enzyme that can hydrolyze

mucopolysaccharides in pathogenic bacteria, has a variety of

pharmacological effects such as anti-bacterial, anti-fungal, and
anti-inflammation (9–11). Coupled with its biocompatibility,
non-irritant and non-toxic to tissues, it has been approved as a
food additive and is extensively applied in various food substrates
(12). Our study and other studies demonstrated that lysozyme
could combine with exogenous compounds through producing
allosteric regulation (13–15). One molecule of lysozyme can
combine with multiple molecules to synthesize supramolecular
complexes with different molecular weights. For example, GS-
Rg1 (7.88 × 10−5 mol/L) and GS-Re (6.72 × 10−5 mol/L)
can form 1:1 and 2:1 non-covalent complexes with lysozyme
(2.5 × 10−5 mol/L) under acidic condition, which may have
a certain impact on the natural structure and function of
lysozyme (16). The decreased stability of natural proteins is
shown as the decreased α-helix structure and the increased
surface hydrophobicity. Lysozyme has three α-helix structures,
which play key roles in structural stability. Our previous studies
found that luteolin and luteoloside influenced the active site
of lysozyme in the α-helix (15). Moreover, lysozyme promoted
the anti-bacterial activity of baicalin, baicalein, and scutellarin
and increased the cytotoxicity of caffeine in HepG2 cells (17,
18). It has been previously reported that PNS inhibited VSMC
proliferation by blocking the activation of ERK signaling pathway

(19). However, it remains unknown whether lysozyme plays a
synergistic role in PNS-repressed VSMC proliferation, and the
active ingredients in PNS combined with lysozyme also need to
be further investigated.

In the current study, our findings showed that lysozyme
promoted the activity of PNS on inhibition of VSMC viability.
GS-Re may be the main ingredients of PNS that leads
to the decreased VSMC viability through joint application
with lysozyme. Next, mass spectral studies show that GS-
Re and lysozyme could interact with each other and form
supramolecular complexes, which significantly increases the
contents of lysozyme α-helix. Finally, the combined use of GS-Re
and lysozyme inhibits the proliferation and migration of VSMCs
and ameliorates AAA progression.

MATERIALS AND METHODS

VSMC Culture and Treatment
The mouse VSMC line MOVAS was purchased from ATCC,
USA (CRL-2797, USA) and cultured in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum and 0.2 mg/ml G-418. VSMCs were pretreated with
different concentrations of PNS [Melone Pharmaceutical Co.,
Ltd., China, dissolved in dimethyl sulfoxide (DMSO)], lysozyme
(Melone Pharmaceutical Co., Ltd., dissolved in DMSO), or the
mixture of PNS and lysozyme for different time, then stimulated
with 10 ng/mL PDGF-BB (R&D) for indicated time periods.

Cell Viability Assay
VSMCs were seeded onto 96-well plates (5 × 103 cells per
well) and pretreated with various concentrations of PNS,
lysozyme, or the mixture of PNS and lysozyme for different
time before stimulation with or without 10 ng/ml PDGF-BB. Cell
viability was measured using cell counting kit-8 (CCK-8 assay;
ZOMANBIO, Beijing, China).

Cell Migration Assay
The migration capability of VSMCs was measured by the wound-
healing assay and transwell migration assay.

For the wound-healing assay, directional cell migration of
VSMCs was determined in a monolayer using an in vitro scratch
wound as previously described (20). After achieving confluence,
VSMCs were pretreated with GS-Re, lysozyme, or the mixture
of GS-Re and lysozyme for 6 h, and then subjected to injury
using 200-µl sterilized pipette tips, washed, and stimulated with
10 ng/ml PDGF-BB for 24 h or not. Next, VSMCs were fixed
with 4% paraformaldehyde for 30min and stained by 0.1%
crystal violet for 10min. Three different fields of migration were
photographed with a microscope (Leica).

The transwell assay was performed using transwell chambers
(8-µm pores, Corning Costar). The VSMCs were pretreated with
GS-Re, lysozyme, or the mixture of GS-Re and lysozyme for 6 h,
then seeded into the upper chamber, and the lower chamber was
filled with DMEM containing 10 ng/ml PDGF-BB or not. Next,
VSMCs were allowed to migrate for 10 h, and then fixed with 4%
paraformaldehyde for 30min. After careful removal of the cells
on the upper surface with a cotton swab, the cells adhered to the

Frontiers in Nutrition | www.frontiersin.org 2 December 2021 | Volume 8 | Article 795888307

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Huang et al. Lysozyme Promotes PNS Activity

lower surface of the transwell membrane were stained with 0.1%
crystal violet for 10min. Then, five images of each membrane
(the center and four quadrants) were captured under an inverted
microscope (Leica) for quantification.

Western Blot Analysis
Cells were prepared with lysis buffer (1% Triton X-
100, 150mM NaCl, 10mM Tris–HCl, pH 7.4, 1mM
ethylenediaminetetraacetic acid, 1mM egtazic acid, pH 8.0,
0.2mM Na3VO4, 0.2mM phenylmethylsulfonyl fluoride, and
0.5% Nonidet P-40). Equal amounts of protein (60–100 µg) were
separated by 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and electro-transferred onto a polyvinylidene
fluoride membrane. Membranes were blocked with 5% non-fat
milk in tris-buffered saline-Tween for 2 h at room temperature
and incubated with specific primary antibodies against
proliferating cell nuclear antigen (PCNA; 1:1,000, ab92552;
Abcam, Cambridge, United Kingdom), matrix metallopeptidase
9 (MMP-9; 1:1,000, sc-13520, SantaCruz), SM22α (1:1,000,
ab14106, Abcam), SM-α-actin (1:1,000, ab7817; Abcam), or
α-Tubulin (1:1,000, ab7291; Abcam) at 4◦C overnight. The
membranes were then incubated with IRDye800 R© conjugated
secondary antibody (1:20,000, Rockland, USA) for 1 h at room
temperature, following scanning with the Odyssey Infrared
Imaging System. The protein bands of interest were quantified
using Quantity One software (Bio-Rad, CA, USA).

RNA Isolation and Quantitative Real-Time
PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Invitrogen, MA,
USA) and cDNAs were synthesized by reverse transcriptase
SuperScript II (Invitrogen). The qRT-PCR was performed using
SYBR Green Real-time PCR Master Mix (Invitrogen) and 7300
Real Time PCR System (Applied Biosystems, Carlsbad, CA,
USA). For RT-PCR analysis, the following specific primers
were used: PCNA forward, 5′-TTTGAGGCACGCCTGATCC-3′

and reverse, 5′-GGAGACGTGAGACGAGTCCAT-3′; MMP-
9 forward, 5′-CTAGTGAGAGACTCTACACGGAG-3′ and
reverse, 5′-GAGCCACGACCATACAGATACTG-3′; SM22α
forward, 5′- GCCCAGACACCGAAGCTA-3′ and reverse,
5′- CTGCTGCCATATCCTTACCTT-3′; SM-α-actin forward,
5′-CAGGGAGTAATGGTTGGAATGG-3′ and reverse, 5′-
GCCGTGTTCTATCGGATACTTCAG-3′; β-actin forward,
5′-TGGAATCCTGTGGCATCCATGAAAC-3′ and reverse,
5′-TAAAACGCAGCTCAGTAACAGTCCG−3′. The samples
were pooled to analyze using the qRT-PCR in triplicate, and
averaged by experiment, three times repeatedly (n= 3).

Spectral Analysis
AB SCIEX QTRAP3200 mass spectrometer (American Rockwell
Allen-Bradley) was used inmass analysis, set in positive ionmode
with the conditions of electrospray ionization mass spectrometry
soft enough to study the weak non-covalent interactions. The
instrumental parameters were set as follows: detector voltage
3 kV, capillary temperature 200◦C, the ionization temperature
300◦C, sheath gas (nitrogen) flow 35 arb, sweep gas (nitrogen)
flow10 arb, and scan range m/z 200–2,000. Each sample was

directly injected via a syringe pump at the rate of 2 ul/min,
and the mass spectrum was cumulated for 5min. Masses were
annotated and processed with PeakView. Four milliliter solution
of lysozyme [Melone Pharmaceutical Co., Ltd., dissolved in a 5
× 10−2 mol/L Tris–HCl buffer solution (pH 7.40), containing
5 × 10−2 mol/L NaCl]/GS-R (Melone Pharmaceutical Co., Ltd.,
dissolved in 50%methanol) at a molar ratio of 1:4 to 1:12 for mass
spectroscopic investigation was incubated for 30min at 298K, of
which the final concentration was lysozyme 5.0 × 10−5 mol/L
and saponin from 2 × 10−4 to 6 × 10−4 mol/L. The data were
processed in PeakVew 1.2.

By comparing the first-order mass spectra of lysozyme and
non-covalent compound, the number of molecules of compound
integrated by lysozyme (N) can be calculated to screen out which
component was integrated by lysozyme with the highest degree
using the following equation:

N = ncharges×(m/zcomplex −m/zlysozyme)/M

where m/zcomplex and m/zlysozyme are the ratio of mass
to nucleus of non-covalent complex and that of lysozyme,
ncharges the number of charges, and M molecular weight of
saponin compound.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR; FTIR-8400s spectrophotometer from
Shimadzu Corporation, and horizontal attenuated total reflection
accessory from American Perkin Elmer) spectra investigation
with the resolution of 4 cm−1 and 60 scans were recorded in the
range from 1,000 to 2,000 cm−1. The spectra of Tris-HCl buffer
solution, lysozyme solution (1× 10−5 mol/L), GS-Re solution (1
× 10−5 mol/L), and lysozyme solution (1× 10−5 mol/L) with 1×
10−5 mol/L GS-Re were collected after the sample compartment
was purged with dry air to eliminate the absorption of water
vapor. The differential spectrum of pure lysozyme was obtained
from the absorbance spectrum of lysozyme solution subtracted
by that of Tris–HCl buffer solution, and the spectrum of GS-Re
solution was subtracted from that of GS-Re-lysozyme to obtain
the lysozyme (after GS-Re was added) differential spectrum. The
data were analyzed and graphed in Origin 9.0. The subtractive
spectra were subjected to baseline correction within the scope of
1,700–1,600 cm−1 amide I band and smoothed with Savitzky-
Golay, then fitted by the Gauss curve fitting with the second
derivative and Fourier deconvolution was applied to estimate the
position of peaks and half-peak width. The secondary structure
contents of lysozyme were calculated according to the absorption
bands observed in the amideIregion corresponding to α-helix
(1,642–1,660 cm−1), β-sheet (1,613–1,637 cm−1 and 1,682–1,689
cm−1), β-turn (1,662–1,700 cm−1), and disordered (1,637–1,645
cm−1) structures (21).

Mouse Model of AAA
Male C57BL/6J mice, aged 8–12 weeks, were subjected to
surgery in accordance with the CaCl2-daubed abdominal aortic
aneurysm (AAA) model as previously described (22–24). In
brief, the mice were anesthetized and the infrarenal abdominal
aortas were surrounded with a small piece of gauze soaked
in CaCl2 (0.5 mol/L) for 15min, followed by another piece
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of gauze soaked in saline for 5min. Mice receiving a single
treatment of saline for 15min were used as a control group.
The mice were sacrificed 21 days later, and the abdominal aorta
between the renal arteries and bifurcation of the iliac arteries was
isolated from the surrounding retroperitoneal structures. The
diameter of the aorta was measured with video microscopy in
triplicate midway between the renal artery origin and iliac artery
bifurcation. GS-Re (50 mg/kg/day) or the mixture of GS-Re and
lysozyme (50 mg/kg/day, the molar ratio of GS-Re:lysozyme was
12:1) was orally administered by gastric gavage from 7 days before
CaCl2 treatment to 21 days after the CaCl2 treatment (n = 8 per
group). All animal procedures conformed to the Guide for the
Care and Use of Laboratory Animals published by the National
Institutes of Health and were approved by the Institutional
Animal Care and Use Committee of Hebei Medical University.

Hematoxylin and Eosin (H and E) Staining
and Immunohistochemistry
The aortas were fixed with 4% polyoxymethylene, dehydrated by
ethanol, and placed in xylene, and then embedded in paraffin
wax and sliced. The sections were baked at 65◦C for 4 h,
dewaxed, hematoxylin stained for 15min, and decolorized with
hydrochloric acid alcohol solution for 5 s. Then, the sections
were stained with eosin for 2min and dehydrated. Finally, the
sections were mounted in neutral gel and the tissue sections were
observed under a microscope.

