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Preface

This Special Issue explores the relationship between phytochemicals and the prevention of

chronic disease.

The articles included in this Special Issue explore the mechanisms through which

phytochemicals ameliorate chronic diseases in clinical and animal studies, such as the regulation

of blood glucose levels and lipid accumulation, alongside enhancements in the extraction,

purification efficiency, and bioavailability of phytochemicals. Therefore, this Special Issue provides

a comprehensive overview of the relationship between phytochemicals and the prevention of

chronic disease.

We are grateful to the authors of the articles published in this Special Issue, who hail from

countries such as Korea, Hungary, China, Thailand, Romania, Poland, and Japan.

We hope that this Special Issue will inform and entertain our readers.

Haixia Yang and Jianjun Deng

Editors
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Phytochemicals in Chronic Disease Prevention
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Chronic diseases, also known as noncommunicable diseases (NCD), are characterized
by long durations and a slow progression of the associated medical conditions. According to
the World Health Organization, they are responsible for 74% of annual deaths worldwide
and have become a global pandemic with high incidence rates [1]. The development
of chronic diseases is influenced by several factors, including physical activity, dietary
patterns, tobacco and alcohol consumption, and environmental factors. For example,
refined sugar intake and ultra-processed food products are now recognized as the most
important risk factors for the development of NCD. Consequently, interventions intended to
not only treat but also prevent the progression of chronic diseases early in life have become
crucial [2,3]. Importantly, diet plays a vital role in promoting health and preventing chronic
diseases. Phytochemicals, such as polyphenols, terpenoids, carotenoids, and alkaloids,
are relatively small molecular compounds isolated from edible plants that exhibit various
pharmacological activities in relation to chronic ailments such as obesity, diabetes, and
cardiovascular diseases [4,5]. Therefore, the investigation of the relationship between
phytochemicals and chronic disease prevention has emerged as an important topic [6,7].
This Special Issue, “Phytochemicals and Prevention of Chronic Diseases”, features a series
of high-quality research articles that explore the isolation, identification, and bioactivities
of phytochemicals, as well as the underlying molecular mechanisms involved in chronic
diseases through antioxidation, neuroprotection, and the modulation of gut microbiota.

Clinical trials have shown that natural phytochemicals can improve blood glucose
levels and lipid accumulation. Lycopene, a lipophilic unsaturated carotenoid, has been
found to significantly restore blood glucose levels in 152 type 2 diabetes patients based
on publications from the past 5 years. This effect is attributed to the accumulation of
leptin in plasma, a reduction in oxidized low-density lipoprotein cholesterol, and the
amelioration of oxidative stress [8]. Furthermore, flaxseed, soy, and red clover, rich in
proteins and isoflavones, have been shown to improve serum lipids by inhibiting total
cholesterol and levels of low- and high-density lipoprotein cholesterol. This beneficial
effect has demonstrated potential in preventing cardiovascular diseases in postmenopausal
women [9]. Moreover, an increasing trend in childhood obesity has been observed world-
wide, highlighting the need for the regulation of dietary food intake. Statistical analysis
based on Korean preschoolers (aged 3–5 years) revealed an inverse correlation between
the quartiles of dietary phytochemical intake and overweight/obesity, particularly among
boys who consume high amounts of meat, milk, and dairy products [10]. Overall, these
findings emphasize the importance of natural phytochemicals in improving blood glu-
cose levels, lipid profiles, and obesity management, specifically in relation to preventing
cardiovascular diseases and promoting healthy dietary habits. Meanwhile, public health
policymakers should pay attention to these results so that further policies and strategies for
the management of overweight/obesity can be proposed.

Meanwhile, the consumption of phytochemicals, such as ginsenoside Rh4, zerum-
bone, rosmarinic acid, and schisandrin B, has been widely recognized for its potential in
preventing and treating chronic diseases in animal models. Ginsenoside Rh4, a terpenoid
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compound derived from ginseng, is composed of triterpene aglycones and glycosides.
In a mouse model of esophageal squamous cell carcinoma, promising inhibitory effects
on cancer cell metastasis were induced by Ginsenoside Rh4 administration through the
regulation of the Wnt/β-catenin pathway. Additionally, Ginsenoside Rh4 demonstrated
the ability to inhibit the migration and invasion of gastric cancer cells in vivo by reversing
epithelial–mesenchymal transition induced by the suppression of the TGF-β/Smad2/3
signaling axis [11,12]. Furthermore, another phytochemical compound, sesquiterpenoid
zerumbone, exerted therapeutic effects on adult mouse microglia by reducing the expres-
sion of lipocalin-2 as well as pro-inflammatory cytokines (interleukin-6 and -1β and tumor
necrosis factor-α) and chemokines (CCL-2 and CXCL-10). Additionally, zerumbone facili-
tated the polarization of macrophages into M2 phenotypes and regulated cellular redox
homeostasis by activating the AMPK and Akt/GSK3β signaling pathways in vitro [13].
Regarding rosmarinic acid, it was reported to exhibit neuroprotective properties against
rotenone-induced human neuroblastoma SH-SY5Y cell injury via restoring mitochondrial
function. This effect was achieved through upregulating the expression of peroxisome
proliferator-activated receptor gamma coactivator 1 and the phosphorylation of Akt and
AMPK while suppressing the hyperphosphorylation of Abl [14]. Moreover, schisandrin B,
a dibenzooctadiene lignan derived from Schisandra chinensis, exhibited a protective effect in
a mouse model of ethanol-induced liver and brain injury. It achieved this by inhibiting in-
flammasome activation and collagen deposition and preventing neurological defects as sup-
ported by neurological tests. Surprisingly, schisandrin B showed a therapeutic effect rather
than a preventive one in ethanol-induced liver injury [15]. Additionally, a molecular dock-
ing analysis revealed strong binding ability between 11-O-(4′-O-methylgalloyl)-bergenin, a
potential anti-inflammatory compound isolated from Saxifraga atrata, and arachidonic acid
15-lipoxygenase, nitric oxide synthase, epidermal growth factor receptor 2, and e-selectin.
This compound may exert its effects through the MAPK and NF-κB signaling pathways [16].
Overall, these findings highlight the potential of phytochemicals, such as ginsenoside Rh4,
zerumbone, rosmarinic acid, schisandrin B, and 11-O-(4′-O-methylgalloyl)-bergenin, in the
prevention and treatment of chronic diseases. Further studies are warranted to explore
their mechanisms of action and potential clinical applications.

The exploration of bioactivities for phytochemicals has been limited due to the low
extraction rate of pure phytochemicals. Multiple studies have utilized raw plant extracts
to investigate the functions of these phytochemicals. The ethanol extract obtained from
Mitragyna speciosa (Korth.) Havil. Leaves, which includes phenolic compounds, flavonoids,
and alkaloids, exhibited significant inhibition of α-glucosidase and pancreatic lipase activi-
ties. Mitragynine, identified as the main alkaloid in the ethanol extract, noncompetitively
inhibited α-glucosidase activity and synergistically interacted with acarbose, suggesting
its potential in preventing diabetes mellitus [17]. Furthermore, the ethyl acetate-n-butanol
extracts of Allium tenuissimum L. flowers, abundant in flavonoid content (1429.5 μg/g ex-
tract), particularly kaempferol (284.1 μg/g flavonoids), demonstrated strong α-glucosidase
inhibition activities in vitro. In addition, these extracts ameliorated glycolipid metabolic dis-
orders and inflammation in diabetic mice [18]. However, green extraction strategies, such
as water/hydro extraction methods, should be encouraged instead of the use of organic
solvents due to the side effects and toxicity of extracts as well as environmental pollution.
A mixture of aqueous extracts derived from red grape, blackcurrant, redcurrant, rosehip,
and black cherry was characterized by the presence of 1.74 mg/L trans-resveratrol and
2.37 mg/L trans-piceid. This mixture exhibited anticancer effects by inhibiting the expres-
sion levels of DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B) and histone
deacetylases (HDAC2 and HDAC3) in a mouse model exposed to the carcinogen 7,12-
dimethylbenz(a)anthracene [19]. Recently, fruit juice consumption has become more popu-
lar than the consumption of fresh fruits. Notably, not-from-concentrate apple juice with min-
imal processing showed higher total phenol content (2169.03 ± 116.84 GAE mg/100 mL)
compared to from-concentrate apple juice (1073.32 ± 72.33 GAE mg/100 mL). In a healthy
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SD rat model, the former significantly alleviated intestinal inflammation and maintained
intestinal homeostasis in the gut [20].

The exploration and purification methods of compounds in plants play a crucial role in
studying the bioactivities of phytochemicals. In this regard, affinity ultrafiltration-HPLC, a
high-throughput screening technique, has been employed to identify potential active ingre-
dients with anti-inflammatory properties that can interact with cyclooxygenase-2 (COX-2),
an inflammation-related isoenzyme, in the methanol/water extracts of Saxifraga atrata [16].
Through the application of this method, the phenolic compound 11-O-(4′-O-methylgalloyl)-
bergenin was rapidly identified as the target component (purity > 99%) and demonstrated
significant anti-inflammatory activities exerted via the AA metabolism, MAPK, and NF-κB
signaling pathways [16]. The further development of more efficient strategies is required to
deepen our understanding of the bioactivities exhibited by phytochemicals.

Due to their limited solubility and stability, phytochemicals suffer from low bioavail-
ability within the body. Therefore, new strategies of bioavailability improvement have been
developed, such as delivery systems (nanoparticles, liposomes, and phytoliposomes) and
co-administration with absorption enhancers. The development of dietary supplements
in this field has garnered considerable interest. In line with this, a successful endeavor
has been made to prepare a dietary capsule utilizing powdered extracts from berries and
grape pomace. The resulting capsule incorporates a rich array of phenolic compounds,
including chlorogenic acid (34.51%), rutin (19.13%), ferulic acid (17.03%), (+)-catechin
(12.04%), and trace amounts (<10%) of other phenolic compounds. Moreover, this compo-
sition exhibits exceptional scavenging activity against the 2,2-diphenyl-1-picrylhydrazyl
free radical (48.32 ± 0.74%). The particle size distribution and powder flow of the cap-
sule meet the stringent requirements outlined by the European Pharmacopoeia, thus
establishing a promising reference point for the industrial application of polyphenol-rich
supplements [21].

The publications showcased in this Special Issue encompass a wide range of phy-
tochemicals derived from various foods and plants. Collectively, these contributions
significantly enhance our understanding of the bioactivities exerted by phytochemicals in
the prevention of chronic diseases. However, further research efforts are required to fully
harness their potential therapeutic efficacy. Advancing our comprehension of the benefits,
mechanisms, and safety profiles associated with phytochemicals will undoubtedly make
substantial advancements in human health and propel the development of the food, health
food, and pharmaceutical industries.
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Abstract: Little is known regarding Korean preschooler dietary phytochemical index (DPIs). We
used the 24 h recall data of 1196 participants aged 3–5 years from the Korea National Health and
Nutrition Examination Survey to study the association between dietary food intake and obesity
prevalence. The amount of dietary intake by food group was compared according to sex and DPI
quartile. Multivariable-adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated
using logistic regression models. The average total DPI and energy from phytochemical food groups
were not significantly different according to sex, although boys had a higher total daily food intake.
Different inclinations between DPI quartiles and amount of intake were observed in the food groups;
specifically, beans showed a higher intake difference between Q1 and Q4 for boys than in the other
food groups. The highest DPI quartile had a significantly lower obesity prevalence than the lowest
DPI quartile in all models for boys only when obesity prevalence by weight percentile was analyzed
(Model 3, OR: 0.287, 95% CI: 0.095–0.868, p for trend < 0.05). Our results suggest a high DPI could
help prevent obesity in preschoolers.

Keywords: dietary phytochemical index; obesity; preschooler; child; Korea National Health and
Nutrition Examination Survey (KNHANES)

1. Introduction

An increasing trend in childhood obesity and overweight has been observed world-
wide [1–3]. The prevalence of obesity among children aged 2–18 years has increased from
8.6% in 2001 to 9.8% in 2017 in Korea [4]. Many studies have demonstrated childhood
obesity to be related to an increased risk of several adverse health outcomes at an early
age, including cardiovascular disease, fatty liver infiltration, and sleep apnea [5–7]. More-
over, controlling childhood obesity is very important since childhood obesity has a high
risk of developing into adult obesity [8,9]. A follow-up study found that overweight
children aged 2–5 years had >4 times greater tendency to become overweight adults [10].
Childhood obesity reportedly increases the risk of cardiovascular disease, cancer [11], and
mortality [5,12,13] in adulthood.

The increase in childhood obesity in Korea seems to be the result of a decrease in
vegetable intake and an increase in animal food product intake due to rapid modernization
and a westernized diet. The traditional food culture of Koreans includes vegetable-based
proteins, such as tofu made of soybeans [14]. However, the proportion of individuals
consuming more than 500 g vegetables and fruits daily decreased by approximately 10%
from 36.5% in 2011 to 26.2% in 2020 in Korea [15].
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Previous studies have demonstrated that sufficient intake of vegetables, fruits, and
whole grains, which are representative phytochemical food groups, helps in weight con-
trol [16–18]. Phytochemicals, which are active substances present mainly in plant foods,
protect the body from oxidative stress and free radicals with antioxidant functions [19].

The dietary phytochemical index (DPI) is defined as the percentage of dietary calories
derived from foods rich in phytochemicals [20]; a higher DPI is strongly associated with
a lower prevalence of overweight/obesity [21–23], cardiovascular disease, metabolic syn-
drome [24], and cancer [20]. A meta-analysis revealed that a lower DPI decreases the risk of
overweight/obesity by 19% (95% confidence interval [8]: 0.74–0.90) [21]. However, the results
demonstrated significant heterogeneity according to age, sex, and obesity criteria [21].

Therefore, studying the amount of intake by food group and DPI among Koreans is
necessary. Nevertheless, few studies exist on the DPI of Korean preschoolers. Moreover,
studies that focused on children did not consider sex differences. This study investigated
the association between the DPI and prevalence of obesity/overweight among Korean
preschoolers according to sex using the 2013–2018 data from the Korea National Health
and Nutrition Examination Survey (KNHANES).

2. Materials and Methods

2.1. Data Source and Study Population

We used survey data from over 6 years (2013–2018) from the KNHANES. The KN-
HANES is a large-scale cross-sectional survey conducted among individuals aged ≥1 year
by the Korea Centers for Disease Control and Prevention (KDCA) since 1998. The na-
tionwide cross-sectional study was conducted to identify health-related factors with
a health examination, health interview, and nutritional survey among approximately
2000–3000 South Koreans per generation. The KNHANES was approved by the Institu-
tional Review Board of the KDCA (Approval numbers: 2013-07CON-03-4C, 2013-12EXP-
03-5C, and 2018-01-03-P-A). For children aged 3–5 years, written informed consent was
obtained from one of the parents to use and analyze their data.

Among children aged 3–5 years (n = 1751) who participated in the survey during
2013–2018, we excluded those using the following criteria from the analyses: (1) did not
participate in the 24 h recall survey (n = 61), (2) had an extreme value in the total daily
energy intake (≥3000 kcal) (n = 11), (3) missing values (weight, weight percentile, height,
body mass index (BMI), BMI percentile, sex, education level of the mother, education
level of the father, household income, and residential area) (n = 88), and (4) had asthma,
diabetes, congenital heart disease, urinary tract infection, and pneumonia (n = 395). Finally,
a total of 1196 participants (boys = 623, girls= 573) were included in the study. This
study was approved by the Institutional Review Board of the Seoul National University
(E2108/002-002) for analyzing the secondary processing data of KDCA.

2.2. Demographic Data, Anthropometric Measurement, and Diagnosis of Obesity

General characteristics, such as age, weight, height, BMI, education level, household
income, and residential area of the participants, were described using the basic variables,
health survey, and screening survey data of the KNHANES. Considering that the par-
ticipants of our study included 3–5-year-old preschoolers, we presented both the age in
years and number of months to denote the age of the participant. The education levels
of the mothers and fathers were considered in place of the participants’ education level
and classified into three categories (middle school or lower, high school, and university
graduation or higher). Household income level was classified in quartiles (low, middle-low,
middle-high, and high) by the KNHANES with different standards for quartiles provided
according to the survey conducted years [25]. The residential areas were classified into two
categories (urban and rural).

Health surveys, including screening surveys, were conducted by trained staff ac-
cording to a standardized protocol [26]. The weight and height were measured using a
standardized height and scale, with the participants taking their shoes and socks off, wear-
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ing a test gown, and standing upright on a scale. Weight percentile (%) and BMI percentile
(%) were provided as categorical variables by the KNHANES, using the percentiles by
the growth chart for children and adolescents in 2017 as reference [26]. The growth chart
is an important indicator for evaluating the growth status of children and adolescents
who are in the process of growth, unlike adults. To evaluate the growth status of children
and adolescents, such as short stature, underweight, and obesity, the Korea Centers for
Disease Control and Prevention and the Korean Academy of Pediatrics have established
and published a growth chart every 10 years since 1967 [27].

The weight percentile (%) was divided into three groups (<5%, 5–95%, >95%), and
the BMI percentile (%) was divided into four groups (<5%, 5–85%, 85–95%, >95%). We
defined obesity as a percentile >95% for both the weight and BMI percentiles according to
the Korean Society for the Study of Obesity criteria [27].

2.3. Nutritional Survey Data and DPI

To calculate the DPI for children aged 3–5 years in Korea, we used the data of daily
nutrient intake based on the 24 h recall survey from the KNHANES. The 24 h recall
survey was conducted through face-to-face interviews with trained staff. In the case of
children younger than 8 years of age, one of the parents answered the dietary recall [25].
Supplementary materials were also used to enhance recall skills and collect specific data on
the survey items during the survey.

The DPI was used to calculate the approximate value of phytochemical intake from
diets using the intake level of plant foods [20]. It was also useful for evaluating the health
effects of the overall plant foods consumed; the calculation formula was as follows:

DPI =
Daily energy intake derived f rom phytochemical rich f oods (kcal)

Tatal daily energy intake (kcal)
× 100

In this study, a modified version of the DPI for the Korean diet was used to calculate the
DPI in Korean children aged 3–5 years [23,24]. The food groups included in the DPI were
whole grains, beans, seeds and nuts, vegetables, mushrooms, and fruits. All the food groups
were classified according to KNHANES. Beans included soybeans and products made from
beans such as tofu. Grains and their products were divided into two groups based on
whether they contained phytochemicals. Whole grains, such as oats, millet, buckwheat,
whole wheat, barley, sorghum, corn, and brown rice, are rich in phytochemicals, whereas
refined grains are not.

2.4. Statistical Analyses

Stratification variables, colony variables, and weight were all considered during the
statistical analyses, as this study used data from the KNHANES, constructed through the
complex sample design method. All the analyses were performed using the PROC SURVEY
procedure. General characteristics of the participants according to sex were presented as
mean and standard error or frequency and percentage (%).

In the analysis of intake amount by food group according to the DPI, the range of total
DPI was presented as minimum–maximum, with the mean DPI of each quartile according
to sex. Energy from the phytochemical food groups (kcal/day) and dietary intake amounts
by the food group were presented as mean and standard error, according to the sex and
DPI quartile. Differences between the sex in the total DPI, energy from the phytochemical
food groups, and amount of intake by food groups were also shown by using the PROC
SURVEYREG procedure to calculate p values.

Weight (kg), BMI (kg/m2), and daily energy intake (kcal/day) were presented as the
mean and standard error by the DPI quartile for each sex. The p values were calculated
using the PROC SURVEYREG procedure. Multivariable logistic regression analyses were
used to calculate the odds ratios (ORs) and 95% CIs to analyze the association between
DPI and obesity. Three covariate models, except for the crude model, were evaluated by
adjusting for the confounding factors as follows: Model 1 was adjusted for energy intake,
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Model 2 was adjusted for age, and Model 3 was adjusted for energy intake and age. The
p for trend in the DPI quartiles using linear regression analysis was evaluated using the
median value of the category as a continuous variable. All data analyses were performed
using the Statistical Analysis System version 9.4 software (SAS Institute, Cary, NC, USA).
A p-value < 0.05 was considered statistically significant.

3. Results

3.1. General Characteristics

The general characteristics of the participants stratified by sex are presented in Table 1.
The average age of the participants was 4.02 years (53.75 months), and no statistical
difference was observed between the sexes. Boys had a higher average height and weight
than girls (p < 0.01); significant difference between the height according to sex was shown
among participants aged 4 and 5 years old (p < 0.01). Weight was different only in the
participants aged 3 years old when stratified by age and sex. The average daily energy
intake of the participants was 1370.65 kcal/day, and boys had a significantly higher energy
intake than girls (p < 0.001). No statistical difference in the education levels of the mother
and father, household income, and residential area was observed according to sex.

Table 1. General characteristics stratified by sex among the participants.

Total (n = 1196) Boys (n = 623) Girls (n = 573) p Value *

Age (months) 53.75 ± 0.32 54.05 ± 1.16 53.42 ± 0.47 0.366

Age (years) 4.02 ± 0.02 4.04 ± 0.09 3.99 ± 0.04 0.360

3 386 (32.30) 203 (32.60) 183 (31.90) 0.088

4 392 (32.80) 193 (31.00) 199 (34.70)

5 418 (34.90) 227 (36.40) 191 (33.31)

Energy Intake (kcal/day) 1370.65 ± 14.97 1453.30 ± 48.78 1276.06 ± 20.30 <0.001

Height (cm) 105.75 ± 0.23 106.4 ± 0.82 105.0 ± 0.33 0.004

Aged 3 98.63 ± 0.60 98.86 ± 0.84 98.36 ± 0.35 0.307

Aged 4 105.86 ± 0.58 106.48 ± 0.75 105.27 ± 0.29 0.008

Aged 5 112.41 ± 0.24 113.04 ± 0.85 111.55 ± 0.37 0.002

Weight (kg) 17.59± 0.11 17.88 ± 0.37 17.26 ± 0.15 0.003

Aged 3 15.22 ± 0.36 15.47 ± 0.40 14.93 ± 0.16 0.024

Aged 4 17.52 ± 0.36 17.74 ± 0.46 17.31 ± 0.18 0.125

Aged 5 19.91 ± 0.16 20.15 ± 0.57 19.59 ± 0.24 0.088

BMI percentile (%)

<5% 114 (9.53) 61 (9.79) 53 (9.25) 0.843

5–85% 934 (78.09) 486 (78.01) 448 (78.18)

85–95% 77 (6.44) 37 (5.94) 40 (6.98)

>95% 71 (5.94) 39 (6.26) 32 (5.58)

Weight percentile (%)

<5% 90 (7.53) 53 (8.51) 37 (6.46) 0.404

5–95% 1037 (86.71) 534 (85.71) 503 (87.78)

>95% 69 (5.77) 36 (5.78) 33 (5.76)
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Table 1. Cont.

Total (n = 1196) Boys (n = 623) Girls (n = 573) p Value *

Education Level of Mother

≤Middle school 35 (4.34) 18 (4.88) 17 (3.76) 0.717

≤High school 280 (28.66) 139 (28.03) 141 (29.34)

≤College 700 (67.00) 361 (67.10)) 339 (66.90)

Education Level of Father

≤Middle school 18 (2.39) 10 (2.13) 8 (2.69) 0.474

≤High school 208 (26.73) 102 (24.97) 106 (28.73)

≤College 567 (70.88) 302 (72.90) 265 (68.58)

Household income

Low 82 (7.16) 41 (6.79) 41 (7.58) 0.883

Middle-low 377 (32.05) 194 (31.44) 183 (32.76)

Middle-high 421 (34.81) 218 (35.76) 203 (33.73)

High 316 (25.97) 170 (26.01) 146 (25.93)

Residential area

Urban 1018 (86.83) 533 (87.50) 485 (86.06) 0.422

Rural 178 (13.17) 90 (12.50) 88 (13.94)

BMI, body mass index. All the values are presented as mean ± standard deviation or n (%). * p values were
calculated using the PROC SURVEYREG.

3.2. Association between the DPI and Dietary Intake

Table 2 compares the energy intake of the food group across the quartiles for sex
and DPI. The mean ± standard error of total DPI according to sex was 15.43 ± 1.07 and
16.49 ± 0.45 for boys and girls, respectively. Boys had a significantly higher amount of
total daily food intake (g/day) than girls; however, the total DPI and energy from the
phytochemical food groups (kcal/day) were not significantly different from those of girls.
The intake of refined grain, beans, milk and dairy, meat, and sugars was significantly higher
in boys than in girls. Upon dietary intake analysis according to the DPI by sex, a higher
DPI was associated with the amount of daily food intake in most of the food groups. Beans
demonstrated a higher difference in intake between Q1 and Q4 in boys than the other food
groups. Eggs, fish, and shellfish showed no significant differences in the amount of daily
intake between sexes. Daily intake of meat in boys increased according to the DPI quartile
(p < 0.01); however, no significant difference was observed in girls. No statistical difference
was observed in the intake of milk, dairy, and sugars across the DPI quartiles in boys; in
contrast, they significantly increased across the DPI quartiles in girls.

3.3. Association between DPI and Obesity

Table 3 shows the ORs for obesity according to the DPI by sex. Obesity was defined
using weight and BMI percentiles. Different results were observed according to sex. Al-
though no significant differences were observed in the weight, BMI, and daily energy
intake across the DPI quartile in each sex, an association between the DPI and obesity was
observed in boys when analyzing the prevalence of obesity by the weight percentile. Boys
in the highest DPI quartile showed a significantly lower prevalence of obesity than those in
the lowest DPI quartile in all the models (Model 3, OR: 0.287, 95% CI: 0.095–0.868, p for
trend <0.05). In contrast, no statistically significant association was observed between
the DPI and obesity prevalence, according to the BMI percentile in boys. No significant
association was observed between the DPI and obesity prevalence in girls.
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4. Discussion

This study was conducted to determine the relationship between DPI and obesity in
children aged 3–5 years in Korea based on their sex. The prevalence of obesity was more
than 70% lower in the group Q4 with low DPI in boys than in the group Q1 (Table 3).

Childhood obesity has a high risk of developing into adult obesity; therefore, con-
trolling childhood obesity is very important [8,9]. According to a study that proactively
tracked children’s BMI status until adolescence, 83% of 4-year-old children with obesity
were overweight or obese in adolescence, and only 17% returned to normal weight [28].
Dietary factors were identified as significant predictors of the weight of preschool chil-
dren [28], characterized by high consumption of energy-dense snack foods and meals in
overweight and children with obesity and insufficient fruit and vegetable intake [29,30].
Food preferences and eating habits formed during preschool do not change and can result
in obesity in adults [31,32]; thus, this study provides important basic data emphasizing the
importance of phytochemical-rich meals for children during this period.

Many studies have highlighted the health benefits of consuming foods rich in phy-
tochemicals. In particular, studies on obesity have focused on the metabolic function of
specific phytochemical components; for example, a study exists on obesity associated
with reducing fat and body fat through mechanisms such as regulating fat metabolism
of polyphenols [33,34], inhibiting fat cell proliferation, increasing fatty acid oxidation of
resveratrol [35], and reducing fat accumulation in the body of flavonoids [19]. However,
quantifying phytochemicals in food sources is impractical in terms of cost and time because
individuals consume food composed of food ingredients, not individual nutrients.

The phytochemical index (PI), proposed by McCarty, defines [20] the energy obtained
from plant foods as a percentage of the total daily energy intake divided by the total daily
energy intake. Foods rich in phytochemicals include whole grains, fruits, vegetables, nuts,
and beans; studies on the association between PI and diseases related to the intake of
such foods have been consistently published [36–38]. A meta-analysis summarized the
relationship between DPI and the risk of overweight/obesity and demonstrated that a high
phytochemical index was associated with a reduced risk of overweight/obesity [21]. In
a cross-sectional study by Vincent et al. [39], significant adverse correlations were found
between the DPI scores, BMI, waist circumference, waist circumference–hip ratio, and
body fat rate in 54 American adults aged 18–30 years. Even in a cross-sectional study in
Iran [40], the risk of abdominal obesity was reduced, regardless of the age, sex, and total
energy intake at higher DPIs in relation to the DPI and metabolic syndrome. A study using
KNHANES 2008–2018 data on Korean women [22] demonstrated that the prevalence of
obesity and abdominal obesity decreased in women who consumed increased amounts of
phytochemical-rich foods.

The correlation between DPI and obesity has mainly been studied in adults, and
few papers targeting children, especially preschoolers, exist. A cross-sectional study
of 356 school-aged children (7–10 years old) in Iran demonstrated a negative relation-
ship between phytochemical intake and obesity [23]. Overweight/obesity odds were
0.47 (0.25–0.87, p for trend = 0.02) for DPI Q1(14.25 ± 4.13) and Q4 (61.52 ± 16.47). A study
of children and adolescents aged 6–18 years similarly revealed significantly decreased
trends in BMI, hip circumference, and neck circumference for overweight and obese stu-
dents based on DPI quartiles [41]. Both studies were consistent with our findings that
higher phytochemical intake reduced the risk of obesity.

Our study was the first to analyze the relationship between DPI and obesity in
preschoolers stratified by sex. The association was analyzed separately by sex, and signifi-
cant differences were observed in the daily food intake and calories between boys and girls.
Boys consumed more calories per day (kcal/day) than girls did (p < 0.085). Sex had no
substantial impact on either weight or BMI. Our findings demonstrated that DPI quartiles
and obesity prevalence only inversely correlated in boys (p for trend <0.05). Boys had a
higher intake of beans than girls. Moreover, the consumption of meat, milk, and dairy
products, the non-phytochemicals food group, was high. Despite being significant sources
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of protein, they did not exhibit a linear pattern, according to DPI. Thus, we only focused on
the anti-obesity effect of beans as a phytochemical-rich food.

Many studies have demonstrated that obesity and metabolic syndrome increase as soy
intake decreases in women [42,43]. As isoflavones have a positive effect on women’s abdom-
inal obesity reduction due to structure similarity to that of women’s sex hormones [44,45],
many studies have recommended increased protein intake through beans. As children aged
3–5 years old, who were included in this study, do not yet possess physiological differences
according to sex hormones, the anti-obesity effect in boys was presumably associated with
high bean intake and clear differences according to the DPIs.

The prevalence of obesity was significantly lower in boys and the high DPI group.
There was no significant difference in the participant’s weight, BMI, and total energy intake;
the average intake of milk, dairy, and meat groups was higher than that of girls; and soybean
intake was higher among the food groups belonging to DPI. Therefore, to prevent obesity
from spreading in children and adulthood, it is important to focus on the composition of
the food group consumed rather than the calories. Gunther et al. [45] found that increased
protein intake from dairy products was associated with BMI in the first 12 months and
increased body fat at 7 years of age. Other studies have also considered dairy consumption
in growing children and adults to protect against overweight and obesity [46,47]. A study
of children 2–3 years old in Australia [48] found that there were associations between
microbiota composition and dairy- and plant-based foods such as fruits, vegetables, beans,
pulses, and nuts, indicating a link to microorganisms when analyzed based on food intake
rather than nutrient intake. Therefore, in children’s nutritional research, it is recommended
to consider the intake of food groups first because melas are made up of food, not nutrients.
The results of this study, considering the relationship between the phytochemical intake
and obesity, indicated the DPI is considered a useful tool, and investigating the composition
of the DPI and microbiome in the future could be a good strategy.

This study had several limitations. First, as this was a cross-sectional study using
KNHANES data, in addition to the effect of DPIs on obesity development, the inverse cor-
relation between obesity and food intake cannot be excluded. Other environmental factors
such as genetics, breastfeeding, and lifestyle, which may have affected the relationship
between DPI and obesity prevalence, were also not considered. However, the participants
of this study were in the process of controlling microbial communities, unlike infants and
toddlers, in whom breastfeeding has a significant health impact [49]. Second, the 24 h recall
used to collect dietary data had a recall bias. However, in this study, as the average value of
the group was evaluated, errors that could have been caused by recall bias were balanced.
Third, this study comprised a sample of preschool-aged children within a limited age range
in Korea. The generalizability of the findings of other regions of children with different
dietary habits remain to be elucidated. Nevertheless, this is the first study to analyze the
DPI of Korean children according to sex differences. Few studies have been conducted on
DPI in preschoolers. We did not limit the diagnostic criteria for obesity to BMI percentiles,
as we also used weight percentiles. Therefore, our study could serve as a steppingstone for
establishing the relationship between children’s DPIs and obesity in the future, which will
also aid in nutrition education and formulating policies for parents.

5. Conclusions

In conclusion, in Korean boys aged 3–5 years, a direct correlation between high DPI
and low obesity prevalence was discovered. Research should be conducted concerning
the nutrition food group intake to corroborate these findings and clarify why the sex of
the preschoolers’ results varied in outcomes. Future studies are warranted to investigate
the prevalence of obesity to modifications in microbiome composition attributed to the
consumption of phytochemical-rich foods.
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Abstract: Excessive alcohol consumption can lead to serious health complications, with liver and
neurological complications being the most important. In Western nations, alcoholic liver disease
accounts for 50% of mortality from end-stage liver disease and is the second most common cause of
liver transplants. In addition to direct damage, hepatic encephalopathy may also arise from alcohol
consumption. However, effective treatment for liver disease, as well as neurological injury, is still
lacking today; therefore, finding an efficacious alternative is urgently needed. In the current study,
the preventive and therapeutic effects of Schisandrin B (Sch B) against ethanol-induced liver and
brain injuries were investigated. By using two treatment models, our findings indicated that Sch
B can effectively prevent and ameliorate alcoholic liver diseases, such as resolving liver injuries,
lipid deposition, inflammasome activation, and fibrosis. Moreover, Sch B reverses brain damage and
improves the neurological function of ethanol-treated mice. Therefore, Sch B may serve as a potential
treatment option for liver diseases, as well as subsequential brain injuries. Furthermore, Sch B may
be useful in preventive drug therapy against alcohol-related diseases.

Keywords: alcoholic liver disease; liver fibrosis; hepatic encephalopathy; Schisandrin B

1. Introduction

Excessive and/or chronic alcohol consumption can lead to serious health complica-
tions, affecting almost every organ in the body. Alcoholism is highly related to gastroin-
testinal bleeding [1,2], pancreatitis [3], alcoholic liver disease [4,5], neurologic disorders [6],
type II diabetes mellitus [7], and cancers [8–10]. In Western nations, alcoholic liver disease
accounts for 50% of mortality from end-stage liver disease and is the second most common
cause of liver transplants [11]. While the liver is the major organ responsible for the pro-
cessing of alcohol [12], excessive alcohol may destroy liver cells, leading to inflammation
and ultimately fibrosis. While early and slight liver problems may be treated with lifestyle
modifications, effective treatment for chronic and late-stage liver problems is still lacking
today [13]. In conjunction with the direct damage induced by alcohol, the brain can be
affected by the damaged liver [14]. Hepatic encephalopathy is a central nervous system
disorder that occurs when the liver does not function properly and, as a result, unprocessed
toxins build up and travel to the brain [15]. Hepatic encephalopathy is usually associated
with poor quality of life and a high mortality rate [15], so finding an effective therapy for
alcohol-induced liver disease, as well as its associated encephalopathy, is urgently needed.

It has been reported that Schisandrin B (Sch B), an extract of Schisandra chinensis,
protects against different causes of liver injuries [16–20]. Sch B has also been shown to
improve damage to different organs, mainly through its anti-inflammatory [16,19,21], anti-
oxidative [16,22], and anti-fibrotic [17–19] properties. Currently, Sch B has been shown to
protect against acute alcoholic cardiomyopathy through downregulation of autophagy [23].
Sch B also enhances antioxidant status in the mitochondria of multiple tissues in mice
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with chronic ethanol feeding [24]. However, there seems to be a lack of focus on Sch B in
ethanol-induced liver injuries.

Moreover, despite many studies focused on therapeutics for alcohol-induced liver
injuries, only a few studies have examined brain damage caused by alcohol consumption.
In this study, we examined the beneficial effects of Sch B on alcohol-induced liver and
brain damage.

2. Materials and Methods

2.1. Drugs

Schisandrin B (Sch B; Chengdu Alfa Biotechnology, Chengdu, China; Figure 1) was
dissolved in olive oil to achieve a concentration of 20 mg/kg. Ethanol was diluted with
distilled water to yield the following concentrations: 30% (v/v), 40% (v/v), and 50% (v/v).

 
Figure 1. The chemical structure of Schisandrin B.

2.2. Animals

Eight-week-old male BALB/c mice were obtained from the National Laboratory
Animal Center, Taipei, Taiwan. Mice were housed in the animal center at Tzu Chi University
and maintained in 23 ◦C ± 1 ◦C with a 12 h light/dark cycle and 40–60% humidity
conditions, along with an ad libitum diet. All experimental procedures involving animals
were approved by the Institutional Animal Care and Use Committee (IACUC) of Tzu Chi
University (No. 109066).

2.3. Animal Treatment

Two treatment models (preventive model and corrective model) were employed
in this study to investigate the effect of Sch B. In the first model (preventive model),
16 mice were randomly divided into 4 groups—control, Sch B-treated control, ethanol-
treated, and ethanol + Sch B-treated—with each group containing 4 mice. Ethanol was
orally administered to the mice as follows: 35% ethanol for 7 days, 40% ethanol for the
following 7 days, and a 52% ethanol binge on the 15th day. Sch B (20 mg/kg) was orally
administered 1 h after ethanol administration for the same duration. Mice were subjected to
neurofunctional tests before the administration of a new ethanol dose. Mice were sacrificed
one day after the last treatment with 12 h fasting. In the second treatment model (corrective
model), 16 mice were randomly divided into 4 groups—control, Sch B-treated control,
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ethanol-treated, and ethanol + Sch B-treated—with each group containing 4 mice. Mice
were first administered ethanol in the way mentioned above. One day after the 52% ethanol
binge, mice were treated with 20 mg/kg Sch B by oral gavage for 14 continuous days.
Mice were sacrificed by exsanguination without anesthesia one day after the last Sch B
treatment (day 30) with 12 h fasting. The method for ethanol treatment was employed as
described previously [25–27]. Treatment concentrations of Sch B (20 mg/kg) were based on
literature references [28,29]. No mice died or exhibited Sch B-related adverse effects during
the experiment.

2.4. Hematoxylin & Eosin (H&E) and Sirius Red Staining

Livers and brains were fixed in 10% neutral buffered formalin and dehydrated in a
series of alcohols. After immersion, tissue blocks were cut into sections approximately
5–8 micrometers thick and stained with hematoxylin and eosin (H&E) or picro-Sirius red,
as described previously [19].

2.5. Histopathological Examination and Scoring

Histopathological liver changes were evaluated as follows: 0, no injuries; 1, mild
injuries with cytoplasmic vacuolization and slight pyknosis; 2, moderate injuries with
extensive pyknosis and loss of cellular borders; and 3, severe injuries with disintegration
of hepatocytes, tissue congestion, and cellular infiltration. Brain sections were scored as
follows: 0, no evidence of injuries; 1, dispersed pyknosis; 2, slight necrosis or apoptosis;
and 3, multiple or extensive necrosis or apoptosis [30]. At least 10 random fields were
scored in each liver section, and five random fields in each brain section were scored. The
severity of liver fibrosis was also evaluated by Ishak scoring of the picro-Sirius red-stained
slides [31].

2.6. Western Blotting

Total protein was extracted from tissues, resolved by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), and transferred to a polyvinylidene difluoride
(PVDF) membrane (EMD Millipore, Danvers, MA, USA). After blocking, the membranes
were incubated overnight with antibodies against α-tubulin (GeneTex, Irvine, CA, USA),
type I collagen (COLA-1; ABclonal, Woburn, MA, USA), type III collagen (COLA-3; AB-
clonal), fibronectin (GeneTex), NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3;
Proteintech, Rosemont, IL, USA), caspase-1 (Proteintech), interleukin-1β (IL-1β; Cell Sig-
naling Technology, Danvers, MA, USA), interleukin-18 (IL-18; Proteintech), and gasdermin
D (GSDMD; Santa Cruz Biotechnology, Dallas, TX, USA). The membranes were then
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (EMD
Millipore) for 1 h. Protein bands were visualized with enhanced chemiluminescence (ECL)
reagents (EMD Millipore) and quantified using densitometry with Image J software (v1.46).
The band intensities of the proteins of interest were normalized by that of α-tubulin or the
uncleaved band.

2.7. Collection of Serum, Cerebrospinal Fluid (CSF), and Liver Lysate

A cardiac puncture was performed to obtain blood samples from the mice. Samples
were allowed to clot for 30 min, followed by centrifugation for 15 min at 600× g to collect
serum. Cerebrospinal fluid (CSF) was collected by injecting ice-cold sterile phosphate-
buffered saline (PBS) into the cranial cavity and cerebral ventricles. The washing solution
was collected and centrifuged at 600× g for 10 min and then later at 10,000× g for 30 min.
The obtained supernatant was stored at −80 ◦C until use. Liver lysate was obtained by
homogenizing a weighted fraction of the liver at 4 ◦C in sterile PBS using a tissue homoge-
nizer. Homogenates were centrifuged at 1500× g at 4 ◦C for 15 min, and supernatants were
stored at −80 ◦C.
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2.8. Measurement of Biochemical Parameters

Alanine transaminase (ALT), aspartate aminotransferase (AST), total cholesterol, tria-
cylglycerides, and albumin were analyzed in serum and CSF using a Hitachi 7080 chemistry
analyzer (Hitachi Ltd., Tokyo, Japan). Liver lysate was analyzed for total cholesterol and
triacylglycerides using a cholesterol liquicolor kit (HUMAN Diagnostics Worldwide, Wies-
baden, Germany) and a triglycerides liquicolor kit (HUMAN Diagnostics Worldwide).
Levels of transforming growth factor-beta (TGF-β) in the serum and liver lysate were
measured using a mouse TGF-β sandwich enzyme-linked immunosorbent assay (ELISA)
kit (Thermo Fisher Scientific, Waltham, MA, USA).

2.9. Neurofunctional Tests

Mice were subjected to neurofunctional tests before the beginning of the experiment,
before administration of a new ethanol dose, and every 7 days during Sch B treatment. The
wire hang test was performed by hanging a mouse upside down on a wire mesh. The time
when the mouse fell was documented within 120 s. The beam walk test was performed by
placing a mouse on a beam of 1 cm × 70 cm and 50 cm high above the platform. The time
for the mouse to walk across the beam was recorded within 120 s. Clasping scores were
allocated by hanging a mouse’s tail for 10 s. A score was recorded as follows: 0, the mouse
showed normal escape extension; 1, the hindlimb of the mouse withdrew but did not touch
the abdomen; 2, the hindlimb of the mouse withdrew and touched the abdomen but was
not clasped; 3, the mouse showed immobility, with hindlimbs clasped and touching the
abdomen. The hot plate test was performed by placing a mouse on a hot plate at 55 ◦C, and
the time for their first paw reaction was documented within 15 s. The vertical pole test was
performed by placing a mouse at the top of a 50 cm vertical pole. The time for the mouse to
turn around and climb down was documented within 120 s. Each mouse was tested three
times in each experiment.

2.10. Statistical Analysis

All results in this study were analyzed using GraphPad Prism 6.01 software (GraphPad
Software, San Diego, CA, USA) and shown as mean ± standard deviation (SD), unless
stated otherwise. Statistical analysis was conducted using one-way analysis of variance
(ANOVA), and pairwise differences were evaluated using a post hoc test.

3. Results

3.1. Schisandrin B Prevents Liver Injuries in Mice Consuming Ethanol

To explore the protective effect of Sch B against ethanol intoxication, mice were treated
with ethanol, as well as Sch B, on the same day (Figure 2A). Histopathological examination
showed that ethanol consumption significantly altered hepatic cord arrangements, which
was accompanied by congestion and ballooning degeneration (Figure 2B,C). Additionally,
ethanol consumption significantly induced serum ALT and AST levels (Figure 2D,E),
suggesting liver injury. Excessive ethanol consumption has been shown to alter lipid
metabolism in the liver, leading to the accumulation of hepatic lipids and steatosis [5];
total cholesterol and triacylglyceride levels were measured in both the serum and liver.
The results revealed that ethanol consumption, although it did not significantly increase
total cholesterol and triacylglyceride levels in the serum, significantly increased their
levels in the liver (Figure 2F–I). Sch B treatment, on the other hand, showed significant
protection against ethanol-induced liver injuries, as shown by improvements in liver
histology (Figure 2B,C), as well as ALT and AST levels (Figure 2D,E). Total cholesterol and
triacylglyceride levels were also decreased in both serum and liver compared to ethanol-
treated mice (Figure 2F–I). In the experiment, Sch B treatment alone had no adverse effect
on the mice’s livers. Therefore, the use of Sch B can prevent liver damage as well as lipid
accumulation caused by ethanol consumption.
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Figure 2. Schisandrin B prevents liver injuries in mice consuming ethanol. (A) Experimental design
scheme. (B) Representative H&E-stained histological images showing the liver pathology of the
control, Sch B-treated, ethanol-challenged, and ethanol-challenged + Sch B-treated mice. Congestion
(yellow arrows) and ballooning degeneration were seen in the ethanol-treated mice, which improved
after Sch B treatment. The scale bar corresponds to 200 μm. CV, central vein. (C) Histological scores
based on the histological slides from (B). Serum levels of (D) ALT, (E) AST, (F) total cholesterol, and
(G) triacylglycerides. Hepatic levels of (H) total cholesterol and (I) triacylglycerides. n = 4 mice.
Results are expressed as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.2. Schisandrin B Prevents Activation of Liver Inflammasomes in Mice Consuming Ethanol

Ethanol intake has been linked to liver fibrosis [4,5]; therefore, Sirius red staining was
performed to analyze collagen deposition in the liver. The results suggest that ethanol
consumption, although it did not cause fibrosis, significantly increased collagen deposits
in the liver (Figure 3A). Levels of TGF-β, a powerful profibrotic cytokine, were measured
in the serum and liver of ethanol-fed mice, with levels found to be significantly increased
in the liver after ethanol consumption (Supplementary Figure S1A,B). Western blotting
also confirmed that ethanol increases type III collagen expression as well as fibronectin
expression in the liver (Figure 3B). Inflammasome-induced inflammation has been shown
to be positively correlated with fibrosis [32], so markers of inflammasomes were analyzed.
Inflammasome components, including NLRP3 and caspase-1, as well as their effectors,
interleukin (IL)-1β and IL-18, significantly increased due to ethanol consumption compared
to the control and Sch B groups (Figure 3C). GSDMD, a pyroptotic marker that can be
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initiated by NLRP3 signaling [33], was also significantly increased in expression by ethanol,
suggesting the presence of pyroptosis (Figure 3C).

Figure 3. Schisandrin B prevents activation of liver inflammasomes in mice consuming ethanol.
(A) Representative Sirius red-stained histological images showing collagen deposition (red color)
in the livers of control, Sch B-treated, ethanol-challenged, and ethanol-challenged + Sch B-treated
mice. Scale bar corresponds to 200 μm. Levels of fibrosis were quantified by Ishak score based on
the Sirius red-stained slides. (B) Representative Western blot images and relative densitometric bar
graphs of (B) fibrotic markers and (C) inflammasome components. Expression levels are standardized
by α-tubulin or the pro-form protein levels as appropriate. n = 4 mice. Results are expressed as
mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Sch B treatment, when used during chronic ethanol consumption, did not prevent
collagen deposition in the liver (Figure 3A). ELISA and Western blotting also showed similar
results, with only fibronectin expression slightly decreased compared to the ethanol-treated
group (Figure 3B and Supplementary Figure S1B). In the experiment, Sch B treatment
blocked ethanol-induced inflammasome activation (Figure 3C). However, Sch B failed to
inhibit pyroptosis in this treatment model, as suggested by the unchanged level of GSDMD.
These results showed that Sch B, when used along with alcohol consumption, can prevent
ethanol-induced inflammasome activation, but not fibrosis.

3.3. Schisandrin B Prevents Neurological Function Defects in Mice Consuming Ethanol

Ethanol consumption has always been shown to cause neurological defects [6]. To
explore whether Sch B can prevent ethanol-caused neurological impairments, mice were
subjected to different neurofunctional tests. As indicated, ethanol intake significantly
decreased the mice’s weight (Figure 4A) and altered the mice’s neurological performances
(Figure 4B–F). Sch B treatment was effective at improving some aspects of neurological
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performance, such as the hot plate test, ledge beam test, wire hang test, and vertical pole
test. However, Sch B treatment alone did not alter the neurological functions of the mice
compared to the control group.

Figure 4. Schisandrin B prevents neurological function defects in mice consuming ethanol. (A) Mouse
body weight. Assessment of neurological functions in mice by the (B) hot plate, (C) ledge beam,
(D) hindlimb clasping, (E) wire hang, and (F) vertical pole tests. n = 4 mice. Results are expressed as
mean ± standard error mean (SEM), and area under the curve (AUC) values are expressed as mean
± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.4. Schisandrin B Prevents Brain Injuries in Mice Consuming Ethanol

As Sch B treatment improved neurological performance, we therefore evaluated the
degree of brain injuries in ethanol-intoxicated mice, as well as the protection offered by
Sch B. Histological analysis revealed numerous apoptotic neurons and hemorrhages in
the brains of ethanol-drinking mice (Figure 5A,B). Ethanol consumption also increased
CSF LDH levels (Figure 5C). Albumin synthesis occurs in the liver but not in the CNS, so
albumin present in CSF is usually derived from plasma [28,34]. The ratio of CSF to serum
albumin was used to evaluate blood-brain barrier (BBB) damage. The results showed that
ethanol intake caused a significant increase in CSF albumin and CSF to serum albumin
ratio, suggesting BBB damage (Figure 5D,F). To be noted, the decrease in serum albumin
in ethanol-treated mice also suggests liver injury, as albumin synthesis mainly takes place
in the liver (Figure 5D). Although Sch B treatment reduced the number of apoptotic
neurons (Figure 5A,B), it did not affect the level of LDH (Figure 5C), which may suggest
the occurrence of persistent injuries. On the contrary, Sch B decreased the level of CSF
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albumin, as well as the albumin ratio (Figure 5D,F), suggesting that the blood-brain barrier
(BBB) was spared from damage. These results therefore suggest that Sch B, in addition to
ethanol-induced liver injuries, protects against ethanol-induced neuropathy.

Figure 5. Schisandrin B prevents brain injuries in mice consuming ethanol. (A) Representative
H&E-stained histological images showing the brain pathology of the mice. Congestion (blue arrows)
and neuronal cell death (yellow arrows) were seen in ethanol-treated mice, which improved after
Sch B treatment. Black arrows represent normal Purkinje fibers. Scale bar corresponds to 200 μm.
(B) Histological scores based on the histological slides from (A). (C) LDH concentration in CSF. Levels
of (D) serum albumin, (E) CSF albumin, and (F) CSF-to-serum albumin ratio. n = 4 mice. Results are
expressed as mean ± SD. * p < 0.05, *** p < 0.001, and **** p < 0.0001.
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3.5. Schisandrin B Alleviates Ethanol-Induced Liver Injuries in Mice

Next, we wanted to determine whether Sch B can reverse already-caused ethanol-
induced liver injuries. Therefore, mice were first treated with ethanol to induce injuries
in the liver and brain and then with Sch B following chronological sequence (Figure 6A).
Similar to what was observed, ethanol treatment caused significant liver injuries, includ-
ing congestion and ballooning degeneration, which was reversed by Sch B treatment
(Figure 6B,C). This improvement was accompanied by decreased serum ALT and AST
levels (Figure 6 D,E) compared with ethanol-treated mice. Sch B treatment also beneficially
lowered total cholesterol and triacylglycerides in both serum and liver. Furthermore, by
comparing the ethanol-fed group with the treatment group, we can observe that ethanol-
induced injuries persisted, suggesting that there was no natural reversion once the ethanol
was removed. These results therefore suggest that Sch B can alleviate ethanol-induced
liver injuries.

 

Figure 6. Schisandrin B alleviates ethanol-induced liver injuries in mice. (A) Experimental design
scheme. (B) Representative H&E-stained histological images showing the liver pathology of the mice.
Congestion (yellow arrows) and ballooning degeneration were seen in ethanol-treated mice, which
were much improved by Sch B treatment. Scale bar corresponds to 200 μm. CV, central vein; PT,
portal triad. (C) Histological scores based on the histological slides from (B). Serum levels of (D)
ALT, (E) AST, (F) total cholesterol, and (G) triacylglycerides. Hepatic levels of (H) total cholesterol
and (I) triacylglycerides. n = 4 mice. Results are expressed as mean ± SD. * p < 0.05, ** p < 0.01, and
**** p < 0.0001.
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3.6. Schisandrin B Alleviates Ethanol-Induced Liver Fibrosis, Inflammasome Activation,
and Pyroptosis

Additionally, Sch B treatment significantly reduced collagen deposition (Figure 7A)
along with TGF-β (Supplementary Figure S1D), collagen III, and fibronectin (Figure 7B)
expression in the liver of ethanol-treated mice. Ethanol-induced inflammasome activation,
as well as pyroptosis, was also suppressed by Sch B treatment (Figure 7C). Therefore, Sch B
may be promising in preventing ethanol-induced liver inflammation and fibrosis.

Figure 7. Schisandrin B alleviates ethanol-induced liver inflammasome activation and fibrosis.
(A) Representative Sirius red-stained histological images showing collagen deposition (red color)
in the mouse liver. Levels of fibrosis were quantified by Ishak score based on the Sirius red-stained
slides. (B) Representative Western blot images and relative densitometric bar graphs of (B) fibrotic
markers and (C) inflammasome components. Expression levels are standardized by α-tubulin or the
pro-form protein levels as appropriate. n = 4 mice. Results are expressed as mean ± SD. * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.7. Schisandrin B Repairs Ethanol-Induced Neurofunctional Defects by Alleviation of Brain
Injuries in Mice

Sch B treatment slightly but not statistically significantly increased the mice’s weight
compared to ethanol-treated mice (Figure 8A). Except for the hot plate test, which showed
only limited beneficial improvements, Sch B-treated mice showed beneficial improvements
in the other neurological tests (Figure 8B–F), suggesting that Sch B can partially repair
ethanol-induced neurofunctional defects in mice.
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Figure 8. Schisandrin B repairs ethanol-induced neurofunctional defects. (A) Mouse body weight.
Assessment of neurological functions in mice using the (B) hot plate, (C) ledge beam, (D) hindlimb
clasping, (E) wire hang, and (F) vertical pole tests. n = 4 mice. Results are expressed as mean ±
standard error mean (SEM), and area under the curve (AUC) values are expressed as mean ± SD.
** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Finally, Sch B treatment significantly reduced ethanol-induced neuron cell death
(Figure 9A,B) and improved reduced CSF LDH levels (Figure 9C). BBB damage was also
significantly repaired by Sch B, as suggested by the reduced CSF-to-serum albumin ratio
compared with the ethanol-treated group (Figure 9D–F).
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Figure 9. Schisandrin B alleviates ethanol-induced brain injuries in mice. (A) Representative H&E-
stained histological images showing the brain pathology of mice. Neuronal cell death (yellow arrows)
was seen in ethanol-treated mice, which improved after Sch B treatment. Black arrows represent
normal Purkinje fibers. Scale bar corresponds to 200 μm. (B) Histological scores based on the
histological slides from (A). Concentrations of (C) CSF LDH, (D) serum albumin, (E) CSF albumin,
and (F) CSF-to-serum albumin ratio. n = 4 mice. Results are expressed as mean ± SD. * p < 0.05,
** p < 0.01, and *** p < 0.001.
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4. Discussion

Chronic and excessive ethanol consumption may lead to intoxication and the develop-
ment of chronic diseases, with liver disease being the most common and predominant [4,5].
Furthermore, excessive ethanol consumption can lead to structural and functional abnor-
malities in the brain [6]. In this study, we employed two treatment models to show that Sch
B can be effective in preventing and treating ethanol-induced liver and brain injuries.

In the preventive treatment model, we explored the preventive effect of Sch B on
ethanol-induced injuries by feeding the mice with both ethanol and Sch B on the same
day (Figure 2A). The results suggested that Sch B was able to prevent liver damage
(Figure 2B–E) as well as lipid deposition (Figure 2F–I). Inflammasomes are one of the
key factors in liver fibrogenesis [32]. In the wake of sensing danger signals, NLRP3 acti-
vates caspase-1, thereby activating and releasing the inflammatory cytokines IL-1β and
IL-18 [35]. In addition, it initiates a form of programmed cell death called pyroptosis, which
is driven by a protein called GSDMD [36]. Once the cell dies, it activates Kupffer cells,
which then release TGF-β and activate hepatic stellate cells (HSCs) [32,37]. The activated
HSCs activate the downstream TGF-β/SMAD signaling pathway and cause fibrosis [38].
In addition to TGF-β, IL-1β also plays a role in a similar way [32]. While Sch B has some
effect on inflammasome activation (Figure 2C), it cannot prevent collagen deposition in the
liver (Figure 3A,B).

Since ethanol consumption also induces neurological defects [6,39], we next focused
on the mice’s neurological behavior as well as brain pathology. Several neurological tests
were employed in this study: the hot plate test was used to measure thermal nociception
in the mice, the ledged beam test was used to assess sensorimotor deficits in the mice, the
hindlimb clasping score was used as an indicator of the severity of motor dysfunction,
the wire hang test was used to evaluate motor functions in the mice, and the pole test
was employed to assess basal ganglia-related movement in the mice [40]. Our results
suggest that Sch B treatment can beneficially prevent ethanol-induced neurological defects
(Figure 4). In contrast to our study, in a mouse model with Angiostrongylus cantonen-
sis-induced meningoencephalitis, Sch B by itself failed to repair the mice’s neurological
functions; it was only effective if used together with the standard parasitic treatment drug
albendazole [40]. This could be because using Sch B alone could not kill the parasites; there-
fore, even if Sch B ameliorated brain inflammation, neurological functions did not improve,
as the injuries were persistent [40]. Another study using a mouse model with Schistosoma
manosni (S. mansoni)-associated neurological deflects showed another therapeutic outcome
from Sch B [41]. S. manosni is a parasitic worm that causes liver fibrosis, and liver fibrosis
always leads to subsequent neurological damage [42]. In that study, the use of Sch B alone
could already improve mice’s performance on neurological tests [41]. As Sch B resolved
liver injuries and fibrosis in S. mansoni-infected mice, it led to less severe brain injuries,
thereby improving the mice’s neurological functions. Along with neurological functions,
improvements in brain pathology (Figure 5A–C) and BBB damage (Figure 5D–F) were also
observed. Previously, the beneficial effects of Sch B have been suggested in several CNS
diseases, such as cerebral ischemia [43,44], cerebral artery occlusion [44], subarachnoid
hemorrhage [45], chemical-induced brain injury [28], and parasite-induced brain injury [40].
These studies have suggested that Sch B may target inflammasome activation to amelio-
rate brain inflammation and injuries. Therefore, it is presumed that Sch B may not only
hinder inflammasome activation to prevent ethanol-induced neurological injuries, but this
preventive effect may also come as a result of the resolution of liver damage.

Our second model was employed to investigate whether Sch B can be used to treat
ethanol-induced injuries that have already been caused (corrective model). Surprisingly,
Sch B worked better in treating than preventing ethanol-induced liver injuries (Figure 6).
This treatment effect on the liver has also been observed in chemical-induced [28] and
infection-related liver injuries [19]. Sch B treatment also successfully inhibited inflamma-
some activation as well as collagen deposition (Figure 7). Straightforwardly, unlike the first
model, there was no consistent ethanol damage; therefore, Sch B can successfully perform
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its therapeutic functions. Sch B also improved neurological functions in ethanol-intoxicated
mice (Figure 8), which was associated with improvements in neurological pathology and
less BBB disruption (Figure 9).

In conclusion, our results showed that Sch B ameliorates liver injuries, lipid depo-
sition, inflammasome activation, and fibrosis. Moreover, Sch B reverses brain damage
and improves the neurological function of ethanol-treated mice. While effective treatment
for liver injury is still lacking today, Sch B may serve as a potential treatment option for
liver diseases as well as subsequential brain injuries. Furthermore, Sch B may be useful in
preventive drug therapy against liver injuries.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu15081909/s1: Figure S1: The use of Sch B inhibits ethanol-
induced TGF-β levels in the liver. (A) Serum TGF-β levels in mice from the preventive model. (B)
Hepatic TGF-β levels in mice from the preventive model. (C) Serum TGF-β levels in mice from the
corrective model. (D) Hepatic TGF-β levels in mice from the corrective model. * p < 0.05, *** p < 0.001.
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Abstract: Recently, the field of epigenetics has been intensively studied in relation to nutrition. In our
study, the gene expression patterns of histone deacetylases (HDACs), which regulate the stability of
histone proteins, and DNA methyltransferases (DNMTs), which regulate DNA methylation, were
determined in mice. The animals were fed a human-equivalent dose of the aqueous extract of fruit
seeds and peels, which is rich in flavonoids and polyphenols, for 28 days and then exposed to
the carcinogen 7,12-dimethylbenz(a)anthracene (DMBA). The concentrations of trans-resveratrol
and trans-piceid were determined in the consumed extract by HPLC and were 1.74 mg/L (SD
0.13 mg/L) and 2.37 mg/L (SD 0.32 mg/L), respectively, which corresponds to the consumption of
0.2–1 L of red wine, the main dietary source of resveratrol, in humans daily. Subsequently, 24 h after
DMBA exposure, the expression patterns of the HDAC and DNMT genes in the liver and kidneys
were determined by qRT-PCR. The DMBA-induced expression of the tested genes HDAC1, HDAC2,
DNMT1, DNMT3A and DNMT3B was reduced in most cases by the extract. It has already been
shown that inhibition of the DNMT and HDAC genes may delay cancer development and tumour
progression. We hypothesise that the extract studied may exert chemopreventive effects.

Keywords: DNMTs; HDACs; flavonoids; fruit extract; CD1 mice; qRT-PCR; gene expression

1. Introduction

Malignant diseases are associated with high mortality rate, and identifying novel
methods of reducing the development and progression of these diseases is of high interest.
Recently, epigenetic changes caused by environmental factors, including nutrition, have
been intensively studied [1]. Substances in food can alter the normal methylation patterns
of DNA, resulting in either the abnormal inactivation or activation of genes, both of which
can lead to cancer progression.

The methylation status of DNA, especially within promoter regions, can have notable
effects on both the incidence and progression of many types of malignant diseases. Aberrant
methylation patterns have been observed in almost all neoplasms, suggesting that DNA
methylation may serve as an important molecular marker for cancer prevention, prognosis,
and therapies [1–3]. Histone acetyltransferases (HATs) and histone deacetylases (HDACs)
play essential roles in the epigenetic regulation of gene expression by determining the
acetylation status of histone proteins, which determines whether chromatin has a “relaxed”
or ”condensed” structure. Acetylation results in condensed structure and less active
genes [4]. HDAC inhibitors (HDACis) exhibit antitumor effects by activating cell cycle
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arrest, inducing apoptosis and autophagy, inhibiting angiogenesis, and increasing the
generation of reactive oxygen species to induce oxidative stress, which all contribute to
cancer cell death [5,6].

Nutrition has been shown to mediate epigenetic mechanisms, and recent studies have
demonstrated that both the quantity and quality of food intake are associated with aging
and cancer incidence and prognosis. Moreover, nutrition is thought to be the most influen-
tial of all external environmental factors due to its ability to affect the transcriptional activity
and expression of specific genes [1]. Natural products have received increasing attention
in recent years as novel anticancer agents, and interest in the potential chemopreventive
and therapeutic properties of food-derived compounds, including plant polyphenols, has
increased tremendously. Several members of phytochemicals are able to inhibit tumour
growth as well as carcinogenesis at many points, and are also potential natural therapeutic
agents. They may inhibit the activation of several signalling pathways, such as PI3K/AKT,
MAPK/ERK and JAK/STAT3, thereby ultimately inhibiting tumour growth and metasta-
sis, and may also stimulate ROS-mediated apoptosis and autophagy [7–10]. Polyphenols
have a full range of anti-tumour effects, including, in addition to the above, inhibition of
angiogenesis and activation of the immune system [11].

Plant polyphenols can be found in many fruits and vegetables, including soy, turmeric,
grapes, celery, apples, onions, parsley, bell peppers, green tea, and black pepper, and have
been shown to possess chemopreventive activity [1]. Natural compounds found in plants
have demonstrated potential HDACi activity, including trans-resveratrol found characteris-
tically in grapes, red wine, blueberries, and peanuts as main active ingredients [6]. HDACis
of both natural and synthetic origins are currently being evaluated in clinical trials to deter-
mine their antitumor efficacies and potential side effects. 7,12-Dimethylbenz[a]anthracene
(DMBA) is a known carcinogen that is used as a general compound in in vitro studies
focusing not only on tumour models, but also on epigenetic studies [12–15]. To study the
effect of the carcinogenic compound DMBA on early gene expression modification, a 24 h
treatment seems to be optimal in an animal model, as many genes involved in the cell
regulation respond by this time point [16,17].

Our study aimed to explore whether the frequent consumption of aqueous extract of a
fruit seed and peel extract rich in phytochemicals influences the expression levels of DNMT
and HDAC genes, which are responsible for the epigenetic changes that affect tumour
formation and prevention. Specifically, we tested whether an extract derived from fruit
seeds, lyophilized shells, and dried red grapes, blackberries, blackcurrants, redcurrants,
and rosehips under the brand name Fruit Café (ProVitamix, Budapest, Hungary), which
contains 100–200 mg/portion/day of polyphenols/flavonoids, could prevent the early
stages of tumour formation following carcinogenic DMBA exposure by modulating DNMT
and HDAC mRNA levels. Detection of trans-resveratrol and its glucoside trans-piceid
was also performed. Our study showed that the tested polyphenol-rich extract, which
provides dietary levels of polyphenols, can effectively reduce the expression of DNMT and
HDAC genes.

2. Materials and Methods

2.1. HPLC Measurements

Chemicals and reagents: The trans-resveratrol standard (99%) was purchased from
Sigma-Aldrich Co. (Budapest, Hungary), the trans-piceid standard was purchased from
Herbstandard Inc. (Chesterfield, MO, USA), acetic acid (96%) was obtained from Riedel-de
Haën GmbH & Co. (Seelze, Germany) and methanol (HPLC grade) was acquired from
Scharlau Chemie S.A. (Barcelona, Spain).

Standard solutions and sample preparation: The standards were dissolved in a small
portion of ethanol and filled up with the eluent. The fruit extract samples were prepared
in a coffee machine with tap water as it is described in “Treatments of animals” section to
obtain 100 mL of solution per portion, filtrated by using Millex syringe filter (Millipore
Kft., Budapest, Hungary) and injected. All standard solutions and fruit extract samples
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were stored in the dark place at 5 ◦C to avoid oxidative degradation and isomerisation of
trans-resveratrol and trans-piceid to cis-configuration (Figure 1).

 

Figure 1. Structure of trans-resveratrol and trans-piceid.

HPLC instrumentation and conditions: The system used for high-performance liquid
chromatography (HPLC) consisted of a Gynkotek M 580 GT pump, a Rheodyne 8125
(20 μL loop) injector and a Gynkotek M 340S UV diode array detector (Gynkotek GmbH,
Germering, Germany). A 250 × 4.6 mm column packed with 6 μm particle size C18
material has been used for the separations. A Chromeleon data management software
(Dionex Corp., Sunnyvale, CA, USA) was used for the control of the equipment and for data
evaluation. Quantization was carried out using peak areas method. A multistep gradient
method was applied using methanol–water–acetic acid (10:90:1 v/v) mixture as solvent A
and methanol–water–acetic acid (90:10:1 v/v) mixture as solvent B at a flow rate of 1.5 cm3

min−1. The gradient profile was 0.0–18.0 min from 0% to 40% B; 18.0–25.0 min from 40% to
100% B; 25.0–27.0 min 100% B. Chromatographic separations were monitored at 306 nm.
Chromatographic peaks were identified by comparing retentions and UV spectra and MS
spectra of the samples with those of the standard compounds. Quantisation was carried
out by external standardisation.

MS instrumentation and conditions: MS (mass spectrometry) analysis was performed
using a Finnigan AQA (Thermoquest, San Jose, CA, USA) mass spectrometer. The auxiliary
and the curtain gas were nitrogen at the flow rate of 600 L/h. For HPLC-MS analysis, we
used ESI (electrospray ionization) source, the probe temperature was 250 ◦C, the probe
voltage was 3.5 kV. Spectra were recorded by 1.2 scan/s in the negative ion mode between
m/z 10 and 700. The scan filter on the quadrupole analyser was 10 and 20 V. Finnigan
Xcalibur (version: XCALI-97006) was used to acquire the mass spectra of the compounds.

2.2. Animals

Male CD1 mice (Charles River Laboratories International, Budapest, Hungary) were
housed separately in polycarbonate cages and maintained in a 12:12 h light–dark cycle,
provided with water and standard pellets ad libitum throughout the experiment. Four
groups of 6-week-old (18 ± 2 g) male CD1 mice were used for this study, with six animals
in each group.

2.3. Treatment of Animals

The negative control group (Control group) was provided with standard feed and tap
water ad libitum. The positive control group (DMBA group) was provided with standard
feed and tap water ad libitum, and 20 mg/kg body weight (bw) DMBA (Sigma-Aldrich,
Budapest, Hungary), dissolved 0.2 mL corn oil, was administered intraperitoneally 24 h
before cervical dislocation. The third group (FC group) received drinking water containing
a human-equivalent dose of the fruit seed and peel extract for 28 days, in addition to ad
libitum access to standard feed. The fourth group (FC + DMBA group) received drinking
water containing a human-equivalent dose of the fruit seed and peel extract for 28 days,
in addition to ad libitum access to standard feed, and 20 mg/kg bw DMBA, dissolved in
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0.2 mL corn oil, was administered intraperitoneally 24 h before cervical dislocation (Table 1).
The animals in first and third groups received 0.2 mL corn oil vehicle intraperitoneally. The
fruit seed and peel extract contained lyophilized seeds, the skins of red grape, blackcurrant,
redcurrant, rosehip, and black cherry, and fructose [13,14,18] commercialized under the
brand name Fruit Café (ProVitamix, Budapest, Hungary). The extract was prepared in a
regular high-pressure coffee from two components. One component is the seed extract and
the other one is peel extract. A total of 60 doses from 1000 g of seed extract and 700 g of
peel extract can be produced, and 8 mL of the 100 mL solution was dissolved in tap water
to a final volume of 40 mL, which generated a daily dose for 12 mice, equivalent to the
human dose [19].

Table 1. Treatment program.

Fluid Consumption (for 28 Days)
Carcinogenic Exposure

(on Day 27) **

Group 1 Control Tap water ad libitum Vehicle
Group 2 DMBA Tap water ad libitum DMBA 20 mg/kg bw
Group 3 FC Fruit seed and peel extract Human-equivalent dose * Vehicle
Group 4 FC + DMBA Fruit seed and peel extract Human-equivalent dose * DMBA 20 mg/kg bw

The experimental animals received ad libitum water after full consumption of the polyphenolic fruit seed and
peel extract (FC; *) and purified corn oil as the vehicle or DMBA (7,12-dimethylbenz(a)anthracene) dissolved in
purified corn oil was administered intraperitoneally 24 h prior to cervical dislocation and dissection (**).

Animals were autopsied after euthanasia was performed by cervical dislocation.
All animals received humane care, and the experimental protocol received ethical approval.

2.4. Total RNA Isolation

During the autopsy, the liver and kidneys were collected from every animal and
total mRNA was isolated using TRIzol reagent (MRTR118-20, NucleotestBio, Budapest,
Hungary) according to the manufacturer’s protocol.

Tissue samples were homogenised with TRIzol reagent (1 mL per 100 mg tissue) using
a Janke and Kunkel Ultra Turrax T25 stirrer (IKA-Werke, Staufen, Germany), and 100 μL
of chloroform (Merck, Budapest, Hungary) was added to the TRIzol lysate and mixed
thoroughly by shaking. After 5 min at room temperature, the samples were centrifuged at
12,000× g for 15 min at 4 ◦C, and the upper aqueous phase containing RNA was collected
in a new Eppendorf tube.

Then, 250 μL of isopropanol (Merck, Budapest, Hungary) was added to the sample,
mixed and kept at room temperature for 10 min before centrifugation at 12,000× g at
4 ◦C for 10 min. The supernatant was discarded and the pellet was washed with 70%
ethanol (Merck, Budapest, Hungary) and then centrifuged at 7500× g at 4 ◦C for 5 min.
The pellet was air-dried and RNase-free water (Merck, Budapest, Hungary) was added.
Finally, the RNA was quantified with a MaestroNano (Maestrogen, Hsinchu City, Taiwan)
spectrophotometer.

2.5. qRT-PCR

The assays were performed on the Roche 480 instrument (Roche, Budapest, Hungary)
using the KAPA SYBR FAST One-Step qRT-PCR Master Mix Kit (Sigma-Aldrich, Budapest,
Hungary). The amplifications were performed in 20 μL reaction volume, mixing 5 μL RNA
target (100 ng) and 15 μL of master mix with forward and reverse primers (10 μL KAPA
SYBR FASTqPCR Master Mix, 0.4 μL KAPA RT Mix, 0.4 μL dUTP, 0.4 μL primer (200 nM),
3.8 μL sterile double distilled water). The reactions were performed using the following
thermal profile: 42 ◦C for 5 min for the reverse transcription step, a hot-start denaturation
step of 95 ◦C for 3 min, followed by 45 cycles of 95 ◦C for 10 s (denaturation), 60 ◦C for
20 s (annealing/extension). The fluorogenic signal emitted during the annealing/extension
step was read and analysed using the software. Immediately after amplification, a melting
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curve protocol was generated by increasing each cycle by 0.5 ◦C for 80 cycles of 10 s each,
starting from the target temperature (55.0 ◦C).

The primary sequences of the housekeeping gene used as an internal control, hypoxan-
thine phosphoribosyltransferase 1 (HPRT1), and the genes of interest, DNMT1, DNMT3A,
DNMT3B, HDAC2, HDAC3 and HDAC8, are listed in Table 2. Primers were designed using
Primer Express™ software (Applied Biosystems, Budapest, Hungary) and synthesised
by Integrated DNA Technologies (Bio-Sciences, Budapest, Hungary). The results were
analysed using the relative quantification method (2-ΔΔCT).

Table 2. PCR primers.

Gene Name Forward Primer Reverse Primer

DNA methyltransferase 1
(DNMT1) F-AAGAATGGTGTTGTCTACCGAC R-CATCCAGGTTGCTCCCCTTG

DNA methyltransferase 3A
(DNMT3A) F-GAGGGAACTGAGACCCCAC R-CTGGAAGGTGAGTCTTGGCA

DNA methyltransferase 3B
(DNMT3B) F-AGCGGGTATGAGGAGTGCAT R-GGGAGCATCCTTCGTGTCTG

Histone deacetylase 2
(HDAC2) F-GGAGGAGGCTACACAATCCG R-TCTGGAGTGTTCTGGTTTGTCA

Histone deacetylase 3
(HDAC3) F-GCCAAGACCGTGGCGTATT R-GTCCAGCTCCATAGTGGAAGT

Histone deacetylase 8
(HDAC8) F-ACTATTGCCGGAGATCCAATGT R-CCTCCTAAAATCAGAGTTGCCAG

Hypoxanthine
phosphoribo-syltransferase 1 (HPRT1) F-TCAGTCAACGGGGGACATAAA R-GGGGCTGTACTGCTTAACCAG

Sequences of primers used for qRT-PCR are listed.

2.6. Statistical Analysis

The Kolmogorov–Smirnov test was used to verify the normality of the results. Means
between groups were compared using analysis of variance (ANOVA). Statistical analyses
were performed using IBM SPSS Statistics for Windows, Version 26.0 (Armonk, NY, USA).
Significance was established at p < 0.05.

3. Results

After analysis of the fruit extract by HPLC, the calculated amount of trans-resveratrol
(Figure 2) was 1.74 mg/L (SD 0.13) and that of trans-piceid (Figure 3) was 2.37 mg/L
(SD 0.32). Therefore, the mean daily intake of trans-resveratrol was 5.8 μg, while the mean
daily intake of trans-piceid was 7.9 μg for each mouse, respectively. Using the metabolic
multiplier between humans and mice (12.3×), this would result in a human consuming
366.76 micrograms of trans-resveratrol and 499.55 micrograms of trans-piceid daily.

We tested the efficacy of a fruit seed and peel extract to attenuate HDAC and DNMT
gene expression following the administration of the carcinogen DMBA in an animal model.

We measured the relative gene expression of HDAC2, HDAC3, and HDAC8 in both
liver and kidney isolates. DMBA administration significantly increased the relative ex-
pression of HDAC2 in the liver of the DMBA group twofold compared to the Control
group; however, the fruit seed and peel extract completely diminished the effects of DMBA
(Figure 4). The relative gene expression pattern of HDAC3 in the liver was similar to that
observed for HDAC2; however, gene expression of both genes was reduced threefold in the
FC group compared with that in the Control group. No significant changes were observed
for HDAC8 expression. A similar trend was observed in the kidney for all three genes
(Figure 4).
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Figure 2. ESI negative ion MS spectra of trans-resveratrol. The negative polarised quasi-molecular
ion derived from trans-resveratrol was detected at 227.0 m/z (ESI = electrospray ionization,
MS = mass spectrometry).

Figure 3. ESI negative ion MS spectra of quasi-molecular trans-piceid at 388.7 m/z. The peak of
trans-resveratrol, which was partially presented in native form and generated through the frag-
mentation of piceid precursor as well, was detected at 226.7 m/z (ESI = electrospray ionization,
MS = mass spectrometry).
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Figure 4. Relative gene expression of HDAC genes. The relative gene expression levels of histone
deacetylases at the mRNA level in the liver and kidney of experimental animals relative to the mRNA
levels of HPRT1 (DMBA: 7,12-dimethylbenz(a)anthracene, HPcFE: fruit seed and peel extract); * sig-
nificantly different from DMBA-treated mice (p < 0.05). Error bars represent the standard deviation.

In the liver, fruit and peel extract significantly reduced the expression of the genes
tested not only in those elevated by DMBA, but also in the control groups. However, the
most significant reduction occurred in the FC + DMBA groups. FC induced a more than
tenfold, 3.5-fold and 3-fold decrease in the expression of DNMT1, DNMT3A and DNMT3B
genes, respectively, compared to the DMBA groups.

In the kidneys, DMBA exposure significantly increased the gene expression of DNMT3A
and DNMT3B compared with the control. The fruit seed and peel extract reduced this
change in gene expression but less emphatically than in the liver (Figure 5).

Figure 5. Relative gene expression of DNMT genes. Relative gene expression of DNA methyltrans-
ferases at the mRNA level in the liver and kidney of experimental animals compared with the mRNA
level of HPRT1 (DMBA: 7,12-dimethylbenz(a)anthracene, HPcFE: Fruit seed and peel extract); * sig-
nificantly different from DMBA-treated mice (p < 0.05). Error bars represent the standard deviation.
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4. Discussion

In our animal model, DMBA was used as a carcinogenic compound, and we analysed
whether pre-treatment with a commercially available fruit seed and peel extract exerted
chemopreventive and cellular regulatory function in an animal model. Our results revealed,
in general, that the fruit and peel extract, which is rich in polyphenols and flavonoids,
protected against DMBA-induced alterations in gene expression in the liver and kidneys.
DMBA treatment significantly increased the expression of most examined DNMT and
HDAC genes, whereas pre-treatment with the fruit seed and peel extract decreased the
expression of these genes, even relative to the Control group.

Based on our HPLC measurements, the recommended daily intake of the fruit and
peel extract contains trans-resveratrol and trans-piceid in amounts equivalent to the mean
consumption in the adult Spanish population. This amount corresponds to 0.2 L of red
wine for trans-resveratrol and 1 L of red wine for trans-piceid. This population in the
lowest quartile consumes only a fraction of the mean [20]. Considering that resveratrol
is mainly found in red wine, consumption of similar products tested could significantly
increase resveratrol intake in the population without red wine consumption. The HPLC
measurement also indicated that the animals received amounts of resveratrol close to the
mean human intake. Similar animal studies carried out by us are very rare. The studies
focus mainly on tolerance, toxicity, renal and hepatic damage and the effects of high doses
in general [21].

Histone acetylation, which is regulated by HDAC activity [4], has been shown to
modulate gene expression, and the post-transcriptional modifications of acetylation and
methylation may play roles in cancer development by regulating the expression of tumour
suppressor genes and oncogenes. Our results demonstrate that the fruit seed and peel
extract significantly decreased HDAC2 and HDAC3 expression in both the liver and kidney
compared with the Control group, which consumed only standard laboratory pellets, and
with the DMBA-treated group. However, no significant changes in HDAC8 expression
were observed in either the liver or kidney.

There may be a special case where DMBA combined with fruit and peel extract results
in lower expression than fruit and peel extract alone. Such examples are shown in Figure 4
for HDAC3 in the liver and HDAC2 in the kidney. Similar observations have been made by
other researchers, but this may be a gene- and tissue-dependent issue, and not a universal
one. For example, Singhal and colleagues investigated the effect of oestrogen modification
on DMBA carcinogenesis in the liver of ovariectomised rats. They determined that the
expression of CYP1A1 and CYP1B1 was higher in the co-administration of oestrogen and
DMBA than in the DMBA group. The expression of NQO1 was increased by DMBA, but this
increase was more modest in the presence of DMBA and oestrogen together. For GSTM3,
DMBA and oestrogen resulted in lower expression than DMBA or oestrogen alone [20].