The immunohistochemical analyses were processed according
to standard procedures. In short, the slices were baked and
then dewaxed in xylene and hydrated in gradient alcohol. Then,
3% H2O2 was added to the sections to remove endogenous
peroxidase. Immunostained sections were preincubated with 5%
normal goat serum and then incubated with specific primary
antibodies against PCNA (1:500, ab92552; Abcam), MMP-9
(1:500, sc-13520; SantaCruz, USA), SM22α (1:500, ab14106;
Abcam), and SM-α-actin (1:500, ab7817; Abcam). The sections
were incubated with the horseradish peroxidase streptavidin
biotinylated secondary antibody followed by diaminobenzidine
(DAB kit, ZSGB-BIO, China). For the negative controls,
the primary antibody was replaced with non-immune rabbit
or mouse serum. Staining intensities were determined by
measurement of the integrated optical density with light
microscopy using a computer-based Image-Pro Morphometric
System. The results are expressed as the mean value of at least
three randomly chosen slides in each group.

Statistical Analysis
Data analysis was performed using SPSS version 16.0 or
Graphpad Prism 6 software. Data are presented as means ±

standard deviation from at least three independent experiments,
and each independent experiment was repeated at least three
times to obtain the mean. Normally distributed datasets were
analyzed with the unpaired Student’s t-test for two independent
groups or paired t-test for two dependent groups, and the
one-way analysis of variance followed by the post Bonferroni’s
multiple comparisons test for ≥3 groups. For all statistical
comparisons, a value of P < 0.05 was considered statistically

significant and denoted with one, two, and three asterisks when
lower than 0.05, 0.01, and 0.001, respectively.

RESULTS

Lysozyme Promoted the Effects of PNS on
Inhibition of VSMC Viability
To investigate the effect of PNS combined with lysozyme on
viability of VSMCs, we conducted CCK-8 assays. As displayed
in Figure 1A, PDGF-BB significantly promoted VSMC viability,
and after pretreatment of VSMC with different concentrations of
PNS, 15, 30, and 60µg/ml PNS for 24 h had no effect on VSMC
viability, whereas 120 and 240µg/ml PNS significantly inhibited
cell viability, suggesting that PNS inhibited VSMC viability in
a concentration-dependent manner, similar with the previous
studies (19).

Next, VSMCs were pretreated with 60µg/ml PNS, 60µg/ml
lysozyme, and the mixture of PNS and lysozyme (30µg/ml PNS
+ 30µg/ml lysozyme) for 6, 12, and 24 h, respectively. As shown
in Figure 1B, PNS or lysozyme used alone had no effect on the
viability of VSMC stimulated by PDGF-BB, but the combination
of PNS and lysozyme significantly inhibited cell viability in a
time-dependent manner. These data indicated that the joint
application of PNS and lysozyme repressed viability of VSMCs.

GS-Re May Be the Main Ingredients of PNS
That Contributes to the Decreased VSMC
Viability Through Joint Application With
Lysozyme
To screen the main ingredients of PNS that inhibit VSMC
viability through joint application with lysozyme, we determined
the effect of the synergism of lysozyme and GS-Rb1, NG-R1,
GS-Rg1, GS-Re, or GS-Rd, the five main ingredients of PNS,
on VSMC viability. Compared with the DMSO control group,
the viability of VSMCs was not changed with the addition
of 30µg/ml lysozyme, GS-Rb1, NG-R1, GS-Rg1, GS-Re, or
GS-Rd, and the viability was also not affected by the joint
application of 15µg/mL lysozyme and 15µg/ml GS-Rb1, NG-
R1, GS-Rg1, or GS-Rd. However, this response was significantly
attenuated by the synergism of GS-Re and lysozyme (15µg/mL
GS-Re+15µg/ml lysozyme) (Figure 2), meaning that GS-Re,
but not GS-Rb1, NG-R1, GS-Rg1, or GS-Rd, may be the main
ingredients of PNS in the joint application with lysozyme.

Mass Spectral Studies on the Interaction
Between GS-Re and Lysozyme
A series of mass peaks of different mass to charge ratios,
including the peaks at m/z 1,193.2, 1,301.7, 1,431.7, 1,590.6, and
1,789.1, displaying multicharge distribution of lysozyme from
(M+8H)8+ to (M+12H)12+, represents the+12,+11,+10,+9,
and+8 charge states of lysozyme, respectively, after the lysozyme
solution detected by electrospray ionization-mass spectrometry,
in which peaks of +10 charge number were the most obvious
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FIGURE 1 | Lysozyme promoted the activity of Panax notoginseng saponins (PNS) on inhibition of vascular smooth muscle cell (VSMC) viability. (A) Cell counting kit-8

(CCK-8) for the viability of VSMCs, cultured in serum-starved medium containing 15, 30, 60, 120, and 240µg/mL PNS or dimethyl sulfoxide (DMSO) for 24 h, and

then stimulated by platelet derived growth factor BB (PDGF-BB) for 24 h or remained untreated. (B) CCK-8 for the viability of VSMCs, cultured in serum-starved

medium containing 60µg/ml PNS, 60µg/ml lysozyme, or the mixture of PNS and lysozyme (30µg/ml PNS+30µg/ml lysozyme) for 6, 12, and 24 h, and then

stimulated by PDGF-BB for 24 h or remained untreated. Data are presented as mean ± SD, **P < 0.01, ***P < 0.001.

FIGURE 2 | GS-Re may be the main ingredients of PNS that contributes to the decreased VSMC viability through combining with lysozyme. CCK-8 for the viability of

VSMCs, cultured in serum-starved medium containing 30µg/ml lysozyme, GS-Rb1, NG-R1, GS-Rg1, GS-Re or GS-Rd, or the mixture of lysozyme and five

ingredients of PNS (15µg/ml lysozyme+15µg/ml GS-Rb1, NG-R1, GS-Rg1, GS-Re, or GS-Rd, respectively) for 24 h, and then stimulated by PDGF-BB for 24 h.

Data are presented as mean ± SD, **P < 0.01.

(Figure 3A). The average molecular weight of lysozyme was
14,306.8, which was close to the theoretical molecular weight.

The molecular ion peaks of various complexes composed
of GS-Re and lysozyme were detected by mass spectrometry,
suggesting that GS-Re might be combined with lysozyme and
the supramolecular complexes were formed (Figures 3B–D). The
peaks at m/z 1,621.0 and 1,715 indicated the +10 charge states
of 1:2 and 1:3 complex of GS-Re with lysozyme, respectively
(Figures 3B,C). In Figures 3C,D, the concentration ratio of

lysozyme to GS-Re increased from 1:8 to 1:12, and with the
increased concentration ratio, the molecular ion peak intensity
ratio of supramolecular complex formed by one molecule of
lysozyme and two molecules of GS-Re to free lysozyme increased
from 60.7 to 107.7%. Compared with Figures 3B,C, another
strong signal at the peak of 1905.5 was detected in Figure 3D,
which may be associated with the supramolecular complex with
+10 charges formed by one molecule of lysozyme and five
molecules of GS-Re. These data suggested the combined ability
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FIGURE 3 | Mass spectral studies on the interaction between GS-Re and lysozyme. The interaction between GS-Re and lysozyme was determined in the condition of

detector voltage 3 KV, capillary temperature 200◦C, the ionization temperature 300◦C, sheath gas (nitrogen) flow 35 arb, and sweep gas (nitrogen) flow 10 arb. (A)

Lysozyme, C(lysozyme) = 5.0 × 10−5 mol/L; (B) lysozyme+GS-Re, C(lysozyme) = 5.0 × 10−5 mol/L, C(GS−Re) = 2.0 × 10−4 mol/L; (C) lysozyme+GS-Re, C(lysozyme) = 5.0

× 10−5 mol/L, C(GS−Re) = 4.0 × 10−4 mol/L; (D) lysozyme+GS-Re, C(lysozyme) = 5.0 × 10−5 mol/L, C(GS−Re) = 6.0 × 10−4 mol/L.

Frontiers in Nutrition | www.frontiersin.org 6 December 2021 | Volume 8 | Article 795888311

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Huang et al. Lysozyme Promotes PNS Activity

FIGURE 4 | Effect of GS-Re on the secondary structure of lysozyme. The curve-fitting figures of attenuated total reflectance Fourier transform infrared spectroscopy

(ATR-FTIR) differential spectra within the scope of 1,700–1,600 cm−1 were fitted by the Gauss curve fitting, and the secondary structure contents of lysozyme were

calculated from the areas of the individual assigned bands and their fraction of the total area. (A) Lysozyme, C(lysozyme) = 5.0 × 10−5 mol/L; (B)

(lysozyme+GS-Re)−GS-Re, C(lysozyme) = 5.0 × 10−5 mol/L, C(GS−Re) =5.0 × 10−5 mol/L. ATR-FTIR curve-fitting differential spectra with the resolution of 4 cm−1 and

60 scans in the range from 1,000 to 2,000 cm−1.

FIGURE 5 | The combined use of GS-Re and lysozyme inhibits the viability of VSMCs. (A) CCK-8 for the viability of VSMCs, cultured in serum-starved medium

containing the mixture of GS-Re and lysozyme (the molar ratio of GS-Re/lysozyme was 12:1) for 6 h, and then stimulated by PDGF-BB for 24 h or remained untreated.

(B) CCK-8 for the viability of VSMCs, cultured in serum-starved medium containing 12.8 µmol/L GS-Re,1.067 µmol/L lysozyme or the mixture of GS-Re and

lysozyme (12.8 µmol/L GS-Re+1.067 µmol/L lysozyme) for 24 h, and then stimulated by PDGF-BB for 24 h or remained untreated. Data are presented as mean ±

SD, *P < 0.05, **P < 0.01.

between GS-Re and lysozyme could be increased with the high
concentration ratio of GS-Re to lysozyme.

Effect of GS-Re on the Secondary
Structure of Lysozyme
It is important to study the change of lysozyme α-helix structure,
because the active site of lysozyme is mainly in helices region.
To further explore whether the formation of this supramolecular
complex would influence the secondary structure of lysozyme
or not, we performed infrared spectroscopy on lysozyme. The
absorption bands in the amide I region corresponding to
α-helix (1,642–1,660 cm−1), β-sheet (1,613–1,637 cm−1 and

1,682–1,689 cm−1), β-turn (1,662–1,700 cm−1), and disordered
(1,637–1,645 cm−1) structures were observed in the ATR-
FTIR spectra (15, 21). The correlative differential spectra and
Gaussian fitting plots of lysozyme and (GS-Re-lysozyme)-GS-
Re were shown in Figure 4. The relative contents of lysozyme
secondary structure were changed after adding GS-Re. The
average relative contents of lysozyme α-helix in the presence of
GS-Re significantly increased from 24.1 to 32.4% with β-sheet
decreasing from 32.4 to 26.0%, and the significant changes on
the lysozyme α-helix and β-sheet relative contents in the presence
of GS-Re with p-values <0.05 indicated the interaction between
lysozyme and GS-Re induced folding of lysozyme peptides
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and changes of lysozyme conformation, which may affect the
biological function of lysozyme.

Combined Use of GS-Re and Lysozyme
Inhibits the Phenotype Transformation of
VSMCs
To further evaluate the effects of GS-Re combined with lysozyme
on viability of VSMCs, the mixture of GS-Re and lysozyme
(the molar ratio of GS-Re:lysozyme was 12:1; 3.2 µmol/L GS-
Re+0.267 µmol/L lysozyme, 6.4 µmol/L GS-Re+0.533 µmol/L
lysozyme, and 12.8 µmol/L GS-Re+1.067 µmol/L lysozyme) was
used. Results from CCK-8 assay showed that the mixture of
3.2 µmol/L GS-Re+0.267 µmol/L lysozyme and the mixture
of 6.4 µmol/L GS-Re+0.533 µmol/L lysozyme had no effect
on the viability of VSMCs, and the mixture of 12.8 µmol/L
GS-Re+1.067 µmol/L lysozyme significantly decreased the cell
viability (Figure 5A), whereas 12.8 µmol/L GS-Re or 1.067
µmol/L lysozyme had no effect on the activity of VSMC
(Figure 5B).