Mirza et al. described results, similar to our findings, for the relative gene expres-
sion levels of DNMT1, DNMT3A, and DNMT3B measured by RT-PCR in breast cancer
cells treated with multiple natural chemopreventive substances, such as EGCG, genis-
tein, withaferin A, curcumin, resveratrol, and guggulsterone. These natural substances
significantly decreased DNMT gene expression, suggesting potential chemopreventive
activities. DNMTs are recognized as major enzymes involved in the somatic inheritance
of DNA methylation, playing crucial roles in epigenome maintenance. The upregulation
of the DNMT1 expression may induce the dissociation of p21WAF1 from PCNA, which
may make p21WAF1 more vulnerable to ubiquitination and proteasomal degradation [22].
Supplementation with the fruit seed and peel extract in our experiment resulted in rela-
tively low gene expression levels of DNMT1 and DMNT3A in both the kidneys and liver
compared with the Control group and prevented increased gene expression following
DMBA exposure, whereas DNMT3B only showed lower levels in the FC groups compared
to the DMBA groups.

The chemopreventive effects of fruit seed and peel extracts, which contain polyphenols
and flavonoids, have been demonstrated in several studies. Flavonoids, such as antho-
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cyanin and luteolin, are abundant in many fruits and vegetables. Ursolic acid, a natural
triterpenoid found in blueberries and cranberries, activates the nuclear factor-erythroid
factor 2–related factor 2 (Nrf2) pathway and decreases the enzymatic activities of DNMTs
and HDACs, leading to chemopreventive and antitumor activities [23–25].

Various studies have demonstrated that DNA methylation, which is regulated by the
histone acetylation status, results in gene silencing in breast cancer cells. Several hyperme-
thylated genes have been associated with gene silencing, such as the cell cycle inhibitor
genes CDKN2A (p16) and RASSF1A, and the DNA repair gene BRCA1. The combination of
sulforaphane (SFN) with the main polyphenol found in green tea, epigallocatechin-3-gallate
(EGCG), can reactivate oestrogen receptor (ER)-α expression in ER-α-negative breast cancer
cell lines, restoring sensitivity to antioestrogen treatment [26,27]. Therefore, the inhibition
of HDAC and DNMT activities may provide new treatment options for patients with
ER-α-negative breast cancer [23]. According to a recent study, the carcinogenic polycyclic
aromatic hydrocarbons, such as benzofluorene and benzo (a) pyrene (BaP), can significantly
increase the enzymatic levels of DNMT1l [28].

Recently, black raspberry-derived anthocyanins, a subclass of flavonoids, have been
demonstrated to suppress the enzymatic activities and protein levels of DNMT1 and
DNMT3B in multiple colon cancer cell lines, including HCT116, Caco-2, and SW480 cells
leading to demethylation. The demethylation of promoters for cyclin-dependent kinase in-
hibitor 2A (CDKN2A) and secreted frizzled-related protein 2 (SFRP2), in addition to SFRP5
and Wnt inhibitory factor 1 (WIF1), which are upstream of the Wnt signaling pathway,
results in the increased mRNA expression of these genes. The mRNA expression genes
downstream of the Wnt pathway, including β-catenin and c-Myc, also decreased, resulting
in reduced cell proliferation and increased apoptosis [29]. Resveratrol, an active ingredient
found in red grapes, peanuts, and berries, has been linked to health and disease prevention
due to reported cardioprotective, antioxidative, anti-inflammatory, and anticancer activ-
ities [26]. Resveratrol decreases DNMT1 and DNMT3B expression levels and modulates
the aberrant expression profiles of microRNAs (miRNAs) in cancer cell lines and tumour
tissues [30].

Trans-resveratrol can reduce the occurrence of Ras association domain family 1 isoform
A (RASSF1A) hypermethylation by inhibiting DNMT activity in women with increased
breast cancer risk [31,32]. Pterostilbene is a dimethyl ether derivative of resveratrol found
in blueberries, grapes, and herbs, such as Pterocarpus indicus. By suppressing the activities
of Sirtuin 1 (SIRT1) and DNMTs, resveratrol and pterostilbene can synergistically inhibit
cell viability, induce apoptosis, and arrest the cell cycle in triple-negative breast cancer cells,
inhibiting telomerase activity and histone H2AX expression [3,5]. In summary, DNMT and
HDAC inhibitors target several pathways that contribute to cancer development [33].

Overall, it can be assumed that the increase in carcinogenic DMBA-induced expression
of HDAC1, HDAC2, DNMT1, DNMT3A and DNMT3B genes tested was reduced in most
cases by the fruit peel and seed extract tested. This finding is significant because normal
dietary conditions were modelled in our studies. However, it provides the amount that
already has a significant protective effect against many diseases [34,35].

5. Conclusions

The results of this study indicated that fruit and peel extract administered to mice
at human-equivalent doses protected against the DMBA-induced upregulation of DNMT
and HDAC genes, which was likely due to the chemopreventive effects of the various
compounds found in fruit seed and peel extract, which is rich in polyphenols and flavonoids.
Consumption of one serving of the fruit seeds and peel extracts tested does not exceed
the regular daily intake of polyphenols, trans-resveratrol and trans-piceid. Although vast
amounts of data are available in the literature associated with specific gene expression,
relatively few research groups have examined the epigenetic effects of natural extracts in
normal dietary intake level in animal models. Our results suggest that an extract derived
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from fruit peels and seeds provides effective protection against early gene expression
changes of genes involved in epigenetic processes induced by the carcinogen DMBA.
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Abstract: Macrophages and microglia are highly versatile cells that can be polarized into M1 and
M2 phenotypes in response to diverse environmental stimuli, thus exhibiting different biological
functions. In the central nervous system, activated resident macrophages and microglial cells trigger
the production of proinflammatory mediators that contribute to neurodegenerative diseases and psy-
chiatric disorders. Therefore, modulating the activation of macrophages and microglia by optimizing
the inflammatory environment is beneficial for disease management. Several naturally occurring
compounds have been reported to have anti-inflammatory and neuroprotective properties. Zerum-
bone is a phytochemical sesquiterpenoid and also a cyclic ketone isolated from Zingiber zerumbet
Smith. In this study, we found that zerumbone effectively reduced the expression of lipocalin-2 in
macrophages and microglial cell lines. Lipocalin-2, also known as neutrophil gelatinase-associated
lipocalin (NGAL), has been characterized as an adipokine/cytokine implicated in inflammation.
Moreover, supplement with zerumbone inhibited reactive oxygen species production. Phagocytic
activity was decreased following the zerumbone supplement. In addition, the zerumbone supplement
remarkably reduced the production of M1-polarization-associated chemokines CXC10 and CCL-2, as
well as M1-polarization-associated cytokines interleukin (IL)-6, IL-1β, and tumor necrosis factor-α.
Furthermore, the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 and the
production of NO were attenuated in macrophages and microglial cells supplemented with zerum-
bone. Notably, we discovered that zerumbone effectively promoted the production of the endogenous
antioxidants heme oxygenase-1, glutamate–cysteine ligase modifier subunit, glutamate–cysteine
ligase catalytic subunit, and NAD(P)H quinone oxidoreductase-1 and remarkably enhanced IL-10, a
marker of M2 macrophage polarization. Endogenous antioxidant production and M2 macrophage
polarization were increased through activation of the AMPK/Akt and Akt/GSK3 signaling pathways.
In summary, this study demonstrated the protective role of zerumbone in maintaining M1 and M2
polarization homeostasis by decreasing inflammatory responses and enhancing the production of en-
dogenous antioxidants in both macrophages and microglia cells. This study suggests that zerumbone
can be used as a potential therapeutic drug for the supplement of neuroinflammatory diseases.

Keywords: zerumbone; microglial cells; macrophage polarization; neuroinflammation; redox homeostasis
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1. Introduction

Macrophages are key immune cells that maintain homeostasis and defense during
periods of both good health and disease by regulating the onset and resolution of inflam-
mation [1]. Tissue macrophages reside in almost every part of the human body, including
the brain. Resident microglia in the central nervous system (CNS) are local phagocytic cells
that mediate immunological and inflammatory reactions in response to pattern-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) in the en-
vironment [2]. Several environmental factors alter the phenotype of macrophages, thereby
affecting their functions. Macrophages can be polarized into M1-like and M2-like pheno-
types [3]. Typically, microglia in healthy brain tissues are in a quiescent M2 phenotype,
and these microglia are critical for the maintenance of neuron–microglia interactions and
neuronal development [4]. M1 macrophages are activated by bacterial lipopolysaccharide
(LPS) and proinflammatory cytokines, including tumor necrosis factor (TNF) and interferon
(IFN). Activated M1 macrophages overexpress inducible nitric oxide synthase (iNOS), nitric
oxide (NO), and reactive oxygen species (ROS) and upregulate proinflammatory mediators
such as interleukin (IL)-1β, IL-6, and TNF-α [5–7]. ROS, which are produced in response
to oxidative and environmental stress, cause the activation of microglia [2]. Activated M1
microglia produce various proinflammatory mediators and free radicals that inhibit brain
repair and regeneration, leading to neuroinflammation, neurodegenerative diseases, and
psychiatric disorders [8]. Moreover, M1 macrophages produce several chemokines, such
as the C–X–C motif chemokine ligand (CXCL)-10 [9] and C–C motif chemokine ligand
(CCL)-2 [10], which trigger the activation of type 1 T helper (Th1) response, accelerate
phagocytic activity, and promote inflammation [6]. By contrast, M2 macrophages are acti-
vated in response to the Th2 response. Upregulation of arginase-1 (Arg-1) and IL-10 in M2
macrophages promotes cell proliferation, tissue repair, and anti-inflammatory cytokines,
thereby counteracting the inflammation triggered by activated M1 macrophages [11]. M2
microglia increase brain repair and regeneration by promoting phagocytosis, producing
endogenous trophic factors, and alleviating brain inflammation [1]. However, disruption
in the homeostasis of M1 versus M2 phenotypes results in the development of several
diseases, including obesity, atherosclerosis, and insulin resistance [12].

Generally, the proportion of M1 and M2 macrophages is tightly controlled in healthy
tissues [5]. Substantial evidence has been obtained indicating that the modulation of
macrophage polarization plays a crucial role in the pathology of several diseases, including
obesity [13], atherosclerosis [14], and cancers [15]. According to a study by Jiang et al.,
spinal cord injury (SCI) induced the expression of M1 phenotypic markers (CD86, iNOS,
IL-6, and TNF-α) and decreased the expression of M2 phenotypic markers (CD206, IL-10,
and Arg-1) [16]. In addition, treatment with substance P improved recovery from SCI by
inducing the production of endogenous anti-inflammatory mediators [16]. Our previous
study showed that treatment with paliperidone effectively decreased the expression of an
M2 phenotype marker (CD206) while increasing that of an M1 phenotype marker (CD80),
resulting in the inhibition of glioblastoma and suggesting that regulation of macrophage
polarization is a potential treatment strategy for certain diseases [17]. Notably, our recent
findings indicate that inhibiting lipocalin-2 expression in macrophages and microglial cells
may be a novel strategy for the treatment of neuroinflammation and neurodegenerative dis-
eases [18]. Lipocalin-2 has been characterized as an adipokine/cytokine and was found to
be associated with several cellular processes, including cell survival, death, differentiation,
invasion, migration, inflammatory response, iron homeostasis, insulin resistance, and tissue
regeneration [19]. An increased level of lipocalin-2 expression was correlated with acute and
chronic liver injury [20]. Following acute inflammation, the liver overexpresses lipocalin-2,
triggering inflammatory cell infiltration for phagocytosis and ensuring homeostasis [21].
One study discovered that lipocalin-2 promoted microglial M1 polarization, resulting in
impairment of cognitive function and motor behavior due to neuroinflammation [22]. A
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recent study reported that the neutralization of lipocalin-2 diminishes the severity of brain
injury caused by ischemia reperfusion [23]. Moreover, lipocalin-2-deficient mice exhibited
a weaker M1 phenotype with an increase in the strength of the M2 phenotype, suggesting
that lipocalin-2 plays a critical role in microglial polarization [22].

Zerumbone is a dietary compound presented in a variety of natural foods. It is naturally
occurring in plants of the Zingiberaceae and Curcuma families, notably Zingiber zerumbet Smith,
and features as a monocyclic sesquiterpene phytochemical [24]. Zerumbone has been reported
to possess diverse biological activities, including activities against microbes, osteoporosis,
prostatic hyperplasia, and polycystic ovary syndrome [24,25]. The safety, cytotoxicity, and
chemopreventive potential of zerumbone have been reported [26–28]. Zerumbone was also
reported to possess anti-inflammatory effects against acute and chronic inflammation of
granulomatous tissue in mice [29]. In addition, oral administration of zerumbone did not result
in any clinical abnormalities or other adverse effects in one study [30]. Zerumbone has been
discovered to possess anti-inflammatory and antioxidant activities in various inflammation-
related diseases [31,32]. Additionally, zerumbone was found to be beneficial for the treatment
of learning and memory impairment in an animal model [33]. A recent study suggested
that zerumbone decreased proinflammatory cytokine expression, β-amyloid production, and
behavioral deficits in APP/PS1 transgenic mice [34]. However, the effects (and underlying
mechanisms) of zerumbone on lipocalin 2 expression and macrophage polarization, as well
as the generation of endogenous antioxidant enzymes and anti-inflammatory proteins in the
CNS, remain poorly understood.

This study aimed to elucidate the regulatory effects of zerumbone on homeosta-
sis and M1/M2 macrophage polarization by considering lipocalin-2 expression, oxida-
tion/antioxidation effects, and inflammatory/anti-inflammatory effects in macrophages
and microglial cells. Furthermore, this study investigated the effect of zerumbone on
the activity of endogenous antioxidants and anti-inflammatory proteins in macrophages
and microglial cells. In summary, this study suggests that zerumbone may be a potential
supplement for inflammatory diseases and neurodegenerative diseases.

2. Materials and Methods

2.1. Materials

Primary antibodies against GSK3α/β, β-actin, and phosphor-AktSer743 were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against phosphor-
AMPKThr172 and phosphor-GSK3α/βSer21/Ser9 were purchased from Cell Signaling Tech-
nology. Anti-iNOS antibody (610431) was acquired from BD Transduction Laboratories
(Lexington, KY, USA). Cyclooxygenase (COX)-2 polyclonal antibody (aa 570–598) was pur-
chased from Cayman Chemicals (Ann Arbor, MI, USA). Heme oxygenase (HO)-1 polyclonal
antibody was obtained from Enzo Life Sciences Inc. (Farmingdale, NY, USA). Antibodies
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GCLC, GCLM, and NQO1)
were acquired from Abcam (Cambridge, MA, USA).

2.2. Cell Culture

In a humidified incubator containing 5% CO2 and 95% air at 37 ◦C, mouse macrophages
RAW264.7 cells were cultured in high glucose Dulbecco’s modified Eagle’s medium
(DMEM), 10% fetal bovine serum (FBS), and 100 U/mL penicillin/streptomycin. The
adult mouse microglia (IMG) was obtained from the Harvard School of Public Health
(Boston, MA, USA). IMG cells expressing a microglial-specific marker represent brain mi-
croglia features morphologically and functionally. The IMG cells were cultured in DMEM
with low glucose content (1 g/L), 10% FBS, and 100 U/mL penicillin/streptomycin.

2.3. Western Blotting Analysis

The cells were lysed on ice for 30 min with radioimmunoprecipitation assay buffer con-
taining a protease inhibitor cocktail. The supernatant was collected after centrifugation, and
proteins in the supernatant were separated using sodium dodecyl sulfate–polyacrylamide
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gel electrophoresis. The blots were transferred onto polyvinylidene fluoride membranes.
After being blocked with nonfat milk, the membranes were probed with primary antibodies
and secondary antibodies. Proteins were visualized through enhanced chemiluminescence
using Kodak X-OMAT LS film (Eastman Kodak, Rochester, NY, USA). The densitometric
values were quantified by ImageJ software.

2.4. NO Assay

The NO assay method is described in our previous publication [35]. Briefly, culture
supernatant containing nitrite was reacted for 10 min with 0.1% NED solution and 1%
sulfanilamide in 5% phosphoric acid avoiding light. NO was quantified by measuring the
amount of nitrite under OD 520 nm using a microplate reader.

2.5. Quantitative Real-Time Polymerase Chain Reaction (PCR)

mRNA levels were detected using quantitative real-time PCR, and total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). An amount of 2 μg of
total RNA was used for reverse transcription (RT) by using an RT Kit (Invitrogen, Carlsbad,
CA, USA). SYBR Green Master Mixes (Applied Biosystems, Waltham, MA, USA) was used
for conducting PCR. To calculate the transcripts cycle (denoted CT), the threshold was set
within the linear phase of gene amplification.

2.6. Phagocytosis Assay

The phagocytosis assay method was performed in accordance with the method in our
previous study [35]. The cells were seeded onto culture dishes and grown at 37 ◦C and 5%
CO2. After drug treatment, the medium was replaced with medium containing carboxylate-
modified polystyrene fluorescent yellow–green latex beads (YG beads; Cat#L4655; Sigma
Aldrich, St. Louis, MA, USA), and the cells were incubated at 37 ◦C. The cells were
trypsinized after several washes to remove the noninternalized beads, and their phagocytic
activity was quantified using flow cytometry.

2.7. Statistical Analysis

GraphPad Prism 6.0 (Graph Pad Software, San Diego, CA, USA) was used for statistical
analysis. Values are presented as the mean ± standard error of the mean (SEM). Significance
of the differences between the groups was analyzed by Student’s t-test. One-way analysis
of variance (ANOVA) with the Bonferroni post hoc test was used for comparisons of more
than two groups. A p < 0.05 was considered significant.

3. Results

3.1. Zerumbone Lowers the Expression of Lipocalin-2 in Macrophages and Microglial Cells

RAW264.7 mouse macrophages (Figure S1) and IMG adult mouse microglia (Figure S2)
were supplemented with zerumbone (1, 5, or 10 μM), and no toxicity was then observed.
As shown in Figure 1, supplement with zerumbone alone did not affect the expression
of lipocalin-2 in either cell model. Application of LPS resulted in significantly increased
lipocalin-2 expression in both the macrophages (Figure 1A) and microglia (Figure 1B).
Moreover, the zerumbone supplement effectively decreased LPS-stimulated lipocalin-
2 expression in a concentration-dependent manner for macrophages (Figure 1A) and
microglia (Figure 1B), with a 40% and 75% reduction under the maximum concentration
of zerumbone.
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Figure 1. Inhibitory effects of zerumbone on the expression of lipocalin-2 in macrophages and
microglia. RAW264.7 macrophages (A) and IMG adult mouse microglial cell lines (B) were supple-
mented with different concentrations of zerumbone (1, 5, or 10 μM) for 30 min and administered with
lipopolysaccharide (LPS; 50 ng/mL) for 6 h. Lipocalin-2 mRNA expression levels were determined
using real-time PCR and normalized to β-actin. Data are presented as the mean ± standard error of
the mean (SEM) (n = 3 or 4). *** p < 0.005 compared with the control group. # p < 0.05, ## p < 0.01
compared with the LPS alone group.

3.2. Supplement with Zerumbone Decreases H2O2, ROO•, and HO• Production in
Microglial Cells

The microglial cells were treated with either hydrogen peroxide (H2O2), 2, 2′-azobis
(2-amidinopropane) hydrochloride (AAPH), or iron (II) plus H2O2 to stimulate the produc-
tion of various ROS. Then, the effects of zerumbone on ROS production were determined.
As illustrated in Figure 2, supplement with zerumbone alone did not influence ROS pro-
duction. H2O2, AAPH, and iron resulted in ROS levels in microglial cells that were
approximately four- to six-fold higher than those in the control group. Notably, zerumbone
decreased H2O2 production in a concentration-dependent manner (Figure 2A). Supplement
with zerumbone further decreased AAPH-induced peroxyl radical (ROO•) production
(Figure 2B). Moreover, hydroxyl radical (HO•) production stimulated by iron (II) and
H2O2 following the zerumbone supplement was markedly decreased in a concentration-
dependent manner (Figure 2C). This study suggests that supplements with zerumbone
concentration-dependently inhibited H2O2, ROO•, and HO• production in microglial cells.

3.3. Inhibitory Effect of Zerumbone against Phagocytic Activity in Microglial Cells

We further investigated the effect of zerumbone on phagocytosis in microglial cells.
The results revealed that the nonphagocytic populations were remarkably smaller in the
LPS-activated microglial cells than in the non-LPS-activated microglial cells (Figure 3).
However, the phagocytic populations that engulfed two or more beads were larger. Fur-
thermore, supplement with zerumbone alone did not change the ability of phagocytosis
of microglial cells either in one or in two or more beads (Figure 3A upper-left panel, B).
Notably, 1 μM zerumbone slightly decreased LPS-stimulated phagocytosis in microglial
cells (Figure 3A upper-right panel, B). In addition, zerumbone at higher concentrations
(5 and 10 μM) effectively decreased the phagocytic populations engulfing two or more
beads in the LPS-stimulated microglial cells (Figure 3A lower panel, B). These results
confirm that supplement with zerumbone alone did not affect the ability of phagocytosis.
Moreover, zerumbone effectively inhibited LPS-stimulated microglial phagocytosis.
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Figure 2. Effects of zerumbone on ROS production in microglia. IMG cells were supplemented
with various concentrations of zerumbone (1, 5, or 10 μM) for 30 min, followed by 5 mM H2O2 (A),
5 mM AAPH (B), or 1 mM iron (ll) with 0.5 mM H2O2 (C) for another 90 min. The intensity
of dichlorofluorescein (DCF) fluorescence was detected through flow cytometry after 40 min of
incubation with 10 μM dichloro-dihydro-fluorescein diacetate (DCFH-DA). Quantitative data are
represented as the mean ± SEM (n = 4). *** p < 0.005 compared with the control group. # p < 0.05,
## p < 0.01, ### p < 0.005 compared with the treatment group alone.
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Figure 3. Effect of zerumbone on phagocytic ability in microglia. (A) IMG cells were presupplemented
with different concentrations of zerumbone (1, 5, or 10 μM) for 30 min and LPS (50 ng/mL) for another
24 h. After incubation of the cells with 1 μm fluorescent YG beads for 1 h at 37 ◦C, the intensity of the
beads was analyzed using flow cytometry. The quantitative results shown in (B) are the mean ± SEM
(n = 4): non, no bead was uptaken by cell; 1 bead, cell uptake 1 bead; >2 beads, cell uptake more than
2 beads. ** p < 0.01, *** p < 0.005 compared with the control group. # p < 0.05, ## p < 0.01 compared
with the LPS alone group.

3.4. Zerumbone Reduces the Expression of Proinflammatory Mediators and M1-Macrophage
Polarization Markers in Macrophages and Microglial Cells

We investigated the effect of zerumbone on the LPS-stimulated expression of proinflam-
matory mediators associated with M1-like macrophage/microglia polarization. The mRNA
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expression of CXCL-10 and CCL-2 was elevated in the mouse macrophages (Figure 4A,B) and
IMG cells (Figure 4C,D) following LPS stimulation. Furthermore, zerumbone concentration-
dependently decreased the LPS-induced increased expression of CXCL-10 (Figure 4A,C) and
CCL-2 (Figure 4B,D) in both cell models.

Figure 4. The expression of proinflammatory mediators in macrophages and microglia in response to
zerumbone. RAW264.7 (A,B) and IMG (C,D) cells were supplemented with different concentrations of
zerumbone (1, 5, or 10 μM) for 30 min and then activated by LPS (50 ng/mL) for another 6 h. CXCL-10
(A,C) and CCL-2 (B,D) mRNA expression was analyzed using real-time PCR and normalized to β-actin.
Data are presented as the mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.005 compared with the
control group. # p < 0.05, ## p < 0.01 compared with the LPS alone.

Additionally, zerumbone considerably and concentration-dependently reduced the
LPS-induced upregulation of M1 polarization markers such as IL-6 (Figure 5A), IL-1β
(Figure 5B), and TNF-α (Figure 5C) in macrophages. We further observed similar in-
hibitory effects of zerumbone on LPS-induced IL-6 (Figure 6A), IL-1β (Figure 6B), and
TNF-α (Figure 6C) in microglial cells. Moreover, supplement with zerumbone attenuated
LPS-stimulated expression of iNOS (Figure 5D,E) and COX-2 (Figure 5D,F) proteins in
macrophages in a concentration-dependent manner. Zerumbone further inhibited LPS-
induced NO production in macrophages (Figure 5G). Furthermore, zerumbone effectively
reduced the mRNA expression of iNOS (Figure 6D) and COX-2 (Figure 6E) induced by
LPS. Supplement with zerumbone attenuated the expression of iNOS (Figure 6F,G) and
COX-2 (Figure 6F,H) proteins induced by LPS, as well as NO production, dose-dependently
(Figure 6I). We did not observe any change in the expression of proinflammatory mediators
in macrophages (Figure 4A,B and Figure 5) or microglia (Figure 4C,D and Figure 6) sup-
plemented with zerumbone alone. The results suggest that supplement with zerumbone
reversed LPS-activated macrophage and microglia polarization toward the M1 phenotype.
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Figure 5. The expression of proinflammatory mediators in response to zerumbone in macrophages.
RAW264.7 cells were supplemented with different concentrations of zerumbone (1, 5, or 10 μM) for
30 min and then stimulated with LPS (50 ng/mL) for another 6 h (A–C) or 24 h (D–G). Expressions
of IL-6 (A), IL-1β (B), and TNF-α (C) mRNA were analyzed using real-time PCR and normalized to
β-actin. (D) iNOS and COX-2 protein expressions were analyzed using Western blotting. Quantitative
results are shown in (E,F). (G) The cultural supernatant was harvested for measuring NO production
by NO assay. Each bar represents the mean ± SEM (n = 3 or 4). * p < 0.05, ** p < 0.01, *** p < 0.005
compared with the control group. # p < 0.05, ## p < 0.01, ### p < 0.005 compared with the LPS
alone group.
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Figure 6. The expression of proinflammatory mediators in response to zerumbone in microglia. IMG
cells were supplemented with different concentrations of zerumbone (1, 5, or 10 μM) for 30 min and
administered with LPS (50 ng/mL) for another 6 h (A–C) or 24 h (D–G). IL-6 (A), IL-1β (B), TNF-α (C),
iNOS (D), and COX-2 (E) mRNA expressions were analyzed using real-time PCR and normalized to
β-actin. (F) iNOS and COX-2 protein expressions were analyzed using Western blotting. Quantitative
results are shown in (G,H). (I) The cultural supernatant was harvested for measuring NO production by
NO assay. Each bar represents the mean ± SEM (n = 3 or 4). ** p < 0.01, *** p < 0.005 compared with the
control group. # p < 0.05, ## p < 0.01, ### p < 0.005 compared with the LPS alone group.

3.5. Zerumbone Promotes Endogenous Antioxidant Production and IL-10 Expression in
Microglial Cells

Several naturally occurring compounds stimulate the production of endogenous antioxidants
—such as heme oxygenase (HO)-1, glutamate–cysteine ligase modifier subunit (GCLM),
glutamate–cysteine ligase catalytic subunit (GCLC), and NAD(P)H quinone oxidoreductase-1
(NQO1)—and promotes microglial polarization toward M2-like phenotypes that are benefi-
cial for maintaining cellular redox homeostasis and are anti-inflammatory [18,36,37]. This
study showed that supplement with zerumbone remarkably promoted the expression of
the endogenous antioxidant proteins HO-1 (Figure 7A,B), GCLM (Figure 7A,C), GCLC
(Figure 7A,D), and NQO1 (Figure 7A,E) in microglial cells. Moreover, the mRNA expression
of HO-1 (Figure 7F), GCLM (Figure 7G), GCLC (Figure 7H), and NQO1 (Figure 7I) was upreg-
ulated following zerumbone supplement in microglial cells. Moreover, as shown in Figure 7J,
zerumbone increased the expression of the M2 phenotype marker IL-10 in a dose-dependent
manner. These data suggest that the antineuroinflammatory properties of zerumbone were
modulated by the production of endogenous antioxidants.
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Figure 7. The expression of endogenous antioxidants and anti-inflammatory cytokines in response to
zerumbone in microglia. (A) Different concentrations of zerumbone (1, 5, or 10 μM) were supple-
mented on IMG cells for 24 h. Protein expressions of HO-1, GCLM, GCLC, and NQO1 were evaluated
using Western blotting. The quantitative results of HO-1 (B), GCLM (C), GCLC (D), and NQO1
(E) were determined by using ImageJ. Different concentrations of zerumbone (1, 5, or 10 μM) were
supplemented on IMG cells for 6 h. HO-1 (F), GCLM (G), GCLC (H), NQO1 (I), and IL-10 (J) mRNA
expressions were quantified using real-time PCR. Each bar represents the mean ± SEM (n = 3 or 4).
* p < 0.05, ** p < 0.01, *** p < 0.001 compared with the control group.

3.6. AMPK and Akt/GSK3 Signaling Pathways Mediate Zerumbone-Stimulated Production of
Endogenous Antioxidants in Microglial Cells

Studies have shown that zerumbone activates AMPK signaling pathways and the
downstream target of AMPK, acetyl-CoA carboxylase (ACC), contributing to a protective
role in high-glucose-stimulated renal tubular cells [38] and high-fat-diet-induced obesity in
mice [39]. Furthermore, zerumbone attenuated inflammatory responses in mice with acute
lung injury [40] and macrophages [26] by modulating the Akt pathway. In the present
study, the zerumbone supplement enhanced activation of the AMPK (Figure 8A) and Akt
(Figure 8B) signaling pathways, as well as their downstream targets ACC (Figure 8A) and
GSK3 (Figure 8B). In addition, supplement with an AMPK inhibitor (compound C) sup-
pressed the expression of HO-1 (Figure 8C,D), GCLM (Figure 8C,E), and GCLC (Figure 8C)
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proteins in microglial cells supplemented with zerumbone. We further confirmed the
involvement of the AMPK/Akt signaling pathways in the protective effects of zerumbone.
As illustrated in Figure 8, the zerumbone-induced expression of endogenous antioxidant
genes such as HO-1, GCLC, GCLM, and NQO1 (Figure 8F–I), as well as M2 phenotype
marker IL-10 (Figure 8J), was inhibited by compound C, Akt inhibitor, and GSK3 inhibitor
(SB21). These findings indicate that zerumbone promoted endogenous antioxidants and
polarization toward M2 phenotypes by mediating the AMPK and Akt/GSK3 pathways in
microglial cells.

Figure 8. Zerumbone-induced endogenous antioxidant expression is mediated through AMPK and
Akt/GSK3 signaling pathways. IMG cells were supplemented with zerumbone (10 μM) for 30,
60, or 120 min. The phosphorylation of AMPK and ACCα (A) and of Akt and GSK3α/β (B) were
examined by Western blotting. AMPK inhibitor compound C (15 μM) was administered 30 min before
supplemented with zerumbone (10 μM) for another 24 h. (C) HO-1 and GCLM protein expressions
were detected by Western blotting, with quantitative data shown in (D) and (E). Compound C,
Akt inhibitor (10 μM), or SB 216763 (SB21; 20 μM) were administered 30 min before supplemented
with zerumbone for another 6 h. HO-1 (F), GCLC (G), GCLM (H), NQO1 (I), and IL-10 (J) mRNA
expressions were determined using real-time PCR and normalized to β-actin. The quantitative results
in bar graphs represent the mean ± SEM (n = 3 or 4). ** p < 0.01, *** p < 0.005 compared with the
control group. # p < 0.05, ## p < 0.01, ### p < 0.005 compared with zerumbone alone.
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4. Discussion

Zerumbone has been reported to modulate oxidative stress in several cancers, includ-
ing breast cancer [18], nonsmall-cell lung cancer [36], and colon cancer [37]. Furthermore,
it has been reported that zerumbone enhances the radiosensitivity and chemosensitivity
of these malignancies. Notably, zerumbone has been reported to induce oxidative stress
and cell apoptosis in protozoan parasites [38]. A recent report indicated that zerumbone
protects against zearalenone-induced hepatotoxicity in mice by activating endogenous
antioxidants, including glutathione and superoxide dismutase [39]. Moreover, zerumbone
treatment also protected against oxidative stress in a mouse model of acute liver injury [40].
A few studies have reported that zerumbone exerts biological effects on the CNS. Treat-
ment with zerumbone reversed scopolamine-induced memory impairments in rats [33]
and social memory in triple transgenic Alzheimer’s disease (AD) mouse models [41]. In
addition, the cotreatment of zerumbone with polyunsaturated fatty acids attenuated ox-
idative stress in the brain by increasing antioxidants and neurotrophins [42]. A recent
study suggested that in APP/PS1 transgenic mice, zerumbone decreased the expression of
proinflammatory cytokines, lessened the amount of β-amyloid accumulation, and reduced
behavioral deficits, partly due to the production of IL-10 by activated microglia [34]. The
present study confirmed the antioxidative and anti-inflammatory properties of zerumbone
by demonstrating that zerumbone effectively reduced inflammation and oxidative stress in
macrophages and microglia without any toxicity being incurred.

Production of lipocalin-2 may act as a signal during oxidative stress and inflamma-
tion. Lipocalin-2 is produced in the CNS in response to acute-phase brain injury, further
triggering the inflammation-related chemokine CXCL10, which promotes the migration
of astrocytes to injury sites [43,44]. Neutralization of lipocalin-2-attenuated neurological
deficits and cerebral infarction by diminishing the expression of M1 macrophage polariza-
tion in the brain in a stroke-reperfusion injury mouse model [45]. Additionally, lipocalin-
2-deficient mice had less hyperalgesia, M1 macrophage polarization, and macrophage
inflammatory protein 2 production in response to complete Freund’s adjuvant. [46]. The
level of lipocalin-2 was found to be increased in patients with AD [47] and Parkinson’s
disease (PD) [48]; the patient’s pathophysiology was also aggravated along the lipocalin-2
levels. Moreover, a recent study considered lipocalin-2 to be a promising therapeutic
target in the management of dementia [49]. In our previous study, we demonstrated that
management of lipocalin-2 reduced astrocyte activation and improved cognitive functions,
social avoidance, and anxiety-like behaviors [50]. Notably, one study [23] and our recent
study [51] have reported that lipocalin-2 may be a regulator of M1 and M2 macrophage
polarization. The present study demonstrated the role of zerumbone in decreasing the
expression of lipocalin-2 and thereby improving the inflammatory response and tissue
homeostasis in activated microglia and macrophages.

Macrophages respond to external and endogenous stimuli by switching their phe-
notypes to resolve inflammation and maintain immune defense and homeostasis [1].
One study demonstrated that in an experimental PD mouse model, an increase in M1
macrophages in the peripheral immune system triggered the expression of proinflamma-
tory mediators such as iNOS, IL-1β, and TNF-α in brain, leading to neuronal cell death [52].
Notably, by depleting peripheral M1 macrophages and promoting M2 macrophages, T
cell infiltration to the brain was reduced, thereby reducing brain inflammation, neuronal
cell death, and behavioral deficits [52]. In experimental autoimmune encephalomyelitis
(EAE), activated M1 microglia upregulated CCL-2, which facilitated the recruitment of
circulating monocytes to the injured sites, as well as TNF and iNOS, which contributed to
inflammation [53]. Overproduction of ROS in macrophages may trigger necrosis, which
leads to the production of proinflammatory mediators and aggravates inflammation [54].
One study revealed that mitochondrial ROS generated by activated macrophages stimu-
lated the expression of IL-1β, TNF-α, and CCL-2, thereby increasing the risk of developing
high-fat-induced insulin resistance and atherosclerosis [55]. Moreover, increased levels of
ROS were shown to trigger inflammation and cause apoptotic death of microglia under
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oxygen–glucose deprivation conditions [56]. Notably, NADPH oxidase (NOX)-1-derived
ROS increased the expression of lipocalin-2 in colon epithelial cells stimulated with TNF-
α and IL-17 [57]. Accordingly, NOX-1-knockout mice exhibited reduced expression of
lipocalin-2 along with improved colon condition [57]. Treatment with zerumbone was
found to diminish ROS production and protect cells from high-glucose-stimulated pan-
creatic β cells [58]. The present study supported previous studies that zerumbone could
protect microglia and macrophages by regulating the production of ROS and expression of
proinflammatory mediators.

Macrophages require ROS during the uptake and clearance of dying cellular parts.
ROS control the phagocytic activity of macrophages [59]. Increased intracellular production
of ROS was reported to enhance the phagocytosis of macrophages [60]. Phagocytosis
by microglia is associated with neurodegenerative diseases [61]. The roles of microglia
and phagocytosis in different stages of neurodegenerative disorders remain unknown.
Phagocytosis by activated microglia can be beneficial in terms of the clearance of Aβ

in AD [62]. However, microglia may be detrimental to the pathophysiology of AD be-
cause they stimulate neurotoxins [61]. Similarly, a study suggested that there is a delicate
balance between activated microglial damage of myelin-generating cells and activated
microglial repair and support of neurogenesis in multiple sclerosis [63]. Thus, maintaining
macrophage homeostasis and phagocytic activity is beneficial for disease management.
Notably, lipocalin-2-deficient mice exhibited lower phagocytic activity than wild-type
mice [64]. A recent study suggested that lipocalin-2 regulated myelin phagocytosis in
an ischemic stroke mouse model [65]. The present study demonstrated the regulatory
effects of zerumbone on proinflammatory-stimulus-triggered lipocalin-2 expression and
microglial phagocytic activity. On the other hand, zerumbone is also reported to exert
anti-inflammatory effects through pathways other than lipocalin-2, such as the Akt-NFkB
pathway and NLRP3 inflammasome [40,66], indicating that zerumbone may augment
inhibitory effects on M1/M2 polarization, cytokine production, and ROS formation.

The production of IL-10 is facilitated by the protein expression of M2 phenotypes,
which suppress inflammation and restore homeostasis [67]. Treatment with recombinant
IL-10 considerably decreased M1 macrophage polarization in LPS-activated microglia [68].
Moreover, IL-10-deficient mice exhibited a decreased inflammatory response and persistent
ischemia, suggesting the role of IL-10 in attenuating local inflammatory responses [68].
IL-10 overexpression was found to be beneficial for the treatment of several neurodegen-
erative diseases—including SCI [16], EAE [69], and AD [70]—by reducing the expres-
sion of proinflammatory mediators and improving neurological functions. Evidence was
found that IL-10 signaling is correlated with the expression of HO-1 [71]. The induction
of endogenous antioxidants, such as glutathione-S-transferases, regulates inflammatory
responses [72]. Our previous studies have demonstrated that treatment with naturally
occurring compounds—quercetin [51], paeonol [73], fisetin [74], and caffeic acid phenethyl
ester [75]—induces the expression of HO-1 and promotes the polarization of macrophages
toward the M2 phenotype that inhibits proinflammatory responses in microglia. In addi-
tion, zerumbone has been reported to upregulate the expression of HO-1 and γ-glutamyl
cysteine ligase in human keratinocyte cells [76]. Zerumbone enhances GSK3β phosphory-
lation in meningioma cells [75,77]. A recent study reported that zerumbone supplement
activates the PI3/Akt signaling pathway and upregulates the expression of endogenous
antioxidants against hepatotoxicity [39]. Additionally, stimulation of endogenous antioxi-
dants is regulated by activation of the AMPK/Akt signaling pathway [78,79]. The present
study demonstrated that zerumbone significantly stimulated the expression of endogenous
antioxidants and M2 macrophage markers involving AMPK/Akt and Akt/GSK3β signal-
ing pathways, resulting in zerumbone having antioxidant and protective roles in microglia
and macrophages.

The limitation of this study includes that no result was obtained from in vivo experi-
mental models. If additional animal models were carried out, we could provide substantial
information considering the effectiveness of zerumbone and improve our understand-
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ing of zerumbone under systemic conditions. From our established in vivo model, we
found that LPS-induced inflammation provokes IL-6 and TNF-α production in mouse
brain microglia [80]. LPS also causes impaired motor balance and coordination function in
mice [36]. Moreover, LPS injection also induces microglia to change their normal ramified
morphology into an activated hypertrophic form [81]. In this study, we attempted to focus
on the effects of zerumbone on M1/M2 polarization and the ability of phagocytosis, and
we chose macrophages and microglia cell lines to clarify the effect of zerumbone.

5. Conclusions

This study demonstrated the potential role of zerumbone in reducing the expression
of lipocalin-2- and M1-associated inflammatory responses, including the overexpression
of proinflammatory cytokines (IL-1β, IL-6, and TNF-α), chemokines (CCL-2 and CXCL-
10), iNOS, NO, and COX-2 in activated microglia and macrophages. Supplement with
zerumbone was discovered to effectively reduce ROS production stimulated by H2O2,
ROO•, and HO•. The phagocytic activity of microglial cells triggered by proinflammatory
stimuli was also lower in cells subjected to zerumbone supplement. The expression of
IL-10 in both microglia and macrophages was increased following supplementation with
zerumbone. Notably, we discovered that zerumbone increased the expression of HO-1,
GCLM, GCLC, and NQO1 by regulating the AMPK and Akt/GSK3β signaling pathways.
This study suggests that zerumbone could be a potential supplement for inflammatory
diseases in both the CNS and peripheral systems due to its ability to regulate cellular redox
homeostasis and macrophage polarization.
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Abstract: Forty compounds were isolated and characterized from A. tenuissimum flower. Among them,
twelve flavonoids showed higher α−glucosidase inhibition activities in vitro than acarbose, especially
kaempferol. The molecular docking results showed that the binding of kaempferol to α−glucosidase
(GAA) could reduce the hydrolysis of substrates by GAA and reduce the glucose produced by
hydrolysis, thus exhibiting α−glucosidase inhibition activities. The in vivo experiment results
showed that flavonoids−rich A. tenuissimum flower could decrease blood glucose and reduce lipid
accumulation. The protein expression levels of RAC−alpha serine/threonine−protein kinase (AKT1),
peroxisome proliferator activated receptor gamma (PPARG), and prostaglandin G/H synthase 2
(PTGS2) in liver tissue were increased. In addition, the Firmicutes/Bacteroidetes (F/B) ratio was
increased, the level of gut probiotics Bifidobacterium was increased, and the levels of Enterobacteriaceae
and Staphylococcus were decreased. The carbohydrate metabolism, lipid metabolism, and other
pathways related to type 2 diabetes mellitus were activated. This study indicating flavonoids−rich
A. tenuissimum flower could improve glycolipid metabolic disorders and inflammation in diabetic
mice by modulating the protein expression and gut microbiota.

Keywords: A. tenuissimum flower flavonoids; network pharmacology; molecular docking; gut
microbiota; type 2 diabetes mellitus

1. Introduction

Diabetes mellitus (DM) is a complex chronic metabolic disease. Type 2 diabetes
mellitus (T2DM) accounts for more than 90% of diabetic patients. Previous studies showed
that T2DM is always accompanied by glucolipid metabolism disorders. Conventional
therapies such as long−term usage of insulin injection and other oral medicines might have
some side effects, such as gastrointestinal discomfort and hepatic metabolic burden [1].
Chinese herbs and their active ingredients are considered potential therapeutic materials
for diabetes based on the safety of natural ingredients. It has been shown that Pueraria lobate
(kudzu), Portulaca oleracea, Folium mori, Radix scutellariae, and other traditional Chinese
herbs are widely used for treating diabetes [2,3]. Isoflavone−rich kudzu extract could
decrease blood glucose levels in diabetic Wistar rats [4]. Portulaca oleracea flavonoids could
significantly improve liver injury and promote insulin secretion and glucose uptake in
diabetic mice [5]. Although the anti−diabetic effects of flavonoids are wildly reported
in animal studies, however, most individual flavonoid ingredients are not successful in
treating diabetes in clinical research. On the other hand, a previous study has shown that
dietary flavonoids could reduce the risk of T2DM [6].
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Network pharmacology is a cross−disciplinary product of traditional pharmacology,
biochemistry, and systems biology [7,8]. Network pharmacology is conducted based
on multiple online platforms and related visualization software. Multi−target analysis
methods are increasingly used to predict the major active ingredients in herbal medicines
and their potential targets and mechanisms of action [9]. Furthermore, molecular docking
is an important method for drug design and screening, which could predict the binding
mode and stability of ligand and target by calculating binding energy [10]. Combining
network pharmacological analysis with molecular docking could be a useful method to
explain the mechanism of interaction between active ingredients and their targets.

A. tenuissimum flower (Allium, Liliaceae) is wildly distributed in China. A. tenuissimum
flower with a unique aroma is a vegetable, pickled product, and condiment. Our previous
study has characterized and identified volatile compounds and confirmed the key aroma
compounds of the A. tenuissimum flower [11]. Previous studies had also focused on the
nutritional analysis, antioxidant and antibacterial activities, and the inhibitory effect on
α−glucosidase of the ethanol extract of A. tenuissimum flower [12–14]. α−Glucosidase
is the key enzyme of glucose metabolism, which can hydrolyze glycosides to produce
glucose and play a key role in the modulation of blood glucose levels [15]. The in vitro
α−glucosidase inhibitory activity assay is widely used to evaluate the potential activity
of natural compounds including flavonoids and phenolics. Studies have demonstrated
that α−glucosidase inhibitors have a positive effect on T2DM animal models [16–18]. Due
to the containing of multiple hydroxyl and glycosidic functional groups, flavonoids are
considered potential effective α−glucosidase inhibitors. Therefore, it has been suggested
that flavonoids might have a therapeutic effect on diabetes mellitus [19–21]. In this research,
we will focus on the flavonoids of A. tenuissimum flower, their anti−diabetic activity, and
potential mechanisms based on network pharmacology analysis and high−fat diet feeding
plus a streptozotocin−induced mice model.

Therefore, we aimed to (1) isolate and characterize the ingredients of A. tenuissimum
flower, (2) use network pharmacology analysis and molecular docking to screen active in-
gredients and potential targets, (3) perform animal experiments to explore the anti−diabetic
activity of A. tenuissimum flower and to verify the results of network pharmacology analysis
and molecular docking, (4) explore the modulation effect of A. tenuissimum flower on the
gut microbiota of diabetic mice.

2. Materials and Methods

2.1. Chemicals and Reagents

Methanol, ethyl acetate, n−butanol, dichloromethane, petroleum ether, and ethanol
were of analytical grade and purchased from Fuyu Fine Chemical Co., Ltd. (Tianjin,
China). α−Glucosidase (from yeast), phosphate−buffered saline (PBS), and streptozotocin
(STZ) were purchased from Sigma−Aldrich (St Louis, MO, USA). Na2CO3, 4−nitrophenyl
α−D−galactopyranoside (PNPG), acarbose, and TBST buffer were obtained from Al-
addin Biochemical Technology Co., Ltd. (Shanghai, China). Bicinchoninic acid (BCA)
protein assay kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing
China). Pre−stained protein marker was obtained from New Cell & Molecular Biotech Co.,
Ltd. (Suzhou, China). RAC−alpha serine/threonine−protein kinase (AKT1), peroxisome
proliferator−activated receptor gamma (PPARG), prostaglandin G/H synthase 2 (PTGS2),
β−actin, and HRP−conjugated Affinipure Goat Anti−Mouse IgG (H + L) were purchased
from Proteintech Group, Inc. (Rosement, PA, USA).

2.2. A. tenuissimum Flower Extract Preparation

The A. tenuissimum flower was collected from Xingtai City (Hebei Province, China)
in August 2020. The dried A. tenuissimum flower (10 kg) was extracted with 60 L 75%
ethanol/water three times (24 h/time). Approximately 2268 g crude residue (AF) was
obtained after concentration and then dispersed in water. Petroleum ether was used for
degreasing and decolorizing. Ethyl acetate and n−butanol were used for liquid−liquid
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extraction sequentially, yielding about 120.97 g of ethyl acetate extract and 514.85 g of
n−butanol extract. Sample AFr (ca. 635.8 g) included the ethyl acetate and n−butanol parts.

2.3. Isolation, Characterization, and Quantitation

The n−butanol fraction was separated into five fractions from B1 to B5 by silica gel
(100−200 mesh) column chromatography eluting with the MeOH−CH2Cl2 system (from
1:30 to 1:1). In the subsequent separation process, both silica gel and CHP−20P column
chromatography were used for the separation, and the elution system for CHP−20P
column chromatography was a methanol−water system (volume ratio from 0:1 to 1:0).
Thirty−one compounds were isolated from the n−butanol part. The ethyl acetate fraction
was separated into three fractions from EA1 to EA3 by column chromatography with
silica gel (200−300 mesh) eluting with the MeOH−CH2Cl2 system from 1:20 to 1:1. The
silica gel and CHP−20P column chromatography were used for further separation, and
also the recrystallization method. Finally, nine compounds were obtained from the ethyl
acetate part. The separation details were shown in Figure S1. The chemical structures of
isolated compounds were characterized by comparing 13C NMR and 1H NMR data from
the literature.

High performance liquid chromatography (HPLC) analysis was conducted by using
an Agilent 1260 Infinity LC (Agilent Technologies, USA) equipped with a Phenomenex
Gemini 5 μm C18 column (250 × 4.60 mm). The HPLC−DAD analysis conditions were as
follows: the mobile phase was composed of 0.2% phosphoric acid aqueous solution (A) and
methanol (B) with a gradient elution program: 0 min, 95% A; 10 min, 85% A; 20 min, 75% A;
35 min, 65% A; 40 min, 55% A; 50 min, 35% A; 60 min, 15% A; 70 min, 5% A. The flow rate
was 1.0 mL/min, and the column temperature was 25 ◦C. The content of flavonoids from
the extract of A. tenuissimum flower (AF) and AFr was detected through HPLC analysis at
254 nm wavelength using the external standard method (Figure S2).

2.4. Network Pharmacology Predictive Analysis
2.4.1. Collecting and Analyzing Targets of Ingredients and T2DM

Active ingredients were screened in the Traditional Chinese Medicine Systems Phar-
macology (TCMSP, https://tcmsp-e.com/tcmsp.php, accessed on 17 June 2022) database.
Oral bioavailability (OB) and drug−likeness (DL) were the most important pharmacoki-
netic parameters of absorption, distribution, metabolism, and excretion (ADME). The
active ingredients were screened by filter criteria OB ≥ 30% and DL ≥ 0.18. The com-
pound information including Mol ID, structure, and relevant targets name was collected.
Meantime, the disease−related targets were retrieved from a database of gene−disease
associations DisGeNET platform (https://www.disgenet.org/, accessed on 17 June 2022)
by using the “diabetes mellitus” term. The targets were normalized in the UniProt database
(https://www.uniprot.org/, accessed on 19 June 2022) with “human species” and “re-
viewed” filter criteria. To find the common targets of active ingredients−T2DM, the
screened active ingredients targets and T2DM targets were visualized in a draw Veen
diagram online platform (http://bioinformatics.psb.ugent.be/webtools/Venn/, accessed
on 20 June 2022).

2.4.2. Protein−Protein Interaction Network Construction and Key Target Analysis

To explore the interaction of the active ingredients’ targets for treating T2DM, the
common targets of active ingredients−T2DM were imported into an online platform
STRING (version 11.5, https://cn.string-db.org/, accessed on 21 June 2022) to construct a
protein−protein interaction (PPI) network. And the PPI network results were analyzed
and visualized by Cytoscape v.3.9.0. The Centiscape 2.2 plug−in of Cytoscape was used
to screen high interaction targets based on Closeness unDir threshold, Betweeness unDir
threshold, and Degree unDir threshold.
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2.4.3. GO and KEGG Enrichment Analysis

Gene ontology (GO) analysis and Kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment analysis were conducted on the platform Metascape (http://metascape.
org/gp/index.html#/main/step1, accessed on 21 June 2022). The main GO terms of po-
tential targets were analyzed and the terms in biological process (BP), cellular component
(CC), and molecular function (MF) were enriched. The KEGG pathways were analyzed and
enriched. The significant enrichment terms (p ≤ 0.01) were selected to visualize through an
online platform (http://www.bioinformatics.com.cn/, accessed on 21 June 2022).

2.4.4. Ingredient-Target Protein Molecular Docking

According to the above−mentioned analysis, the key proteins were obtained. The
2D structures of active ingredients were downloaded from PubChem (https://pubchem.
ncbi.nlm.nih.gov/, accessed on 22 June 2022), then converted to 3D structures in Chem3D
software and saved as a docking ligand mol2 format. The 3D structures of key proteins
were obtained from the PSCB PDB platform (https://www.rcsb.org/, accessed on 22 June
2022). The key proteins were removed from organic and solvent, and added hydrogen by
using PyMOL software. The Autodock (v.4.2.6) software was used for molecular docking.
Finally, the visualization of molecular docking results was performed by PyMOL software.

2.5. In Vitro α−Glucosidase Inhibitory Activity Assay

The α−glucosidase inhibitory activity assay method of A. tenuissimum flower flavonoids
was slightly modified based on previous studies [22–24]. A 96−well plate was used for
preparing the mixture consisting of 0.1 M PBS (pH 6.8), 1.0 mg/mL sample solution, and
2 U/mL α−glucosidase, which were incubated at 37 ◦C for 10 min. 20 μL PNPG solution
(2.5 Mm, dissolved in PBS) was added to each well to start the reaction and incubated at
37 ◦C. Twenty minutes later, 80 μL Na2CO3 solution (0.2 mol/L) was added to each well to
terminate the reaction. The absorbance was measured at 405 nm by Tecan Infinite M200
PRO (Tecan Trading Co. Ltd., Shanghai, China). Acarbose was used as a positive control.
The inhibitory rate was calculated by the absorbance formula below:

Inhibition% = [1 − (Aa − Ab) / Ac] × 100%

a. 20 μL PNPG + 80 μL Na2CO3 + 20 μL PBS + 20 μL sample + 20 μL enzyme;

b. 20 μL PNPG + 80 μL Na2CO3 + 40 μL PBS +20 μL sample;

c. 20 μL PNPG + 80 μL Na2CO3 + 40 μL PBS + 20 μL enzyme.

2.6. In Vivo Animal Experiments

Animal experiments protocols and procedures following the guidelines established
by the China Science Council were approved by the Laboratory Animal Center of Xi’an
Jiaotong University Health Science Center (license number: SCXK 2018−001).

Sixty male KM (Kunming) mice (22 ± 2 g) were obtained from the laboratory ani-
mal center of Xi’an Jiaotong University Health Science Center. All mice were raised at
a temperature of 25 ± 2 ◦C, relative humidity of 40−60%, and 12 h light/dark cycles
laboratory conditions with free access to water and food. The schematic diagram of the
animal experiments is shown in Figure 1. After adaptive feeding for one week, they were
divided into two groups. The normal group (8 mice) was provided with a normal diet.
The other group was provided with a high−fat diet (HFD) containing 45% energy from
fat (FBSH Biotechnology Co., Ltd., Shanghai, China). After feeding for four weeks, the
HFD−fed group mice were intraperitoneally injected with a dose of 35 mg per kg·bw
0.1 mol/L streptozotocin (STZ) dissolved in pH 4.5 Citric Acid−Sodium Citrate Buffer
(Sigma−Aldrich, St Louis, MO, USA) for three consecutive days, while the normal group
mice received the same dose of citric acid−sodium citrate buffer.
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Figure 1. The schedule of animal experiment procedures. KM mice, Kunming mice; STZ, strep-
tozotocin; FBG, fast blood glucose; OGTT, oral glucose tolerance test; ITT, insulin tolerance test.
AF represents A. tenuissimum flower extract. AFr represents the mixture of ethyl acetate part and
n-butanol part.

The mice with fasting blood glucose (FBG) ≥ 11.1 mmol/L were considered diabetic
mice and divided into three groups for treating 35 days [3]. The AF group mice were fed
with 100 mg per kg·bw A. tenuissimum flower extract (AF) every day. The AFr group mice
were fed with 100 mg per kg·bw the mixture of ethyl acetate part and n−butanol part (AFr)
every day. The model group and the normal group were treated with the same dose of
normal saline. Mice’s body weight and FBG were recorded once a week. After the last
treatment, the mice fasted for 12 h to carry out an oral glucose tolerance test (OGTT) and
insulin tolerance test (ITT). After the OGTT and ITT, the blood samples of all mice were
collected at −80 ◦C. After euthanizing, liver and colon contents were collected and stored
at −80 ◦C until analysis.

2.7. Western Blot Analysis

The protein of liver tissue was extracted and measured in concentration using bicin-
choninic acid (BCA) protein assay kit for further western blot analysis. Protein sam-
ples were separated using sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE) and transferred to a 0.22 μm polyvinylidene fluoride (PVDF, Millipore,
6.6 × 8.5 cm) membrane. The membranes were blocked in 5% skimmed milk for 2 h
at room temperature. Membranes were incubated with primary antibodies as follows
overnight at 4 ◦C: anti−AKT1 (1:1000), anti−PTGS2 (1:1000), anti−PPARG (1:1000), and
anti−β−actin (1:5000). After incubation, the membranes were washed three times and
incubated at room temperature for 2 h with a secondary antibody goat anti−mouse IgG
(1:5000). Then the membranes were washed three times with TBST buffer. Imaging protein
bands were completed by using Tanon 5200 Multi (Tanon, Shanghai China), and ImageJ
software was used for protein band grayscale analysis.

2.8. Gut Microbiota Analysis

The total DNA of colon samples was extracted according to the previous method [25].
PCR amplification of the V3−V4 region of the bacteria 16S rRNA genes was detected by
2% agarose gel electrophoresis and measured by fluorescence quantification. The Illumina
Miseq platform was used to sequence. Alpha/beta diversity analysis, network analysis,
species differences and marker species analysis, and functional forecasting were used to
evaluate the diversity of the gut microbiota.
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2.9. Statistical Analysis

Origin 2017 (OriginLab, Northampton, Massachusetts, USA) used statistical analysis.
The results were analyzed by GraphPad Prism 8 and expressed as mean ± standard
deviation (mean ± SD). A value of p < 0.05 was considered significantly different.

3. Results and Discussion

3.1. Identification and Quantitation of Compounds in A. tenuissimum Flower

A total of forty compounds numbering from AF−1 to AF−40 were obtained from
A. tenuissimum flower. The chemical structures of these compounds were characterized by com-
paring their 13C NMR and 1H NMR data with those in the literature (Supplementary Materi-
als). They are multiflorin A (AF−1), sonchifoliasolide G (AF−2), (-)−ent−prelacinan−7S−ol
(AF−3), tritriacontane (AF−4), laricinolic acid (AF−5), di−D−fructose (AF−6), cedr−6−en
−12−ol−14−oic acid (AF−7), kaempferol (AF−8), astragalin (AF−9), methyl 11,12,15−tri-
hydroxy−13(14)−octadecenoate (AF−10), isolicoflavonol (AF−11), 8E−decaene-4,6−diyn
−1−O−β−D−glucopyranoside (AF−12), methyl−α−D−fructofuranoside (AF−13), ar-
butin (AF−14), kaempferol−4’,7−dimethyl−3−O−glucoside (AF−15), 8Z−decaene−4,6−
diyne−1−O−β−D−glucopyranoside (AF−16), (3Z) −3−hexene−1,5−diol 1−O−α−L−
arabinopyranosyl (1→6) −β−D−glucopyranoside (AF−17), elentheroside E (AF−18),
methyl−α−D−glucopyranoside (AF−19), burkholone (AF−20), gynostemoside C (AF−21),
5,7−dihydroxy−2−pentadecylchromen−4−one (AF−22), anisodamine (AF−23), ono-
pornoid C (AF−24), 3−methylspongia−3,12−dien−16−one (AF−25), methyl 2,3,4,6−tetra
−O−methyl−α−D−mannopyranosyl−(1→4)−6−O−acetyl−2,3−di−O−methyl−α−D
−glucopyranoside (AF−26), β1−chaconine (AF−27), pestalafuranone E (AF−28), nortetil-
lapyrone (AF−29), tricosanol (AF−30), pentacosane (AF−31), pinellactam (AF−32), kaemp-
ferol−3−O−β−D−4′ ′,6′ ′− di−(E)−p−coumaroyl glucoside (AF−33), kaempferol 3−O−β

−D−glucopyranosyl−(1→2) −β−D−glucopyranosyl−(1→6)−β−D−glucopyranodide
(AF−34), α−D−fructofuranose (AF−35), isorhamnetin 3−O−β−D−(6−acetyl)−galactop-
yranoside (AF−36), rhamnocitrin (AF−37), macasiamenol B (AF−38), afzelin (AF−39),
tamarixin (AF−40). The chemical structures of all compounds were shown in Figure S3.
Twelve flavonoids, eleven glycosides, five terpenes, and twelve other compounds were
obtained from A. tenuissimum flower. The chemical structures of other flavonoids were de-
rived from the skeleton of kaempferol (Figure 2). The quantitation of twelve flavonoids was
developed by HPLC and the results are shown in Table 1. All calibration curves exhibited
excellent linear regressions with the determination coefficients (R2) ranging from 0.9992 to
1.0000. The highest content was 284.1 μg/g (kaempferol, AF−8) and the lowest content
was 15.1 μg/g (rhamnocitrin, AF−37) in the AFr sample. The total content of flavonoids
was 1429.5 μg/g in the AFr sample. The highest content in the AF sample was 105.1 μg/g
(multiflorin A, AF−1) and the lowest content was 7.6 μg/g (rhamnocitrin, AF−37). The
total content of flavonoids was 402.0 μg/g in the AF sample. Total flavonoid content was
higher in the AFr sample than that in the AF sample.

Table 1. Quantitative analysis of twelve flavonoids in the AF and the AFr.

No. Calibration Curves 1 R2
LOD 2

(μg/mL)
LOQ 3

(μg/mL)

Content
in AFr
(μg/g)

Content
in AF
(μg/g)

AF−1 y = 118.4x + 1441.9 0.9995 0.15 0.40 211.1 105.1
AF−8 y = 83.8x − 148.3 0.9999 0.05 0.25 284.1 59.2
AF−9 y = 185.1x − 177.3 0.9994 0.25 1.50 99.4 10.5

AF−11 y = 120.3x − 369.5 0.9997 0.50 1.25 188.8 26.8
AF−15 y = 279.6x − 226.0 0.9997 0.20 1.30 15.7 8.7
AF−33 y = 104.5x − 241.8 0.9998 0.15 0.70 196.3 54.7
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Table 1. Cont.

No. Calibration Curves 1 R2
LOD 2

(μg/mL)
LOQ 3

(μg/mL)

Content
in AFr
(μg/g)

Content
in AF
(μg/g)

AF−34 y = 352.5x − 292.2 0.9992 0.10 1.55 26.2 21.4
AF−36 y = 77.6x − 46.5 0.9997 0.45 2.75 143.7 37.3
AF−37 y = 57.2x + 121.7 0.9998 0.15 1.70 15.1 7.6
AF−38 y = 33.3x + 579.1 0.9998 0.20 1.50 171.6 21.1
AF−39 y = 304.6x + 280.8 1.0000 0.10 1.20 19.6 8.9
AF−40 y = 243.0x + 294.2 0.9995 0.05 0.50 57.9 40.7

1 y is the peak area, x is the concentration (μg/mL). 2 LOD is the detection limit which means the lowest detectable
concentration. 3 LOQ is the quantification limit which means the lowest concentration that can be quantified. AF
represents A. tenuissimum flower extract. AFr represents the mixture of ethyl acetate part and n−butanol part.

Figure 2. The structures of twelve flavonoids from A. tenuissimum flower.

69



Nutrients 2022, 14, 3980

3.2. Network Pharmacology Analysis
3.2.1. Potential Targets Analysis of Active Ingredients and T2DM

Three active ingredients were collected as kaempferol (MOL000422), isolicoflavonol
(MOL004949), and anisodamine (MOL005409) under OB ≥ 30% and DL ≥ 0.18 filter condi-
tions, and the active ingredients−related targets were obtained from TCMSP database. The
potential targets of T2DM were collected from the DisGeNET database. The “ingredients−
targets” interaction network is shown in Figure 3A. A Venn diagram was used to analyze
the ingredients’ targets and the disease’s targets. A total of 42 ingredient-diseases common
targets were collected and used for further analysis (Figure 3B). Some information on those
common targets is shown in Table S1.

3.2.2. PPI Network Analysis

Protein−protein interaction (PPI) network analysis of ingredients−T2DM intersection
targets was conducted by using the STRING platform (Figure 3C). The average node
degree was 9.95 and the p−value was less than 1.0e-16. The STRING analysis results
showed that AKT1, PPARG, PTGS2, and other proteins had high interaction. Then, the
STRING analysis results were imported to Cytoscape software Centiscape 2.2 plug−in to
analyze high interacting protein modules (Figure 3D). The Centiscape 2.2 analysis results
showed the top three highly interacting targets were AKT1, PPARG, and PTGS2. The
above results showed that AKT1 (RAC−alpha serine/threonine−protein kinase, PDB ID:
1UNQ), PPARG (peroxisome proliferator activated receptor gamma, PDB ID: 2PRG), and
PTGS2 (Prostaglandin G/H synthase 2, PDB ID: 5F1A) might be good potential targets for
molecular docking.

3.2.3. GO Analysis and KEGG Pathway Enrichment

Metascape platform was used to analyze the 42 common targets of active ingredients−
T2DM. The visualization results showed that the potential targets function related to biolog-
ical processes (BP), cell components (CC), and molecular functions (MF). A total of 582 BP
GO terms, 31 CC GO terms, and 56 MF GO terms were enriched, and the significantly
enriched terms (p ≤ 0.01) were selected for analysis, respectively (Figure 3E). The results
showed that the top 20 enriched BP GO terms involved response to lipopolysaccharide,
negative regulation of apoptotic signaling pathway, inflammatory response, regulation of
inflammatory response, and other biological processes−related terms. The significantly
enriched CC GO terms included membrane raft, receptor complex, side of membrane,
transcription regulator complex, and other cell components−related terms. The potential
targets of MF GO terms were enriched in nuclear receptor activity, protein homodimeriza-
tion activity, carboxylic acid binding, protein domain−specific binding, and other molecular
function−related terms. For further potential mechanism exploring, the KEGG pathway
enrichment analysis was conducted. The KEGG pathway enrichment results (Figure 3F)
showed that fourteen pathways were enriched including lipid and atherosclerosis, path-
ways in cancer, and other related signaling pathways, suggesting the possible involvement
and the potential mechanisms for A. tenuissimum flower in treating diabetes.
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Figure 3. Network construction of ingredients−targets (A) and common targets Venn diagram of
ingredients and T2DM (B), the “diamond” nodes represent the active ingredients. The “ellipse” nodes
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represent the potential targets. Protein−protein interaction (PPI) network analysis of potential
targets of active ingredients−T2DM by STRING platform (C), and the high interaction modules
analyzed by Centiscape 2.2 plug−in (D), the node size and color represented the connectivity degree.
Gene ontology (GO) analysis (E) and Kyoto encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis (F) of active ingredients−T2DM potential targets.

3.2.4. Molecular Docking

Kaempferol was the only flavonoid of the active ingredients screened by network
pharmacology analysis. Molecular docking was used to simulate the binding of kaempferol
to the potential key targets AKT1, PPARG, and PTGS2. α−Glucosidase is a class of enzymes
associated with glucose metabolism, and α−glucosidase (GAA, PDB ID: 5NN4) was also
used as a receptor. Autodock (v.4.2.6) software was used to conduct molecular docking.
The diagrams of ligand and potential target docking results are shown in Figure 4. It
showed that kaempferol could bind to ARG−41, GLU−40, and LYS−39 residues of AKT1,
the binding energy was −6.42 kcal·mol−1. The binding energy of kaempferol with GAA
residues (ASP−185, LYS−184, GLU−192, and ARG−189) was −5.58 kcal·mol−1. The
residues were binding sites for kaempferol on proteins. Detailed information on ligands
and potential targets is listed in Table S2.

Figure 4. Molecular docking of the active ingredient and potential target by Autodock software.

3.3. α−Glucosidase Inhibitory Activity of Flavonoids

The results of the α−glucosidase inhibitory activity of flavonoids from A. tenuissimum
flower were analyzed. It could be seen intuitively from the histogram in Figure 5 (More data
listed in Table S3) that 12 flavonoids had superior α−glucosidase inhibitory activity than
acarbose. Among them, AF−8 (kaempferol) showed superior α−glucosidase inhibitory
activity (0.135 ± 0.011 mM) compared with acarbose (0.750 ± 0.002 mM). And the molecu-
lar docking results showed that kaempferol had high bonding energy with α−glucosidase
(GAA), which was responsible for the high α−glucosidase inhibitory activity of kaempferol.
The binding of kaempferol to GAA might replace the binding of substrate to GAA to exhibit
the α−glucosidase inhibitory activity, which was consistent with the above experimental
results. Other A. tenuissimum flower flavonoids were based on the kaempferol backbone
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with different substitution positions and substituents. Structurally, the C−ring pheno-
lic hydroxyl hydrogen of AF−9 (astragalin) was substituted by the glucose group, and
the experimental results showed that the α−glucosidase inhibitory activity of AF−8 was
superior to that of AF−9 (0.264 ± 0.021 mM). The IC50 value of 0.506 ± 0.001 mM for
compound AF−15 (kaempferol−4’,7−dimethyl−3−O−glucoside), in which the two hy-
droxyl hydrogens at the 4’ and 7 positions were substituted with methyl groups and the
hydroxyl hydrogens at the 3 position was substituted with glucose groups, which had the
smallest IC50 among the 12 flavonoids indicating that the α−glucosidase inhibitory activity
of AF−15 was the lowest among these 12 flavonoids. The above results suggested that the
reduction of phenolic hydroxyl groups in the B and C rings of the flavonoid backbone and
the occurrence of glucosyl substitution led to the reduction of α−glucosidase inhibitory
activity, which was consistent with the results of previous studies [24,26].

 

Figure 5. The result of A. tenuissimum flower flavonoids α−glucosidase inhibitory activity.

3.4. In Vivo Experiments Results
3.4.1. Effect on Body Weight, FBG, OGTT, and ITT of Diabetic Mice

The body weight, fasting blood glucose, OGTT, and ITT were measured and shown
in Figure 6. After STZ injection, the body weight of the model group (34.32 ± 1.33 g)
was lower than the normal group (39.57 ± 2.57 g). Compared with the normal group
(5.2 ± 0.21 mmol·L−1), the FBG level was significantly increased in the model group
(17.32 ± 0.46 mmol·L−1). The results showed that the T2DM model was successfully con-
structed. The OGTT and ITT were conducted after the treatment procedure. The results of
OGTT showed that after 1.0 g per kg·bw glucose solution intragastrically, the blood glucose
levels significantly increased in thirty minutes, and then gradually decreased. The peak
serum glucose level of the model group was about 1.42 times the initial level. The peak
blood glucose levels of the two treatment groups were about 1.60 times of initial levels. The
ITT results showed a decreasing trend after injecting 1.0 U per kg·bw insulin solution, and
the downward trends tended to be flat after 40 min. At 60 min after injection, the blood
glucose in the AF group decreased by 46.0%, the blood glucose in the AFr group decreased
by 52.2%, and the blood glucose in the Model group decreased by 36.2% compared to the
initial values. The results showed that A. tenuissimum flower could decrease blood glucose,
and improve diabetic mice’s blood glucose metabolism. And the AFr group with higher
flavonoid content showed a better effect than the AF group.
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Figure 6. Effects on body weight (A), fasting blood glucose (FBG, B), oral glucose tolerance test (OGTT,
C), insulin tolerance test (ITT, D), high/low−density lipoprotein cholesterol (HDL−c & LDL−c, E),
total cholesterol & triglyceride (TC &TG, F), alanine aminotransferase & aspartate aminotransferase
(ALT & AST, G), superoxide dismutase (SOD, H), malonaldehyde (MDA, I), glutathione peroxidase
(GSH−Px, J), catalase (CAT, K), and nitric oxide (NO, L) (six mice per group). The expression levels
of RAC−alpha serine/threonine−protein kinase (AKT1), peroxisome proliferator activated receptor
gamma (PPARG), and prostaglandin G/H synthase 2 (PTGS2) proteins in liver tissue (M), data were
shown as mean ± SD (n = 3). (compared to the normal group, * p < 0.05, ** p < 0.01, *** p < 0.005,
**** p < 0.001; compared to the model group, + p < 0.05, ++ p < 0.01, +++ p < 0.005, ++++ p < 0.001).

3.4.2. Effect on Serum Biomarkers of Diabetic Mice

Figure 6 showed that the insulin level of the model group was significantly decreased
by 43.75% (p < 0.001) in the normal group while increased in the treatment groups. Com-
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pared with the normal group, the high−density lipoprotein cholesterol (HDL−c) level was
decreased by 24.01% (p < 0.01) in the model group, and the HDL−c levels of two treatment
groups were significantly increased especially in the AFr group (70.49%, p < 0.001). The
low−density lipoprotein cholesterol (LDL−c) level of the model group was increased by
174.48% (p < 0.01) compared with the normal group. In the two treatment groups, the
LDL−c levels were decreased. The total cholesterol (TC) and triglyceride (TG) levels of the
model group were significantly increased than the normal group (p < 0.001). The TC and TG
levels of the two treatment groups were decreased than the model group, but it still higher
than the normal group. The alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels of the model group were significantly increased by 101.62% and 30.75% to the
normal group, respectively. The levels of superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GSH−Px) were decreased in the model group compared with the
normal group. After administration, the levels of SOD, CAT, and GSH−Px were increased
in the AF group and the AFr group. The levels of malonaldehyde (MDA) and nitric oxide
(NO) were significantly up−regulated (p < 0.001) in the model group and decreased after
treatment. The histopathological results of the liver (Figure S4) showed that the normal
group liver tissue had a clear structure and normal cell morphology. The model group’s
liver tissue had many obvious fatty vacuoles, and the hepatocytes were enlarged and
disordered. After treatment, the liver tissue injury degree was reduced, and the morphol-
ogy tended to that of healthy mice. The above results showed that the AFr group with
higher flavonoid content could better improve the abnormal lipid metabolism and ame-
liorate the oxidative stress and injury degree of the liver in diabetic mice. Flavonoid−rich
A. tenuissimum flower could be a potential therapeutic material for diabetes.

3.4.3. Western Blot Analysis

According to the above results, the AFr group with higher content of A. tenuissimum
flower flavonoids showed an excellent anti−diabetic effect on mice. The protein expression
levels in liver tissue were measured using Western blotting. All data were normalized by
β−actin. As shown in Figure 6M, compared to the normal group, the expression levels of
AKT1 (p < 0.001) and PPARG (p < 0.005) were significantly decreased in the model group.
The expression level of PTGS2 was decreased without a significant difference. The expres-
sion level of AKT1 in the AFr group (p < 0.01) was up−regulated significantly compared
with the model group. Also, the expression levels of PPARG and PTGS2 in the AFr group
were up−regulated. The results indicated that the administration of AFr could increase the
expression of these three proteins, especially AKT1 and PPARG. Previous studies showed
that AKT1 might play a role in insulin−related pathways [27], and the increased expression
of AKT1 plays a role in the treatment of T2DM and prevented its complications [28]. PPARG
is a transcription factor revolving around adipocyte differentiation, lipid metabolism, and
inflammation [29]. Some evidence has shown that PPARG is a candidate gene for obesity,
insulin resistance, and T2DM [30–32]. PTGS2 has been confirmed to play a role in treating
liver injury [33]. The KEGG pathways analysis indicated that the AKT1 participated in the
TNF signaling pathway, lipid and atherosclerosis pathway, and regulation of lipolysis in the
adipocytes pathway. The PPARG was the key protein of the PPAR signaling pathway, which
revolved around adipocyte differentiation and lipid metabolism. The PTGS2 was related
to the TNF signaling pathway, metabolism pathway, regulation of lipolysis in adipocytes,
VEGF signaling pathway, and chemical carcinogenesis pathway. The results indicated that
A. tenuissimum flower flavonoids could increase AKT1, PPARG, and PTGS2 expression
levels, and play a role in T2DM by activating lipid metabolism and other related pathways.

3.4.4. Gut Microbiota Analysis

As shown in Figure 7A, the curves were gradually gentle as the sequencing depth
increased, which reflected the diversity and abundance of samples. Figure 7B showed
a total of 23,880 operational taxonomic units (OTUs) were detected from all samples.
Venn diagram showed the number of unique or common species in four groups, and the
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differential species were the focus of subsequent research. The Chao 1 index, Shannon index,
and Simpson index were used to reflect the results of alpha diversity analysis (Figure 7C).
The levels of the Chao 1 index in the two treatment groups were higher than in the normal
group. The increase of the Chao 1 index indicated that the species richness increased. The
Shannon index and Simpson index reflected that the two treatment groups had higher
species diversity than the normal mice. The results indicated that A. tenuissimum flower
had a beneficial effect on improving the species richness and diversity of T2DM mice’s
gut microbiota. The heat map (Figure 7D) visualized the differences and abundance of
species composition. At the phylum level (Figure 7E), the species with higher relative
abundance were Firmicutes (Normal: 68.97%, AF: 65.89%, AFr: 68.67%, Model: 59.44%),
Bacteroidetes (Normal: 20.01%, AF: 22.63%, AFr: 17.45%, Model: 30.32%), Proteobacteria, and
Actinobacteria, which together accounted for about over 95%. Compared with the normal
group, the Firmicutes phylum was slightly lower, the Bacteroidetes phylum was higher, and
the ratio of Firmicutes/Bacteroidetes (F/B) was lower in the model group. The F/B ratio in
the AFr group (F/B = 3.93) was much higher than that in the model group (F/B = 1.96) and
slightly higher than that in the normal group (F/B = 3.04) and the AF group (F/B = 2.91),
which suggested that A. tenuissimum flower could improve the ratio of F/B in the intestine
of diabetic mice and thus alleviate the symptoms of obesity. At the genus level (Figure 7F),
the species with higher abundance were Lactobacillus (Normal: 48.07%, AF: 20.66%, AFr:
37.16%, Model: 27.63%), Oscillospira, Bacteroides, Corynebacterium, Weissella, Ruminococcaceae,
and Mucispirillum. Lactobacillus had an important role in maintaining the health of the
organism. Studies had shown that Lactobacillus could regulate gut microbiota, and reduce
liver damage associated with T2DM [34]. It also had a regulatory effect on lipid metabolism,
reduced high−fat diet−induced obesity in mice, as well as lowered blood glucose [35].
The relative abundance of Lactobacillus spp. was decreased in the model mice compared to
normal mice. The relative abundance of Lactobacillus spp. in the AFr group was close to
that of the normal group [36]. Oscillospira belongs to Firmicutes, which are widely found in
the intestine of animals and humans and are positively associated with health [37].

To investigate the species differences among samples, beta diversity analysis was
performed on all samples. Principal coordinates analysis (PCoA) and the between−group
difference analysis (Figure 7G,H) were performed based on weighted unifrac. The results
showed that the contribution of PCo1 was 24.7%, and PCo2 was 17.6%. The samples of
the four groups were significantly different, especially between the normal group and the
model group. The AFr group was closer to the normal group than the AF group. The
between−group difference analysis results intuitively reflected the similarity and variability
between samples. It could be seen that the gut microbiota of the normal group significantly
differed from the model group, and the similarity of the gut microbiota between the two
treatment groups was higher. And the distances between the two treatment groups and the
normal group were closer than that between the treatment groups and the model group.
This was consistent with the results of the PCoA analysis.

As shown in Figure 7I, the key species at the phylum level were Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Verrucomicrobia, and this results were generally consistent with
the results of species composition analysis. The results of the LEfSe analysis were shown
in Figure 7J. When LDA values were equal to 4, a total of thirteen species with significant
group differences (p < 0.5) in the AF group and the model group were found, while there
had no significant differences between the AFr group and the normal group. Among them,
four species in the AF group had significantly higher relative abundance than the model
group, including Clostridia, Clostridiales, Ruminococcaceae, and Oscillospira. Most Clostridia
are not pathogenic, and only a few Clostridia are pathogenic. Ruminococcaceae plays a crucial
role in metabolism. Ruminococcaceae is one of the most effective bacteria to decompose
carbohydrates and a key bacterium to degrade resistant starch, which can stabilize the
intestinal barrier. Oscillospira belongs to the Firmicutes, which widely exists in animal and
human intestines and is positively related to health [37].
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Figure 7. Effect of A. tenuissimum flower on gut microbiota consumption. Rarefaction curve (A),
ASV/OTU Venn diagram (B), alpha diversity analysis (C, * p < 0.05, ** p < 0.01), the heat map of species
composition at the phylum level (D), the gut microbiota abundance at the phylum level (E), and
the gut microbiota abundance at the genus level (F), PCoA analysis (G), permutational multivariate
analysis of variance (H), ZIPI−score diagram (I), and LEfSe analysis (J).
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The KEGG pathway enrichment (Figure 8) results showed that many pathways had
higher abundance, especially metabolism−related pathways. The KEGG pathways abun-
dance heat map of all samples was shown in Figure S5. The metabolism−related pathways
were arranged by abundance as carbohydrate metabolism, metabolism of cofactors and vita-
mins, amino acid metabolism, metabolism of terpenoids and polyketides, lipid metabolism,
metabolism of other amino acids, energy metabolism, glycan biosynthesis and metabolism,
nucleotide metabolism, xenobiotics biodegradation and metabolism, and biosynthesis of
other secondary metabolites. Other pathways with high abundance include replication
repair, translation, folding, sorting and degradation, membrane transport, cell motility,
and other pathways. The results showed that the therapeutic effect of A. tenuissimum
flower on T2DM was related to the modulation of metabolism-related pathways including
carbohydrate metabolism, energy metabolism, lipid metabolism, and glycan biosynthesis
and metabolism.