Aberrant proliferation is a hallmark of VSMC phenotype
transformation during vascular injury (1, 2). To further
investigate the possiblemechanisms underlying the effects of PNS
and lysozyme synergism on modulation of VSMC phenotype,
the expression of SM-α-actin and SM22α, the typical markers
of differentiation phenotypes, and the expression of MMP-9
and PCNA, the typical markers of synthetic phenotypes, were
examined through qRT-PCR and Western blot. As shown in
Figures 6A–C, the expression of SM-α-actin and SM22α were
clearly determined in the control group and were significantly
downregulated in PDGF-BB-stimulated VSMCs, agreeing with
previous studies (20). Compared with PDGF-BB group, the
expression of SM-α-actin and SM22α had almost no changes
stimulated by 12.8 µmol/L GS-Re or 1.067 µmol/L lysozyme
along but increased by 12:1 mixture of GS-Re and lysozyme
(12.8 µmol/L GS-Re + 1.067 µmol/L lysozyme). At the same
time, PDGF-BB increased the expression of MMP-9 and PCNA,
which was reversed by the mixture of GS-Re and lysozyme
(Figures 6C–E).

Except for proliferation, increased migration is another key
process during phenotype transformation of VSMCs (20, 25).
To further address the role of PNS and lysozyme synergism
in VSMC migration, we performed 2D wound-healing and 3D
transwell migration assays. As shown in Figure 7A, the 12:1
mixture of GS-Re and lysozyme inhibited PDGF-BB-induced
VSMC wound closure and migration, and GS-Re or lysozyme
used alone almost has no effect on it. Results from Boyden
chamber transwell assay further confirmed the inhibitory effect of
the mixture (Figure 7B). Taken together, these results suggested
that lysozyme enhances the activity of GS-Re on the inhibition of
VSMC phenotypic transition.

Mixture of GS-Re and Lysozyme
Ameliorates AAA Progression
The phenotypic transition of VSMCs exhibits at the early onset
of the pathology of aortic aneurysms (22). To evaluate the
therapeutic potential of the mixture of GS-Re and lysozyme on

VSMC phenotypic transition in vivo, CaCl2-induced C57BL/6J
mouse model of AAA was used. Morphometric analysis showed
that CaCl2 markedly increased the aortic expansion, and
compared with the model group, treatment with GS-Re (50
mg/kg/day) alone could slightly reduce the enlargement of
arteries, whereas the mixture of GS-Re and lysozyme (50
mg/kg/day, the molar ratio of GS-Re/lysozyme was 12:1)
decreased the diameter of arteries significantly (Figures 8A,B).
HE and Elastic-Van Gieson (EVG) staining also showed that
the mixture of GS-Re and lysozyme preserved vascular tissue
integrity and reduced tissue damage and elastin degradation
(Figure 8C). Furthermore, the upregulated expression of MMP-
9 and PCNA and downregulated expression of SM-α-actin and
SM22α were observed via immunohistochemical staining in the
CaCl2-treated group, which were reversed remarkably by the
mixture of GS-Re and lysozyme (Figure 8D). These findings
indicate that the combination of GS-Re and lysozyme may be
involved in the phenotype transformation of VSMCs during the
pathogenesis of AAA.

DISCUSSION

Cardiovascular disease is the leading cause of death worldwide,
and compelling evidence has indicated that vascular remodeling
represents promising potential therapeutic targets for
cardiovascular diseases. As the key cells implicated in vascular
remodeling, VSMCs are multifunctional mesenchyme derived
from the mesoderm during embryonic development and
plays an important role in maintaining vascular tone, blood
pressure, and blood flow distribution. Unlike skeletal muscle
and cardiomyocytes, VSMCs are highly plastic and susceptible
to phenotypic switching from a contractile phenotype to
a synthetic, secretory, inflammatory, proteolytic, or even
osteochondrogenic phenotype upon various stimulations
(1, 2, 4, 26–28), and the dedifferentiated VSMCs are prone
to proliferation and migration, produce more inflammatory
cytokines and reactive oxygen species, and exhibit greater
proteolytic activity than contractile VSMCs (20, 26, 29–32).
Therefore, exploring the effective therapeutic strategy for
blockade of VSMC phenotype transformation is helpful for
treatment of cardiovascular diseases.

Lysozyme, also referred to as muramidase or N-
acetylmuramic hydrolase, is widely distributed in egg whites of
birds and poultry, as well as tears, saliva, plasma, and milk of
mammals. In the food or pharmaceutical industries, lysozyme
has been widely used against bacteria because of its hydrolysis
of β-1,4-glycosidic linkages in specific Gram-positive bacteria
wall. Together with the unique characteristics, for instance,
higher natural abundance, stability, small size, monomeric
protein, positive charge, and drug binding ability, lysozyme has
emerged as a model protein for investigating the interaction
with different small molecules, pharmaceutical drugs, metal
ions, and dyes, as well as in studying the relationship between
protein folding and dynamics, structure–function relationship,
and cell-to-cell interaction (12, 33). Our previous study has
demonstrated that the combination of caffeine and lysozyme
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FIGURE 6 | The combined use of GS-Re and lysozyme inhibits the phenotype transformation of VSMCs. Real-time polymerase chain reaction (PCR) (A, B, D, E) or

Western blot (C) analysis of the expression of SM-α-actin, SM22α, matrix metallopeptidase 9 (MMP-9), and proliferating cell nuclear antigen (PCNA) in VSMCs,

cultured in serum-starved medium containing 12.8 µmol/L GS-Re, 1.067 µmol/L lysozyme, or the mixture of GS-Re and lysozyme (12.8 µmol/L GS-Re+1.067

µmol/L lysozyme) for 6 h, and then stimulated by PDGF-BB for 6 h (real-time PCR), 24 h (Western blot), or remained untreated. Data are presented as mean ± SD, *P

< 0.05, **P < 0.01, ***P < 0.001.

through electrostatic interaction increased the concentration
of caffeine on the surface of HepG2 cells, showing synergistic
effects and accelerating HepG2 apoptosis (18). According to the
Traditional Chinese Medicine, PNS improves blood circulation,
removes blood stasis, nourishes blood, stops bleeding, eliminates
swelling, and relieves pain; so, it has been most widely used to
treat cardiovascular and cerebrovascular diseases (6, 34, 35). In
the current study, we revealed that 15, 30, and 60µg/ml PNS did
not significantly decrease PDGF-BB-induced viability of VSMCs,
and 120 and 240µg/ml PNS significantly inhibited it. Then, the

highest concentration of PNS that did not influence cell viability
(60µg/ml), 60µg/ml lysozyme, and the mixture of PNS and
lysozyme (30µg/ml PNS + 30µg/ml lysozyme) were selected to
treat VSMCs, and when the VMSCs were treated by the mixture,
we found that lysozyme promotes the activity of PNS on the
inhibition of VSMC viability. Based on the ability of lysozyme to
easily bind with drug molecules and increase the efficacy (17, 18),
we predicted that some of the PNS components may play a
key role in this process by binding to lysozyme. Results from
CCK-8 assay indicated that, among the five main ingredients of
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FIGURE 7 | The combined use of GS-Re and lysozyme inhibits VSMC migration. The wound-healing (A) and transwell assay (B) for the migration of VSMCs, cultured

in serum-starved medium containing 12.8 µmol/L GS-Re, 1.067 µmol/L lysozyme, or the mixture of GS-Re and lysozyme (12.8 µmol/L GS-Re+1.067 µmol/L

lysozyme) for 6 h, and then stimulated by PDGF-BB or remained untreated. Data are presented as mean ± SD, ***P < 0.001.
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FIGURE 8 | The mixture of GS-Re and lysozyme ameliorates abdominal aortic aneurysm (AAA) progression. (A) Representative morphology of aortas in saline or

CaCl2-induced mice treated by GS-Re or the mixture of GS-Re and lysozyme. (B) Quantification of maximal aortic diameters in saline or CaCl2-induced mice treated

by GS-Re or the mixture of GS-Re and lysozyme. (C) Hematoxylin (HE) and Elastic-Van Gieson (EVG) staining of aortas in saline or CaCl2-induced mice treated by the

mixture of GS-Re and lysozyme. The top bar = 200µm, the middle and lower bar = 50µm. (D) Immunohistochemistry analysis for the expression of MMP-9, PCNA,

SM-α-actin, and SM22α. Bar = 50µm. Data are presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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PNS, GS-Re might be the only one that reduced VSMC viability
through joint application with lysozyme, and GS-Re might play
a synergistic role by combing with lysozyme.

Next, to determine the interaction between GS-Re and
lysozyme, mass spectrometry was applied. We found that the
binding ability of GS-Re and lysozyme increased with the ratio of
GS-Re to lysozyme from 4:1 to 12:1, and the concentration ratio
of GS-Re to lysozyme was 12:1 as the subsequent experimental
condition. We also found that the relative contents of α-
helix in lysozyme of supramolecular complex formed by GS-
Re and lysozyme were increased, which is not only beneficial
for stabilizing the structure of lysozyme and maintaining the
exposure of Glu35 and Asp52 active sites to keep the specific
biological activity of lysozyme, but also possible to bring the
GS-Re–lysozyme complex closer to the surface of the cell
membrane to perform synergistic functions. Then, based on
the concentration ratio of GS-Re to lysozyme of 12:1, in
dose–response studies, we revealed that the mixture of GS-Re
and lysozyme did not significantly decrease PDGF-BB-induced
viability of VSMCs until they reached 12.8 µmol/L GS-Re+1.067
µmol/L lysozyme, whereas 12.8 µmol/L GS-Re or 1.067 µmol/L
lysozyme used along had no effect on VSMC viability.

At the molecular level, we continued to replicate the
VSMC phenotype transformation model with PDGF-BB in vitro,
exhibiting downregulation of differentiated markers (such as
SM-α-actin and SM22α) and upregulation of dedifferentiated
markers (such as MMP-9 and PCNA), consistent with our
and other’s previous studies (1, 36–39). The results from
qRT-PCR and Western blot demonstrated that the 12:1
mixture of GS-Re and lysozyme (12.8 µmol/L GS-Re+1.067
µmol/L lysozyme) reversed the downregulation of differentiated
markers and upregulation of dedifferentiated markers. Our
current study also provided evidence that PDGF-BB-induced
VSMC migration activity was markedly reduced by the 12:1
mixture in vitro.

In addition, many studies have highlighted that VSMC
phenotypic transition may be an essential prerequisite for
aortic aneurysms formation (22). Therefore, CaCl2-induced
AAA model was used to test the effect of the mixture
of GS-Re and lysozyme. The current study documented
that the mixture diminished the development of AAA
and presented with the decreased elastin degradation and
maintaining the differentiated phenotype of VSMCs in
media, implying the obviously synergistic role of GS-Re and
lysozyme in vivo.

CONCLUSION

In summary, the current study identifies the critical role of
lysozyme in PNS preventing phenotypic transformation of
VSMCs. These findings reveal a mechanism that a small amount
of lysozyme significantly promotes the efficacy of PNS by
interacting with Gs-Re both in vitro and in vivo. The finding
broadens our understanding of howGS-Re and lysozyme interact
with each other, and eventually achieves synergistic effects,
which may shed light on the therapeutic strategy for vascular
remodeling diseases.
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In this work, the effect of extrusion and fermentation on the physicochemical and

digestive properties of barley powder was studied. The results showed that the contents

of phenolics, β-glucan, protein, and lipid decreased after extrusion. The contents of

nutrients (except lipid) increased after fermentation. Both extrusion and fermentation of

barley can lead to the darkening of the color and effectively optimize the palatability by

reducing the viscosity. In vitro digestion of starch showed that the content of as rapidly

digestible starch increased after extrusion and fermentation. The contents of ferulic acid,

2-hydroxybenzoic acid, and caffeic acid decreased after extrusion, while the contents

of chlorogenic acid, p-coumaric acid, and ferulic acid increased after fermentation.

Basically, the content of all the phenolic showed an increasing trend after digestion. The

antioxidant activity decreased after extrusion and increased after fermentation. Therefore,

the nutritional composition and properties of barley powder were changed under the two

processing methods.

Keywords: extrusion, fermentation, rheological properties, digestive properties, antioxidant activity

INTRODUCTION

In recent years, metabolic syndrome, represented by obesity, hyperglycemia, hyperlipidemia, and
diabetes mellitus, has become one of the most important non-communicable chronic diseases
affecting human health. Barley is a new type of health food, whose overall nutritional index meets
the requirements of high plant protein, high vitamin, high cellulose, low fat, and low sugar proposed
by modern nutrition science. In addition, as a grain with a low glycemic index, barley can also be
used to prevent chronic diseases such as diabetes and obesity (1).

Extrusion can greatly improve the digestibility of nutrients. Due to the short duration of the
processing of food raw materials, the harmful effects of browning and nutritional damage on the
nutrients of the raw materials are reduced to a large extent. Extrusion is a common processing
method in the food industry, and it has the advantages of high production efficiency, simple process,
low energy consumption, and low cost.

Fermentation is an effective method to improve the quality of barley. Lactobacillus plantarum is
a common probiotic in food and it can regulate human cholesterol, blood pressure, and intestinal
microorganism. Fermentation of barley using Lactobacillus plantarum can improve the nutritional
value of barley and also can reduce the content of phytic acid. Therefore, the combination of
Lactobacillus plantarum fermentation with barley is beneficial to improve its functional active
components and enhance its physiological and nutritional functions (2).
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This paper mainly studied the effects of extrusion and
fermentation treatments on the nutrient composition,
rheological, and digestive properties of barley powder, and
analyzed the advantages and disadvantages of these changes.

MATERIALS AND METHODS

Materials and Reagents
Yangzhou’s No. 3 Barley Powder (BP) was purchased from
Yancheng Shuangzeng Agrochemical Technology Co. LTD
(Yancheng, China). Extruded Barley Powder (EBP, 40Hz of screw
rotation, 30Hz of feeding speed, 140◦C of sleeve temperature,
and 30% of raw water content) and fermented barley powder
(FBP, fermentation with Lactobacillus plantarum dy-1) were
prepared in our laboratory.

α-amylase, glucosidase, pepsin, trypsin, and bile salt were
purchased from Sigma Company (St. Louis, MO, United States)
as biological reagents. Gallic acid, catechin, epicatechin,
chlorogenic acid, ferulic acid, caffeic acid, 2-hydroxybenzoic
acid, p-coumaric acid, vanillin acid, and 3, 4-dihydroxybenzoic
acid were purchased from Tixi Ai (Shanghai) Chemical Industrial
Development Co, Ltd.

Determination of Nutritional Components
Determination of Total Phenolics
The total phenolic content was determined by the method
described by Rani et al. (3) with some modifications. Briefly, 1ml
of sample extract was diluted with 5ml water and 3ml of Na2CO3

(7.5%) was added. Subsequently, the test tube was kept for 90min
incubation in the 45◦C water bath and absorbance was measured
at 750 nm. A Gallic acid standard curve was made to determine
the phenolic content.

Determination of β-Glucan
β-Glucan content was determined by the method described by
4 with some modifications. Briefly, 0.5ml of sample extract
was diluted with 1.5ml water and 4ml of Congo red solution
was added. Subsequently, the test tube was kept for 10min
incubation in the 20◦C water bath and absorbance was measured
at 550 nm. A β-glucan standard curve was made to determine the
β-glucan content.

Determination of Protein Content
The total nitrogen content was estimated by an azotometer
(Milan, Italy). The protein content was calculated with the
conversion factor of 6.25.

Determination of Fat Content
The fat content was determined by following the AOAC (2006)
standard method number 2003.05.

Determination of Free Amino Acid Content
The content of free amino acids was determined by the amino
acid analyzer according to the method of Hu et al. (5). The results
were expressed as the percentage of each amino acid in the total
amino acids with the exception of tryptophan.

Dissolving Characteristics and Rheological
Characteristics
Determination of the Color
The colors of barley samples were determined using the
HunterLab UltraScan Pro according to the method described
by Morris et al. (6) with some modifications. The L∗ value
represents the lightness, 0–100 represents dark to light. The a∗

value represents the degree of the red-green and the b∗ value
represents the degree of the yellow-blue.

Determination of WSI and WAI
The water solubility index (WSI) and water absorption index
(WAI) were measured by the method of Haoqiang Wang et al.
(7), with some modifications. A total of 2.5 g of samples were
dispersed in 30ml distilled water and shaken in the water bath
at 30◦C for 30min, then centrifuged at 7000 × g for 15min. The
weight of the sediment was taken as WAI and was expressed
as the unit g/g. The WSI is the weight of dry solids in the
supernatant, which is expressed as a percentage of the original
weight of the sample.

Determination of Pasting Properties
Pasting properties were determined by the method described
by H. Wang et al. (8) with some modifications. Briefly, the
pasting properties of samples were measured by a rapid visco-
analyzer (RVA) combined with the Thermocline for Windows
(TCW3) software. The basic weight of the sample was 3 g (on a
raw basis) and was automatically corrected to a moisture basis
of 14%. Approximately, 3.0 g of samples and 25ml of distilled
water were directly added into an RVA canister. Then, the slurry
was homogenized manually by the plastic paddle to avert lumps
formation prior to the RVA run. The canister with the sample and
paddle was inserted into the RVA Instrument and the analysis
was started. The samples were heated from 50 to 95◦C with a
heating rate of 12◦C/min, maintained at 95◦C for 3.5min, and
then cooled to 50◦C at the same rate and maintained at 50◦C for
5min. The following characteristics were then evaluated: peak
viscosity, trough viscosity, final viscosity, breakdown, setback,
peak time, and pasting temperature.

Static Viscoelasticity Analysis
The efficacy of barley in lowering blood lipid and cholesterol
is closely related to its viscosity. The rheological property of
the sample can be further analyzed by measuring the static
viscoelasticity. Viscoelastic measurements were performed using
a TA rheometer equipped with parallel plate geometry (40mm).
Firstly, 0.6 g sample was dissolved in 10ml distilled water and
mixed to prepare the solution with 6% concentration. After the
fixture was installed and the calibration was carried out, about
1.5ml sample solution was taken and dropped in the center of
the plate. A frequency sweep test for starch gels was performed at
25◦C from 0.01 to 1,000 s−1 within the linear viscoelastic range.

In vitro Starch Digestion
The digestibility of starch was determined according to the
procedure, as follows. First, 0.2M sodium acetate buffer (pH
6.0 containing 200mM calcium chloride, 0.49mM magnesium
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TABLE 1 | Preparation of stock solution of simulated digestion fluids.

Concentration (M) SSF (mM) SGF (mM) SIF (mM)

KCl 0.50 18.88 8.63 8.50

KH2PO4 0.50 4.63 1.13 1.00

NaHCO3 1.00 17.00 31.25 106.25

NaCl 2.00 - 59.00 48.00

MgCl2 (H2O)6 0.15 0.19 0.13 0.41

(NH4)2CO3 0.50 0.08 0.63 -

chloride, and 0.02% sodium azide) was prepared and stored in
a refrigerator at 4◦C.

The in vitro starch digestion test: Each sample (50mg) was
suspended in a 50ml centrifuge tube containing 2ml deionized
water, and then mixed well. Then, 8.0ml of enzyme solution
(37◦C) was added to the tube, followed by incubation in a water
bath at 37◦C with shaking, at a stirring speed of 300 rpm. After
the time periods of 0, 10, 20, 60, 120, and 180min, the tube was
shaken and 0.1ml aliquot was quickly taken and transferred to
a 1.5ml centrifuge tube containing 0.9ml absolute ethanol to
deactivate the enzymes. The tube was then returned for further
time course digestion.

Starch digestibility was calculated using the GOPOD method
by determining the glucose content. Based on the hydrolysis
rate, starch was defined as rapidly digestible starch (RDS), slowly
digestible starch (SDS), and resistant starch (RS).

In vitro Digestion of Phenolic Compounds
Extraction of Phenolic Compounds
The extraction of polyphenolic compounds was performed
according to the protocol of Horax et al. (9) with modifications.
A total of 10ml of a methanol solution was added to 1 g of each
sample and stirred for 2 h at 200 rpm, then treated for 15min
in an ultrasonic bath and finally centrifuged for 10min at 6,000
rpm. The pellet obtained was subjected to a second extraction
and resuspended in 10ml of methanol solution and the second
extraction was performed as described before.

In vitro Digestion
A static model that simulated gastrointestinal digestion was
developed, following the method described by Minekus et al.
(10). The detailed composition of simulated salivary fluid (SSF),
simulated gastric fluid (SGF), and simulated intestinal fluid (SIF)
is given in Table 1, and they were prepared from stock solutions
fresh daily and kept at 37◦C before use.

In vitro Simulation of Saliva Digestion (SD)
A total of 4ml SSF was added to a 5.0 g barley powder sample
and mixed well. Then, 15mg α-amylase, 25µL of CaCl2 solution,
and 975 µL water was added and shaken at 37◦C for 2min away
from light.

In vitro Simulation of Gastric Digestion (GD)
A total of 160mg pepsin (250 U/mg) was added to 8.0ml SGF,
and it is added to saliva digestive products. Then, 5 µL CaCl2

solution and 1990 µL water were added. Thew pH was adjusted
to 3 with HCl, mixed well, and shaken away from light for 2 h.

In vitro Simulation of Intestinal Digestion (ID)
About 144mg bile salt was added to 16.0ml SIF and stirred
at 37◦C for 20–30min. Then, 535mg trypsinase and 40 µL
CaCl2 solution were added to the gastric digestible products.
The pH was adjusted to 7 with NaOH solution. After
simulation, the samples were frozen at −20◦C, lyophilized, and
submitted to extraction as described above (Section Extraction of
Phenolic Compounds).

Determination of Phenolic Composition
The individual phenolic compounds in the above extracts were
quantified using a Shimazu LC-20AD HPLC system. A ZORBAX
SB-Aq column (5m, 4.6mm × 250mm ID, Agilent) was used
at a column temperature of 30◦C. The mobile phase consisted
of a 0.1% aqueous solution of formic acid (solution A) and
acetonitrile (solution B) with the following gradient program:
0–10min, solution B 3–3%; 10–20min, solution B 3–80%; 20–
30min, solution B 80–3%; 30–35min, solution B 3–3%. Other
chromatographic conditions included a constant flow rate of 0.8
ml/min, an injection volume of 20 µL, a run time of 35min, and
a detection wavelength of 254 and 320 nm. Prior to analysis, all
samples were filtered through a 0.25–l m membrane filter. The
identification of each peak was based on the retention time and
the chromatography of authentic standards. The concentrations
of each compound were calculated according to a standard curve,
and the results were expressed as µg/g DW of barley powder.

Determination of Antioxidant Activity
Determination of DPPH Radical Scavenging Activity
The method for determination of DPPH radical scavenging
ability is based onmeasurement of the loss of DPPH radical color
at 517 nm after reaction with sample extract and was performed
as described by Brand–Williams et al. (11). Sample extracts (2ml)
were mixed with 2ml of DPPH radical solution, incubating for
30min in the dark and measuring absorbance at 517 nm. Sample
extracts and anhydrous ethanol were used as a control group.
Anhydrous ethanol and DPPH radical solution were used as a
blank group. Results were expressed as the percentage of free
radical scavenging.

Determination of ABTS Radical Cation Scavenging

Activity
2, 2′ -azino-BIS (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical cation scavenging capacity was measured using the
modified method described by Sun et al. (12). Diluted the
absorbance of ABTS radical cation solution to 0.70 ± 0.02 at
734 nm. Extracts (0.1ml) were mixed with 2ml ABTS radical
cation, incubating 2–6min, and measuring the absorbance at
734 nm. Sample extracts and anhydrous ethanol were used as a
control group. Anhydrous ethanol and ABTS radical cation were
used as the blank group. Results were expressed as the percentage
of free radical scavenging.
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TABLE 2 | Main nutritional and function component of BP, EBP, and FBP.

Free phenol (mg/g) β-glucan (%) Protein (%) Fat (%)

BP 25.63 ± 1.15b 3.83 ± 0.68b 13.99 ± 0.32a 2.61 ± 0.21a

EBP 14.78 ± 0.52c 3.52 ± 0.17b 13.50 ± 1.09a 1.07 ± 0.21b

FBP 34.72 ± 0.61a 11.97 ± 1.42a 14.67 ± 0.41a 0.76 ± 0.21c

a,b,cRepresents the highest figure in the data.