Figure 8. Metabolic pathways enrichment (A), and species composition difference analysis at the
genus level between groups: (B) Bifidobacterium, (C) Staphylococcus, and (D) Enterobacteriaceae.

Species composition difference analysis at the genus level between groups was con-
ducted based on the above pathways. Enterobacteriaceae, Staphylococcus, and Bifidobacterium
had high abundance in the model group than in the other groups (Figure 8). Staphylococcus
was a common purulent coccus that predisposes to a variety of purulent infections [38].
Enterobacteriaceae was usually found in fresh produce and many Enterobacteriaceae were
known pathogens, e.g., Salmonella and pathogenic E. coli [39]. The microorganisms of
the Enterobacteriaceae family induced inflammation and infection in vivo [40]. The results
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showed that the diabetic model mice had higher inflammation levels due to a significant
increase of Enterobacteriaceae compared to the normal group. The Bifidobacterium, a probi-
otic with significant health benefits, was higher in the AFr group compared to the model
group. Bifidobacterium could stimulate intestinal motility, purify the intestinal environment,
stimulate the immune system, and improve immunity and anti−infection ability [41,42].
The experiment results showed that the abundance of Enterobacteriaceae and Staphylococcus
microorganisms decreased, and the abundance of Bifidobacterium increased in the two
treatment groups, indicating that A. tenuissimum flower could improve the inflammation
in diabetic mice and enhance the anti-infection ability, thus alleviating the symptoms
of diabetes.

4. Conclusions

To summarize, forty compounds were isolated and characterized by the A. tenuissimum
flower. Twelve flavonoids were quantitatively analyzed as the main active ingredients of
A. tenuissimum flower. Kaempferol had a higher content in A. tenuissimum flower compared
with other flavonoids. Based on the network pharmacology analysis and molecular docking
results, kaempferol could bind to AKT1, PPARG, PTGS2, and GAA. The expression levels
of key target proteins AKT1, PPARG, and PTGS2 in liver tissue were increased in the
AFr group by Western blot analysis. The flavonoids had higher α−glucosidase inhibitory
activities than acarbose, especially kaempferol. The results of an animal experiment showed
that A. tenuissimum flower could decrease blood glucose and lipid accumulation. The AFr
group showed a better improvement effect in T2DM mice than the AF group. Based on
quantitative analysis results, the total content of flavonoids in the AFr sample was higher
than that of the AF sample. At the same dose, the AFr group mice were administrated
with more flavonoids. That might be the reason for the AFr group showing an excellent
alleviative effect on T2DM than that of the AF group. A dose of 100 mg per kg·bw of
AF (AFr) was used on the T2DM mice model. The human equivalent dose (HED) for AF
(AFr) was calculated as 8.1 mg/kg, which equates to a 486.5 mg dose of AF (AFr) for a
60 kg adult [43]. The plant A. tenuissimum flower is edible after being fried or pickled.
The A. tenuissimum flower extract also could be made as a sauce and added to the daily
diet as a condiment. Under the current dose, a consumption of A. tenuissimum flower
might have potential health benefits for human and this data have some reference values
for A. tenuissimum flower consumption. The gut microbiota analysis results showed that
A. tenuissimum flower could modulate the species structure and abundance of diabetic mice,
which might be related to the flavonoid content. The A. tenuissimum flower could modulate
the ratio of F/B, decrease the level of Enterobacteriaceae and Staphylococcus, increase the
level of Bifidobacterium, and activate carbohydrate metabolism, energy metabolism, lipid
metabolism, glycan biosynthesis and metabolism, and other pathways related to T2DM
and metabolism. It is indicated that A. tenuissimum flower could improve glycolipid
metabolic disorders and inflammation in diabetic mice by modulating gut microbiota.
A. tenuissimum flower is a healthy vegetable for daily consumption and also could be
a potential medicinal ingredient. This research might provide support for subsequent
applications of the A. tenuissimum flower, and will provide evidence for further study of
the anti−diabetic mechanism of the A. tenuissimum flower and its active ingredients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14193980/s1, Figure S1. The separation process of A. tenuissimum
flower; Figure S2. HPLC-DAD chromatograms of AF and AFr at 254 nm; Figure S3. The structure of
forty compounds from A. tenuissimum flower; Figure S4. Histopathological results of H&E stained
liver tissue; Figure S5. The heat map of the KEGG pathway abundance of all samples; Table S1.
Common targets of active ingredients and T2DM; Table S2. Information of ligands and potential
targets; Table S3. The α-glucosidase inhibitory activity of flavonoids from A. tenuissimum flower;
NMR data [20,44–82].
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Abstract: Kratom (Mitragyna speciosa (Korth.) Havil.) has been used to reduce blood sugar and lipid
profiles in traditional medicine, and mitragynine is a major constituent in kratom leaves. Previous
data on the blood sugar and lipid-altering effects of kratom are limited. In this study, phytochemical
analyses of mitragynine, 7-hydroxymitragynine, quercetin, and rutin were performed in kratom
extracts. The effects on α-glucosidase and pancreatic lipase activities were investigated in kratom
extracts and mitragynine. The LC-MS/MS analysis showed that the mitragynine, quercetin, and
rutin contents from kratom extracts were different. The ethanol extract exhibited the highest total
phenolic content (TPC), total flavonoid content (TFC), and total alkaloid content (TAC). Additionally,
compared to methanol and aqueous extracts, the ethanol extract showed the strongest inhibition
activity against α-glucosidase and pancreatic lipase. Compared with the anti-diabetic agent acarbose,
mitragynine showed the most potent α-glucosidase inhibition, with less potent activity of pancreatic
lipase inhibition. Analysis of α-glucosidase and pancreatic lipase kinetics revealed that mitragynine
inhibited noncompetitive and competitive effects, respectively. Combining mitragynine with acarbose
resulted in a synergistic interaction with α-glucosidase inhibition. These results have established the
potential of mitragynine from kratom as a herbal supplement for the treatment and prevention of
diabetes mellitus.

Keywords: Mitragyna speciosa; kratom; α-glucosidase; pancreatic lipase; anti-diabetes mellitus

1. Introduction

Obesity is a major risk factor that is closely related to various pathological conditions
and chronic diseases worldwide and has become a major global public health problem. In
2022, the World Health Organization (WHO) reported that among adults aged 18 years
and older, 39% were overweight and 13% were obese [1]. Recent studies revealed that
the common underlying cause of both diabetes and obesity is related to insulin resistance,
which occurs due to the stimulation of insulin production or a reduction in insulin recep-
tors [2,3]. Common molecular targets for designing anti-obesity drugs are enzymes, which
are accounted for virtually half of the small-molecule drugs available on the market. Be-
cause of their protein structures with several validated sites for drug interaction, enzymes
are proved to be an appealing target for the discovery of novel therapeutic molecules [4].
Natural products are known to be remarkable sources for discovering possible therapeutic
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approaches for metabolic disorders, such as anti-diabetic and anti-obesity drugs. Hence,
extensive experiments were made to investigate the effects of molecules from natural
products through enzyme inhibition assay, particularly activities of α -Glucosidase and
lipase [5–7].

α-glucosidase is a carbohydrate-hydrolyzing enzyme that is secreted from the intesti-
nal chronic epithelium. These enzymes are essential enzymes of digestion that stimulate the
breakdown of disaccharides and oligosaccharides into small, simple, and absorbable carbo-
hydrates [8]. One of the most common alpha-glucosidase inhibitors (AGIs) drugs currently
available is acarbose, which is proven to be efficient in blood glucose level stabilization.
Moreover, acarbose was found to have activity against oxidative stress and endothelial
dysfunction; therefore, it might lower the risk of developing cardiovascular diseases and
help increase the lifespans of type-2 DM patients [9]. In addition, the dysfunctions of
insulin-producing pancreatic β cells lose their functions due to the excessive accumulation
of lipids in the pancreas [10,11]. Lipase is an enzyme produced by the exocrine portion of
the pancreas and is released into the intestinal lumen to catalyze the hydrolytic breakdown
of triacylglycerols in ingested fats, into free fatty acids and monoacylglycerols; thus, it is
the most important enzyme in lipid digestion and is absorbed into circulation [12]. Orlistat,
a lipase inhibitor that competes with dietary lipid molecules for enzymatic active sites, is an
archetypic medication prescribed for obese patients in need of losing weight. Orlistat, with
a therapeutic oral dose of 120 mg administered three times per day, accounts for nearly
one-third of the reduction of dietary fat absorption via intestinal epithelium due to its
inhibitory effect against lipase in the hydrolysis of triacylglycerol. This decrease in lipid
absorption is shown to be without prominent effects on appetite [13]. However, long-term
use of these drugs is often reported to cause some severe side effects, such as insomnia,
headaches, hypoglycemia, weight gain, constipation, and renal damage [14,15]. Efforts
have been directed toward discovering medicines from natural products due to their low
costs, relative safety, probability of high compliance, and low incidences of undesirable side
effects [16]. Based on previous studies, secondary metabolites of natural products, such
as phenolics, alkaloids, terpenoids, flavonoids, and glycosides, have shown potent pan-
creatic lipase and α-glucosidase inhibitory activities [17–22]. The α-glucosidase inhibitory
potential was also shown by plants in the Juglandaceae family [23]. However, it remains
necessary to continue searching for more effective α-glucosidase and lipase inhibitors from
traditional herbs.

Mitragyna speciosa (Korth.) Havil. or kratom (Rubiaceae) is an indigenous plant in
Southeast Asia that grows naturally in several regions, including Thailand, Indonesia,
Malaysia, Sumatra, Java, Bali, and Borneo (Figure 1) [24]. Kratom leaves have been used in
local communities to treat pain, cough, fever, and diabetes; to enhance work performance;
and are used as substitutes for illicit substances, mainly opioids. The leaves have been
used as a traditional medicinal herb in southern Thailand, where it has become a culturally
accepted stimulant drink similar to coffee and tea [25]. Previous studies revealed that
M. speciosa contains a diverse group of secondary metabolites, such as indole alkaloids,
flavonoids, triterpenoids, saponins, and glycosides [26]. More than forty of these com-
pounds have been identified. Mitragynine is the most abundant compound available
in the kratom preparation, with an estimated 2% by mass and up to two-thirds (66%)
of total alkaloid content [27]. In addition, through in vitro and in vivo studies, kratom
has been observed to exhibit various pharmacological properties, such as antioxidant,
anti-inflammation, antibacterial, antiproliferative, and anti-analgesic properties [28,29].
Although previous studies have reported that kratom leaves exhibit activities that control
diabetes and lipid profile [30–35], there is still a lack of scientific evidence related to the
inhibitory effects and mechanism of enzymatic activities. Thus, in this research, we aimed
to evaluate the α-glucosidase and pancreatic lipase inhibitory activities of kratom leaves.
Additionally, the phytochemical profile, total alkaloid content, total phenolic content, and
total flavonoid content of kratom extract were also investigated.
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Figure 1. Mitragyna speciosa (Korth.) Havil. or Kratom.

2. Materials and Methods

2.1. Plant Material

Fresh leaves of M. speciosa were collected from Thasala district, Nakhon Si Thammarat
Province, Thailand in February 2022 (Figure 1). The leaves were identified by the Plant
Varieties Protection office, Department of Agriculture, Thailand; the voucher specimen
(BK083621) was deposited.

2.2. Preparation of Kratom Extracts

The leaves of kratom (1 kg) were dried in a hot air oven at 60 ◦C and ground to a coarse
powder (600 g). The kratom powder was extracted with various organic solvents, including
methanol (MeOH), ethanol (EtOH), and water, respectively for 24 h (three times). The
extracts were filtered using a Whatman No. 1 filter paper. Each filtrate was concentrated
to dryness in a rotary evaporator (Büchi Labortechnik, Germany) under reduced pres-
sure and controlled temperature (40 ◦C) to give the final extracts including EtOH extract
(52.8 g), MeOH extract (60.5 g), and aqueous extract (57.99 g), which were stored at 4 ◦C in
a refrigerator until further use.

2.3. Determination of Total Phenolic Content, Total Flavonoid Content, and Total Alkaloid Content
2.3.1. Total Phenolic Contents (TPC)

The total phenolic content was determined for individual extracts using the Folin–
Ciocalteu method with some modifications [36]. Briefly, the 20 μL of extracts were mixed
with 100 μL of tenfold diluted Folin–Ciocalteu reagent (Sigma-Aldrich, St Louis, MO,
USA) and 80 μL of sodium bicarbonate (75 g/L). The mixture was incubated at room
temperature for 1 h, and the absorbance was measured at 765 nm with a microplate reader
(Thermo Scientific, Göteborg, Sweden). All samples were analyzed in triplicate. Gallic
acid (4–30 μg/mL) was used as a positive control (Sigma-Aldrich, St Louis, MO, USA,
lot number 099K0128). The results are expressed as milligrams of gallic acid equivalent
(mg GAE/g).

2.3.2. Total Flavonoid Content (TFC)

The total flavonoid content method was determined by using an aluminum chloride
colorimetric assay with some modifications [37]. Briefly, 50 μL of samples were mixed
with 10 μL of 10% aluminum chloride (Sigma-Aldrich, St Louis, MO, USA), 1 M sodium
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acetate (Sigma-Aldrich, St Louis, MO, USA), and 150 μL of 95% ethanol. The mixtures
were further incubated in the dark at room temperature for 40 min. The absorbance was
measured at 415 nm using a microplate reader (Thermo Scientific, Göteborg, Sweden). All
samples were analyzed in triplicate. A solution of quercetin (Sigma-Aldrich, St Louis, MO,
USA, lot number Q4951) in a range of 10–100 μg/mL was used to prepare a standard curve
for determining the total flavonoid contents. The results are expressed as milligrams of
quercetin equivalent (mg QE/g).

2.3.3. Total Alkaloid Content (TAC)

Bromocresol green solution (1 × 10−4) was prepared by heating 69.8 mg bromocresol
green (Sigma-Aldrich, St Louis, MO, USA) with 3 mL of 2N NaOH and 5 mL of distilled
water until completely dissolved and the solution was diluted to 1000 mL with distilled
water. A phosphate buffer solution (pH 4.7) was prepared by adjusting the pH of 2 M
sodium phosphate (71.6 g Na2HPO4 in 1 L of distilled water) to 4.7 with 0.2 M citric acid
(42.02 g citric acid in 1 L of distilled water). Atropine standard (Glentham Life Sciences, Ltd.,
Wiltshire, United Kingdom, lot number 756VTN) solution (20–140 μg/mL) was dissolved
at 1 mg in 10 mL of distilled water [38]. All samples were analyzed in triplicate. The results
are expressed as milligrams of atropine equivalent (mg ATR/g).

2.4. Liquid Chromatography Analysis of Kratom Extracts

UHPLC model Ultimate 3000 with an LC-MS/MS model Altis Plus (Thermo Fisher
Scientific, MA, USA) was used. All samples were filtrated by a nylon filter with a pore
size of 0.22 μm. The scanning range was from 100 to 1700 m/z for MS/MS in positive
mode. Separation was achieved through Thermo Hypersil GOLD C-18 (2.1 × 100 mm,
1.9 μm). The gradient mobile phase was a mixture of solvent A: 0.1% formic acid (pH 2.99),
and solvent B: acetonitrile, with a flow rate of 0.5 mL/min. The gradient program
was set as 0–0.5 min, 25% B; 3–4 min, 80–100% B; and 4–6.5 min, 25% B with an injec-
tion volume of 10 μL. Standard mitragynine (0.1–1 μg/mL) (Lipomed, Inc., lot number
1610.1B0.2), quercetin (0.1–1 μg/mL) (Sigma-Aldrich, St Louis, MO, USA, lot number
Q4951), 7-hydroxymitragynine (0.1–1 μg/mL) (ChromaDex, Inc., lot number 00008624-
00377), and rutin (0.1–1 μg/mL) (Acros Organics, lot number A0355330) were eluted at
2.08, 1.20, 3.06, and 1.22 min, respectively. The mass scan mode was the positive multiple
reaction monitoring mode. The precursor ion and product ion were m/z 399.20 → 174.10
for mitragynine, m/z 415.20 → 190.10 for 7-hydroxymitragynine, m/z 303.05 → 229.00 for
quercetin, and m/z 611.16 → 303.10 for rutin.

2.5. Kinetic Study of α-Glucosidase Inhibition

The assay was performed as described previously with some modifications [39]. The
kinetic parameters (Michaelis–Menten constant; Km and maximum velocity; Vmax) of α-
glucosidase were determined by using p-nitrophenol-α-D-glucopyranoside (pNPG) as
a substrate. Briefly, 0.1 unit of α-glucosidase (Sigma-Aldrich, St Louis, MO, USA) were
incubated at 37 ◦C with 100 μL of total reaction. After 10 min, the reactions were started by
adding 50 μL pNPG (Sigma-Aldrich, St Louis, MO, USA, lot number 3698310) ranging from
0 to 15 mM, and the p-nitrophenol product was measured at 405 nm using a microplate
reader (Multiskan SkyHigh, Thermo Scientific, Göteborg, Sweden). The substrate concen-
tration rates were plotted against pNPG concentrations and fitted to the Michaelis–Menten
equation. For the inhibition assay, 100 μL containing 0.1 unit of α-glucosidase was incu-
bated at 37 ◦C with acarbose (positive control) (Sigma-Aldrich, St Louis, MO, USA, Lot
number SLCF5122) or kratom extracts at various concentrations (0–100 μg/mL).

The reactions were started by adding 50 μL of 0.3 mM pNPG (Km), and the p-nitrophenol
product was measured at 405 nm using a microplate reader. The IC50 was determined
by comparing the rate of each test inhibitor concentration to that of the vehicle control
(ethanol), and the IC50 was calculated by plotting the remaining activity of each inhibitor
concentration to the log test inhibitor concentration. The inhibition modes of pure com-
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pounds (mitragynine) and the positive control (acarbose) against the α-glucosidase enzyme
were determined with at least four different concentrations of test inhibitors (mitragynine
0–0.4 mM; acarbose 0–3 mM). After co-incubation with each inhibitor for 5 min at 37 ◦C,
the reactions were initiated by adding the p-NPG substrate (0–15 mM) [39]. The inhibition
constant (Ki) values were determined from Lineweaver–Burk Plots.

2.6. Kinetic Study of Pancreatic Lipase Inhibition

The kinetic parameters (Km and Vmax) of pancreatic lipase were determined using
4-methylumbelliferyl oleate (4MUO) as the substrate (Sigma-Aldrich, St Louis, MO, USA,
Lot number BCCF8781). Briefly, 0.5 units of lipase (Sigma-Aldrich, St Louis, MO, USA, Lot
number SLCG8579) were incubated in 96-well plates with a total volume of 100 μL (15 mM
Tris-HCl buffer, pH 8.0) at 37 ◦C for 10 min. The reactions were initiated by adding 50 μL
of 4MUO ranging from 0 to 5 mM. The reactions were left to proceed for 10 min, and the
rates of the reactions were measured by monitoring the increase in 4-methylumbelliferone
(4MU), a fluorescent product (excitation, 355 nm; and emission, 460 nm). The rates at
which substrate concentrations were plotted against 4MUO concentrations and fitted to the
Michaelis–Menten equation. For the inhibition assay, 0.5 units of lipase were incubated with
orlistat (Sigma-Aldrich, St Louis, MO, USA, Lot number 0000117290) or kratom extracts
at various concentrations (0–100 μg/mL) in a 100 μL total reaction volume at 37 ◦C. After
10 min, the reactions were started by adding 0.35 mM 4MUO. The reaction rates were
monitored by measuring the release of 4MU from 4MUO. Fluorescence from the release
of 4MU was measured using a microplate reader (Synergy Mx, Agilent Technology, Santa
Clara, USA) with excitation and emission wavelengths of 355 and 460 nm, respectively. The
remaining activity of lipase was determined by comparing the rate of each test inhibitor
concentration to the vehicle control (ethanol), and IC50 was calculated by plotting the
remaining activity of each inhibitor concentration to the log test inhibitor concentration [39].

2.7. The Combination of Kratom Extracts and Acarbose Inhibited Enzymatic α-Glucosidase
Activities

For the combination inhibition of α-glucosidase, 0.1 units of α-glucosidase was incu-
bated with acarbose ranging from 0 to 100 μM in the presence and absence of ethanol extract
(IC50; 16 μg/mL), methanol extract (IC50; 42 μg/mL), aqueous extract (IC50; 70 μg/mL),
and mitragynine (IC50; 82 μg/mL) at 37 ◦C in a total volume of 100 μL of 15 mM Tris-HCl
buffer, pH 8.0. After 10 min, the residual reactions were started by the addition of 50 μL of
0.3 mM pNPG. The reactions were left to proceed for 10 min. The absorption at 405 nm was
then measured using a microplate reader, and IC50 values were calculated by GraphPad
Prism version 9.3.1.

2.8. Statistical Analysis

All data were obtained from three dependent experiments and are expressed as the
mean ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism
9.3.1 (GraphPad Software, Inc., San Diego, CA, USA) with one-way ANOVA. Differences
with * p < 0.05 were statically significant.

3. Results

3.1. TPC, TFC, and TAC of All Kratom Extracts

The effects of the extraction solvents (ethanol, methanol, and aqueous) on the TPC,
TFC, and TAC of the kratom leaf extracts were evaluated, as shown in Table 1. The TPC was
calculated from the regression equation of the calibration curve (Y = 0.0236x; R2 = 0.9995)
and expressed as mg GAE/g of samples. The TFC was also reported as mg QE/g of
samples (Y = 0.0059x; R2 = 0.9923). The content of alkaloids was measured in terms of
atropine equivalents (Y = 0.0052x; R2 = 0.9980). The results showed that the ethanol extract
exhibited a higher TPC (252.92 ± 1.15 mg GAE/g), TFC (26.07 ± 0.01 mg GAE/g), and TAC
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(88.04 ± 0.15 mg ATR/g) than those of the other kratom extracts. These results suggest that
the ethanol extract is rich in phenolics, flavonoids, and alkaloids.

Table 1. TPC (mg GAE/g extract), TFC (mg QE/g extract), and TAC (mg ATR/g extract) of kratom
leaf extracts.

Samples
TPC

(mg GAE/g) ± SD
TFC

(mg QE/g) ± SD
TAC

(mg ATR/g) ± SD

Ethanol 252.92 ± 1.15 * 26.07 ± 0.01 * 88.04 ± 0.15 *
Methanol 159.30 ± 2.01 13.15 ± 0.09 52.82 ± 0.85
Aqueous 130.58 ± 0.68 0.82 ± 0.02 5.61 ± 0.13

Results are expressed as means ± SDs, n = 3. * p < 0.05 compared to methanol and aqueous extracts of each group.

3.2. LC-MS/MS Analysis of Mitragynine, 7-hydroxymitragynine, Quercetin, and Rutin

LC-MS/MS is a confirmed hyphenated and accurate tool for rapid analysis, and it
was used for the identification of a total of the mitragynine, 7-hydroxymitragynine, and
two flavonoid compounds, which were identified by comparing their retention times and
mass fragmentation patterns with data obtained from previous studies [26]. Then, each
individual compound was quantified by comparing its peak area with the calibration curve
obtained for the corresponding standard (Figure 2). Table 2 summarizes the bioactive
phytochemical, mainly indole alkaloids and flavonoids. The presence and identification of
these phytochemicals correlate with the reports published in a previous report [26].

Table 2. MS/MS data of compounds identified tentatively in kratom ethanol, methanol, and aqueous
leaf extracts using UHPLC and LC-MS/MS.

Identification
Calculated m/z

[M+H]+

Precursor ion
Experimental
m/z [M+H]+

Major Ion in
MS/MS Spectra

(Key Fragment Ions)

Ethanol
RT, min

Methanol
RT, min

Aqueous
RT, min

Mitragynine 399.2278 399.20 174.10 3.284 3.224 3.224
7-hydroxymitragynine 415.2227 415.2 190.10 3.286 3.212 3.212

Rutin 611.1602 611.16 303.10 1.209 1.175 1.175
Quercetin 303.0508 303.05 229.00 1.217 1.223 1.223

The quantitative analysis of kratom leaf extracts is shown in Table 3. Mitragynine
appeared to be the major alkaloid that was found in ethanol, followed by methanol and
aqueous extracts, respectively. From this result, we can calculate that the percentages
of mitragynine in TAC are 66% in methanol extract, 68% in ethanol extract, and 6.9%
in aqueous extract. However, 7-hydroxymitragynine was observed at less than 1 mg/g.
Additionally, quercetin and rutin were found to contain the highest amounts of ethanol
compared to the other kratom extracts.

Table 3. Quantitative analysis of mitragynine, quercetin, and rutin of kratom extracts.

Compounds
Amount (mg/g) ± SD

Ethanol Extract Methanol Extract Aqueous Extract

Mitragynine 58.75 ± 0.21 * 35.87 ± 1.01 3.85 ± 0.17
Quercetin 19.10 ± 0.85 * 5.90 ± 0.14 1.28 ± 0.02

Rutin 11.36 ± 0.11 * 3.19 ± 0.22 1.22 ± 0.05
Results are expressed as means ± SDs, n = 3. * p < 0.05 compared to methanol and aqueous extracts of each group.
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Figure 2. Total ion chromatograms (TIC) from LC-MS/MS of (A) the reference standard (mitragynine)
concentration at 1 μg/mL, (B) ethanol extract, (C) methanol extract, and (D) aqueous extract from
kratom leaves. The peaks of four major constituents were identified by comparison with the refer-
ence standards, their retention times, and mass fragmentation patterns (B1–D1) as rutin, quercetin,
mitragynine, and 7-hydroxymitragynine.

3.3. α-Glucosidase Inhibition Activity

The three different solvent extracts of kratom were evaluated for their α-glucosidase
inhibitory activities (Table 4). Each kratom extract was initially treated at 0–100 μg/mL.
The ethanol extract showed the strongest activity (IC50 15.9 ± 1.34 μg/mL), followed by
methanol extract (IC50 42.12 ± 1.76 μg/mL) and aqueous extract (IC50 69.48 ± 2.67 μg/mL),
with a potency higher than that of the drug acarbose (IC50 728.20 ± 7.01 μg/mL). However,
compared to acarbose as a positive control, mitragynine has lower IC50 (81.68 ± 1.70 μg/mL)
and, thus, has higher inhibitory activity (Figure 3A,B).
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Table 4. The IC50 values of kratom extracts and mitragynine for α-glucosidase and pancreatic lipase
inhibitory activities.

Samples
α-Glucosidase Pancreatic Lipase

IC50 (μM) IC50 (μg/mL) IC50 (μM) IC50 (μg/mL)

Ethanol extract - 15.90 ± 1.34 * - 14.15 ± 1.71 *
Methanol extract - 42.12 ± 1.76 * - 28.38 ± 2.34 *
Aqueous extract - 69.48 ± 2.67 * - 41.43 ± 3.32 *

Mitragynine 205.04 ± 15.11 * 81.68 ± 1.70 * 24.9 ± 1.38 * 9.86 ± 0.45 *

Acarbose 1121.09 ± 67.01 728.20 ± 7.01 - -
Orlistat - - 0.84 ± 0.10 0.42 ± 0.05

Results are expressed as means ± SDs, n = 3. * p < 0.05 compared to positive controls (acarbose and orlistat).
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Figure 3. Inhibitory effect of the kratom extracts and mitragynine against α-glucosidase (A,B) and
pancreatic lipase (C,D). Inhibition curves of acarbose (B) and orlistat (D) were used as positive controls.

The inhibition kinetics of acarbose and kratom extracts against α-glucosidase were
analyzed using the Lineweaver–Burk plots of the inverted values of velocity (1/V) versus
the inverted values of substrate concentration (1/[S]), which are presented in Figure 4A–D.
The drug acarbose showed the intersection of the lines on the ordinate, indicative of mixed-
type inhibition. The results showed that km 0.3 mM and Vmax (28 μmol/min/mg) were
consistent with a previous report [39]. The Ki of each mode was evaluated (Figure 4A,B).
The intersection on the abscissa yielded a Ki value of acarbose (0.28 mM), indicating mixed-
type inhibition. Mitragynine was present at concentrations of 100, 200, and 300 μM with a Ki
value of 0.10 mM (Figure 4C,D). These results suggest that mitragynine is a noncompetitive
inhibitor of this enzyme (Table 5).
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Figure 4. Lineweaver–Burk plots of α-glucosidase (A–D) and pancreatic lipase (E–H) in the presence
and absence of kratom extracts, mitragynine, and positive controls (acarbose and orlistat).

Table 5. Kinetic parameters in α-glucosidase and pancreatic lipase in the presence of mitragynine
and positive controls.

Inhibitors
α-Glucosidase Pancreatic Lipase

Ki (mM) Mode Ki (μM) Mode

Mitragynine 0.10 noncompetitive 14.94 competitive
Acarbose 0.28 mixed-type - -
Orlistat - - 0.24 competitive
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3.4. Pancreatic Lipase Inhibition Activity

The kratom leaf extracts were subjected to pancreatic lipase inhibitory activity with
4MUO as the substrate evaluation. Each kratom extract was initially treated at 0–100 μg/mL
(Table 4). The results revealed that the ethanol extract exhibited strong inhibition of lipase
(IC50 14.15 ± 1.71 μg/mL), followed by the methanol extract (IC50 28.38 ± 2.34 μg/mL)
and aqueous extract (IC50 41.43 ± 3.32 μg/mL), but the potency was lower than that of
orlistat (IC50 0.42 ± 0.05 μg/mL), which was a positive control (Figure 3C,D). In addition,
we found that the IC50 value of mitragynine was 30-fold higher than that of orlistat. In
experiments on the kinetics parameter of lipase with 4MUO as the substrate, the Km and
Vmax values were determined to be 0.45 ± 0.01 mM and 58 nmol/min/mg, respectively.
The Ki values of orlistat and mitragynine were determined. The intersection on the abscissa
yielded a Ki value of orlistat (0.24 ± 0.03 μM) and mitragynine (14.94 ± 0.29 μM). These
observations suggested that both orlistat and mitragynine were competitive inhibitors of
the lipase enzyme (Table 5), but mitragynine was shown to have weaker inhibition than
that of orlistat (Figure 4E–H).

3.5. The Combined Inhibitory Effect of Kratom Extracts and Mitragynine on α-Glucosidase Activities

The mode of inhibition between acarbose and mitragynine on the α-glucosidase en-
zyme was as described earlier. We hypothesized that acarbose and mitragynine might have
synergist effects. The inhibitory effects of kratom and its combination with α-glucosidase
are shown in Figure 5. The concentration of acarbose in the range of 0–15 mM was com-
bined with the IC50 values of kratom extracts and mitragynine. The results showed that the
IC50 of kratom extracts combined with acarbose was lowered almost two-fold compared
with that of acarbose alone. Interestingly, combination treatments with mitragynine at
the concentrations of 200 and 300 μM decreased IC50 values compared with that of mixed
kratom extracts. However, 100 μM of mitragynine showed less potency than that of kratom
extracts. Thus, the results indicated that mitragynine in kratom is a major constituent for
reducing blood glucose as well as improving the efficiency of acarbose, which is a reference
standard for glucose-lowering drug.
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Figure 5. The IC50 values α-glucosidase of combinatorial kratom extracts and mitragynine with
acarbose. The results are expressed as the means ± SDs, n = 3. * p < 0.05 compared to acarbose alone.
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4. Discussion

M. speciosa or kratom contains more than 40 identified bioactive compounds including
indole alkaloids, flavonoids, triterpenoids, saponins, and glycosides. These compounds
have been described to have antioxidant, anti-inflammatory, antibacterial, antiproliferative,
and analgesic activities by several studies [26,28,29,40]. In this study, the presence of
phenolic, flavonoid, and alkaloid compounds in our kratom extracts were confirmed by
TPC, TFC, and TAC, respectively (Table 1). The four major kratom extract constituents
identified by LC-MS/MS included mitragynine, 7-hydroxymitragynine, quercetin, and
rutin (Table 2), which corresponded to the previous studies [26,27]. The amounts of these
four compounds appeared to be different depending on the extraction solvent used (Table 3).
Ethanol, the most common extraction solvent used in maceration, could extract the highest
amounts of all types of compounds, while water extracted the least amount of all the
compounds regardless of the polarities of the compounds. This result could imply that
the polarities of the extracting solvents directly affected the yield of extraction following
the like–dissolve–like principle [41]. Additionally, these data suggest that the water-based
preparation of kratom leaves as a tea or stimulant drink for use as an alternative medicine
for pain relief and diabetes in different cultures, including the Thai culture [25], may not be
effective, as water cannot extract many bioactive ingredients from kratom leaves.

Bioactive constituents of kratom leaves, including mitragynine, are already well-
known for their analgesic activities, primarily via activation of μ-opioid receptors, in which
7-hydroxymitragynine has 16-fold higher analgesic activity than that of mitragynine. [42].
Increasing evidence indicates that kratom extract could be used to treat metabolic syndrome,
i.e., controlling blood glucose and lipid profiles [30–35], even though information about the
underlying molecular mechanisms or targeted molecules, in which bioactive compounds
in kratom leaves exhibit these actions, is limited. There has been only one previous study
that reported the potential of kratom leaf extracts in glucose-lowering effects, in which
the methanolic extract of kratom leaves and the major constituent mitragynine promoted
in vitro glucose uptake to muscle cells via glucose transporter-1 (GLUT-1) [31]. Thus, this
study evaluated whether kratom extracts and the major constituent mitragynine could
inhibit the enzymatic activities of α-glucosidase and pancreatic lipase, which are two of
the most common molecular targets of anti-diabetic agents (i.e., acarbose) and anti-obesity
agents (i.e., orlistat), respectively [5–7]. Inhibiting α-glucosidase results in fewer transfor-
mations of the oligosaccharides and disaccharides to glucose, which plays an important
role in controlling the postprandial blood glucose levels of diabetics and keeping the blood
glucose levels normal by delaying the digestion of carbohydrates and diminishing the ab-
sorption of monosaccharides [43], meanwhile, the suppression of pancreatic lipase activity
reduces the breakdown of dietary triglycerides into free fatty acids and glycerol and, thus,
helps lower blood triglyceride levels [12].

Among the three different kratom leaf extracts, ethanolic extract showed the strongest
inhibitory effects toward both α-glucosidase and pancreatic lipase, followed by the methano-
lic and aqueous extracts (Table 4). It appeared that these trends of inhibition also corre-
sponded to the amounts of the identified four major bioactive compounds that were identi-
fied in kratom extracts, which were highest in ethanolic extracts, followed by methanolic
and aqueous extracts. Therefore, our results suggested that the highest inhibitory activities
of the ethanolic extract were attributed to the presence of the four main compounds, mi-
tragynine, 7-hydroxymitragynine, quercetin, and rutin, which were present in the highest
amounts compared to the methanolic and aqueous extracts. Interestingly, it should be noted
that all the kratom extracts outperformed the anti-diabetic agent acarbose, which is well
known as an α-glucosidase inhibitor, to inhibit α-glucosidase activity [9]. Our discovery
could primarily imply that kratom extracts could be used for lowering blood glucose levels
by inhibiting the α-glucosidase enzyme. However, this was not a similar case for the inhi-
bition, in which the kratom extracts appeared to inhibit pancreatic lipase activity 30-fold
compared to inhibition by the well-known drug inhibitor orlistat [13]. These compounds in
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the kratom extracts could act synergistically for the activation or downregulation of some
key pathways [44].

To further investigate whether the major constituent mitragynine mainly contributed
to the inhibition of both α-glucosidase and pancreatic lipase, the purified mitragynine
compound was also used in enzymatic assays and the determination of inhibition kinetics.
We found that mitragynine exhibited an approximately 3.5-fold stronger inhibitory effect
toward α-glucosidase than that of acarbose (Table 5). However, mitragynine appeared to
exhibit weaker inhibition toward pancreatic lipase when compared to the known inhibitor
drug orlistat judging by double-reciprocal plots (Figure 4A–H), mitragynine inhibited
α-glucosidase in a noncompetitive mode with a Ki value of 0.10 mM, whereas the known
inhibitor drug acarbose inhibited α-glucosidase by a mixed-type inhibition mode with
a Ki value of 0.28 mM. In contrast, both mitragynine and the known inhibitor drug orli-
stat inhibited pancreatic lipase in a competitive mode, in which the Ki of mitragynine
was approximately 62.5-time higher than that of orlistat (Ki = 14.94 ± 0.29 μM versus
Ki = 0.24 ± 0.03 μM, respectively). This finding suggested that mitragynine exhibited rela-
tively weak inhibition toward pancreatic lipase and could not be effective for use in obesity
management via lowering blood triglyceride levels. The orlistat molecule comprises several
aliphatic chains that could span over the active site of the pancreatic lipase enzyme [45].
However, the relatively more rigid molecular structure of mitragynine may not fit well into
the active site of pancreatic lipase, resulting in compromised inhibitory activities. Based on
molecular docking, several previous studies have predicted that flavonoids with subclasses
of flavones, flavanones, and chalcones could be potential candidate compounds for the
effective inhibition of pancreatic lipase [46]. Further work will be conducted to investigate
whether the other bioactive compounds in kratom leaves could exhibit anti-diabetic and
anti-obesity properties.

It has been hypothesized that the two inhibitors with different modes of inhibition
could contribute synergistically to each other (to the inhibition of α-glucosidase). Therefore,
we investigated whether this postulation was correct by performing synergistic inhibition
assays. When mitragynine was added to the enzymatic reactions in which acarbose was
also present, a synergistic effect could be observed as the IC50 value of the compound
mixture was lower than that of acarbose alone. Therefore, our results have reported for
the first time the potential of kratom leaf extracts and the major constituent mitragynine
for use as herbal medicinal therapies for diabetes. In addition, our information could
primarily provide healthcare professionals with significant notes on the potential of the use
of kratom in combination with the anti-diabetic agent acarbose for more effective control of
blood glucose levels in patients with diabetes and can increase the knowledge [47] of using
kratom in combination with bioactive substances and medicines.

5. Conclusions

Kratom leaves are known to be rich sources of alkaloids, flavonoids, and phenolic
compounds, and our study found that the ethanolic extraction of kratom leaves produced
the highest amount of these compounds compared with that of methanolic and aqueous
extractions. The extracted compounds from kratom leaves also exhibited inhibitory activity
against α-glucosidase and pancreatic lipase, and the highest inhibition was found from
the ethanolic extract. Mitragynine, one of the major alkaloid constituents in kratom leaves,
was found to have stronger inhibitory activity against α-glucosidase than that of the well-
known anti-diabetic drug acarbose. We deduced that mitragynine is a main component for
the inhibition of α-glucosidase in kratom leaves since the combination of acarbose with
mitragynine showed a higher inhibitory effect than that of acarbose combined with kratom
leaf extracts. In addition to the mentioned effect against α-glucosidase, the ethanol extracts
of kratom leaves and mitragynine were revealed to possess repressive activity against
pancreatic lipase. Our research suggests that kratom leaves, particularly mitragynine, have
promising potential for use in therapeutic and protective applications in diabetic patients
as herbal supplements in conjunction with standard pharmacological approaches.
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Abstract: Rosmarinic acid (RA) is a natural polyphenolic compound with antioxidative property.
With the present study, we aimed to evaluate the neuroprotective role of RA on Parkinson’s disease
using rotenone induced SH-SY5Y cell model of Parkinson’s disease, the underlying mechanism of
action of RA was also investigated. Cell viability, cell morphology, apoptosis, signaling protein
phosphorylation and expression, cellular reactive oxygen species (ROS) production, ATP content,
and mitochondrial membrane potential were tested in SH-SY5Y cells. RA showed a neuroprotective
effect in a rotenone-induced SH-SY5Y cell model of Parkinson’s disease with dose-dependent manner,
it reduced cell apoptosis and restored normal cell morphology. RA not only decreased levels of
α-synuclein and Tau phosphorylation but also elevated the contents of AMPK phosphorylation, Akt
phosphorylation, and PGC-1α. RA restored the reduced mitochondrial membrane potential and ATP
content as well as inhibited rotenone-induced ROS overproduction. Further findings demonstrated
that the neuroprotective role of RA was partially due to the inhibition of Abl tyrosine kinase. RA
treatment suppressed the hyperphosphorylation of Abl Y412 and CrkII Y221 induced by rotenone.
Nilotinib, a specific inhibitor of Abl, elicited a similar neuroprotective effect as that of RA. The present
study indicates that RA has a property of neuroprotection against rotenone, and the neuroprotective
effect is partially attributed to the inhibition of Abl.

Keywords: rosmarinic acid; Parkinson’s disease; mitochondrial function; Abl tyrosine kinase;
rotenone

1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease.
There are currently more than five million PD patients worldwide. Up to date, no cur-
ing treatment is available [1]. The main characteristics of PD are the degeneration of
dopaminergic neurons in the substantia nigra pars compacta and the lack of dopamine in
the striatum [2], which result in the clinical features including tremor, bradykinesia, and
muscle stiffness [3]. A few molecular mechanisms have been identified to be responsible
for the neuronal cell death in PD, including mitochondrial dysfunction, increased iron
content, and oxidative stress. Previous studies showed an increase of oxidative stress in the
cerebrospinal fluid of PD patients and suggested that excess formation of free radicals was
involved in the progression of PD [4]. Therefore, several research studies were carried out
to investigate the roles of antioxidative agents on treating PD animal or cell models [5,6].

Rosmarinic acid (RA) is a natural polyphenolic compound that exists in several kinds
of plants including Lamiaceae and Boraginaceae families [7] (Figure 1). It has antiviral,
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antibacterial, anti-inflammatory, and antioxidative properties [8]. A PD cell model study
with SH-SY5Y showed that RA activated antioxidant enzyme heme oxygenase-1 to suppress
reactive oxygen species (ROS) production and cell death induced by H2O2 exposure [9]. RA
also reduced the oxidative stress and neurotoxic effects induced by 6-hydroxydopamine
(6-OHDA) and reversed the mitochondrial membrane potential reduction in 6-OHDA
challenged cells [10]. Another study further proved the neuroprotective effect of RA
by re-establishing the mitochondrial complex I function and recovering the dopamine
content level and cell viability in 1-methyl-4-phenylpyridinium (MPP+) exposed MES23.5
dopaminergic cells [11]. In PD animal model, RA was demonstrated to protect against
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced neurotoxicity in zebrafish
embryos [6]. These studies indicated RA being a potential compound for PD treatment.

Figure 1. Chemical structure of rosmarinic acid (RA).

Rotenone is a natural compound present in plants including Tephrosia and Lonchocar-
pus [12]. Since the rotenone challenged animal models display two typical characteristics
of PD, Lewy bodies in the substantia nigra neurons and degeneration of these cells [13],
rotenone exposed animal or cell model gives one of the best experimental models for
research on neuroprotective therapies for PD [14–16]. In neuronal cells, rotenone has an
inhibitory effect on mitochondrial complex I and mediates α-synuclein aggregation, it
causes mitochondrial dysfunction and overproduction of ROS, which ultimately induces
neuronal cell death [17–19]. Up to date, the molecular mechanism of action of RA protect-
ing neuronal cells has not been fully elucidated, and the neuroprotective role of RA on
rotenone-exposed cells has not been evaluated.

Abelson tyrosine kinase (Abl) is a nonreceptor tyrosine kinase. Upon being activated
by oxidative stress, Abl phosphorylates α-synuclein and promotes its accumulation, ag-
gregation, and plays an essential role in neuron degeneration [20]. Abl inhibition rescued
mitochondrial function reduction and dopaminergic neuronal degeneration in several
mouse PD models [20]. A potent Abl inhibitor, nilotinib, was first developed to treat
chronic myeloid leukemia [21]. Later study showed that nilotinib protected dopaminergic
neurons in MPTP-induced preclinical mice model of PD [22].

The aim of the current study was to explore the neuroprotective effects of RA on
rotenone challenged SH-SY5Y cell model of PD. Furthermore, the role of Abl in the neuro-
protective mechanism of RA against rotenone was also assessed.

2. Materials and Methods

2.1. Cell Culture

Human neuroblastoma SH-SY5Y cells were purchased from Shanghai Cell Bank
(Shanghai, China). The cells were cultured in DMEM media (Gibco, Waltham, MA, USA)
with 10% (v/v) fetal bovine serum (FBS) (TIANHANG, Zhejiang, China), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin (Gibco, Waltham, MA, USA). Cells were maintained at
37 ◦C in a saturated humidity atmosphere containing 95% air and 5% CO2. Cells grew to
around 70% confluences before they were used for experiments.
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2.2. Cell Viability Assay and Morphological Observation

Cell viability was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. In previous research, RA was pre-administered to animals or cells for
different lengths of time before they were challenged with the disease-modeling reagents.
RA pretreatment for 2 h protects against MPTP-induced neurotoxicity in zebrafish embryos
dopaminergic neurons [6]. Pretreatment for 30 min with RA protects SK-N-SH cells against
MPTP induced toxicity [8]. Carnosic acid is a natural antioxidant compound derived from
rosemary from which rosmarinic acid was also derived [23]. 12 h pretreatment with carnosic
acid has neuroprotective effect on SH-SY5Y cells against 6-OHDA induced neurotoxic-
ity [23]. Based on these data, a medium time length, 3 h, was chosen as the RA pretreatment
time length before SH-SY5Y cells were exposed to rotenone. SH-SY5Y cells were exposed
to 0, 0.1, 1, 10, 50, 100, and 200 μM rotenone for 24 h at 37 ◦C for the rotenone toxicity eval-
uation. SH-SY5Y cells were pretreated with rosmarinic acid (RA, Sigma-Aldrich, St. Louis,
MO, USA) before they were then either exposed to 50 μM rotenone, or 0, 1, 10, or 100 μM
RA together with rotenone, or 30 nM nilotinib with rotenone, or RA alone, or nilotinib alone
for 24 h at 37 ◦C. Then, 10 μL of MTT (5 mg/mL) was added to each well in a 96-well plate
and incubated for 4 h. The insoluble blue formazan was then solubilized with 100 μL/well
dimethyl sulfoxide (DMSO), and optical density (OD) values of the mixture were measured
at 595 nm with a SpectraMax Paradigm Multi-Mode Microplate Reader (Molecular Devices,
Sacramento, CA, USA). Each sample in MTT assay was measured at least in triplicate. For
cell morphology analysis, the cells were observed and photographed using a Leica Mi-
crosystems microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany) after exposed
to 50 μM rotenone and 100 μM RA.

2.3. Apoptosis Assay

SH-SY5Y cells were seeded in 6-well plates and then exposed to 50 μM rotenone and
100 μM RA for 24 h before they were harvested by trypsin solution to produce a single cell
suspension. The cells were pelleted by centrifugation and washed twice with PBS to remove
trypsin. The cell suspension was then prepared and stained with a YF488-Annexin V and
PI Cell Apoptosis Assay Kit (Biorigin, Beijing, China) according to the instruction. The
stained cells were analyzed using a ACEA Novocyte flow cytometer (ACEA Biosciences,
San Diego, CA, USA) in combination with Novo Express software.

2.4. Western Blot Assay

For Western blot experiments, SH-SY5Y cells were treated as indicated, in the presence
or absence of 50 μM rotenone, 100 μM RA, and 30 nM of Nilotinib. Cells were treated for 90
min for the analysis of phosphorylation levels and for 24 h for the analysis of protein levels.
Cells were then rinsed with PBS before they were lysed with RIPA buffer (150 mmol/L NaCl,
50 mmol/L Tris–HCl (pH 7.4), 100 mg/mL Phenylmethyl Sulphonyl Fluoride (PMSF), 1%
NP-40, 0.1% sodium dodecyl sulfate (SDS)) for 15 min. The cells were scraped and collected
before they were centrifuged at 13,000× g for 15 min at 4 ◦C. The supernatants were
collected for the following analysis. A bicinchoninic acid (BCA) Protein Assay Kit was then
used to measure the protein concentration in the collected cell lysates. The cell lysates were
mixed with loading buffer and boiled for 5 min. 30 μg protein from each sample was used
for SDS polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Miniprotean; Bio-Rad).
Proteins separated on the gel were then transferred onto Immunobilon-P polyvinylidene
difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). 5% BSA (Sigma-Aldrich,
St. Louis, MO, USA) in TBS Tris-buffered saline (68 mmol/L NaCl, 10 mmol/L Tris-
base, pH 7.5) containing 0.1% Tween 20 was used for 1 h membrane blocking at room
temperature. Recommended concentration of primary antibodies were incubated together
with the blocked membrane at 4 ◦C overnight. Membranes were washed and incubated
with peroxidase conjugated antibodies for 1 h at room temperature. After the washing
step, bound antibodies were visualized using a 5200 Multi Luminescent image analyzer
(Tanon Science & Technology Co., Ltd., Shanghai, China) and quantified with Image pro
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plus 6.0 software. The antibodies used in this study were against: Tau (Abcam, Cambridge,
UK), Phospho-Tau Ser404 (Abcam, Cambridge, UK), AMPK (Cell Signaling Technology,
Danvers, MA, USA), Phospho-AMPK Thr172 (Cell Signaling Technology, Danvers, MA,
USA), Akt (Cell Signaling Technology, Danvers, MA, USA), Phospho-Akt Ser473 (Cell
Signaling Technology, Danvers, MA, USA), c-Abl (Cell Signaling Technology, Danvers, MA,
USA), Phospho-c-Abl Tyr412 (Cell Signaling Technology, Danvers, MA, USA), Phospho-
CrkII Tyr221 (Cell Signaling Technology, Danvers, MA, USA), α-synuclein (Cell Signaling
Technology, Danvers, MA, USA), PGC-1α (Cell Signaling Technology, Danvers, MA, USA),
β-actin (Cell Signaling Technology, Danvers, MA, USA). The secondary antibody used was
horseradish peroxidase (HRP) Goat anti-Rabbit immunoglobulin G (IgG).

2.5. Measurement of Mitochondrial Membrane Potential

Fluorescent probe JC-1 (Thermo Fisher Scientific, Waltham, MA, USA) was used to
evaluate the mitochondrial membrane potential. After being exposed to 50 μM rotenone,
100 μM RA or 30 nM nilotinib for 12 h, cells were incubated with JC-1 staining solution
(5 μg/mL) for 30 min at 37 ◦C. A single cell suspension was then obtained by cell trypsiniza-
tion. The cells were collected by centrifugation before they were rinsed with PBS. The
cell-bound JC-1 fluorescent signal was analyzed using a ACEA Novocyte flow cytometer
(ACEA Biosciences, San Diego, CA, USA) in combination with Novo Express software.
The mitochondrial membrane potential of SH-SY5Y cells was calculated as the ratio of red
fluorescence to green fluorescence.

Cells were cultured on coverslips at a density of 1 × 105 cells/mL in 24 well plates for
24 h. After the indicated treatments, the cells were stained with JC-1 for 30 min at 37 ◦C.
Fluorescence microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany) was used to
capture fluorescence images.

2.6. ROS Assay

After being exposed to 50 μM rotenone, 100 μM RA, or 30 nM nilotinib for 1 h, the cells
were co-incubated with DMEM containing 10 μM of DCFH-DA for 30 min at 37 ◦C. A single
cell suspension was then obtained using cell trypsinization. The cells were collected using
centrifugation before they were rinsed with PBS. The cell-bound DCFH-DA fluorescent
signal was analyzed using a ACEA Novocyte flow cytometer (ACEA Biosciences, San
Diego, CA, USA) in combination with Novo Express software.

Cells were cultured on coverslips at a density of 1 × 105 cells/mL in 24 well plates
for 24 h. After the indicated treatments, cells were coincubated with DMEM containing
10 μM of DCFH-DA for 30 min at 37 ◦C. A fluorescence microscope (Leica Microsystems
CMS GmbH, Wetzlar, Germany) was used to capture fluorescence images.

2.7. ATP Assay

ATP content in SH-SY5Y cells was measured using a luciferase-based luminescence
enhanced ATP assay kit (Beyotime, Shanghai, China). Cells were washed with ice-cold
PBS before they were lysed with 100 μL ice-cold ATP releasing buffer. The cell lysates
obtained were centrifuged at 12,000× g for 5 min at 4 ◦C. The supernatants were incubated
with the ATP testing working solution provided by the kit. ATP content in cell lysates
was determined using a SpectraMax Paradigm Multi-Mode Microplate Reader (Molecular
Devices, Sacramento, CA, USA).

2.8. Statistical Analyses

All data were expressed as the Mean ± SEM. Analysis was performed using GraphPad
Prism software 8.0. The data were analyzed using one-way ANOVA followed by Tukey’s
post hoc test. Statistical significance was defined as p < 0.05.
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3. Results

3.1. RA Restored Cell Viability and Morphology in Rotenone Challenged SH-SY5Y Cells

To investigate the role of RA in protecting neurons against the toxic effect of rotenone,
SH-SY5Y cell viability and morphology were tested in the absence and presence of rotenone
and RA. The results showed that 1–200 μM rotenone significantly reduced cell viability
(Figure 2C). Cotreatment with rotenone and increasing concentration of RA led to gradual
recovery of cell viability (Figure 2D). RA at a concentration of 100 μM significantly rescued
SH-SY5Y cells from the toxic effect of rotenone (Figure 2A,D).

Figure 2. Rosmarinic acid protected SH-SY5Y cells from the toxicity effect of rotenone (RO). (A) Cell
morphology microscopic photograph of SH-SY5Y cells in the absence or presence of 50 μM rotenone
and 100 μM RA. Scale bar = 100 μm. (B) Cell apoptosis evaluated with flow cytometry in the absence
or presence of rotenone and RA. (C) Bar graph quantification analysis of SH-SY5Y cell viability
after being exposed to the indicated concentrations of rotenone evaluated with MTT assay. (D) Bar
graph quantification analysis of SH-SY5Y cell viability in the absence and presence of indicated
concentration of rotenone and RA evaluated with MTT assay. (E) Bar graph quantification analysis
of SH-SY5Y cell apoptosis rate in the absence or presence of rotenone and RA evaluated with flow
cytometry. All data were expressed as the Mean ± SEM of at least three independent experiments.
## p < 0.01 compared with the control group, ** p < 0.01 compared with the rotenone group.
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3.2. RA Reduced Cell Apoptosis Rate in Rotenone Challenged SH-SY5Y Cells

Apoptosis analysis showed that 24 h rotenone exposure led to increased cell apop-
tosis rate, while RA treatment significantly reduced cell apoptosis induced by rotenone
(Figure 2B,E).

3.3. RA Suppressed Tau Phosphorylation and α-Synuclein Expression Elevated by Rotenone

Phosphorylation of Tau at Ser404 and accumulation of α-synuclein are considered to be
the indicators of PD and induce neurodegeneration [24]. To analyze the molecular mecha-
nism of RA’s neuroprotective effect, Ser404 phosphorylation of Tau and α-synuclein protein
level in SH-SY5Y cells were examined. Rotenone exposure increased Tau phosphorylation
and α-synuclein level. RA significantly suppressed the elevated Tau phosphorylation and
α-synuclein level induced by rotenone (Figure 3A).

Figure 3. RA treatment modulated the protein level of α-synuclein, the phosphorylation level of
Tau Ser404, AMPK Thr172, and Akt Ser473. (A) Representative Western blot photographs of the
phosphorylation level of Tau, protein levels of α-synuclein, Tau, and β-actin, and the corresponding
bar graph quantification analyses of P-Tau relative to Tau protein level and α-synuclein relative to
β-actin protein level. (B) Representative Western blot photographs of P-AMPK, P-Akt, AMPK, Akt,
and β-actin levels, and the corresponding bar graph quantification analyses of P-AMPK relative to
AMPK and P-Akt relative to Akt. All data were expressed as the mean ± SEM of three independent
experiments. # p < 0.05, ## p < 0.01 compared with the control group, ** p < 0.01 compared with the
rotenone group.
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3.4. RA Rescued Rotenone Induced P-Akt Reduction and Further Promoted the Phosphorylation of
AMPK Thr172

AMPK kinase plays important roles in neuronal protection in PD, Thr172 is located in
the activation loop of AMPK, and its phosphorylation is required for AMPK activation [25].
Akt signaling is critical for cell survival in PD [26]. Results in Figure 3B showed that
rotenone exposure caused upregulation of AMPK Thr172 phosphorylation, while treatment
of RA further elevated AMPK phosphorylation. Rotenone exposure also downregulated
Akt phosphorylation, and RA recovered Akt phosphorylation.

3.5. RA and Nilotinib Reduced Abl Y412 and CrkII Y221 Phosphorylation Elevated by Rotenone
and Restored SH-SY5Y Cell Viability under Rotenone Treatment

Tyrosine kinase Abl plays an essential role in neurodegeneration. CrkII is a well-
known substrate of Abl and can be phosphorylated at Tyr221 by Abl [27]. To investigate
if Abl kinase is involved in RA-mediated neuroprotective effect against rotenone, cellular
phosphorylation of Abl Y412 and CrkII Y221 were evaluated in the presence and absence of
rotenone, RA and Abl specific inhibitor, nilotinib. Rotenone exposure induced increases in
Abl Y412 and CrkII Y221 phosphorylation, while treatment with nilotinib or RA significantly
reduced Abl and CrkII phosphorylation (Figure 4A). As shown in Figure 4B, rotenone
reduced the SH-SY5Y cell viability, and RA or nilotinib treatments increased cell viability
level in the rotenone-exposed cells.

Figure 4. RA and nilotinib reduced Abl Tyr412 and CrkII Tyr221 phosphorylation induced by
rotenone and restored SH-SY5Y cell viability under rotenone treatment. (A) Representative Western
blot photographs of the phosphorylation level of Abl Tyr412, CrkII Tyr221, protein levels of Abl,
CrkII and β-actin, and the corresponding bar graphs of quantification analyses of P-Abl relative to
Abl protein and P-CrkII relative to Crk protein. (B) Bar graph quantification analysis of SH-SY5Y cell
viability in the absence and presence of 50 μM rotenone, 100 μM RA, and 30 nM nilotinib evaluated
with MTT assay. All data were expressed as the mean ± SEM of three independent experiments.
# p < 0.05, ## p < 0.01 compared with the control group, ** p < 0.01 compared with the rotenone group.
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3.6. Abl Inhibition and RA Increased PGC-1α Expression, Akt, and AMPK Phosphorylation under
Rotenone Exposure

Results in Figure 5A showed that rotenone exposure downregulated Akt phosphory-
lation, PGC-1α expression, and upregulated AMPK phosphorylation. RA and Abl inhibi-
tion increased Akt phosphorylation and PGC-1α expression level and further increased
AMPK phosphorylation.

Figure 5. Abl inhibition modulated the protein level of α-synuclein, PGC-1α, and the phosphorylation
level of Tau, AMPK, and Akt. (A) Representative Western blot photographs of the phosphorylation
level of AMPK Thr172, Akt Ser473, and protein level of PGC-1α, AMPK, Akt, and β-actin, and the
corresponding bar graphs quantification analyses of P-AMPK relative to AMPK, P-Akt relative to Akt
and PGC-1α relative to β-actin. (B) Representative Western blot photographs of the phosphorylation
level of Tau Ser404, the protein level of α-synuclein, Tau, and β-actin, and the corresponding bar
graphs quantification analyses of P-Tau relative to Tau and α-synuclein relative to β-actin. All data
were expressed as the mean ± SEM of three independent experiments. # p < 0.05, ## p < 0.01 compared
with the control group, * p < 0.05, ** p < 0.01 compared with the rotenone group.

3.7. Abl Inhibition Reduced Tau Phosphorylation and α-Synuclein Expression Level Elevated
by Rotenone

To investigate the mechanism of the neuroprotective effect of RA, Tau Ser404 protein
phosphorylation, and α-synuclein level in SH-SY5Y cells were examined. Like RA, nilotinib
significantly reduced the elevation of Tau phosphorylation and α-synuclein expression
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induced by rotenone exposure, while nilotinib alone did not lead to any significant changes
in cells in the absence of rotenone (Figure 5B).

3.8. Abl Inhibition and RA Suppressed Rotenone-Induced ROS Overproduction

ROS production was measured in the cells. ROS level was markedly increased upon
rotenone exposure. RA or nilotinib significantly reduced the ROS production induced by
rotenone. Treatment with nilotinib alone did not lead to any significant changes of ROS
production when compared with that of the control group (Figure 6A–C).

Figure 6. RA and Abl inhibition suppressed rotenone induced ROS production. (A) SH-SY5Y cells
were exposed to rotenone, RA, and nilotinib for 1 h; then, cells were incubated with 10 μM DCFH-DA
for 30 min, images were acquired using fluorescence microscope. Scale bar = 100 μm. (B) After
treatments indicated, DCFH2-DA fluorescence intensity was evaluated using flow cytometry. (C) Bar
graph quantification analysis of ROS level evaluated with flow cytometry. All data were expressed as
the mean ± SEM of three independent experiments. ## p < 0.01 compared with the control group,
* p < 0.05, ** p < 0.01 compared with the rotenone group.

3.9. Abl Inhibition and RA Restored Mitochondrial Membrane Potential and ATP Content in
Rotenone Exposed SH-SY5Y Cells

Mitochondrial membrane potential in SH-SY5Y cells was measured. After rotenone
exposure, mitochondrial membrane potential was reduced. RA or nilotinib treatment
significantly restored the mitochondrial membrane potential in rotenone exposed cells
(Figure 7A–C). Treatment with nilotinib alone did not lead to any significant changes of
mitochondrial membrane potential when compared with control. Figure 7D showed the
cellular ATP content measured. Rotenone reduced ATP content of the cells. RA or nilotinib
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treatment significantly restored the reduced ATP content. Nilotinib alone did not lead to
any significant changes of ATP amount when compared with control.

Figure 7. Abl inhibition and RA restored mitochondrial membrane potential and ATP content
in rotenone exposed SH-SY5Y cells. (A) Cells were exposed to rotenone, RA, and nilotinib for
12 h, the cells were then stained with JC-1 for 30 min, images were acquired using fluorescence
microscope. Scale bar = 100 μm. (B) After treatments, JC-1 fluorescent signal was detected using
flow cytometry (Green: JC-1 monomers, Red: JC-1 aggregates). (C) Bar graph quantification analysis
of mitochondrial membrane potential evaluated with flow cytometry. (D) Bar graph quantification
analysis of cellular ATP level measured with luminescence microplate reader. All data were expressed
as the mean ± SEM of three independent experiments. ## p < 0.01 compared with the control group,
* p < 0.05, ** p < 0.01 compared with the rotenone group.
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4. Discussion

In the present study, we evaluated the neuroprotective role of RA in the rotenone
challenged SH-SY5Y model and the corresponding molecular mechanism of actions of RA.
We demonstrated that RA protected SH-SY5Y cells against rotenone by restoring mitochon-
drial membrane potential, cellular ATP content and suppressing ROS overproduction. The
mechanism of action of RA involves the regulation of Akt, AMPK, Tau phosphorylation,
and α-synuclein as well as PGC-1α protein expression. RA exerted this neuroprotective
effect partially by attenuating Abl kinase activity.

Rotenone exposure induces cell apoptosis by inhibiting mitochondrial respiratory
chain complex I and increasing ROS production in HL60 and HT1080 cell lines [18]. Su-
peroxide dismutase and antioxidants inhibit rotenone-induced apoptosis [18]. In the cell
apoptosis analysis of our study, apoptosis rate was calculated as the percentage of Annexin
V staining positive cells. The result showed that 50 μM rotenone markedly increased
the apoptosis rate of SH-SY5Y cells. RA, as an antioxidant, also significantly reduced
rotenone-induced cell apoptosis. Microscopic observation showed that SH-SY5Y cell mor-
phology changed obviously after rotenone exposure. Rotenone exposure made cells become
round, RA restored the normal shape of the cells. Cell viability was reduced by rotenone,
and 100 μM RA significantly rescued cell viability in the presence of rotenone. These
findings indicated a neuroprotective function of RA against rotenone. In the substantia
nigra pars compacta of brain, metabolism of dopamine leads to the generation of reactive
oxygen species (ROS) including hydrogen peroxide and hydroxyl radicals. This makes
this dopamine rich areas particularly vulnerable to oxidative stress [28]. Thus, oxidative
stress plays an important role in mediating neuronal cell death in PD [29]. Oxidative stress
disrupts the activity of mitochondrial complex I. Loss of mitochondrial complex I activity
in the dopaminergic neurons is considered to be a hallmark of PD and is closely related
to mitochondrial function [30]. Mitochondrial function can be reflected by the changes in
mitochondrial transmembrane potential, the collapse of which further induces ROS over-
production [31]. The disruption of complex I activity and mitochondrial transmembrane
potential lead to the reduction of ATP production. In the current study, we demonstrated
that rotenone induced the overproduction of ROS, which is effectively attenuated by RA.
Rotenone downregulated mitochondrial membrane potential and ATP level, while RA treat-
ment leads to the partial restoration of them. These findings suggested that RA reversed
the mitochondrial function reduction induced by rotenone in SH-SY5Y cells.

One of the characteristics of PD is the abnormal accumulation and aggregation of
α-synuclein in the form of Lewy bodies [32]. α-synuclein induces neuronal toxicity and
death through causing mitochondrial dysfunction, lysosomal impairment, and membrane
disturbance [33]. Pathological aggregation and phosphorylation of Tau protein at Ser404
are also involved in many neurodegenerative diseases including PD [34]. Studies have
shown that PD patients with cognitive impairment have elevated level of phosphorylated
Tau in Lewy bodies along with α-synuclein [35]. In the current study, rotenone caused
overexpression of α-synuclein and hyperphosphorylation of Tau, and RA markedly reduced
α-synuclein expression and Tau phosphorylation. These results implied that RA protected
neuronal cells potentially through suppression α-synuclein accumulation, aggregation, and
reduction of Tau protein phosphorylation.

Disruption of mitochondrial biogenesis has been shown to be associated with PD devel-
opment. The peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1α) is
considered as a master regulator of mitochondrial biogenesis and antioxidant response [36].
PGC-1α function is down-regulated in PD [37]. PGC-1α knock out mice developed higher
vulnerability to the neurodegenerative effects of MPTP [38]. Serine/threonine kinase
AMPK is activated by falling energy levels and plays an important role in restoring cel-
lular energy balance [25]. Activating AMPK has multiple effects in PD model including
changing cellular metabolism, promoting autophagy, enhancing mitochondrial quality
control, and increasing antioxidant capacity [25]. AMPK also promotes mitochondrial
biogenesis and reduces ROS through activation of PGC-1α [39]. Several studies showed
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that AMPK activation facilitated the clearance of α-synuclein and promoted neuronal
survival [40]. Akt signaling is central to cell survival and is impaired in PD [26]. Selective
loss of dopaminergic neurons was accompanied by a decrease of Akt phosphorylation at
Ser473 in the PD brain [41]. In the current study, PGC-1α protein and Akt phosphorylation
levels were evidently reduced in the presence of rotenone, RA led to restorations of PGC-1α
expression and Akt phosphorylation. Rotenone induced an elevation of AMPK Thr172
phosphorylation, while RA treatment further promoted AMPK Thr172 phosphorylation.
The initial upregulation of AMPK phosphorylation induced by rotenone could be due to
the cellular self-adapting mechanism. Under stress conditions, cells would initially activate
certain pro-survival signaling pathways including AMPK to attempt to overcome the en-
countered stress condition [42]. These observations highlighted that RA restored the protein
expression and phosphorylation of the prosurvival, neuroprotective, and mitochondrial
function-promoting proteins in rotenone induced PD cell model.

Multiple animal models of PD suggested that activation of Abl played an important
role in the initiation and progression of neurodegeneration [1]. To investigate if the suppres-
sion of Abl is involved in the neuroprotective effect of RA against rotenone, we analyzed
the tyrosine phosphorylation level of Abl Tyr412, which is located at the kinase activation
loop of Abl. The phosphorylation of this site is required for Abl kinase activation [43]. In
the present study, rotenone markedly induced Abl Tyr412 phosphorylation. RA treatment
suppressed this hyperphosphorylation induced by rotenone, which mimicked the effect of
Abl specific inhibitor, nilotinib. Nilotinib treatment also partially restored SH-SY5Y cell
viability reduced by rotenone. To further assess the activity of Abl, the phosphorylation
state of an Abl substrate, CrkII, was analyzed at its Abl phosphorylation site Tyr221 [44].
Rotenone exposure increased CrkII Tyr221 phosphorylation, RA treatment suppressed this
hyperphosphorylation induced by rotenone. Like RA, nilotinib also significantly restored
cell viability in rotenone exposed SH-SY5Y cells. These results suggested that RA exerted
the protective effect on SH-SY5Y cells partially through the suppression of Abl activation.
Moreover, Abl inhibition with nilotinib also had similar effects to that of RA on the regu-
lation of the phosphorylation state and protein expression level of several key signaling
proteins involved in PD and mitochondrial function regulation. Nilotinib reduced the
protein level of α-synuclein, phosphorylation level of Tau Ser404, and promoted phospho-
rylation of Akt Ser473, AMPK Thr172, and expression of PGC-1α. Both nilotinib and RA
treatment effectively suppressed rotenone induced ROS overproduction and increased
mitochondrial membrane potential and cellular ATP level reduced by rotenone. These
observations indicated that at least part of the neuroprotective function of RA is due to its
inhibitory effect on Abl. Nilotinib alone reduced CrkII Tyr221 phosphorylation and did not
lead to any significant changes in Abl Tyr412 phosphorylation. This suggests that the basal
activity of Abl is low, and it is slightly further inhibited by nilotinib. However, since this
activity reduction is small, it did not further modify the ROS, mitochondrial membrane
potential, ATP level and the phosphorylation of other PD-related signaling proteins.

As a mitochondrial complex I inhibitor, rotenone causes mitochondrial dysfunction
and overproduction of ROS [18]. ROS activates Abl protein, which causes accumulation of
α-synuclein, further disrupts mitochondrial function and eventually leads to neuronal cell
death [4]. In addition to α-synuclein, studies have shown that Abl also phosphorylates and
inactivates an E3 ubiquitin ligase, Parkin [45]. Since Parkin interacts with Pink1 and plays
an important role in the clearance of dysfunctional mitochondria, cell death mediating
protein PARP-1 and other unwanted intracellular proteins, the inactivation of Parkin leads
to the loss of neuronal cells [16]. Abl can phosphorylate PKC [46]. PKC activation leads to
the phosphorylation of AMPK Ser487, which results in the reduction of AMPK activity [47].
Thus, inhibition of Abl could possibly increase AMPK activity through this pathway and
promote cell survival. This explains the reason for which nilotinib treatment alone induced
AMPK Thr172 phosphorylation in our experiment. Moreover, Abl activation also leads
to dopaminergic neuron loss by phosphorylating and activating p38α MAPK [48]. In
the current study, we speculate that RA inhibits Abl protein signaling by reducing the
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intracellular ROS level. However, further study is needed to investigate other potential
pathways through which RA leads to the inhibition of Abl.

5. Conclusions

In conclusion, this is the first study indicating that natural compound RA attenuated
the neurotoxicity induced by rotenone in SH-SY5Y Parkinson’s disease cell model through
inhibiting Abl and ameliorating the mitochondrial dysfunction. This study also demon-
strated that downregulation of α-synuclein protein, Tau phosphorylation, and increases
of signaling proteins Akt Ser473, AMPK Thr172 phosphorylation and PGC-1α level were
involved in the neuroprotective effect of RA. This finding contributes to a new understand-
ing with regard to the molecular mechanisms underlying the neuroprotective effect of RA
in PD and will promote the further use of RA as a natural neuroprotective reagent.
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Abstract: The consumption of processed foods has increased compared to that of fresh foods in
recent years, especially due to the coronavirus disease 2019 pandemic. Here, we evaluated the
health effects of clarified apple juices (CAJs, devoid of pectin and additives) processed to different
degrees, including not-from-concentrate (NFC) and from-concentrate (FC) CAJs. A 56-day experiment
including a juice-switch after 28 days was designed. An integrated analysis of 16S rRNA sequencing
and untargeted metabolomics of cecal content were performed. In addition, differences in the
CAJs tested with respect to nutritional indices and composition of small-molecule compounds were
analyzed. The NFC CAJ, which showed a higher phenolic content resulting from the lower processing
degree, could improve microbiota diversity and influence its structure. It also reduced bile acid
and bilirubin contents, as well as inhibited the microbial metabolism of tryptophan in the gut.
However, we found that these effects diminished with time by performing experiment extension and
undertaking juice-switching. Our study provides evidence regarding the health effects of processed
foods that can potentially be applied to public health policy decision making. We believe that NFC
juices with a lower processing degree could potentially be healthier than FC juice.

Keywords: clarified apple juices; food processing degree; gut microbiota; metabolomics; rats

1. Introduction

According to the degree and purpose of processing, a novel food classification system
called NOVA (meaning novel in Portuguese) was proposed in 2017, which divides pro-
cessed foods into four categories: unprocessed or minimally processed foods, processed
culinary ingredients, processed foods, and ultra-processed foods [1,2]. NOVA’s public
health advice is that excessive intake of processed foods should be avoided in order to
improve diet nutrition [2]. Many studies have also demonstrated the relationship between
ultra-processed foods and non-communicable diseases, including diabetes, obesity, car-
diovascular disease, coronary heart disease, and cerebrovascular diseases [3–5]. In-depth
scientific research is now crucial to fully understanding the connection between the degree
of food processing and public health [6].

The consumption of fresh fruits has decreased, while that of fruit juices has increased
in recent years, especially since the outbreak of coronavirus disease 2019 (COVID-19) [7,8].
Apple juice is the most popular juice worldwide due to its flavor and taste. It has been
reported that the administration of phenolics and pectin [9], as well as cloudy apple juice,
could significantly regulate the gut microbiota. The effects of clarified apple juice (CAJ)—which
is characterized by high energy density and the presence of food additives, as well as a lack
of dietary fiber—on the gut microbiota remains unknown.
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The gut microbiota is a complex microbial ecosystem that is essential for human health
via a reciprocal relationship, and its important role can be explained by the correlation
between composition and health status. However, it can also induce diseases, such as
obesity, diabetes, and cardiovascular disease [10,11]. Research has suggested that gut
microbiota disorders could be a mechanism explaining the correlation between processed
foods and metabolic syndromes [4,12].

In this study, CAJs with different processing degrees, not-from-concentrate and from-
concentrate (NFC and FC, respectively, pectin and additives eliminated), were selected.
First, the effect of CAJs was demonstrated. Then, the effects of CAJs with different pro-
cessing degrees were evaluated separately. In addition, a juice-switch experiment was
performed. This study could demonstrate the comprehensive influence of different CAJs,
which could provide additional evidence for the health effect of foods with different
processing degrees and instructions for consumption behavior and public health policy
designation.

2. Materials and Methods

2.1. CAJ

CAJs, including the unsterilized NFC and concentrated apple juices, from four factories
located in Shaanxi and Shandong provinces in 2019 and 2020 were collected. After sampling,
CAJs were frozen immediately, transported by cold chain to the laboratory, and stored at
−20 ◦C. NFC includes juices processed by high-pressure processing (HPP) sterilization and
pasteurization. For HPP, unsterilized NFC was added to a polyethylene terephthalate (PET)
plastic bottle and treated at 550 MPa for 5 min (CQC30L-600, Beijing Suyuan Zhongtian
technology limited company, Beijing, China). For pasteurization, unsterilized NFC was
pasteurized at 85 ◦C for 15 s using an FT74 UHT/HTST processing system (Armfield,
Ringwood, UK) and then added to PET bottles. For FC, concentrated apple juice was
restored to the total solid sugar content before concentration (±0.1 ◦Bx), pasteurized under
85 ◦C for 15 s, and added to PET bottles. The 2019 samples from factories in Shaanxi were
used for difference analysis and biomarker discovery, whereas the 2020 samples from one
of the factories in Shaanxi were used for animal intervention.

2.2. Animal Intervention

Fifty-four male Sprague Dawley rats aged 6–8 weeks provided by Charles River
(Wilmington, MA, USA) were randomly and evenly divided into nine groups housed in
18 cages. The temperature of the animal facility was 20–23◦C with a relative humidity of
45–60% and was under a 12 h dark–light cycle. The rats were free to drink and eat, and the
main nutrients in the animal feed used in the experiment are provided in Supplemental
Table S1. Food intake amount was calculated 3 times/week, with the total food weight loss
of one cage divided by the number of rats in the cage. NFC (processed by HPP) and FC
CAJs were used, and other detailed experimental designs are shown in Figure 1. The rats
were gavaged 20 mL/kg body weight saline or FC or NFC 3 times per day. The gavage
needle was slowly inserted into the mouth and then the esophagus. The juice was injected
slowly to prevent returning to the mouth. Fasting glucose and plasma lipids were measured
from blood from the eye socket after 12 h fasting and anesthesia by isoflurane.

2.3. 16 S rRNA Sequencing

Genomic DNA of the microbial community was extracted from the cecal content and
analyzed using the Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA). Please
refer to the online supplemental material for further details.

2.4. Untargeted Metabolomics

Metabolites extracted from the cecal content were analyzed using an AB SCIEX 6600
mass spectrometer coupled with ExionLC ultra-high-performance liquid chromatography
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(AB SCIEX, Framingham, MA, USA). Please see the online supplemental material methods
section for further details.

 

Figure 1. Schematic diagram of animal experimental scheme.

2.5. CAJ Analyses

The glucose, fructose, sucrose, total phenol, amino acids, pH, and nutritional in-
gredients of the CAJs were analyzed. Table 1 presents the results. Furthermore, the
small-molecule compounds were analyzed using UHPLC-QTOF. Please see the online
supplemental material for details on the methods.

Table 1. Basic indices of NFC and FC.

Index FC NFC

Total phenol (GAE mg/100 mL) 1073.32 ± 72.33 b 2169.03 ± 116.84 a

pH 3.57 ± 0.02 b 3.63 ± 0.02 a

Sugar content (◦Bx) 10.83 ± 1.41 a 10.49 ± 0.11 a

Glucose (g/100 mL) 7.81 ± 0.92 a 6.13 ± 1.05 b

Fructose (g/100 mL) 4.24 ± 0.79 a 2.85 ± 0.74 b

Sucrose (g/100 mL) 0.16 ± 0.06 a 0.10 ± 0.02 a

Malic acid (mg/100 mL) 186.16 ± 2.86 a 187.10 ± 0.31 a

Tartaric acid (mg/100 mL) 21.33 ± 0.08 a 18.80 ± 0.15 b

Asparagine (mg/100 mL) 4.57 ± 0.39 a 10.82 ± 6.58 a

Alanine (mg/100 mL) 4.43 ± 0.39 a 10.73 ± 6.61 a

Serine (mg/100 mL) 0.69 ± 0.09 a 1.66 ± 1.08 a

Arginine (mg/100 mL) 0.14 ± 0.02 a 0.31 ± 0.19 a

Glutamine (mg/100 mL) 0.07 ± 0.01 a 0.15 ± 0.10 a

GAE: gallic acid equivalent; Data marked with different letters indicate significant difference of p < 0.05; n = 3.

2.6. Data Processing, Statistical Analysis, and Visualization

For 16S rRNA sequencing, the data were analyzed with online tools from Majorbio
(http://www.majorbio.com/, accessed on 25 July 2022). For metabolomic analyses, the
peak extraction, alignment, and correction were performed using MS-DIAL ver. 4.36 soft-
ware. MetaboAnalyst ver. 4.0 and SIMCA 14.1 were used for data analysis. MS-FINDER ver.
3.50, MassHunter PCDL ver. B.07.00, and LibraryViewTM ver. 1.1 were used for compound
identification. Please see the online supplemental material methods section for further
details.
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3. Results

3.1. Continuous Intake of CAJ Has Limited Effect on Body Weight and No Effect on the Intake
Amount, Gut Microbiota, and Blood Lipids

As shown in Figure 2A, the body weight of the CAJ group was higher than that of
the C group throughout the experimental period, and it was significantly different after
D30 (p < 0.05, except for D32). However, the administration of fruit juice had no significant
influence on the food intake amount (Figure 2B, where significance was only observed
on D9 and D14). These results suggest that the energy intake of the CAJ group was
approximately 24 kcal/kg body weight more per day (Supplemental Table S2). For fasting
blood glucose (Figure 2C), no significant difference was observed except on D7 (p < 0.05).
We also analyzed four parameters of blood lipids; the triglyceride levels (Figure 2D) in the
CAJ group were always higher than those of the C group, but were significantly different
only on D7, D28, and D35 (p < 0.05). The levels of the other three proteins (cholesterol, high-
density lipoprotein, and low-density lipoprotein) are shown in Supplemental Figure S1.
Only the high-density lipoprotein content of the C group on D7 was significantly higher
than that of the AJ group (p < 0.05).