Determination of Ferric Reducing Antioxidant

Power-FRAP Method
Ferric Reducing Antioxidant Power (FRAP) assay was performed
according to a modified method reported by Benzie and Strain
(13). Fresh FRAP working reagent was prepared by mixing
25ml 300mM acetate buffer, 2.5ml TPTZ solution, and 2.5ml
of 20mM FeCl3•6H2O solution. FeSO4 solution was used as the
standard solution. A total of 180 µL FRAP solution was mixed
with the standard solution in different concentrations and sample
extracts, respectively. After incubation at 37◦C for 3–5min, the
absorbance was detected at 593 nm.

Statistical Analysis
Each experiment was carried out in triplicate. Experimental
design and data analysis were performed with IBM SPSS
statistical software. Data were analyzed by ANOVA and
expressed as mean ± SD. P < 0.05 was considered to be
statistically significant.

RESULTS AND DISCUSSION

Nutritional Components Analysis
The Content of Free Phenol, β-Glucan, Protein, and

Fat
To evaluate the effects of extrusion and fermentation of barley
powder, changes in main nutrients and amino acid contents were
determined, as shown in Table 2. Compared with BP, the content
of free phenol, β-glucan, and fat in EBP were all decreased by
42.33, 8.09, and 59%, respectively. The content of free phenol
and β-glucan in FBP was increased by 35.47 and 212.53%, the
content of fat in FBP was decreased by 70.88%. The phenol and
β-glucan content of FBP was significantly higher than that of BP
and EBP, whereas the content of fat was lower than that in EBP, so
FBP has greater significance in a healthy diet. The decrease of fat
content and increase of β-glucan content in cereal can reduce its
GI (glycemic index), which can be used in healthy food to reduce
cholesterol, blood sugar, and blood fat of the human body.

The phenolic compounds are decomposed by high
temperatures and the complex polyphenols are decomposed into
other phenolic or non-phenolic compounds during extrusion,
therefore, there is a loss of free phenol content. It is reported
that there is a significant loss of total phenolics during the
extrusion of oat cereals (14). These reports corroborate well with
the findings of the present study. The increase of free phenol
content after fermentation was mainly due to the acid hydrolysis
produced by Lactobacillus fermentation that led to the release of
the bound compound into a free state. Similarly, it found that

the lactic acid bacteria fermentation increased the contents of
the free, soluble conjugate, and total phenolics by 90.7, 17.2,
and 37.1% respectively (15). Mao et al. (16) found that the total
phenol content was increased significantly after fermentation,
which was 39.10% higher than the raw wheat bran.

Tosh et al. (17) found that the depolymerization of the cell
wall caused by pressure during the extrusion process leads to
the loss of integrity, resulting in a decrease in the content
of β-glucan in cereals. Similarly, it has been reported that
it exhibited a significant decrease of 8% in β-glucan content
when the extrusion temperature was constant at 150◦C, and
when extrusion was carried out at 170◦C, β-glucan content
lowered by 10% (18). The apparent increase in soluble β-glucan
observed after fermentation might be due to enhanced activity
of enzymes like β-glucanases and carboxypeptidases which cause
degradation of total and insoluble β-glucan content into soluble
β-glucan (4).

The decrease of the fat content of EBP might be due to
the formation of lipid complexes under high temperatures and
pressures. Hagenimana et al. (19) reported that decreases in the
fat, protein, and reducing sugar content occurred through the
many chemical and structural transformations such as starch
gelatinization, protein denaturation, and complex formation
between amylose and lipids during the extrusion process.
Similarly, the fat content of white and red Ginseng samples
significantly decreased from 1.29 to 0.23% after extrusion (20).
The apparent decrease of fat content in FBP may be due to the
degradation of lipids by lipase during fermentation, which is in
agreement with what has been reported by Al-Ansi et al. (21).
Besides, it is reported that the endo amylase played a vital role in
starch hydrolysis during the fermentation process (22). Similarly,
Chai et al. (23) found that the fat content of the Rambutan seed
reduced by 22% whereas its free fatty acid content increased by
4.3 folds after 10 days of fermentation.

The Content of Amino Acids
As shown in Table 3, the most abundant amino acids in barley
are glutamine, valine, leucine, phenylalanine, and proline. The
contents of most amino acids decreased after extrusions, such
as glutamic acid, leucine, and arginine, which may be due
to the mutual conversion and decomposition of amino acids
into small molecules of ammonia under the influence of high
temperature and high pressure during extrusion. Similarly,
the methionine and cysteine content of peas decreased after
extrusion treatment (24).

The proportion of essential amino acids in FBP had increased,
such as glutamic acid, glycine, alanine, and methionine. It
may be due to the mutual conversion of amino acids during
the fermentation of Lactobacillus plantarum. LAB fermentation
can activate endogenous protease activity of barley powder by
decreasing pH (25), thereby hydrolyzing protein and increasing
free amino acid content. Additionally, proteases produced by
microorganisms during fermentation could also hydrolyze the
protein of wheat bran (26). Similarly, Hu et al. (5) found that the
proportion of essential amino acids increased after fermentation,
such as threonine, valine, and isoleucine Dallagnol. Mao et al.
(16) found that methionine and cysteine of wheat bran were
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TABLE 3 | Free amino acids content (%) of BP, EBP, and FBP.

BP EBP FBP

Aspartic acid 1.10 ± 0.03a 0.92 ± 0.05b 1.05 ± 0.03a

Threonine 0.66 ± 0.02a 0.58 ± 0.02b 0.68 ± 0.01a

Serine 0.86 ± 0.01a 0.79 ± 0.07b 0.90 ± 0.01a

Glutamine 5.40 ± 0.13b 4.89 ± 0.15c 5.56 ± 0.21a

Glycine 0.78 ± 0.02b 0.66 ± 0.01c 0.95 ± 0.03a

Alanine 0.84 ± 0.03b 0.71 ± 0.03c 0.91 ± 0.06a

Cysteine 0.29 ± 0.01c 0.44 ± 0.01a 0.38 ± 0.03b

Valine 1.29 ± 0.08a 1.06 ± 0.04b 1.22 ± 0.05a

Methionine 0.24 ± 0.01b 0.23 ± 0.01b 0.27 ± 0.02a

Isoleucine 0.76 ± 0.04a 0.64 ± 0.01b 0.76 ± 0.03a

Leucine 1.57 ± 0.02a 1.28 ± 0.05b 1.55 ± 0.08a

Tyrosine 0.97 ± 0.03a 0.88 ± 0.13b 1.01 ± 0.11a

Phenylalanine 1.37 ± 0.17a 1.26 ± 0.13b 1.38 ± 0.09a

Lysine 0.68 ± 0.01a 0.55 ± 0.01b 0.67 ± 0.03a

Hlstidine 0.42 ± 0.03b 0.36 ± 0.01b 0.84 ± 0.02a

Argnine 0.94 ± 0.03a 0.79 ± 0.04b 0.94 ± 0.03a

Proline 2.38 ± 0.12b 2.15 ± 0.05c 2.52 ± 0.10a

a,b,cRepresents the highest figure in the data.

TABLE 4 | Color of BP, EBP, and FBP.

L* a* b*

BP 92.07 ± 0.02a 1.26 ± 0.01c 5.48 ± 0.04b

EBP 88.28 ± 0.01b 1.76 ± 0.03a 9.53 ± 0.01a

FBP 86.32 ± 0.02c 1.39 ± 0.02b 4.15 ± 0.05c

a,b,cRepresents the highest figure in the data.

L* represents the lightness, 0–100 represents dark to light, a* represents the degree of

the red-green and b* represents the degree of the yellow-blue.

increased by 315 and 33%, respectively, after fermentation, the
contents of tyrosine, phenylalanine, isoleucine, Val, and other
essential amino acids were also significantly increased.

Effects of Extrusion and Fermentation on
Physicochemical Properties
Color
Color is an important sensory quality of barley powder. The
brightness (L∗), red–green (a∗), and yellow–blue (b∗) of the
samples are shown in Table 4. In general, the L∗ value of EBP
decreases, while a∗ and b∗ values increase, L∗ and b∗ values of
FBP decrease, while a∗ value increases. The BP was brighter than
the EBP, which was brighter than the FBP. The EBP was greener
than the FBP, which was greener than the BP. The EBP was bluer
than the BP, which was bluer than the FBP.

The observed change in color of EBP may be attributed to
the gelatinization caused by high temperature and high-pressure
during extrusion. Reduced sugars and proteins (amino acids) in
grain can react under high processing temperatures to promote
non-enzymatic browning (Maillard reaction), which results in
the darkening of the EBP (27). Similarly, previous researchers
have observed that extrusion of the whey protein concentrate
and corn starch resulted in higher color differences with the

TABLE 5 | WSI and WAI of BP, EBP, and FBP.

WSI (%) WAI (%)

BP 9.73 ± 0.23b 190.13 ± 8.89c

EBP 10.66 ± 0.50a 462.93 ± 3.80b

FBP 18.00 ± 0.40c 696.80 ± 4.50a

a,b,cRepresents the highest figure in the data.

increase in the amylose content (28). The color change of FBP
is also related to the browning reaction where a fluctuation in
L∗ values and an increase in a∗ values indicate more browning
(29). Similarly, previous researchers have observed that there
were significant differences in a∗ and b∗ values obtained between
unfermented and fermented seeds of rambutan (30).

WSI and WAI
The water solubility index (WSI) of barley powder is related to
the degree of starch degradation. As shown in Table 5, the WSI
was significantly increased from 9.73 (BP) to 10.66% (EBP) after
the extrusion of barley powder. It was also found that the WSI
of pea flour significantly increased after extrusion from 11.70 to
54.9% (31). It has been reported that the crystalline structure was
disrupted, and starch was gelatinized during extrusion so that
the amylose leached out to cause the increase in the WSI (32).
The WSI of FBP was found to be 18.00%, which was remarkably
higher than the BP and EBP. It has been reported that molecular
components of starch are degraded during fermentation which
results in increased soluble components. Similarly, the gel
forming capacity of the fermented rice black gram mix flour was
significantly higher than the extrudate products (3).

The WAI reflects the water absorption capacity of barley
powder and is significantly dependent on molecular interactions
in the crystalline and amorphous regions of the starch granule
(33). As shown in Table 2, the WAI of EBP was 462.93% higher
than BP. It was also found that theWAI of rice starch significantly
increased after extrusion from 136 to 246–412% at different
moisture contents (32).

Pasting Properties
Pasting properties are very important in the process of
choosing new food manufacturing additives, such as thickeners,
emulsifiers, binders, or other components related to paste
viscosity (34). Therefore, the result may be used for the indirect
estimation of the intensity of the extrusion and fermentation
treatment of barley powder. As shown in Table 6, the PV, TV,
FV, SB, PT, and PTT of BP are higher than EBP and EBP, which
indicated that the BP showed more stable viscosity properties
during measurements. The starch pasting levels of EBP and FBP
were increased, which could effectively optimize the taste of
barley products, and further facilitate the development of barley
edible products.

The peak viscosity of samples is influenced by amylose
content, starch leaching, as well as the content of other
components, such as proteins, lipids, and fibers (35). The
decrease in PV of EBP may be attributable to starch pasting,
protein denaturation, and interactions between starch and
protein (36). Additionally, the reduced paste viscosity could be
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TABLE 6 | Pasting properties of BP, EBP, and FBP.

PV (cp) TV (cp) BD (cp) FV (cp) SB (cp) PT (min) PTT (◦C)

BP 4,731.00 ± 94.62a 3,314.00 ± 36.04a 1,417.00 ± 41.58b 5,224.33 ± 88.24a 1,910.33 ± 6.51a 6.73 ± 0.07a 72.02 ± 0.42a

EBP 2,189.67 ± 75.55c 664.67 ± 41.10c 1,786.00 ± 99.01b 1,305.00 ± 73.91c 677.00 ± 45.97c 5.33 ± 0.11b 66.18 ± 7.20a

FBP 3,230.33 ± 75.93b 1,005.00 ± 16.46b 2,225.33 ± 116.09a 1,822.00 ± 38.43b 817.00 ± 35.04b 1.09 ± 0.03c 52.60 ± 2.08b

a,b,cRepresents the highest figure in the data.