 

Figure 2. Effect of CAJ on rats: (A) Body weight. (B) Intake amount. (C) Fasting blood glucose.
(D) Triglyceride content. (E) Shannon index. (F) Bar plot of gut microbiota on phylum level. (G) PCoA
scores plot on OTU level of D28. (H) PCoA scores plot on OTU level of D56. (I) Box plot of F/B ratio.
C, control group; AJ, apple juice groups, including NFC and FC groups. * indicates significant
difference (p < 0.05) between CAJ and C groups. The “*” means p < 0.05, and “***” means p < 0.001.
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According to the α-diversity results shown in Figure 2E, no significant difference was
observed between the groups at the same time point. Moreover, no obvious separation
between the CAJ and C groups was observed in principal coordinate analysis (PCoA)
score plots of β-diversity at the operational taxonomic unit (OTU) level on D28 and D56
(Figure 2G,H). In the gut microbiota at the phylum level, the dominant phyla were Firmicutes
and Bacteroidota, whose relative abundance was higher than 80.8% in all samples (Figure 2F).
According to numerous studies on gut microbiota and obesity, changes in the relative
abundance of these two dominant bacteria, that is, an increase in Firmicutes and a decrease
in Bacteroidota, can lead to an improvement in the host’s ability to obtain energy from
foods, thus affecting the host’s energy balance and body weight [13]. This improvement
may not immediately lead to obesity; however, a slight change in energy balance can
cause significant changes in body weight over a long period [14,15]. Therefore, the ratio of
Firmicutes to Bacteroidota could be a good biomarker for obesity [16]. As shown in Figure 2I,
the ratio of the two dominant bacteria, Firmicutes/Bacteroidota (F/B), was not significantly
different between groups at the same time point. Prolonged and continuous intake of CAJ
may incrementally improve body weight, as revealed by the significantly higher body
weight of the CAJ group. However, as the fasting blood glucose and F/B ratio were not
significantly affected, and their energy intake was considerably higher, we conclude that
the continuous intake of CAJ presents no health risk in rats.

3.2. CAJ with Lower Processing Degree Could Improve Microbiota Diversity and Inhibit the
Metabolism of Bile Acids, Bilirubin, and Tryptophan in the Gut

First, we focused on the first 28 days of administration. As shown in Figure 3A, the
Shannon index of the FC group was not significantly different (p > 0.05) from that of the
C group. In contrast, the NFC group with a lower processing degree was significantly
different (p < 0.05) from the other two groups. The results indicated that NFC significantly
improved the diversity of the gut microbiota in rats after 28 days of administration. Obesity
is often accompanied by a decrease in the diversity of the gut microbiota [17]. In view of the
β-diversity at the OTU level shown in Figure 3B, the NFC group was distinctly separated
from the FC and C groups, which indicated that NFC could affect the gut microbiota
structure, while FC had no such effect.

To further understand this discrepancy, we analyzed the abundance at multiple levels.
More specifically, 15 phyla were detected at the phylum level (Figure 3C). Firmicutes
abundance in the NFC group was significantly lower than that in the FC and C groups
(Supplemental Figure S2A). In contrast, Bacteroidota abundance (shown in Figure 3D) in the
NFC group was significantly higher than that in the other two groups (p < 0.05). As shown
in Figure 3E, the F/B ratio was significantly lower in the NFC group than in the FC group.
These results indicate that NFC could affect the dominant bacteria in the gut, thus reducing
the risk of obesity. Spirochaetota abundance in the NFC group was significantly higher than
in the FC and C groups (p < 0.05, Supplemental Figure S2B), and there was no significant
difference between the FC and C groups. Spirochaetota, whose relative abundance was less
than 0.04% in all samples, was detected in many environmental samples, with an unnoted
proportion of 54.8% [18]. Furthermore, it is rich in carbohydrate hydrolases and is mainly
involved in cellulose degradation [19]. In addition, its abundance in the gut of Hadza
people from Tanzania was significantly higher than that of people from developed coastal
areas [20]. In order to find biomarkers among NFC and FC groups, LDA effect size (LEfSe)
analysis was used. As shown in Figure 3F, the dominant bacteria in the NFC group were
primarily composed of p_Bacteroidota, p_Actinobacteriota, and p_Spirochaetota, while the
dominant bacteria in the FC group were mainly located in c_Clostridia and o_Lachnospirales.
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Figure 3. Effect of NFC and FC CAJs on rats: (A) Shannon index. (B) PCoA scores plot on OTU
level. (C) Bar plot of gut microbiota on phylum level. (D) Box plot of Bacteroidota abundance. (E) Box
plot of F/B ratio. (F) Cladogram from LEfSe analysis. (G) Correlation heatmap of microbiota and
metabolites (The “*” means p < 0.05, and “**” means p < 0.01). (H) Body weight; * indicates significant
difference (p < 0.05) between FC and C groups.
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The effect of NFC on microbiota could also cause metabolite changes in the gut. The
results of differential metabolites analysis between the NFC and FC groups, as well as
their related metabolites, are shown in Table 2. The abundance of bile acids in the FC
group (including cholic acid, deoxycholic acid, chenodeoxycholic acid, taurocholic acid,
7-ketodeoxycholic acid, and 3-oxo-4,6-choladienoic acid) was higher than that in the NFC
group and comparable to that in the C group. Although there was no significant difference,
the same trend of lithocholic acid content was observed.

Table 2. Annotation results of differential and their related metabolites from cecal content.

Class or Name Formula C (%) FC (%) NFC (%)

Bile acids

Cholic acid C24H40O5 43.32 a 47.92 a 8.77 b

Deoxycholic acid C24H40O4 48.24 a 38.52 a 13.24 b

Chenodeoxycholic acid C24H40O4 41.40 a 39.77 a 18.83 b

Taurocholic acid C26H45NO7S 48.19 a 37.35 a 14.45 b

Lithocholic acid C24H40O3 35.38 a 35.79 a 28.83 a

7-Ketodeoxycholic acid C24H38O5 28.33 a,b 49.52 a 22.14 b

3-Oxo-4,6-choladienoic acid C24H34O3 34.36 a,b 43.91 a 21.73 b

Bilirubinoids

Mesobilirubinogen C33H44N4O6 22.30 b 60.23 a 17.47 b

D-Urobilinogen C33H42N4O6 21.14 a 57.88 a 20.97 b

(−)-Stercobilin C33H46N4O6 20.85 b 49.25 a 29.90 b

Tryptophan and its metabolites

Tryptophan C11H12N2O2 35.46 b 43.08 a 21.46 c

Indole C8H7N 29.30 b 39.01 a 31.69 a,b

Tryptamine C10H12N2 27.75 a 29.21 a 43.04 a

Indolecarboxylic acid C9H7NO2 13.77 b 72.01 a 14.22 b

Indolelactic acid C10H9NO2 34.41 a 45.44 a 20.15 b

Indolepropionic acid C11H11NO2 29.88 b 42.13 a 27.99 b

Indoleacrylic acid C11H9NO2 30.13 b 38.90 a 30.97 a,b

Skatole C9H9N 27.00 a 39.77 a 33.23 a

3-Methyldioxyindole C9H9NO2 13.77 b 72.01 a 14.22 b

5-Hydroxyindoleacetic acid C10H9NO3 49.36 a 28.60 a,b 22.05 b

Kynurenic acid C10H7NO3 18.87 b 63.20 a 17.94 b

Last three columns show the relative percent contents between the three groups; Different letters indicate
significant difference of p < 0.05; n = 6.

As shown in Table 2, the bilirubin content in the FC group was higher than that in
the NFC group, whereas the levels in the C group were comparable to those in the NFC
group. Bilirubin is an important component of the heme catabolic pathway, which can
be reduced to urobilinoids and/or urobilinogens by the gut microbiota. Urobilinogens
are then either deposited into the feces as bile pigments or reabsorbed into the hepatic
portal circulation. Urobilinogens are taken up by the kidneys, oxidized to urobilin, and
excreted in the urine [21]. Bilirubin reductase may be derived from Clostridium ramosum,
Clostridium perfringens, Clostridium difficile, or Bacteroides fragilis. Bilirubin can reduce hepatic
fat accumulation, and increased levels of unconjugated bilirubin in the plasma have been
suggested as treatments for obesity and type 2 diabetes mellitus [21].

As shown in Table 2, tryptophan levels in the FC group were significantly higher than
that in the NFC group. In addition, its related metabolites, indole and its derivatives, also
showed higher abundance in the FC group. The indolecarboxylic acid, indolelactic acid,
indolepropionic acid, and 3-methyldioxyindole content in the FC group were significantly
higher than those in the NFC group. Tryptophan is an essential amino acid that must be
supplemented in the diet [22]. Tryptophan accounted for 0.26% of the rat diet (Supplemental
Table S1), and tryptophan levels in CAJs were low and not significantly different (p > 0.075,
Supplemental Figure S6).
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Figure 3G shows a correlation heatmap between the abundance of metabolites and bacte-
ria related to tryptophan metabolism [23]. Clostridium, Lactobacillus, and Bacteroides_uniformis
were positively correlated with all tryptophan-related metabolites, and Lactobacillus abun-
dance in the NFC group was significantly lower than that in the FC group. Clostridium
and Bacteroides_uniformis also showed decreasing trends. In addition, Bacteroides_nordii
and Bacteroides_caecimuris were positively correlated with six metabolites, whereas Clostrid-
ium_sp._cultural-54 was positively correlated with indolelactic acid and skatole, and Ru-
minococcus was positively correlated with only indolelactic acid. These results indicate that
differences between NFC and FC juices affected tryptophan metabolism in the gut. Clostrid-
ium, Lactobacillus, and Ruminococcus can convert tryptophan to tryptamine via tryptophan
decarboxylase [23].

All rats displayed a continual increase in body weight during the experimental period,
and there was no significant difference between the NFC and C groups at the same time
point (Figure 3H). However, the body weight of the FC group was significantly higher than
that of the C group after D14, except on D18 (p < 0.05). The weight of the FC group was the
highest where the upward trend was the most evident.

3.3. Latter Intervention of NFC Did Not Show the Same Effect

To observe the long-term effects of NFC and FC, we extended the experimental period
to 56 days. As shown in Figure 4A, body weight was not significantly different between
the NFC and FC groups during the entire prolonged period. At D35, D39, and D46, body
weight of the NFC group was significantly higher than that in the C group, while in almost
all the days except D32, the weight of the FC group was significantly higher than that of the
C group (p < 0.05). For the Shannon index (Figure 4B), there was no significant difference
between the three groups. As for Firmicutes, Bacteroidota, Spirochaetota, and F/B shown in
Supplemental Figure S7, no significant difference was observed between the NFC and FC
groups. For β-diversity, there was no distinct separation between the NFC and FC groups
in the PCoA scores plot (Figure 4C). Based on the above results, as the experimental period
was prolonged, the effect of NFC compared to FC was diminished.

NFC could improve microbiota diversity and inhibit several intestinal metabolic
processes in the former intervention, but we also observed that these beneficial effects
would diminish over a prolonged period. We therefore designed the juice-switch groups.
The rats that were treated with NFC were administered FC, and vice versa. The body
weights of the juice-switch groups were similar to those before the juice-switch, as shown
in Figure 4D. The NFC and NFC-FC groups had higher body weights compared to that
of the C group, whereas weights in the FC and FC-NFC groups were much higher. The
FC-NFC group was always significantly higher than the C group (p < 0.05). The Shannon
index between the five groups showed no significant differences (Supplemental Figure S8).
As for hierarchical clustering analysis based on differential metabolites (Figure 4E,F), the
clustering of groups on D56 (including juice-switch groups) was not as obvious as groups
on D28 (Figure 4E).

3.4. The Beneficial Effect of NFC Could Come from Polyphenol Compounds

In the present study, we analyzed the basic indices and nutritional ingredients of CAJ
used in animal experiments. As shown in Table 1, the total phenol content of NFC juice
was more than two times higher than that of FC samples, which indicated the mass loss of
phenols during the concentration process. However, the nutritional ingredients, such as
energy, remained the same (Supplemental Table S2).
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Figure 4. The effect of NFC and FC CAJ in rats in the prolonged and juice-switch period: (A) Body
weight in prolonged period; * (p < 0.05) and ** (p < 0.01) in the first/second indicates significant
difference between FC56/NFC56 and C56 groups. (B) Shannon index. (C) PCoA scores plot on OTU
level. (D) Body weight in juice-switch period; * indicates the significant difference (p < 0.05) between
FC-NFC and C56 groups. (E,F) Heatmaps from hierarchical clustering analysis for differential
metabolites on D28 and D56.
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Furthermore, we also analyzed the small-molecule compounds (including all the
samples collected, not only the samples used for animal experiments) and determined
the differences between them. It was observed from the PCA score plots in Supplemental
Figure S3 that CAJs with different processing methods were distinctly separated, indicating
a significant difference between them. Simultaneously, we observed that samples from
the same processing method were clustered into multiple clusters based on differences in
origin. However, the differences resulting from origin were no more than those from the
processing method. The corresponding heatmaps from the hierarchical clustering analysis
also indicated similar results (Supplemental Figure S3). Student’s t-test, fold change, and
orthogonal projection to latent structures discriminant analysis (OPLS-DA) were conducted
to identify the latent constant differential compounds. A compound could be defined as
characteristic based on the following parameters: p < 0.05, ≥2-fold change, and variable
importance for projection (VIP, from OPLS-DA) values > 1. Therefore, compounds were
annotated and identified using chemical standards. The results for 18 phenolic compounds,
whose contents in NFC were significantly higher than those in FC, are shown in Table 3.
The beneficial effects of NFC could be attributed to phenolic compounds.

Table 3. Polyphenol compounds of NFC and FC.

Name Fold Change (NFC/FC) p Value VIP

Chlorogenic acid 2.21 2.96 × 10−7 1.19
5-Methoxysalicylic acid 46.46 5.28 × 10−17 2.16

p-Coumaric acid 18.84 3.82 × 10−12 2.19
Caffeic acid 3.32 4.94 × 10−6 1.44
Ferulic acid 31.44 5.56 × 10−14 1.92

Phloretin 10.21 7.02 × 10−7 1.53
(+)-Catechin 16.76 1.71 × 10−16 2.24

(−)-Epicatechin 50.53 1.04 × 10−16 2.40
(−)-gallocatechin 2.92 7.55 × 10−19 1.85

Phlorizin 69.98 2.21 × 10−16 2.20
Isoquercitrin 59.83 3.96 × 10−11 2.09

Rutin 27.15 4.01 × 10−12 2.22
Naringenin 8.52 1.84 × 10−9 1.42
Eriodictyol 30.07 3.76 × 10−12 1.70

(+−)-Taxifolin 8.05 6.21 × 10−13 1.64
Quercetin-3-O-

galactoside/Hyperoside 50.38 2.19 × 10−12 2.07

Procyanidin B1 102.51 2.84 × 10−16 2.51
p-Coumaraldehyde 67.65 2.98 × 10−19 2.90

VIP: variable importance for projection.

4. Discussion

This study was conducted to evaluate the effects of CAJs (thus eliminating pectin),
including NFC and FC, on the gut microbiota of rats. This research suggests that substances
in fruit juices other than pectin could have a significant effect. FC, which was treated
using enzymatic hydrolysis for pectin, thermal concentration, and restoration, could be
classified as an ultra-processed food based on the NOVA classification system [1]. Studies
have shown that ultra-processed foods reduce the diversity of the gut microbiota and
disrupt microbial functions, further affecting the health status of the host [4,12]. Mean-
while, thermal processing of food leads to the destruction of heat-sensitive vitamins and
phytochemicals or generation of harmful substances [12], which will further affect the
community characteristics of the gut microbiota and reduce its diversity [24].

In our study, although with limited health effects, CAJ intake over a long-term period
significantly increased the body weight of rats (shown in Figure 2A). However, there was
no distinct difference in gut microbiota diversity between the CAJ and control groups at
the same time point (shown in Figure 2E). Furthermore, body weight, microbiota, and
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metabolomics of cecal content were affected by the administration of CAJ from different
processing degrees in the first 28 days. NFC could affect the microbiome structure, signifi-
cantly increase α-diversity and Bacteroidetes abundance, and reduce Firmicutes abundance
and the F/B ratio (shown in Figure 3A,D,E). In β-diversity analysis shown in Figure 3B,
a distinct separation was observed between the NFC and FC groups. Meanwhile, NFC
reduced the levels of bile acids, tryptophan, bilirubin, and their related metabolites in the
gut (shown in Table 2). In addition, we analyzed and compared the basic indices and
small-molecule compounds of NFC and FC, showing that the multi-polyphenol content (18
phenolic compounds in Table 3) and total phenolic content (in Table 1) in the NFC group
were both two times higher than those in the FC group.

As reported, only 5–10% of phenolic compounds ingested into the body through diet
can be directly absorbed in the small intestine, while the vast majority (90–95%) arrive in
the gut and play a role through decomposition and metabolism by microorganisms [25].
Meanwhile, apple phenolic extract can inhibit inflammatory pathway activation, protect
intestinal mucosa integrity, restore the disorder of bile acid metabolism, and improve
the diversity of gut microbiota. Among the polyphenols observed as differential ones
between NFC and FC, most can change gut microbiota abundance and regulate bacterial
structure and inflammation, obesity, and energy metabolism, thus improving health status.
In mice with colitis, phloretin can reduce Firmicutes abundance and improve Bacteroidota
abundance to achieve bacterial community rebalancing [26]. Quercetin can increase bac-
terial diversity, reduce the F/B ratio, and restore bacterial imbalance caused by dextran
sodium sulfate [27]. It was reported that catechin can improve Bacteroidetes abundance in
obese rats [28]. Chlorogenic acid can reduce plasma lipids, reverse obesity and metabolic
disorders induced by high-carbohydrate and high-fat diets, as well as improve microbiota
diversity [29,30]. Moreover, it can prevent type 2 diabetes by affecting glucose absorption
and carbohydrate metabolism [31]. Phlorizin can significantly reduce energy intake, body
weight gain, fasting blood glucose, triglyceride and total cholesterol levels and improve
fecal microbial diversity [32]. Caffeic acid can significantly improve obesity induced by
a high-fat diet, promote lipid metabolism, reduce body weight and fat accumulation, im-
prove lipid structure, increase energy consumption, restore gut microbiota imbalance, and
increase the abundance of anti-obesity-related and butyrate-producing bacteria [33].

Bile acids are synthesized from cholesterol by liver cells, stored in the gallbladder,
and then released into the gut, which can promote the absorption of dietary fat and
vitamins, as well as regulate glucose metabolism, lipid metabolism, energy homeostasis,
etc. [34–36]. The composition of bile acids is closely related to obesity and is affected by
gut microbiota [36]. As such, disturbance of the gut microbiota can alter the composition
of bile acids, which may further alter important bile acid signaling pathways and affect
host metabolism [36]. Unhealthy dietary habits (such as a long-term high-fat diet) increase
the level of bile acids, aggravate the proliferation of stem cells, disrupt homeostasis in
the gut, and may even lead to cancer [37]. The results shown in Table 2 indicated that
NFC apple juice can reduce bile acid content and inhibit lipid absorption. Studies have
shown that disorders of bile acid metabolism and the gut microbiota can increase intestinal
permeability and aggravate the intestinal inflammatory response [38]. In addition, apple
polyphenol extract can improve the intestinal inflammatory response by alleviating the
disorder of bile acids and gut microbiota [38].

Tryptophan can be absorbed in the small intestine through food protein digestion
and can enter blood circulation [39], while unabsorbed tryptophan travels to the large
intestine and is broken down by bacteria to produce various indole derivatives, including
indole, tryptamine, indoleethanol, indoleacetic acid, indolepropionic acid, indoleacrylic
acid, indolealdehyde, and skatole [22]. Some bacteria in Clostridium and Bacteroides also
metabolize tryptophan through tryptophanase. Indoleacetic acid can be generated by
Bacteroides through indole-acetamide generated by tryptophan monooxygenase. Lactobacil-
lus can also produce indole-3-lactic acid from aromatic amino acid aminotransferase and
indolelactic acid dehydrogenase [23]. In our study, tryptophan and its related metabolite
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contents were found to be significantly correlated with tryptophan-metabolizing bacteria
(shown in Figure 3G) [23].

Furthermore, there is a large amount of pectin in apple and cloudy apple juice, and
some studies have found that these effects on gut microbiota could mainly be attributed
to pectin [9]. The pectin contents of these two CAJs used were no more than 0.04 g/100 g
because of the enzymatic hydrolysis process (Supplemental Table S2), which was far lower
than the limit (5 g/100 g) at which it could have an obvious influence on gut microbiota [40].
Furthermore, the administration of pectin is usually accompanied with an increase in short-
chain fatty acids; however, no such significant difference was observed in our results
(Supplemental Figure S3).

During the prolonged experiment period, the effect diminished rather than accumu-
lated (shown in Figure 4). This was not only indicated by the continuous administration of
the same CAJ, but also by the juice-switch experiment. This may be because the intestinal
sensitivity to phenolic compounds decreased as the rats aged. In addition, this effect could
be counteracted by the sugar in CAJs. Sugar consumption is linked to an increase in obesity
and non-communicable diseases; obesity is not the cause but rather a marker of metabolic
dysfunction [41].

The results presented herein demonstrate the comprehensive effect of CAJ with differ-
ent processing degrees. The evidence suggests that CAJ (with pectin eliminated) with a
lower processing degree could lessen excessive increases in body weight by regulating the
gut microbiota due to its higher multi-polyphenol contents. In a prolonged experiment,
the combined effect of phenolics and pectin in cloudy apple juices may still be effective,
while phenolics alone in CAJ could not counteract the effect of sugar. These results could be
conducive to consumer behavior and public health policy design. Since the consumption
of fruit juices has increased during the COVID-19 pandemic [7,8], more convenient and
easy-to-transport fruit juices with a lower processing degree (with fewer additives and less
processing) should be recommended.

5. Conclusions

In conclusion, NFC with higher phenolic content can significantly improve gut mi-
crobiota diversity and influence its structure. Simultaneously, it can reduce bile acids and
bilirubin, as well as inhibit the microbial metabolism of tryptophan in the gut. However,
these effects diminished with an extension of the experimental period. Furthermore, the
juice-switch experiment confirmed that. The health outcomes and metabolomic differences
between NFC and FC mainly originate from the phenolic differences caused by different
processing methods and degrees. We believe that NFC juices that are processed with a
lesser degree, although naturally containing a certain amount of sugar, could have more
health benefits than we originally believed. In particular, with little attention paid to
the total energy intake, NFC juices could be a viable option for consumption as natural
polyphenol-rich foods.
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of apple juices; Figure S6: The relative tryptophan contents in NFC and FC clarified apple juices;
Figure S7: The abundance of Firmicutes, Bacteroidota, Spirochaetota and F/B on D56; Figure S8: Shannon
index of five groups on D56; Table S1: The main nutrients of animal feed used in this experiment;
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Abstract: Grape pomace and berries represent natural sources of phytochemicals that can increase the
quality of life of consumers by contributing to the prevention of chronic diseases; thus, the develop-
ment of a dietary supplement was necessary. The raw material (r.m.) used for the development of the
dietary supplement consisted of dried and powdered bilberries (Vaccinium myrtillus L.), red currants
(Ribes rubrum L.), and red fermented pomaces (Vitis vinifera L.) from Feteasca Neagra and Caber-
net Sauvignon cultivars. The particle size distribution, powder flow, total phenolic content (TPC),
HPLC-DAD phenolic profile assessment, and radical scavenging assay (RSA) were employed for the
analysis of the raw material. After encapsulation, the average mass and uniformity of mass, the disin-
tegration, and the uniformity of content for the obtained capsules were performed to obtain a high-
quality dietary supplement. All the assays performed complied to the compendial requirements and
the TPC was determined at 9.07 ± 0.25 mg gallic acid equivalents/g r.m. and RSA at 48.32 ± 0.74%.
The highest quantities of phenolic compounds determined were 333.7 ± 0.50 μg/g r.m. for chloro-
genic acid, followed by rutin, ferulic acid, and (+)-catechin with 198.9 ± 1.60 μg/g r.m.,
179.8 ± 0.90 μg/g r.m. and 118.7 ± 0.75 μg/g r.m., respectively. The results of this study can be
used for the manufacturing and assessing of pilot scale-up capsule batches and thinking of quality
assurance, we recommend that the industrial batch extracts should be standardized in polyphenols,
and the manufacturing process should be validated.

Keywords: antioxidants; bilberry; by-products; food supplement; HPLC; phenolic compounds;
polyphenols; pomace; red currant

1. Introduction

Free radicals are unstable compounds that destroy biomolecules in the body, being
responsible for the occurrence of oxidative stress. They have been associated with the
development of cardiovascular disease, cancer, or other conditions [1,2]. By fighting free
radicals, antioxidants protect the body from their harmful effects and can contribute to the
prevention of such diseases [3,4].

For example, the consumption of natural polyphenols reduces the risk of myocardial
infarctions and coronary heart disease due to their cardioprotective effect [5,6]. Flavonoid
consumption prevents advanced stages of prostate cancer [7,8].

Metabolic syndrome includes a number of factors, such as chronic inflammation,
hypertension, insulin resistance, high values of triglycerides, and low HDL (high-density
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lipoprotein) cholesterol levels that can lead to type 2 diabetes and cardiovascular dis-
ease. Atherosclerosis, a cause of cardiovascular disease, is associated with oxidative stress
(OS) [6,9,10]. Diet plays an important role in the prevention of metabolic syndrome. The
consumption of fruits and vegetables decreases the risk of metabolic syndrome and cardio-
vascular disease [6,11].

Berries contain phenolic compounds such as polyphenols, flavonoids, anthocyanins,
flavonols, flavanols, stilbenes, and tannins [7,12,13]. Bilberries (Vaccinium myrtillus L.
fruits) are considered to be valuable berries, as they capture a large amount of solar
energy that they turn into compounds of importance for human health [3,14]. They have
a nutritional value of approximately 399 kcal/ 100 g and contain mainly carbohydrates
(94.5%), proteins (3%), lipids (1%), ash (1.5%), and also present bioactive compounds such
as phenolic compounds, carotenoids, and vitamins. Bilberries are rich in anthocyanins,
which are phenolic compounds responsible for fruit color [6,15]. The American Herbal
Products Association recommends the administration of 160–480 mg of powdered extract
divided into several doses per day or a daily dose of 20–60 g of dried bilberries [16,17].
Bilberry polyphenols have a role in controlling blood sugar in patients with type 2 diabetes,
improving vision, inhibiting lipid peroxidation, and preventing the oxidative destruction
of DNA [3].

Currants have an important energy value. They contain 9.2% carbohydrates, 4.2% fiber,
1.7% lipids, and 1.3% protein in the dry raw material. Red currants (Ribes rubrum L. fruits)
are a rich source of vitamin C, polyphenols, and anthocyanins, which possess antioxidant
properties [18,19]. Due to the rich content of polyphenols, currants (Ribes sp. L. fruits)
are used in the management of diseases such as hypertension and other cardiovascular
diseases, inflammation, osteoporosis, and cancer. They are important elements in the diet,
due to their beneficial effects for the human body [7,20].

Both bilberries and currants are consumed fresh or processed in the form of juices,
syrups, jams, but also in the form of extracts in food supplements or beverages [3,7,21,22].
The consumption of fresh berries brings a higher intake of polyphenols because some of
them are lost through processing. However, processing offers the advantage of consuming
bioactive compounds from berries throughout the year [3,23].

Over 67 million tons of grapes are produced annually, with grapes being the most
cultivated fruit in the world [24,25]. Numerous losses occur as a result of food processing.
Fortunately, the resulting waste from food processing is rich in bioactive compounds [26,27].
Many countries are investing in the extraction of bioactive compounds from by-products.
The residue obtained when processing the grapes in order to make wine is called grape
pomace and it represents approximately 20–25% of the mass of grapes subjected to pro-
cessing [26,28,29]. It consists of peels, seeds, and stem fragments [26,30]. It also contains
yeast results from the fermentation process [28]. In the past, pomace was considered a
product without economic value, because it had no use [28], but now there is a tendency
to obtain sustainable wines by the valorification of pomace [26]. Grape pomace is used
to extract tartaric acid and obtain ethanol. The use of grape pomace as a fertilizer is
disadvantageous because the polyphenolic compounds in its composition inhibit seed
germination. Grape pomace has also been added to animal feed, but it has been observed
that polymeric polyphenols inhibit cellulolytic and proteolytic enzymes and slow down di-
gestion [24,31]. Grape pomace contains phenolic compounds (phenolic acids, anthocyanins,
resveratrol, and procyanidins) [6,32] with important health benefits such as antioxidant,
anti-inflammatory, antiproliferative and antimicrobial properties [26,28]. Grape pomace is
used in the pharmaceutical, food, and cosmetics industries [26,33]. An interesting appli-
cation of grape pomace is the production of ecocyanin, an anthocyanin used by the food
industry as a food coloring [28].

An adequate diet could provide all the necessary nutrients for a healthy life, but
because of lifestyles or other reasons people need to supplement their diet with the
necessary nutrients by using dietary supplements [34]. They should be properly con-
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sumed when needed, because an inappropriate intake of dietary supplements can lead to
adverse events [35,36].

The aim of this study is to develop a dietary supplement based on berries and a
by-product of the vinification process that possesses antioxidant properties and can be
used to supplement a faulty diet and to increase the quality of life by contributing to the
prevention of chronic diseases.

2. Materials and Methods

2.1. Chemicals

The standards of gallic acid (purity > 99%), ferulic acid (purity > 99%), syringic
acid (purity > 95%), cinnamic acid (purity > 99%), caffeic acid (purity > 99%), (+)-catechin
(purity > 98%), resveratrol (purity > 99%), chlorogenic acid (purity > 95%), quercetin
(purity > 95%), rutin (purity > 94%), and methanol suitable for HPLC analysis
(purity ≥ 99.9%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). DPPH
(2,2-Diphenyl-1-picrylhydrazyl) and Folin–Ciocalteu reagent, were purchased from Sigma-
Aldrich (St. Louis, MO, USA) too and sodium acetate, glacial acetic acid, hydrochloric
acid, and ethanol, all analytical grades, were purchased from the Chemical Company (Iasi,
Romania). In all analyses, ultrapure water was used (conductivity 0.05 μS/cm).

2.2. Sample Preparation

The pulverulent raw material (r.m) used for the development of the dietary supplement
consisted of bilberries (Vaccinium myrtillus L.), red currant (Ribes rubrum L.), and red
fermented pomaces (Vitis vinifera L.) from Feteasca Neagra (FN) and Cabernet Sauvignon
(CS) cultivars, added in equal parts (1:1:1). The berries were harvested from unpopulated
areas of Sibiu County, Romania, and the pomaces were obtained from grapes harvested
from a vineyard from Alba County, Romania. The berries and the pomace were dried in
a Memmert UNB100 oven with continuous airflow at 40 ◦C and 20 ◦C, respectively, until
they reached a constant mass and then they were ground on a domestic mill. The powder
was calibrated using a 1.0 mm sieve. The mixing of the obtained powders was made by
energic shaking for 10 min. The obtained powder was stored in amber glass containers at
room temperature, away from sunlight until it was analyzed and encapsulated.

2.3. Raw Material Analysis
2.3.1. Particle Size Distribution

Each sieve of the Retsch AS200 analytical sieve shaker was weighed and then the
apparatus was assembled by putting the sieves in decreasing order of their sizes (710 μm,
224 μm, 125 μm, 90 μm, and 63 μm) and the collecting pan on the bottom. Exactly 100 g
of raw material was weighed and put uniformly into the top sieve. After placing the cap
and securing the assembled sieves the apparatus was set at 1.50 mm amplitude for 15 min.
Each sieve was weighed, and the results were expressed as percentages (%).

Regarding the particle size distribution assessed by the sieve test, the powders are
classified as coarse if through a 710 μm sieve passes a minimum 95% of the analyzed
powder and through a 90 μm sieve passes a maximum 40% of it, moderately fine if through
a 224 μm sieve passes a minimum 95% of the analyzed powder and through a 125 μm sieve
passes a maximum 40% of it, fine if through a 125 μm sieve passes a minimum 95% of the
analyzed powder and through a 90 μm sieve passes a maximum 40% of it, and very fine
if through a 90 μm sieve passes a minimum 95% of the analyzed powder and through a
63 μm sieve passes a maximum 40% of it [37].

2.3.2. Powder Flow

A total of 100 g of raw material was weighed and introduced into a 250 mL graduated
cylinder. The unsettled apparent volume was registered (V0) and the cylinder was put
on the Erweka SVM 102 tapped density tester. The apparatus was set at 10 beats, then
500 beats and then 1000 beats, until the registered volume remains the same. Then, the final
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tapped volume (Vf) was registered. The Hausner ratio and the compressibility index was
calculated by using the following formulas [37]:

Hausner Ratio =
V0

Vf

Compressibility Index = 100·V0 − Vf
Vf

The interpretation of the results was made by using the European Pharmacopoeia’s
instructions, as follows: an excellent flow was characterized by a compressibility index
between 1 and 10% and a Hausner ratio between 1.00 and 1.11, a good one by a compress-
ibility index of 11–15% and a Hausner ratio of 1.12–1.18, a fair one by a compressibility
index of 16–20% and a Hausner ratio of 1.19–1.25, a passable one by a compressibility index
of 21–25% and a Hausner ratio of 1.26–1.34 and poor, very poor and very, very poor ones
by compressibility indexes of 26–31, 32–37 and lower than 38, respectively and Hausner
ratios of 1.35–1.45, 1.46–1.59 and below 1.60, respectively [37].

2.3.3. Phytochemical Extraction

A total of 500 mg of r.m. was weighed and added into a flask together with 10 mL of
solvent (methanol: water: 0.12M hydrochloric acid = 70:29:1 (V/V/V)). The mixture was
covered and put in an ultrasound bath at 40 ◦C for 30 min. After the time elapsed, the flask
was cooled, and the mixture was filtered and brought to 10 mL into a volumetric flask with
the same solvent. To determine the antioxidant activity of the r.m., the same extraction
method was used by using methanol as the solvent [38].

2.3.4. Phytochemical Analysis
Total Polyphenolic Content (TPC) Assay

A total of 0.4 mL sample solution, 1 mL of Folin–Ciocalteu reagent, 15 mL of water,
and 2 mL of a 290 g/L Na2CO3 solution were added into a test tube, shaken for 10 min,
and kept at 40 ◦C for 20 min in a water bath. After cooling, the extinction was recorded
at λ = 760 nm by using a Thermo Scientific Evolution 300 Spectrophotometer [38,39]. The
calibration curve was linear for the range of 0.9–4.5 μg gallic acid/mL, the equation was
y = 0.258x + 0.022 (R2 = 0.998) where y = extinction at λ = 760 nm and x = concentration
expressed as μg gallic acid/ mL, and the results were expressed as mg gallic acid equivalents
(GAE)/g r.m. and the analysis was performed in triplicate.

HPLC-DAD Phenolic Profile Assessment

The HPLC-DAD method for the qualitative and quantitative assessment of the ten
phenolic compounds analyzed was obtained by using methods already applied on plants
and food supplements [38,40,41]. The analysis was carried out on an Agilent technologies
1200 series HPLC system equipped with a degasser, a quaternary pump, a diode array
detector, a thermostatted column compartment, and an autosampler. The column that
was used was Zorbax Eclipse Plus C18 (250 mm × 4.6 mm i.d. × 5 μm), which was kept
at a temperature of 25 ◦C. The elution was performed by using three mobile phases in
gradient (mobile phase A = purified water, mobile phase B = methanol, and mobile phase
C = purified water: acetic acid = 96:4 V/V). The gradient program was used with 15% B
and 85% C at 0 min, 75% A and 25% B at 15 min, 15% A and 85% B at 20 min, 40% A and
60% B at 40 min, 5% A and 95% B at 45 min, 5% A and 95% B at 55 min, 85% A and 15% B
at 60 min, and 85% A and 15% B at 70 min. The flow rate program was 0.5 mL/min for
the first 15 min and from minute 15 to minute 70, 0.8 mL/min and the injection volume
was 5 μL. The detection was performed at 280 nm for gallic acid, (+)-catechin, syringic acid,
and cinnamic acid, 303 nm for resveratrol, 330 nm for chlorogenic acid, caffeic acid, and
ferulic acid, and 360 nm for rutin and quercetin. The results were expressed as μg phenolic
compound/g r.m. and the analysis was performed in triplicate.
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Antioxidant Activity Assay

The antioxidant activity assay was performed by using the 2,2-diphenyl-1-picrylhydrazyl
free radical scavenging assay (RSA). A stock solution of 25 μg/mL DPPH in methanol
was prepared and kept at a low temperature and in the dark for 2 h before use. A total of
970 μL of DPPH stock solution was added into 30 μL of sample solution. The absorbance
was recorded at 517 nm, using a Thermo Scientific Evolution 300 Spectrophotometer. The
results were expressed as percentages and the analysis was performed in triplicate [42,43].
The calibration curve was linear for the range of DPPH concentrations of 0.25–250 μg/mL.
The equation based on the calibration curve was y = 0.0411x + 0.0349 (R2 = 0.999), where
y = extinction at λ = 593 nm and x = concentration expressed as μg DPPH/mL. The DPPH
radical scavenging activity was determined by using the following formula:

RSA (%) =
C0 − C1

C0
·100

where: RSA = DPPH radical scavenging activity (%), C0 = concentration of the DPPH stock
solution (μg/mL), and C1 = DPPH concentration in the sample (μg/mL).

2.4. Encapsulation

A total of 35 g of r.m. was filled into hard capsules size 00 and then the capsules were
closed by locking the caps by using a pharmaceutical grade manual capsule filler.

2.5. Analysis of Capsules
2.5.1. Average Mass and Uniformity of Mass

Twenty full capsules were individually weighed and then they were opened without
losing any part of the shell and the content was removed as completely as possible. The shell
was weighed and the difference between the full capsule and the shell represents the weight
of the capsule’s content. The average mass was calculated by using the following formula:

Average mass (mg/capsule) =
∑n

i=1 Mi

n

where: Mi = the individual weighing of each capsule and n = the number of weight capsules [37].
In order for the capsules to comply to the requirements of the European Pharmacopoeia,

the 10th edition, the average mass of the full capsules has to be 820.0 mg/capsule ± 7.5%
(758.5–881.5 mg/capsule), the average mass of the content of the capsules has to be
700.0 mg/capsule± 7.5% (647.5–752.5 mg/capsule), and at least 18 capsules must have a
deviation of at most ± 7.5% from the average mass and no more than 2 capsules can have a
deviation of at most ± 15% from the average mass.

2.5.2. Disintegration

Six capsules were placed each in one of the 6 tubes of the basket of an Erweka ZT 72
Disintegratin Tester and a sensor disk was placed on top of each capsule. The determination
was employed by using water as the immersion fluid at 37 ± 2 ◦C. The full disintegration
of the capsules was observed. The test is considered finished after all the analyzed cap-
sules are disintegrated. For the capsules to comply to the requirements of the European
Pharmacopoeia, the 10th edition, the disintegration time must be less than 30 min for all
the capsules. If 1 or 2 capsules are not completely disintegrated, the test will be repeated
for 12 capsules. The test is compliant if 16 of 18 capsules are disintegrated in less than
30 min [37].

2.5.3. Uniformity of Content

To determine the uniformity of the content of phytochemicals within the obtained
capsules, the same extraction and analysis as for the r.m. were performed as presented
in Sections 2.3.3 and 2.3.4. The powder to be analyzed was the content of 20 capsules
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that was mixed properly, and the results were expressed as content of phytochemical
per capsule [37].

3. Results

3.1. Raw Material analysis
3.1.1. Particle Size Distribution

From the analysis of the results obtained, it can be observed that the analyzed r.m. is
a coarse powder, because 95.36% of the added r.m. passed through the 710 μm sieve and
0.37% through the 224 μm sieve (Table 1).

Table 1. R.m. particle size distribution.

Sieve (μm) Weight (g) Weight (%)

710 4.25 4.27
224 94.93 95.36
125 0.37 0.37
90 0.00 0.00
63 0.00 0.00

3.1.2. Powder Flow

The powder flow was good according to the obtained results (Table 2) that were
interpreted by using Section 2.3.2.

Table 2. R.m powder flow assessment.

Number of Beats Volume (mL) Compressibility Index Hausner Ratio

0 208

14.71% 1.17
10 184

500 174
1000 174

This parameter shows the flowability of the r.m. and assesses the possibility of this
powder to be encapsulated without any difficulties even if no excipients that improve the
flowability were to be added.

3.1.3. Phytochemical Analysis

The analyzed r.m. presented 9.07 ± 0.25 mg GAE/g r.m. TPC and 48.32 ± 0.74% RSA.
The analyzed phenolic compounds can be observed in Figure 1. The results were expressed
as mean ± standard deviation (SD) for three determinations (n = 3).

0 50 100 150 200 250 300 350

Gallic acid
(+)-Catechin

Syringic acid
Cinnamic acid

Resveratrol
Chlorogenic acid

Caffeic acid
Ferulioc acid

Rutin
Quercetin

μg/g r.m.