FIGURE 1 | The static viscoelasticity of BP, EBP, and FBP.

FIGURE 2 | The starch decomposition rate during digestion of BP, EBP, and FBP.
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attributed to the formation of compact starch granules during
high temperature treatment, which had higher resistance to
heat and shear during pasting. The decline in PV of FBP
might be caused by amylopectin degradation, disruption of
granular structures, and disordering of hierarchical structures of
starch (8).

Trough viscosity (TV) indicates the sensitivity of starch
granules to shearing. During the 95◦C period, swollen granules
disintegrated due to the shearing of the paddle and rotating bowl,
resulting in a decrease in viscosity known as viscosity breakdown.
Final viscosity (FV) indicates a retrogradation tendency of the
soluble amylose after cooling, or the ability of the starch paste
to form a gel (35). Breakdown (BD) is a characteristic feature of
shear resistance and heat resistance of starch hot paste. Setback
(SB) reflects the stability and aging trend of starch cold paste, a
lower setback value indicates higher stability. The content and
structure of Amylose and amylopectin in barley flour can affect
the pasting time (PT) and pasting temperature (PTT), higher
amylose content, and the longer branched chain of amylopectin
cause higher heat to dissolve the crystal and higher PTT.

The decrease in TV, FV, BD, and SB of EBPmay be attributable
to the speed and temperature of the high extruder screw. Similar
observations were reported by Siddiq et al. (37), and Mitrus
et al. (38). The reduction in TV, FV, BD, and SB of FBP may
be attributable to the higher α-amylase activity; the starch grains
tend to lose resistance to swelling, and thus, the viscosity declines
(39). Similar observations were reported that the fermentation
significantly decreased the pasting properties by Al-Ansi et al.
(40) and Zhao et al. (41).

Static Viscoelasticity
As shown in Figure 1, the static rheological properties of BP,
EBP, and FBP show the same trend of viscosity change, and the
viscosity decreases with the increase of shear rate which might
be due to the increasing external force with the increase of shear
rate, and the destruction of the hydration structure between
polysaccharide molecules and water molecules, leading to the
decrease of viscosity. The initial viscosity of EBP is higher than
that of BP, and that of FBP is lower than that of BP. The decrease
of viscosity is beneficial to improve the palatability of popular
products and further promote the development and utilization
of barley in the food industry.

In vitro Digestion of Starch
Starch Decomposition Rate
As can be seen from Figure 2, during the digestion of the sample
in vitro, the hydrolysis rate of starch increased rapidly in the
first 60min, especially in the first 20min. The hydrolysis rate
of starch from high to low was EBP, FBP, and BP at 180min.
The results showed that the digestibility of barley powder could
be improved by extrusion and fermentation, and it could be
rapidly decomposed into reducing sugars in the human body for
absorption and utilization. Similar observations were reported by
de la Rosa-Millán et al. (42).

Contents of TS, RDS, SDS, and RS
The contents of RDS, SDS, and RS in the BP, EBP, and FBP are
shown in Table 7. Compared to the BP, EBP, and FBP had less

TABLE 7 | Content of TS, RDS, SDS and RS of BP, EBP, and FBP (%).

RDS SDS RS

BP 14.92 ± 1.49b 18.58 ± 0.88a 68.66 ± 1.69a

EBP 73.77 ± 2.01a 11.77 ± 0.76b 14.46 ± 1.25c

FBP 64.30 ± 1.16a 6.59 ± 0.52b 29.11 ± 1.16b

a,b,cRepresents the highest figure in the data.

SDS and RS, but more RDS, which indicated that both extrusion
and fermentation could accelerate the digestion of the starch by
transforming SDS and RS into RDS, significantly improving the
digestibility of barley powder, and the effect of EBP was more
obvious than that of FBP.

Rapidly digestible starch can be quickly digested by the human
body, and its content is one of the indicators of digestible foods
that can predict elevated glycaemic index. The increase in RDS of
EBP could be due to the direct effect of the extrusion treatment
on starch granules as BP contains little or no detectable α-
amylose inhibitors (43). SDS results in the slow release of glucose
into the blood; such property is advantageous for human health
as it prevents diabetes and obesity. RS is known as a type of
dietary fiber that cannot be digested in the small intestine. The
significant increase in RDS of EBP, with a corresponding decrease
in the RS, is probably due to the extrusion treatment decreasing
starch crystallinity and increasing enzyme availability results in
a decrease in RS content. A similar result has been reported by
Chen et al. (44).

There was also a significant increase in the RDS content after
fermentation from 14.92 to 64.30% and the RS content decreased
from 68.66 to 29.11%. Golden found that the significant increase
in RDS of FBP, with a corresponding decrease in the RS might
be due to the disruption of the ordered structure of starch
chains by actions of microbial organisms during fermentation,
thereby increasing the accessibility of starch granules to the
digestive enzymes (45). A similar result has been reported for the
sorghum flour and cassava flour by Inglett et al. (46) and Elkhalifa
et al. (47).

In vitro Digestion of Polyphenols
Polyphenols Component
The 7 phenolic compounds from samples were analyzed and
are presented in Table 8. According to the HPLC analyses, the
total content of each phenolic compound in abstracts from
barley powder significantly increased during fermentation while
decreased during extrusion. Quantitative results indicated that
cumaric acid was the most abundant compound in barley,
followed by 2-hydroxybenzoic acid, chlorogenic acid, and 3, 4-
dihydroxybenzoic acid, additionally, after in vitro simulation of
saliva, gastric, and intestinal digestion.

Compared to the BP, the content of ferulic acid, 2-
hydroxybenzoic acid, and caffeic acid were significantly
decreased in EBP. Extrusion could inevitably lead to a decrease
of free phenolic acids because of decomposition caused by the
high temperature. A similar result has been reported by Zeng
et al. (48) for the extruded brown rice and extruded wheat.
The contents of chlorogenic acid, p-coumaric acid, and ferulic
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TABLE 8 | The content of phenolic compounds before and after digestion in vitro.

3, 4-

dihydroxybenzoic

acid

Chlorogenic acid Caffeic acid p-coumaric acid Ferulic acid 2-

hydroxybenzoic

acid

Vanillic acid Total

BP (Before digestion) 12.24 ± 0.56c 14.67 ± 0.27d 7.90 ± 0.28b 154.72 ± 2.37d 12.17 ± 0.22b 20.35 ± 0.38b 6.81 ± 0.17b 228.86 ± 4.86d

EBP (Before digestion) 9.18 ± 0.83d 11.68 ± 0.25e 3.30 ± 0.26c 141.94 ± 2.84d 3.87 ± 0.69c 2.76 ± 0.06c 3.85 ± 0.37c 176.59 ± 6.63e

FBP (Before digestion) 12.36 ± 0.64c 17.34 ± 0.65c 10.61 ± 0.74a 214.91 ± 3.59c 16.19 ± 0.74a 25.81 ± 1.36b 7.22 ± 0.82b 304.43 ± 9.74c

BP (After digestion) 15.58 ± 0.74b 26.99 ± 0.98b 8.46 ± 0.50b 261.14 ± 1.48b 4.38 ± 0.56c 40.36 ± 1.74a 9.63 ± 1.48a 366.54 ± 7.48b

EBP (After digestion) 14.98 ± 0.26b 22.02 ± 0.42b 5.79 ± 0.37c 222.91 ± 2.94c 8.53 ± 0.85b 18.44 ± 0.59b 9.01 ± 0.94a 301.70 ± 6.06c

FBP (After digestion) 17.39 ± 0.47a 44.70 ± 2.20a 11.65 ± 0.99a 331.70 ± 3.58a 18.32 ± 0.59a 28.14 ± 0.37b 10.80 ± 0.42a 462.69 ± 9.04a

a,b,cRepresents the highest figure in the data.

TABLE 9 | Antioxidant activity of BP, EBP, and FBP (%).

DPPH•

scavenging

activity

ABTS•
+

scavenging

activity

FRAP

BP 46.03 ± 2.32b 14.25 ± 0.28b 52.39 ± 3.21b

EBP 18.49 ± 2.18c 12.42 ± 0.89c 37.36 ± 1.69c

FBP 71.32 ± 3.78a 16.49.99 ± 0.26a 112.36 ± 5.60a

a,b,cRepresents the highest figure in the data.

acid were dramatically increased in FBP. It was widely reported
that phenolic acids in cereals were mainly in bound form and
involved in linkages of ester, ether, or acetal bonds to cellulose,
proteins, or lignin. These linkages break due to the enzymes
produced during fermentation such as esterases and proteases. A
similar result has been reported for the fermented rice bran (15).

Antioxidant Activity
As shown inTable 9, the DPPH•, ABTS radical cation, and FRAP
of BP are higher than those of EBP and lower than those of
FBP, indicating that the antioxidant capacity of barley powder
was partially lost during the extrusion process and enhanced
during the fermentation process. It was observed that there was
a positive correlation between the total phenolic content and
antioxidant activity.

It had been proven that fermentation could improve the
antioxidant activity of barley powder, mainly due to the release
of free bioactive compounds caused by biological acidification
and microbial enzyme activity (49). A similar result has been
reported by Mao et al. (16) for the wheat bran and Chu et al. (50)
for the millet bran. Extrusion probably caused the breakdown of
phenolic, while fermentation helped to dissolve the phenols as
well as improve the extraction efficiency. The increased content
of total phenolic contributed to the antioxidant activity and that
was consistent with the previous report (51).

CONCLUSION

The contents of phenols, β-glucan, protein, and lipid decreased
after extrusion. A variety of nutrients and the content of essential

amino acids increased after fermentation. The antioxidant
capacity of EBP was lower than that of BP, and that of FBP was
higher than that of BP, which was consistent with the change
of phenolic content. Both Maillard reaction during extrusion,
and enzymatic browning during fermentation of barley flour can
lead to the darkening of the color, and can effectively optimize
the palatability of the barley powder by reducing the viscosity.
The RDS content of EBP and FBP were higher than that of
BP, which indicated that both extrusion and fermentation could
improve the digestibility of barley. The results can be used in the
application of fermentation and extrusion in the food industry,
especially in the production of high digestibility food such as baby
rice paste and feed.
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The identification of high-quality wine brands can avoid adulteration and fraud
and protect the rights and interests of producers and consumers. Since the main
components of wine are roughly the same, the characteristic components that can
distinguish wine brands are usually trace amounts and not unique. The conventional
quantitative detection method for brand identification is complicated and difficult.
The naive Bayes (NB) classifier is an algorithm based on probability distribution,
which is simple and particularly suitable for multiclass discriminant analysis. However,
the absorbance probability between spectral wavelengths is not necessarily strongly
independent, which limits the application of Bayes method in spectral pattern
recognition. This research proposed a Bayes classifier algorithm based on wavelength
optimization. First, a large-scale wavelength screening for equidistant combination (EC)
was performed, and then wavelength step-by-step phase-out (WSP) was carried out
to reduce the correlation between wavelengths and improve the accuracy of Bayes
discrimination. The proposed EC-WSP-Bayes method was applied to the 5-category
discriminant analysis of wine brand identification based on visible and near-infrared (Vis-
NIR) spectroscopy. Among them, four types of wine brands were collected from regular
sales channels as identification brands. The fifth type of samples was composed of 21
other commercial brand wines and home-brewed wines from various sources, as the
interference brand. The optimal EC-WSP-Bayes model was selected, the corresponding
wavelength combination was 404, 600, 992, 2,070, 2,266, and 2,462 nm located in
the visible light, shortwave NIR, and combination frequency regions. In modeling and
independent validation, the total recognition accuracy rate (RARTotal) reached 98.1 and
97.6%, respectively. The technology is quick and easy, which is of great significance to
regulate the alcohol market. The proposed model of less-wavelength and high-efficiency
(N = 6) can provide a valuable reference for small special instruments. The proposed
integrated chemometric method can reduce the correlation between wavelengths,
improve the recognition accuracy, and improve the applicability of the Bayesian method.

Keywords: visible and near-infrared spectroscopy, wine, multibrand identification, Bayes classifier, equidistant
combination wavelength screening, wavelength step-by-step phase-out
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INTRODUCTION

High-quality wine is made through the high-quality grape
variety and yeast strain after a unique process; its taste
is pleasant and fragrant scent lead to extremely popular
among consumers. The market demand of wine cannot be
underestimated. The identification of high-quality wine brands
can avoid adulteration and fraud and protect the rights and
interests of producers and consumers.

Normally, the identification methods for wine brands
mainly include manual identification method for wine taster
and quantitative analysis method of multiple characteristic
components. The manual method is obviously subjective bias
and inefficient. Since the main components of wine are roughly
the same, and the characteristic components that can distinguish
wine brands are usually trace amounts and not unique. Therefore,
the required quantitative analysis is complex and expensive.

Near-infrared (NIR) spectroscopy primarily reflects the
vibration absorption of the overtones and combination
frequencies of the hydrogen-containing group X-H (e.g., C–H,
O–H, and N–H). This method usually does not require reagents,
and it can measure samples directly, with the advantages of
being quick and easy. Combined with the visible light region,
visible-near infrared (Vis-NIR) spectroscopy has been applied in
many fields, such as agriculture and food (1–6), environment (7,
8), and biomedicine (9–14).

The qualitative discriminant analysis of spectroscopy is
based on spectral similarity of samples in the same type and
spectral differences of different types of samples to perform
spectral pattern recognition. For the identification of samples
with small differences in component content, the qualitative
discriminant analysis has more significant advantages than
quantitative analysis. It has been applied in many fields, such
as identification of the authenticity of rice seed (15), melon
genotypes (16), transgenic sugarcane leaf (17, 18), and edible
oil types (19), as well as screening for thalassemia (20) and
schizophrenia (21). In recent years, Vis-NIR spectroscopy has
also begun to be applied to the identification of wine (22–
25), mainly focusing on the identification of wine origin. The
identification of wine involves multiclass discriminant analysis
of multiple spectral populations, which is more challenging than
the binary classification problems, and related work is still rare.
The main components of different brands of wine are roughly
the same, but due to different production processes, there are
still differences in the concentration ranges of some components,
resulting in differences in the overall spectra of different wines.
Vis-NIR spectral discriminant analysis has potential application
in wine brand identification.

The partial least squares-discriminant analysis (PLS-DA)
method (26), which is based on quantitative analysis of
category assignment variables, is a well-performed method of
binary classification discriminant analysis. When using PLS-
DA to process multiclass discriminant analysis, it is necessary
to perform multiple binary classification discrimination and
comprehensive evaluation of errors. This process is complicated
and difficult to popularize. When using principal components
analysis-linear discriminant analysis (PCA-LDA) method (26)

to dealing with multiclass discriminant analysis (the number
of classifications is n), it is necessary to determine the optimal
classification surface of n-1 dimension in the n-dimensional
space, which is difficult and complex in mathematics. Thus, the
method is difficult for the multiclass problem.

Based on probability distributions (i.e., prior, conditional,
and posterior) of different spectral populations, Bayes classifier
(27–32) perform spectral pattern recognition. Under certain
assumptions (naive Bayes), compared with the classical
multiregression-based methods (i.e., PLS-DA and PCA-LDA),
this method is simpler and more suitable for multiclass
discriminant analysis. Bayes method only requires calculating
the prior probability that the unknown sample belongs to the k-th
class and the conditional probability of the measured spectrum
when the sample belongs to the k-th class. Furthermore, using
the Bayes formula, the posterior probability that the measured
spectrum is judged as the k-th sample was calculated. The key
point is to use the spectral population data of each class sample
to calculate the conditional probability.

The spectrum is absorbance data with multiple wavelengths.
The naive Bayes (NB) method (27–31) assumes that the
absorbance of each wavelength conforms to a normal
distribution, and the absorbance of different wavelengths is
probabilistically independent. Thus, the probability density
parameter and probability multiplication can be used to
calculate the abovementioned conditional probability. The
calculation method is very simple. When dealing with a
multiclassification problem, it is only necessary to repeatedly
calculate the conditional probability of each class, and then
combined with the Bayes formula, it is completed. There is no
substantial dimensionality difficulty, and it is especially suitable
for multiclass spectral discriminant analysis.

In the previous studies (28, 29), Vis-NIR spectroscopy
combined with the NB method was used to identify unfertilized
duck and chicken eggs before hatching. Moreover, a variety of
spectral pretreatment methods were compared and optimized,
and the prediction accuracy reached 94.54 and 91.67%,
respectively. But, in some other applications, the NB method does
not work well. In a previous study (32), Vis-NIR spectroscopy
was applied to the detection of grapevine leafroll-associated
virus 3 in a red-fruited wine grape cultivar. Both quadratic
discriminant analysis (QDA) and NB methods were used for the
discriminant analysis. The result of NB was significantly weaker
than that of QDA.

In fact, the collinearity between adjacent wavelengths of
Vis-NIR spectrum is relatively serious, and it is difficult to
meet the probabilistic independence assumption of the NB
method about absorbance, which affects the effect of Bayes
classification. In a previous study (30), Vis-NIR spectroscopy was
applied to the detection of citrus greening in citrus leaves. The
classification tree, k-nearest neighbors (kNN), and NB methods
were used to perform four classification discriminant analyses.
The results showed that after the characteristic wavelength
selection, the effect of the Bayes method was significantly
improved, which was better than the other two methods. In
a previous study, NIR spectroscopy combined with the NB
method was applied to the identification of aflatoxin B1 in
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peanut. Through the screening of characteristic wavelengths, the
effect of the Bayes method was significantly improved. Therefore,
the use of appropriate wavelength selection can help overcome
the correlation between spectral wavelengths and improve the
accuracy of Bayes discrimination.

The objectives of this study were to propose a Bayes classifier
algorithm based on wavelength optimization and apply the
method to the 5-category discriminant analysis of wine brand
with Vis-NIR spectra.

First, a large-scale wavelength screening for equidistant
combination (EC) was performed (33–36), and then the
wavelength step-by-step phase-out (WSP) method (14, 37) was
used for secondary wavelength optimization, to reduce the
dependence between wavelengths and improve the accuracy of
Bayes discrimination. To get closer to the actual situation of
wine brand identification in the market, the spectral discriminant
models for accurately identifying four wine brands from a
variety of wines were established. Among them, four types
of wine brands were collected from regular sales channels as
identification brands. The fifth type of samples was composed of
21 other commercial brand wines and home-brewed wines from
various sources, as the interference brand.

EXPERIMENT AND METHODS

Experimental Materials, Instruments, and
Measurement Methods
Four types of red wine brands were collected from regular sales
channels as identification brands (not in order as I, II, III,
and IV), namely, Great Wall (Hebei, China, 2018), Chile Aoyo
(Lenquemira Valley, Chile, 2016), Dynasty (Tianjing, China,
2004), and Changyu (Ningxia, China, 2018) (20 bottles each, 5
samples/bottle, a total of 100 samples for each category). The
grape varieties of the above four brands of red wine were all
Cabernet Sauvignon. The fifth type of samples collected was
regarded as the interference brands (denoted as V, 111 samples in
total), which included 21 other commercial red wines of different
brands and origins (one bottle each brand, 3 samples/bottle,
63 samples in total), as well as home-brewed red wines from
different sources (48 bottles, 1 sample/bottle, 48 samples in total).
In total, 511 samples were used for spectral measurements.

The XDS Rapid ContentTM Liquid Grating Spectrometer
(FOSS, Denmark) and a transmission accessory with 1 mm
cuvette were used for spectral measurement. The spectral scope
ranged as 400–2,498 nm with a 2 nm wavelength interval.
Wavebands of 400–1,100 and 1,100–2,498 nm were used for Si
and PbS detection, respectively. Each sample was measured three
times, and a total of 1,533 spectra (I, II, III, and IV: 300 each, V:
333) were obtained. The experimental temperature and humidity
were 25± 1◦C and 45± 1%, respectively.

Calibration-Prediction-Validation
Framework and Evaluation Indicators
A sample-independent experimental design based on calibration-
prediction-validation was adopted. The calibration and

prediction sets were used for modeling and parameter
optimization, and the selected model was validated using
the independent validation samples that were excluded in the
modeling, thus objective evaluation was obtained.

Each identification brand of wine (20 bottles, 100 samples,
300 spectra) was randomly divided into calibration (8
bottles, 40 samples, 120 spectra), prediction (6 bottles, 30
samples, 90 spectra), and validation (6 bottles, 30 samples, 90
spectra) sets.

The fifth type of samples (V, interference brands) were
divided as follows: 21 other commercial brand wines (21
bottles, 63 samples, 189 spectra) were randomly divided into
calibration (7 bottles, 21 samples, 63 spectra), prediction (7
bottles, 21 samples, 63 spectra), and validation (7 bottles, 21
samples, 63 spectra) sets; home-brewed wines (48 bottles, 48
samples, 144 spectra) were randomly divided into calibration
(18 bottles, 18 samples, 54 spectra), prediction (15 bottles, 15
samples, 45 spectra), and validation (15 bottles, 15 samples,
45 spectra) sets; the total was calibration (39 samples, 117
spectra), prediction (36 samples, 108 spectra), and validation (36
samples, 108 spectra) sets. The calibration-prediction-validation
division for the spectra of five types of samples was shown in
Table 1.

Referring to the previous studies (15, 27, 38), the evaluation
indicators were set as the recognition accuracy rate of each type
sample (RARi, i = 1,2,...,5) and their standard deviation (RARSD),
as well as total recognition accuracy rate (RARTotal) of all samples,
as follows:

RARi =
M̃i

Mi
, i = 1, 2, ..., 5 (1)

RARTotal =
65

i = 1 M̃i

65i = 1 Mi
(2)

where Mi(i = 1, ..., 5) was the number of samples of i-th
category of the prediction set (or validation set), and M̃i was
the number of accurately identified samples in i-th category
samples of the prediction set (or validation set). In the modeling
process, to consider the balance, wavelength models were
preferred according to a comprehensive indicator (RARTotal −

RAR SD).

Spectral Algorithm Framework of Bayes
Classifier
Bayes classifier (27) is a well-known classification method based
on probability theory, which is easy to calculate and is very
suitable for multiclass discrimination problems. For multiclass

TABLE 1 | Calibration-prediction-validation division for the spectra of five types of
samples.

I II III IV V Total

Calibration 120 120 120 120 117 597

Prediction 90 90 90 90 108 468

Validation 90 90 90 90 108 468

Total 300 300 300 300 333 1533
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spectral discriminant analysis, the calculation formula of the
Bayes classifier is as follows:

P
(
Class = k

∣∣ Spectrum
)

=
P
(
Sepctrum

∣∣ Class = k
)
P(Class = k)

65i = 1 P
(
Spectrum

∣∣ Class = i
)
P(Class = i)

,

k = 1, ..., 5 (3)

where P
(
Class = k

∣∣ Spectrum
)

was the posterior probability
that the measured spectrum was judged as the k-th sample;
P(Class = k) was the prior probability that the unknown sample
belongs to the k-th class; and P

(
Sepctrum

∣∣ Class = k
)

was
the conditional probability of the measured spectrum when the
sample belongs to the k-th class. Finally, the category of the
unknown sample was determined according to the maximum
of posterior probability P

(
Class = k

∣∣ Spectrum
)
. The difficulty

of this algorithm lies in the calculation of the conditional
probability P

(
Sepctrum

∣∣ Class = k
)

based on the spectrum
because it involves the problem of high-dimensional multivariate
probability distribution associated with many wavelengths.

The NB method is based on the assumption that the
absorbance of a single wavelength conforms to the normal
distribution, and the absorbance of different wavelengths is
probabilistically independent. The method can decompose the
multivariate probability distribution problem into multiple
independent unary probability distribution problems, which is
easy to calculate and popularize. To avoid the overflow of a
large amount of data calculation, this article made appropriate
improvements to the method. The specific steps are as follows:

1) Calculation of prior probability P(Class = k): according to the
percentage of the total number of samples in the calibration
set or assign equal probability to each type of sample.

2) Calculation of conditional probability P(Spectrum| Class = k):
the corresponding wavelength model contained s wavelengths,
denoted as λ1, ...,λs; according to the assumption that the
absorbance at a single wavelength obeys a normal distribution,
the mathematical expectation and standard deviation of the
absorbance of each type of sample in calibration set were
calculated at each wavelength λi; furthermore, at each λi,
the probability density was used to calculate the conditional

FIGURE 1 | Schematic diagram of modeling framework.

probability P(Spectrumi| Class = k) (i = 1, ..., s) of the
corresponding absorbance value; according to the assumption
of independence, the probability multiplication was used to
calculate the conditional probability, as follows:

P
(
Spectrum

∣∣ Class = k
)
=

s∏
i = 1

P(Spectrumi|Class = k)

(4)

Notably, to avoid calculation overflow, the following
calculation was proposed:

ln
(
P
(
Spectrum

∣∣ Class = k
))

=
s
6

i = 1
ln(P(Spectrumi| Class = k)) (5)

3) Finally, the unknown sample was judged as the category
corresponding to the maximum value of ln(P(Spectrum|
Class = k)).

Equidistant Combination-Bayes Method
As we know, the NB method (27–31) is based on the
assumption that the absorbances of different wavelengths
are probabilistically independent. However, the absorbance
probability between spectral wavelengths is not necessarily
strongly independent, which limits the application of Bayes
method in spectral pattern recognition. In previous studies (33–
36), the wavelength screening method of EC combined with
multiple linear regression and PLS regression can overcome the
collinearity of the spectrum and has been successfully applied
to the quantitative analysis of multiple objects in the NIR
spectroscopy. Drawing on the above research, the wavelength
screening method of EC is integrated with the Bayes classifier
algorithm (denoted as EC-Bayes) to reduce the correlation
between wavelengths, improve the recognition accuracy, and
reduce the complexity of the model.

FIGURE 2 | Average spectra of five types of wine and the spectrum of distilled
water in the visible and near-infrared (Vis-NIR) region.
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TABLE 2 | Recognition accuracy rates (%) of direct Bayes model in modeling.

Method N RAR1 RAR2 RAR3 RAR4 RAR5 RARTotal RARSD

Bayes 1050 92.2% 100.0% 94.4% 94.4% 94.4% 95.1% 2.9%

The EC-Bayes method used all equidistant wavelength models
in a wavelength range to establish Bayes models. The search
parameters were set as follows: (1) the initial wavelength
(I), (2) number of wavelengths (N), and (3) number of
wavelength gaps (G). Then, the optimal wavelength model was
selected based on the comprehensive indicator (RARTotal −

RAR SD).
In this research, the whole spectral region (400–2,498 nm) was

used as the screening of the EC-Bayes method. The parameters
I, N, and G were set as I∈ {400,402,...,2,498}; N∈{1,2,...,1,050};
and G∈ {1,2,...,50}. Furthermore, the ending wavelength (E) was
determined as follows:

E = I + 2(N − 1)G (6)

Equidistant Combination-Wavelength
Step-by-Step Phase-Out-Bayes Method
Wavelength step-by-step phase-out is a well-executed secondary
wavelength optimization method (14, 37). In this study, it is
further used to improve the preferred EC-Bayes model (denoted
as EC-WSP-Bayes). It can eliminate the interference wavelengths
in the wavelength models obtained by optimization strategy of
EC-Bayes. The algorithm framework is as follows: first, each
time eliminated a wavelength, whose removing resulted in the
best recognition accuracy, until only one wavelength remained;
then, the optimal model was selected from the above-mentioned

FIGURE 4 | Position of the wavelength combination of the optimal equidistant
combination (EC)-wavelength step-by-step phase-out (WSP)-Bayes model
labeled in the average spectrum.

process of wavelengths elimination by step-by-step phase-out
mode [refer to Ref. (14, 37) for details].

The computer algorithms for the above-mentioned methods
were designed using the MATLAB version 2016b software.
Moreover, the schematic diagram of modeling framework is
shown in Figure 1.

RESULTS AND DISCUSSION

Direct Bayes Model
The average spectra of five types of wine in the Vis-NIR
region (400–2,498 nm) are illustrated in Figure 2. In general,

TABLE 3 | Recognition accuracy rates (%) of the optimal equidistant combination (EC)-Bayes model in modeling.

Method I E N G RAR1 RAR2 RAR3 RAR4 RAR5 RARTotal RARSD

EC-Bayes 404 2462 22 49 93.3% 100.0% 95.6% 95.6% 100.0% 97.0% 2.7%

FIGURE 3 | Comparison of the top 10 equidistant combination (EC)-Bayes models and corresponding EC-wavelength step-by-step phase-out (WSP)-Bayes
models: (A) RARTotal ; (B) number of wavelengths.
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the composition of red wine can be broadly represented on
a w/w basis as 86% water, 11% ethanol, and 3% for the
remainder, which includes sugars, phenols, organic acids, and
many other low-content components (22). For comparison, the
spectrum of distilled water is also shown in Figure 2 (dashed
line). Comparing the spectra of wine and distilled water in
Figure 2, it can be observed that the two strong absorptions
near 1,450 and 1,930 nm in the wine spectrum correspond to
the absorption of water molecules. At 2,100–2,400 nm in the
combination frequency region, and 400–700 nm in the visible
light region, the weak absorption of components other than
moisture was observed. The average spectrum of the five types
of spectra was not significantly different in the NIR region (780–
2,498 nm).

Based on the entire scanning region (400–2,498 nm,
N = 1,050), the direct Bayes model was established first. The
RARTotal of modeling was 95.1%, and the RARi of the five types
were 92.2, 100.0, 94.4, 94.4, and 94.4%, respectively (refer also to
Table 2).

Equidistant Combination-Bayes Model
The EC-Bayes method was used for wavelength model
optimization based on the selection of multiparameter
combination (I, N, and G). The parameters of the optimal
model were I = 404 nm, N = 22, and G = 49. According to Eq. 6,
the corresponding ending wavelength E was 2,462 nm. The
RARi of the five types were 93.3, 100.0, 95.6, 95.6, and 100.0%,
respectively, and the RARTotal of modeling increased to 97.0%
(refer also to Table 3).

The number of wavelengths (N = 22) of the optimal EC-Bayes
model was only 2.1% of the direct Bayes model (N = 1,050). The
wavelength model was greatly simplified, but the discrimination
effect was improved.

Equidistant Combination-Wavelength
Step-by-Step Phase-Out-Bayes Model
Since the models processed by the EC-Bayes method were
likely to still contain redundant wavelengths, the EC-WSP-
Bayes method discussed in Section “Equidistant Combination-
Wavelength Step-by-Step Phase-Out-Bayes Method” was further
used to improve the selected EC-Bayes models. Specifically,
the Top 10 EC-Bayes models were selected according to a
comprehensive indicator (RARTotal − RARSD) in order from
largest to smallest. Then, the corresponding 10 optimized EC-
WSP-Bayes models were determined; furthermore, the optimal
EC-WSP-Bayes model was determined from them.

The modeling effects (RARTotal) and the number of
wavelengths of the Top10 EC-Bayes models and corresponding
EC-WSP-Bayes models are shown in Figure 3. It illustrated
that for all of the Top 10 EC-Bayes models, after the process of

FIGURE 5 | Total recognition accuracy rate (RARTotal ) in the process of
wavelength step-by-step phase-out (WSP) for the equidistant combination
(EC)-Bayes model.

WSP, the number of wavelengths was all greatly reduced, and the
discrimination effects were all improved.

The optimal EC-WSP-Bayes model was selected (No. 10,
N = 6), the corresponding wavelength combination was 404,
600, 992, 2,070, 2,266, and 2,462 nm located in the visible light,
shortwave NIR, and combination frequency regions. The position
of the wavelength combination of the optimal EC-WSP-Bayes
model labeled in the average spectrum is showed in Figure 4. The
RARi of the five types were 94.4, 100.0, 100.0, 95.6, and 100.0%,
respectively, and the RARTotal of modeling further increased
to 98.1% (refer also to Table 4). Figure 5 shows the values of
RARTotal in the process of WSP for the EC-Bayes model (No. 10),
which reached maximum when N = 6.

Notably, the wavelength combination of the optimal EC-WSP-
Bayes model is greatly simple and effective, which indicated
that the WSP method is very necessary. The corresponding
wavelength combination has reference value for the development
of small special instrument.

Independent Validation
A total of 468 spectra of the validation samples (90 for each
of I, II, III, and IV, 108 for V), who did not participate in the
modeling process, were used to validate the effect of the optimal
EC-WSP-Bayes model. Using the mathematical expectation and
standard deviation of the spectral absorbance in the calibration
set, the conditional probability of the spectra in validation set was
calculated, and the type of validation samples was determined. In
validation, the RARi of the five types were 93.3, 100.0, 97.8, 100.0,
and 97.2%, respectively, and the RARTotal was 97.6% (refer also
to Table 5). The results showed that the optimal EC-WSP-Bayes
model also achieved a good performance in validation.

TABLE 4 | Recognition accuracy rates (%) of the optimal equidistant combination (EC)-wavelength step-by-step phase-out (WSP)-Bayes model in modeling.

Method I E N RAR1 RAR2 RAR3 RAR4 RAR5 RARTotal RARSD

EC-WSP-Bayes 404 2462 6 94.4% 100.0% 100.0% 95.6% 100.0% 98.1% 2.8%
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TABLE 5 | Recognition accuracy rates (%) of optimal equidistant combination (EC)-wavelength step-by-step phase-out (WSP)-Bayes model in validation.

Method I E N RAR1 RAR2 RAR3 RAR4 RAR5 RARTotal RARSD

EC-WSP-Bayes 404 2462 6 93.3% 100.0% 97.8% 100.0% 97.2% 97.6% 2.7%

To facilitate the observation of the identification of the
validation sample’s spectra, the class i samples were assigned the
categorical value i, i = 1, 2, ..., 5, respectively. Using the optimal
EC-WSP-Bayes model, the correctness of the identification for
the spectra of the validation samples is shown in Figure 6. Among
them, 6 spectra of type 1 samples and 2 spectra of type 3 samples
were misjudged as type 5; 3 spectra of type 5 samples were
misjudged as type 1; and the remaining 457 spectra were all
correctly identified.

It is worth mentioning that, to get closer to the actual situation
of wine brand identification in the market, this study adopted the
following experimental design: four types of wine brands were
collected from regular sales channels as identification brands.
The fifth type of samples was composed of 21 other commercial
brand wines and home-brewed wines from various sources, as
the interference brand. As more brands of wine are involved,
the 5-category problem in this study is more difficult than the
5-category problem for pure samples, but it is closer to the
actual situation.

The article proposed an integrated optimization method
(EC-Bayes, EC-WSP-Bayes), which improved the existing NB
method and can overcome the independence requirement of
the NB algorithm framework. The aim in this study was
to compare the discriminative performance of the existing
NB and the improved method. Furthermore, WSP was a
simple backward elimination method. EC-WSP-Bayes made
the secondary optimization for the Top 10 models of EC-
Bayes by using WSP. Through the independent validation
of the 5-category models of wine brands, the EC-WSP-Bayes
method achieved significantly better discriminant effect, and the
wavelength model was more concise. This method can be applied
to wider fields in food and nutrition.

FIGURE 6 | Identification for the spectra of the validation samples based on
the optimal equidistant combination (EC)-wavelength step-by-step phase-out
(WSP)-Bayes model.

CONCLUSION

The NB classifier is an algorithm based on probability
distribution, which is simple and particularly suitable for
multiclass discriminant analysis. However, the absorbance
probability between spectral wavelengths is not necessarily
strongly independent, which limits the application of the Bayes
method in spectral pattern recognition.

In this study, a Bayes classifier algorithm based on wavelength
optimization was proposed and applied to the 5-category
discriminant analysis of wine brand with Vis-NIR spectra. The
Bayes classifier algorithm was integrated with the wavelength
screening methods of EC and WSP, which reduced the correlation
between wavelengths, improved the recognition accuracy, and
improved the applicability of the Bayesian method. In the
5-category discriminant analysis of wine brands, the total
discrimination accuracy of the validation set reached 97.6%.
The proposed model of less-wavelength (N = 6) and high-
efficiency provided a valuable reference for small special
instruments. The proposed Bayes classifier algorithm with
wavelength optimization is simpler and efficient compared with
the classical Bayes method and is also expected to be applied to
spectral discriminant analysis in other fields.

The technology is quick and easy and has potential in food
characterization, traceability, and authenticity of food matrices,
such as protected geographical indication (PGI) and protected
designation of origin (PDO) of food products, which is of great
significance to food safety and nutrition.
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