Figure 1. Quantification of phenolic compounds assessed for the r.m.
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The highest quantity of phenolic compound determined was 333.7 ± 0.50 μg/g r.m.
for chlorogenic acid. Values between 100 and 200 μg/g r.m. had rutin, ferulic acid, and
(+)-catechin with 198.9 ± 1.60 μg/g r.m., 179.8 ± 0.90 μg/g r.m., and 118.7 ± 0.75 μg/g r.m.,
respectively. The values obtained for gallic acid, cinnamic acid, resveratrol, syringic acid,
quercetin, and caffeic acid were beneath 100 μg/g r.m. (Figure 1).

The percentages calculated for the phenolic compounds analyzed were: 33.53% for
chlorogenic acid, 19.98% for rutin, 18.06% for ferulic acid, 11.93 for (+)-catechin, 8.72% for
gallic acid, 2.53% for cinnamic acid, 1.62% for resveratrol, 1.80% for syringic acid, 1.43% for
quercetin, and 0.40% for caffeic acid.

3.2. Analysis of Capsules
3.2.1. Average Mass and Uniformity of Mass

Given that all the analyzed capsules fell into the ±7.5% deviation regarding the
average mass and uniformity of mass (Table 3), it can be concluded that the analyzed
capsules comply to the requirements of the European Pharmacopoeia.

Table 3. Average mass and uniformity of mass assessment.

Capsule No. Full Capsule (mg) Content (mg)

1 820 703
2 827 707
3 817 701
4 815 700
5 823 702
6 820 701
7 835 713
8 827 712
9 822 702
10 827 707
11 831 713
12 817 698
13 826 707
14 830 709
15 815 700
16 826 708
17 819 699
18 824 707
19 815 696
20 823 703

Average 822.95 704.4

3.2.2. Disintegration

The disintegration of the six capsules analyzed was performed in under 3 min (Table 4),
thus the requirements of the European Pharmacopoeia regarding this analysis were met.

Table 4. The time elapsed for the disintegration of capsules.

Basket No. 1 2 3 4 5 6

Time (Minutes:Seconds) 2:10 2:03 1:20 2:13 2:35 1:59

3.2.3. Uniformity of Content

This test is performed to assess the uniformity of phytochemicals within the obtained cap-
sules. The capsules analyzed presented 6.60 ± 0.44 mg GAE/capsule TPC. The highest quantity
of phytochemical obtained was for chlorogenic acid, which had 218.33 ± 1.12 μg/capsule, fol-
lowed by rutin that presented an amount of 121.03 ± 1.22 μg/capsule and then by ferulic acid
with a quantity of 107.75 ± 0.79 μg/capsule. The rest of the analyzed phenolic compounds
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presented values that were below 100 μg/capsule (Figure 2). The results were expressed as
mean ± SD for three determinations (n = 3).

0 50 100 150 200 250 300 350

Gallic acid

(+)-Catechin

Syringic acid

Cinnamic acid

Resveratrol

Chlorogenic acid

Caffeic acid

Ferulic acid

Rutin

Quercetin

μg/capsule

Figure 2. The uniformity of content in phenolic compounds of the capsules analyzed.

The percentages of the phenolic compounds analyzed per capsule were as follows:
34.51% chlorogenic acid, 19.13% rutin, 17.03% ferulic acid, 12.04% (+)-catechin, 9.66% gallic
acid, 2.54% cinnamic acid, 1.65% resveratrol, 1.50% syringic acid, 1.55% quercetin, and
0.40% caffeic acid.

4. Discussion

Grape pomace is represented by peels, seeds, and stem fragments of the grapes used
for industrial processes, mainly the vinification process [28,44,45]. It can be considered a
burden for the environment, and it causes financial losses if it is not valorized [46,47]. Iqbal
et al. (2021) and Antonic et al. (2020) state that grape pomace can be considered a source of
dietary fiber, unsaturated fatty acids, mono- and polysaccharides, and a significant source
of polyphenols that can be used as functional foods or ingredients that add value to food
products [46,47], thus the valorization of this by-product can be beneficial to humanity and
the environment as well. Ferreira et al. (2022) states that grape pomace can be used in the
cosmetic industry as skin hydration products, in the food industry as functional foods or
additives, in agriculture as fertilizers or animal feed, and in the pharmaceutical industry as
dietary supplements or drug administration systems [48].

The tests performed on the raw material and the obtained capsules are mandatory
for the development of any proper dietary supplement. These tests provide information
regarding the efficiency of the proposed vegetal material as a dietary supplement [49,50].

Studies conducted before for the assessment of phenolic compounds in bilberries, red
currants, and fermented red pomaces from the CS and FN cultivar reveal higher quantities
than 400 μg (+)-catechin/g vegetal product dry weight (d.w.) for FN and CS pomaces and
red currants. Rutin had the greatest amount in bilberries (greater than 350 μg/g d.w.) fol-
lowed by CS pomace with a concentration greater than 100 μg/g d.w. [38,51]. Bilberries had
amounts greater than 900 μg/g d.w. for chlorogenic acid and greater than 350 μg/g d.w.
for ferulic acid and rutin. Quantities greater than 300 μg/g d.w. of syringic acid were
determined for red currants and greater than 150 μg/g d.w. of gallic acid for bilberries
and red currants. Caffeic acid and chlorogenic acid were not detected in both the analyzed
pomaces, and quercetin, caffeic acid, and resveratrol in red currants [38,51]. The mixture
of these vegetal products provides a wider range of phenolic compounds in higher quan-
tities than each compound would have alone, thus providing a better intake of phenolic
compounds to consumers. In most of the cases, antioxidants from multiple sources have
proven superior to an individual compound [52].

The pathogenesis of chronic disease has often been related with OS [53–55]. Several
molecules of major interest such as DNA, proteins, and lipids can be damaged by reac-
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tive oxygen species (ROS) and reactive nitrogen species (RNS) [56,57]. The mechanism
of action of antioxidants has been extensively studied, and their beneficial effect against
DNA methylation [58], lipid peroxidation [59], and protein damage [60] has been reported.
Polyphenols and other antioxidants have successfully influenced the health status of pa-
tients diagnosed with a variety of chronic conditions, such as cardiovascular disease [61,62],
cancer [63,64], endometriosis [65], osteoarthritis [66,67], Parkinson’s [68], and Alzheimer’s
disease [69,70]. In most of the cases, antioxidants from multiple sources have proven
superior to an individual compound [52,71].

In vitro, grape pomace displays high antioxidant potential [72], lowers PGE2 levels,
and downregulates COX-2 gene expression [73]. Furthermore, grape pomace polyphenols
have proven their efficacy in vivo, by delivering antiglycation agents and preventing the
formation of toxic glycation end-products [74].

Even though polyphenols present antioxidant activity, with numerous benefits in
preserving human health, the pro-oxidant effect of these compounds must be recog-
nized [75–77]. When consumed in low or moderate concentrations, pro-oxidants can be
considered as weapons for the defense system of the organism and if consumed in high
doses, they have toxic potential by causing OS. On the other hand, the ability of pro-oxidants
to produce cell apoptosis can be exploited in cancer therapy [76–78]. Thus, polyphenol-
rich dietary supplements could offer health benefits to consumers when administered in
appropriate doses [79].

During the technological development of our dietary supplement, we followed the
high quality standard guidance of good manufacturing practices for pharmaceuticals,
because two thirds of small molecule-active pharmaceutical ingredients are of natural
origin [80]. The quality of the finished product is a sum of all the factors contributing
to its manufacturing. Through proper documentation, traceability ensures high quality
levels for each stage of the manufacturing process, starting with the raw materials and
continuing with the manufacturing process and equipment, intermediary or bulk products,
and analytical methods and equipment [81].

The pharmaco-technical methods used for the evaluation of the pharmaceutical form
and raw materials were in accordance with the European Pharmacopoeia. This com-
pendium standardizes a mechanical method for particle size distribution estimation by
analytical sieving and recommends it for powders where the majority of the particles are
larger than approximately 75 μm [37]. Modern methods for assessing the particle size of
fine powder use particle size analyzers or light scattering spectrophotometers [82].

The dimensions of particles play a crucial role in the quality of the finished product on
multiple levels. First, they affect the production process by determining flow properties [83].
Second, they impact disintegration and dissolution, influencing both bioavailability and
pharmacodynamics [84]. The decision to continue the study without further reduction of
raw material to nano-size particles was based on a series of factors: (i) the avoidance of
a supplementary process stage; (ii) the negative impact fines have on rheological prop-
erties during manufacturing [83]; (iii) the cost efficiency of the formulation by avoiding
unnecessary excipients for enhancing the flowability.

The results of this study can be rapidly employed to manufacturing and assessing
pilot scale-up capsule batches. Having in mind quality assurance, it is recommended that
the industrial batch extracts should be standardized in polyphenols, and the manufacturing
process should be validated [85]. Such a dietary supplement would combine several
benefits: a high acceptance by the population, a precise dosage and a stability of oral
solid dosage, a production requiring regular manufacturing equipment, and compendial
quality control methods. A good adherence to polyphenol-rich supplements ensures the
bioavailability of these active compounds and constitutes the first stage towards the onset
of their pharmacodynamic potential [86].
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5. Conclusions

The valorization of pomace, a by-product of the vinification process, is of utmost
importance for the preservation of the environment and for financial purposes. The
obtained dietary supplement combines bilberries, red currants, and fermented red pomaces
obtained from two cultivars, it complies to quality requirements, and it provides a wide
range of phenolic compounds, thus providing an increase in the quality of life of the
consumers by contributing to the prevention of chronic diseases.

Although polyphenol-rich dietary supplements could possess beneficial properties for
human health, tests regarding their bioavailability, in vivo studies, and clinical trials that
provide evidence of their therapeutic potential and toxicity remain to be assessed.
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Abbreviations

CS Cabernet Sauvignon
d.w. dry weight
DPPH 2,2-Diphenyl-1-picrylhydrazyl
FN Feteasca Neagra
GAE gallic acid equivalents
OS oxidative stress
r.m. raw material
RNS reactive nitrogen species
ROS reactive oxygen species
RSA radical scavenging assay
SD standard deviation
TPC total phenolic content
V0 apparent volume
Vf final volume
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18. Šumić, Z.; Vakula, A.; Tepić, A.; Čakarević, J.; Vitas, J.; Pavlić, B. Modeling and Optimization of Red Currants Vacuum Drying
Process by Response Surface Methodology (RSM). Food Chem. 2016, 203, 465–475. [CrossRef] [PubMed]

19. Nour, V.; Trandafir, I.; Ionica, M.E. Ascorbic Acid, Anthocyanins, Organic Acids and Mineral Content of Some Black and Red
Currant Cultivars. Fruits 2011, 66, 353–362. [CrossRef]
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Abstract: The metastasis of esophageal squamous cell carcinoma (ESCC) is a leading cause of death
worldwide, however, it has a poor prognosis. Ginsenoside Rh4 is a rare saponin that has been shown
to have potential antitumor effectiveness in ESCC. However, the utility of Rh4 in ESCC metastasis
and its undiscovered mode of action has not yet been explored. In this study, we found that Rh4
could inhibit ESCC metastasis by regulating the Wnt/β-catenin signaling pathway and the level of
c-Myc, which is an important transcription factor in cancer. In in vitro experiments, Rh4 could inhibit
the migration and invasion of ESCC cells without affecting cell viability. In in vivo experiments,
Rh4 restrained ESCC metastasis to the lymph nodes and lungs via the suppression of epithelial-
mesenchymal transition (EMT). The Wnt agonist HLY78 promoted EMT and migration of ESCC
cells, whereas treatment of Rh4 can attenuate the promotion effect of HLY78. The siRNA knocking
out c-Myc can also significantly reduce the expression of EMT-related marker proteins. This study
illustrates a new concept for further research on the mechanism of Rh4 in ESCC.

Keywords: metastasis; ginsenoside Rh4; ESCC; Wnt/β-catenin; c-Myc

1. Introduction

Esophageal cancer, as one of the most invasive cancers, has the seventh greatest
prevalence worldwide with more than 540,000 cases and ranks sixth in the world for
mortality rates [1]. Esophageal squamous cell carcinoma (ESCC) is the most common type
of esophageal cancer, comprising more than 90% of cases, and it has a higher incidence in
Asia [2]. Due to the lack of effective markers in esophageal cancer screening, most patients
are already in stages II or III when esophageal cancer is identified [3]. A large number of
patients with primary esophageal cancer have been found to have lymph node metastasis
at the first diagnosis [4]. Tumor metastasis endangers the life of patients even after effective
treatment [5,6]. Therefore, finding molecular markers and therapeutic intervention targets
involved in esophageal cancer metastasis is crucial for guiding treatment and improving
the survival rate of esophageal cancer patients.

Recently, research has discerned that the Wnt/β-catenin signal transduction pathway
is abnormally activated in cancer stem cells in breast cancer, liver cancer, colon cancer,
and other tumor tissues [7]. The Wnt/β-catenin signaling pathway is involved in many
cellular activities, consisting of apoptosis, differentiation, senescence, invasion, migration,
and epithelial to mesenchymal transition (EMT) [8–10]. When the Wnt signal is activated,
the increased content of β-catenin enters the cell nucleus to deactivate other proteins, such
as vimentin, metal matrix protein MMP-2, etc. [11]. Increasing evidence shows that the
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Wnt/β-catenin signaling pathway is the main oncogenic pathway of ESCC [12]. Wnt
signaling induces EZH2 binding to β-catenin, regulating of the epitranscriptome, including
c-Myc [13]. c-Myc is a gene that is highly correlated with cancer, it is involved in tumor
initiation, growth, and progression. Moreover, c-Myc contributes to angiogenesis, invasion,
and migration [14,15].

EMT is a crucial factor affecting the development and progression of ESCC [16]. Its
main characteristic is its ability to decrease the utterances of cell adhesion molecules (such
as E-cadherin) and there is also a conversion in the cytoskeleton, closely linked to the
expression of vimentin, and the morphological characteristics of mesenchymal cells [17].
Through EMT, converted epithelial cells acquire higher motility, along with MMP2 and
MMP9, which are involved in degrading the extracellular matrix in this process [18].

Ginseng is a rare perennial herb and is cyclopedically used in traditional Chinese
medicine. Ginsenosides play a crucial part in ginseng, which have antitumor [19], anti-
inflammatory [20,21], anti-obesity [22], antidiabetic [23], neuroprotection [24] and immune
enhancement effects [25]. Ginsenoside Rh4 is a kind of tetracyclic triterpene saponins
and it is composed of triterpene aglycones and glycosides [26]. Previous studies have
shown that ginsenoside Rh4 inhibits glycolysis by targeting AKT, which is involved in
the suppression of the cell cycle, thereby is effectual in restraining the proliferation of
esophageal cancer [27]. We have also previously reported that ginsenoside CK can curb
the metastasis of liver cancer [28]. However, whether Rh4 is inhibitory to the metastasis of
ESCC remains unknown.

In the study, we evaluated the ability of ginsenoside Rh4 at non-cytotoxic concentra-
tions to inhibit migration, invasion, and EMT of ESCC in vitro and in vivo. Our findings
suggested that Rh4 restrains the migration and invasion of ESCC as well as its metastasis to
the lymph nodes and lungs through the Wnt/β-catenin pathway-regulated EMT process.
Our research shows that Rh4 might be a potential drug for ESCC metastasis measurement.

2. Materials and Methods

2.1. Cell Culture

The ESCC cell lines KYSE30, KYSE150, and KYSE410 were provided by the Shanghai
Institute of Cell Biology. The above cell lines were cultured in a mixed RPMI-1640 medium,
containing 10% FBS and 1% penicillin and streptomycin in an incubator at 37 ◦C with
5% CO2.

2.2. Antibodies and Reagents

Ginsenoside Rh4 (Figure 1A) (purity ≥ 99%) was provided by the Northwestern
University Institute of Biomedical Sciences (Xi’an, China). Dimethyl sulfoxide (DMSO)
was obtained from Aladdin Biotechnology (Shanghai, China) and methylthiazolyldiphenyl
tetra-zolium bromide (MTT) and BCA protein assay reagent kits and phosphatase inhibitor
cocktails were obtained from Solarbio Science & Technology Co., Ltd. (Beijing, China).
Trypsin, penicillin and streptomycin, crystal violet, and protease inhibitor cocktails were
also purchased from Solarbio. Rabbit antibodies against E-cadherin, snail, MMP2, MMP9,
Wnt, β-catenin, and c-Myc and mouse antibodies against N-cadherin and Vimentin were
obtained from Proteintech Group, Inc (Chicago, MI, USA). Anti-phospho-β-catenin rabbit
antibodies, primary antibodies against β-actin, goat anti-mouse IgG, and goat anti-rabbit
IgG were purchased from Cell Signaling Technology (Boston, MA, USA). The ratio of
related antibodies has been shown (Table S1).
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Figure 1. (A)The chemical structure of ginsenoside Rh4. (B) KYSE30, KYSE150, and KYSE410 were
measured with designated content (0–140 μM) of Rh4 cell viability (C) Migration images of Rh4 cells
with or without the addition of Rh4 cells at 0, 12, and 24 h. The yellow line is the migration edge.
Scale bar = 100 μm (D) Percent wound healing, treatment group vs. control group. All data are
presented as mean ± SD, * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.3. Cell Viability Assays

Cell proliferation was quantified by MTT assays. KYSE30, KYSE150, and KYSE410
cells were seeded onto 1 × 104 cells per well in a 96-well plate. After 24 h, designated
destines of Rh4 (0–140 μM) were also placed inside. After the cells were attached, they
were measured with Rh4 (0–140 μM) for 24 or 48 h; then, we incubated them with a 50 μL
MTT (5 mg/mL) solution for 2–4 h. MTT was then aspirated and replaced with 150 μL of
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DMSO. The microplate reader (Power Wave XS2, Bio-Tek Instruments Inc., Burlington, VE,
USA) was used to measure absorbance at 490 nm.

2.4. In Vitro Scratch Assay

We took the KYSE30, KYSE150, and KYSE410 cells in the logarithmic growth phase
and inoculated them on a 6-well plate with 1 × 106 cells per well. They were cultivated in
an incubator for 24 h. The liter pipette was scratched in the well plate in a three-horizontal
and two-vertical manner and the suspended cells were washed with PBS and taken under
a microscope for recording. Then, processed cells were measured with ginsenoside Rh4
serum-free medium at a designated content of 0, 10, and 20 μM for 24 h; we took pictures
in the same position, with at least four pictures of each area. Cell migration efficiency was
assessed by the wound healing rate.

The wound healing rate was calculated by Image J.

2.5. Transwell Assays

Migration and invasion assays were assayed using 24-well plates (Corning Incorpo-
rated, Corning, NY, USA). In migration experiments, KYSE30, KYSE150, and KYSE410
cells (2 × 105 cells per well) were seeded in the upper compartment of the Transwell
chamber with a serum-free conditioned medium (Millipore Corporation, Billerica, MA,
USA). A total of 20% FBS medium (600 μL) was added to the lower chamber. Cells were
cultured in the presence or absence of Rh4 (10 μM and 20 μM) for 24 h. After incubation,
the methanol-fixed filters were stained with crystal violet (0.1%). Then, we took pictures
and counted in three randomly selected areas.

The method of the cell invasion assay differs from that of the cell migration assay in
that the upper chamber needs to be precoated with 50 μL of Matrigel (Corning, NY, USA).

2.6. Quantitative Real-Time PCR (qRT-PCR)

Rh4-treated cells were lysed using TRIzol reagent. They were reverse transcribed with
QuantScript RT kit (Tiangen, Beijing, China) and then reverse transcribed using PowerUp
SYBR Green Master Mix (Applied Biosystems) on an ABI StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific, qRT-PCR was performed in the USA). The 2-ΔΔCt method
was used to evaluate the relative expression.

The primer sequences used were as follows:
E-cadherin (5′-GACGCCATCAACACCGAGTT-3′; 5′-AAATTGCCAGGCTCAATGAC-

3′), N-cadherin (5′-GGTGGAGGAGAAGAAGACCAG-3′; 5′-GGCATCAGGCTCCACAGT-
3′), Vimentin (5′-GACGCCATCAACACCGAGTT-3′; 5′-CTTTGTCGTTGGTTAGCTGGT-
3′), snail (5′-CTTCCAGCAGCCCTACGAC-3′; 5′-CGGTGGGGTTGAGGATCT-3′), Wnt
(5′-CAGAGCCACGAGTTTGGAGTT-3′; 5′-GATTGGGTTTGGGTTGGAGGT-3′), β-catenin
(5′-GGGATTGGCTTTAGGCCTGT-3′; 5′-GAAATTGCCGTAGCGGGTTC-3′), c-Myc (5′-
TGCATGATCAAATGCAACCT-3′; 5′-TCTTTTATGCCCAAAGTCCAA-3′) β-actin (5′-
TTGTTACAGGAAGTCCCTTGCC-3′; 5′-ATGCTATCACCTCCCCTGTGTG-3′).

2.7. Western Blotting

After washing the cells with PBS buffer, we added RIPA buffer to lyse the cell samples
and lymph nodes on ice for 20 min. The supernatant protein concentration was then
determined using the BCA protein assay kit (Thermo Scientific, Fremont, CA, USA) by
centrifugation at 4 ◦C and 12,000 rpm for 20 min. Proteins were transferred to polyvinyli-
dene fluoride (PVDF) membranes using SDS-PAGE. Membranes were blocked in TBST
containing 5% nonfat milk for 2 h and incubated overnight after adding the primary anti-
body. Then, visualization was performed using the ECL system (PerkinElmer, Waltham,
MA, USA).
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2.8. Plasmids and siRNA Transfection

According to the human c-myc gene sequence searched in the GenBank database,
the corresponding c-myc-siRNA sense: (5′-AGGAAGUCAUCGUGGCCAATT-3′ and anti-
sense: 5′-UUUCUCACUCUCAUACACCTT-3′) primer sequences were devised and com-
missioned by GenePharma (Shanghai, China). The KYSE30, KYSE150, and KYSE410 cells
were diluted in the logarithmic growth phase to 5 × 104/mL, and they were cultured in
an antibiotic-free medium. After 48 h of transfection, the cells were exposed to Rh4 in
further experiments.

2.9. Animal Experiments

Our experiments obtained Northwestern University Animal Ethics Committee ap-
proval (NWU-AWC-20210301M). Male BALB/c nude mice (about 20 days, n = 8) were
obtained from Gem Pharmatech (Jiangsu, China) and fostered under specific pathogen-
free (SPF) conditions. After one week of acclimation, the mice were inoculated with
1 × 106 KYSE30 cells to build a footpad transfer model [29]. After the inoculation, the nude
mice were left for about 5 days, and then they were placed into different groups: (a) control
group (saline, intraperitoneally, i.p.); (b) low-dose Rh4 group (30 mg/kg/day, i.p.); (c) high-
dose Rh4 group (60 mg/kg/day, i.p.); (d) capecitabine group (200 mg/kg/day, gavage). In
addition, unvaccinated nude mice were differentiated into two groups: (e) normal group
(saline, i.p.); (f) normal + Rh4 group (40 mg/kg/day, i.p.). Changes in the body weight of
mice were recorded and the body weight was measured every 3 days. After our experiment,
the nude mice were sacrificed, and the lymph nodes in the popliteal fossa and main organs
were collected for H&E staining.

2.10. Hemogram Assay and Measurement of Biochemical Parameters

The peripheral blood we used was obtained from the periocular vein of nude mice
and gathered in EDTA-containing specific containers. After blood collection, hematological
parameters in each sample, including white blood cell (WBC) count, lymphocyte (LYM)
count, and granulocyte (GRAN) count, were measured using an automated hematology
analyzer (HC2200, Merrill Lynch, Suzhou, China).

Commercial kits (Shanghai Enzyme Biotechnology Co., Ltd., Shanghai, China) were
used to analyze parameters including ALT and AST (liver function) and urea, uric acid,
and creatinine (renal function).

2.11. Immunofluorescence Assay (IF)

Antigen retrieval in paraffin sections of lymph nodes and lung tissues was performed
after specific processing (deparaffinization and dehydration). Fluorescent antibodies were
incubated with the second antibodies for 2 h. Fluorescence intensity analysis was visualized
and analyzed using a confocal microscope (Tokyo, Japan).

2.12. Histopathology and Immunohistochemistry

The lymph nodes and major organs that we needed were isolated from the mice
during the course of the disease to form paraffin-embedded sections that were used for
hematoxylin and eosin (H&E) staining. For the immunohistochemistry assay, lungs and
lymph nodes were stained with E-cadherin, N-cadherin, Vimentin, Snail, c-Myc, Wnt,
β-catenin, and p-β-catenin. The images observed were captured with a light microscope
(Nikon, Japan).

2.13. Statistical Analysis

Experimental data represent mean ± standard deviation (SD). The experimental
data were analyzed with SPSS and GraphPad Prism software using a one-way analysis
of variance (ANOVA). A value of p < 0.05 was considered statistically significant for
all experiments.
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3. Results

3.1. Ginsenoside Rh4 Suppresses the Migration and Invasion of ESCC Cells

To examine the effect of ginsenoside Rh4 on the motility of ESCC without affecting
cell viability, we conducted an MTT test in vitro of ginsenoside Rh4 on KYSE30, KYSE150,
and KYSE410. Three cell lines were measured with unequal contents of Rh4 (0–140 μM)
for 24 or 48 h and subjected to MTT. These results demonstrated that the IC50 values of
KYSE30, KYSE150, and KYSE410 cells that were treated with Rh4 for 24 h are 52.28 μM,
64.88 μM, and 54.72 μM (Figure 1B). We chose to incubate with ginsenoside Rh4 (10 and
20 μM) to explore its effect on cell motility because the cell viability at those concentrations
exceeded 80%.

The migration and invasion ability of ESCC were assessed using in vitro scratch and
Transwell assays. In the in vitro scratch experiment, ginsenoside Rh4 (10 and 20 μM)
significantly delayed wound closure (p < 0.01) at 12 and 24 h compared to untreated cells in
all cell lines tested (Figure 1C). Through in vitro cell movement analysis, we confirmed that
ginsenoside Rh4 restrained the migration and invasion of KYSE30, KYSE150, and KYSE410
cells. The quantity of invading cells in the tested cells decreased with increasing Rh4
concentration (Figure 2A). In contrast to the corresponding cells in the control group, the
quantity of penetrating cells in the low-dose Rh4 group was reduced by at least 30%, and
the quantity of penetrating cells in the high-dose Rh4 group was reduced by more than 50%
(Figure 2B). Furthermore, the MMP2 and MMP9 in the cells were also probed. In contrast
to the control group, ginsenoside Rh4 can significantly down-regulate the expression of
these two proteins (Figure 2C). This demonstrates that ginsenoside Rh4 can potentially
inhibit the invasion ability of ESCC.

3.2. Ginsenoside Rh4 Inhibits the Metastasis of ESCC by Regulating EMT

As previously reported, EMT is involved in the metastasis of multiple cancers [30].
Therefore, to study if Rh4 inhibits the metastasis of ESCC by regulating EMT, we detected
the expression of KYSE30, KYSE150, and KYSE410 related proteins including E-cadherin,
N-cadherin, vimentin, and snail (with or without Rh4) (Figure 2C). As shown in Figure 2D,
treatment with ginsenoside Rh4 decreased the content of N-cadherin, vimentin, and snail,
and it improved E-cadherin. To explore the effect of Rh4 on the gene levels of EMT in
ESCC, qRT-PCR was used to examine the level of related mRNA in KYSE30, KYSE150,
and KYSE410 (with or without Rh4). The results demonstrated that Rh4 also increased
mRNA expression. Rh4 had a significant impact reducing N-cadherin, vimentin, and
snail, and improving E-cadherin’ expression (Figure 3A). This is consistent with Western
blotting experiments.

In order to investigate whether Rh4 also affects ESCC metastasis by curbing EMT
in vivo, a mouse footpad lymphatic metastasis model was used to evaluate the role of
Rh4. The immunohistochemical results of lymph node and lung tissue illustrated that Rh4
treatment could improve the content of E-cadherin and reduce the positive increase in N-
cadherin, Vimentin, and snail (Figure 3B). In the results of immunofluorescence experiments
on mouse lymph nodes and lung tissues, the fluorescence intensity of E-cadherin was also
significantly heightened, whereas the fluorescence intensity of N-cadherin was significantly
lowered, both of these results were in contrast to the control group (Figure 3C). In addition,
the expression level of E-cadherin, N-cadherin, Vimentin, and snail in lymph nodes attained
the same change trend results in in vitro experiments and were exanimated (Figure 4A,B).
The above results demonstrated that Rh4 inhibits the metastasis of ESCC carcinoma by
inhibiting EMT.
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Figure 2. (A) Migration and invasion images of KYSE30, KYSE150, and KYSE410 cells. (B) Counting
cells after crystal violet staining (C,D) Protein level of E-cadherin, N-cadherin, Vimentin, snail, MMP2,
and MMP9 in KYSE30, KYSE150, and KYSE410 after Rh4 treatment (10 and 20 μM). All data are
presented as mean ± SD, * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 3. (A) Transcript of E-cadherin, N-cadherin, Vimentin, snail, wnt, β-catenin, and c-Myc after
Rh4 treatment (10 and 20 μM). (B) Immunohistochemical images of E-cadherin, N-cadherin, Vimentin,
and snail. In lymph nodes and lungs. Scale bar = 100 μm. (C) Immunofluorescence analysis showed
that Rh4 promoted E-cadherin in lymph nodes and lungs and inhibited the expression of N-cadherin.
Scale bar = 10 μm. All data are presented as mean ± SD, * p < 0.05, ** p < 0.01, *** and p < 0.001.
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Figure 4. (A,B) Protein level of E-cadherin, N-cadherin, Vimentin, MMP2, MMP9, Wnt, β-catenin, and
c-Myc in the lymph node. (C) Body weight change curve of six groups of mice. (D) Representative
image of KYSE30 popliteal lymph nodes of measured groups. (E) Popliteal lymph nodes were
measured after sacrifice. All data are presented as mean ± SD, * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.3. Ginsenoside Rh4 Inhibits ESCC Metastasis In Vivo and Has Low Toxicity

Next, we studied the effect of ginsenoside Rh4 in the transfer of ESCC in vivo. We
injected KYSE30 cells into the left foot pad of male BALB/c mice. While determining
lymph-node-associated protein expression, we discerned that MMP2 and MMP9 in the Rh4
measurement group were also notably reduced compared to the control group (Figure 4A).
Moreover, no notable diversification in the weight change of mice in the Rh4 treatment
group was found in contrast to the normal group, but there was a conspicuous decrease in
the capecitabine group (Figure 4C). The lymph nodes were collected and weighed after the
experiment was completed. The growth of lymph nodes in the Rh4 group and capecitabine
group was restrained. In contrast to the control group, the size and weight of lymph nodes
in the 30 mg/kg Rh4 group and 60 mg/kg Rh4 group decreased (Figure 4D,E). Moreover,
the number of lung nodules in these two groups was also significantly less than that in the
control group (Figure S1). These results indicate that the addition of Rh4 can reduce the
metastasis of ESCC cells in the proximal popliteal lymph nodes and distal lung tissue.

Therefore, to explore the safety of Rh4 in foot pad transfer model mice, we explored
the peripheral blood parameters of six groups of mice (WBC, LYM, and GRAN). There were
no significant differences in the hematology index of WBC, LYM, and GRAN (Figure 5A).
Next, we studied the effect of Rh4 on organ activity. Compared with the normal group, the
renal function indexes (urea, uric acid, and creatinine) and liver function indexes (ALT, AST)
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of mice in the Rh4 treatment group did not change significantly (Figure 5B,C). However, the
related indicators in the capecitabine group were conspicuously increased, which suggested
that capecitabine has obvious toxicity. H&E staining illustrated that in the normal group,
the physiological appearance of important organs in the normal + Rh4 (60 mg/kg) and
Rh4 measurement groups showed no obvious pathological changes (Figure 5D). However,
in contrast to the control group, liver slices of the capecitabine group showed inflammatory
infiltration, and the kidney slices also appeared to be disordered (Figure 5D). Additionally,
in the organ index, the spleen index of the capecitabine group also showed an apparent de-
crease (Table S2). In summary, the results indicated that Rh4 treatment was not significantly
toxic in vivo.

Figure 5. (A) The contents of peripheral blood white blood cells (WBC), lymphocytes (LYM), and
granulocytes (GRAN) in each group. Liver and kidney function indexes, consisting of (B) urea, uric
acid, and CRE. (C) ALT and AST. (D) Images of major organs in each group, consisting of heart, liver,
spleen, lung, and kidney. Scale bar = 100 μm. All data are presented as mean ± SD, * p < 0.05, and
** p < 0.01.
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3.4. Rh4 Inhibits ESCC Metastasis through Wnt/β-Catenin Signaling Pathway

To investigate if Rh4 inhibits ESCC metastasis through the Wnt/β-catenin pathway,
we tested the protein levels of the Wnt/β-catenin pathway. In contrast to the control group,
KYSE30, KYSE150, and KYSE410 cells demonstrated different densities of Rh4 reduced
Wnt, β-catenin, and p-β-catenin levels (Figure 6A), similar results were also found in the
Western blotting experiment of tumor tissues (Figure 6B). In addition, we also found from
the immunohistochemical results of lymph node and lung tissue that Rh4 decreased the
Wnt/β-catenin interrelated proteins, which was the same as the results of Western blotting
experiment (Figure 6C). The immunofluorescence results for lymph node and lung tissue
also suggested the Wnt and β-catenin in the Rh4 measurement group were noticeably
reduced compared to the control group (Figure 6D).

Figure 6. (A,B) Relative protein levels of Wnt, β-catenin, and p-β-catenin after KYSE30, KYSE150, and
KYSE410 were treated by Rh4. (C) Immunohistochemical analysis showed that Rh4 attenuated Wnt,
β-catenin, and p-β-catenin in lymph nodes and lungs. Scale bar = 100 μm. (D) Immunofluorescence
analysis showed that Rh4 also attenuated the level of Wnt and β-catenin in lymph nodes and lungs.
Scale bar = 10 μm. All data are presented as mean ± SD, * p < 0.05, and ** p < 0.01.
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In order to further explore the utility of Rh4 in the Wnt/β-catenin signaling pathway,
we introduced HLY78, which is an agonist of Wnt. The results we obtained from the
scratch test showed that the addition of HLY78 could improve the migration ability of
KYSE30, KYSE150, and KYSE410 cells. However, with the combined action of Rh4 and
HLY78, the wound healing efficiency of the three types of cells was betwixt the control
group and the HLY78 group (Figure 7A,B). In addition, we also examined the results in the
Wnt/β-catenin pathway proteins after adding HLY78 (Figure 7C). The results showed that
the levels of Wnt, β-catenin, and p-β-catenin interrelated proteins are consistent with the
expression trend of the scratch experiment (Figure 7D), which indicated that Rh4 restrained
the metastasis of ESCC by inhibiting the Wnt/β-catenin pathway.

Figure 7. (A) Migration images with or without the addition of Rh4(HLY78) at 0, 12, and 24 h. The
yellow line is the migration edge. Scale bar = 100 μm (B) Percent wound healing, treatment group vs.
control group. (C) Protein levels after Rh4 and HLY-78 combined treatment of KYSE30, KYSE150, and
KYSE410. (D) Bar graphs showing protein expression level. All data are presented as mean ± SD,
* p < 0.05 and ** p < 0.01.
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3.5. c-Myc Is Essential in the Inhibition of ESCC Metastasis by Rh4

It has been reported that the expression of c-myc can be adjusted by the Wnt/β-catenin
signaling pathway. For our experiments, we confirmed that Rh4 could decrease c-Myc in
KYSE30, KYSE150, and KYSE410 (Figure 6A). In order to investigate the utility of Rh4 on
c-Myc in ESCC, we used c-Myc-siRNA to silence c-Myc, and then determine the protein
level of EMT. These results demonstrated that c-Myc-siRNA significantly decreased c-Myc’s
expression. Silencing c-Myc reduced N-cadherin, Vimentin, and snail and improved the
E-cadherin. Additionally, the combined effect of Rh4 and c-Myc-siRNA was more obvious
than that of c-Myc (Figure 8A,B). The immunohistochemistry of the lymph nodes and lung
tissues also illustrated the same results (Figure 8C). The results revealed that c-Myc is an
essential transcription factor in the inhibition of ESCC metastasis by Rh4.

Figure 8. (A,B) Addition of c-Myc-siRNA enhanced Rh4 inhibition of E-cadherin, N-cadherin,
Vimentin, and snail (C) Rh4 reduces c-Myc expression in lymph nodes and lungs in vivo. Scale bar =
100 μm. All data are presented as mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

Metastasis, which accompanies the diffusion of cancer cells from the initial part of the
disease to distant sites [31], includes angiogenesis, cell adhesion, ECM degradation, migra-
tion, invasion, and transportation to additional areas [32]. ESCC is powerfully aggressive,
and it causes high mortality [33]. A large number of patients with primary esophageal
cancer have been found to have lymph node metastasis at the initial diagnosis [34]. Cancer
has invaded the muscle layer in most patients, and at least half of all cancers have metasta-
sized to other tissues and organs, most notably the lymph nodes and lungs [35]. It has been
shown in recent studies that Ginsenoside Rk1 has an inhibitory effect on the expression
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of PD-L1 in lung adenocarcinoma [36]. Ginsenoside CK inhibits migration and invasion
of human osteosarcoma cells and TGF-β-induced A549 cells via PI3K/mTOR/p70S6K1
and SIRT [37,38]. Our previous research has discerned that Rh4 has a significant effect on
the suppression of the proliferation of esophageal cancer. In our research, we verified that
Rh4 possesses an inhibitory function on ESCC metastasis. Scratch experiments showed
that ginsenoside Rh4 had an obvious inhibitory effect on the migration of ESCC. When
20μM Rh4 was applied for 24 h, the wound healing rate of all cells was reduced by more
than 60%. In the KYSE30 transplanted foot pad mouse model, we determined that 30 and
60 mg/kg Rh4 significantly curbed the growth of lymph nodes. Moreover, the ginsenoside
group had a reduced expression of metastasis-related proteins in lymph nodes and lung
tissues. Based on these results, Rh4 has a significant outcome for ESCC metastasis in vitro
and in vivo.

Capecitabine is a first-line drug in the measurement of ESCC metastasis, but its
many secondary actions, including liver toxicity and nephrotoxicity, limit the safe dose
of capecitabine for patients [39]. If the adverse reaction is too strong, the drug may even
be stopped [40]. Natural medicine may offer a new approach to the measurement of
esophageal squamous cell carcinoma metastasis. Previous reports have demonstrated that
capecitabine could cause liver damage [41–43], kidney damage, and even cardiotoxicity.
The relevant serum biochemical indicators we obtained revealed organ damage, with liver
and kidney activity (CRE, UA, and urea). H&E staining of various organs and tissues
after capecitabine treatment also showed liver damage and spleen damage. Moreover, the
measurement of blood parameters illustrated that capecitabine significantly reduced the
number of immune cells (LYM, WBC, and GRAN), indicating capecitabine caused blood
toxicity and affected the immune function of mice. Relevant indicators and H&E staining
pictures of Rh4 group mice indicated that Rh4 did not influence the organ function of mice.
Additionally, it had no obvious effect on the number of immune cells, which reveals Rh4
has no hematological toxicity. The results of the organ index showed that the spleen and
lung indices of the mice were significantly reduced. The limitations of capecitabine on the
immune responses and lung function in mice are noteworthy [44]. These indicators did not
change significantly in the Rh4 group. Thus, these results suggest that Rh4 has minimal
side effects in the treatment of ESCC metastasis in ESCC.

As previously reported, the Wnt/β-catenin signaling pathway is an oncogenic driving
pathway in ESCC, which has been widely reported [45]. Wnt is a crucial part of cell axis
patterning, including movement. β-catenin (β series protein) is an adhesion factor, and
recent studies have found that it has the dual function of regulating and coordinating
cell adhesion and gene transcription [46,47]. HLY78 is an agonist of the Wnt/β-catenin
signaling pathway. HLY78 can enhance Wnt signaling by targeting the DIX domain of Axin
in the channel and enhancing Axin-LRP6 cross-linking [48–50]. We pretreated with the
Wnt agonist HLY78 to investigate the crucial utility of ginsenoside Rh4. The results of the
scratch test discerned that after adding HLY78, the motility of ESCC cells was improved
in contrast to the control group. Under the joint action of Rh4, the wound healing rate
was between that of the Rh4 group and the HLY78 group. Western blotting illustrated that
Wnt, β-catenin and p-β-catenin were consistent with the results of the scratch experiment.
Previously, c-Myc expression was shown to be adjusted by the Wnt/β-catenin signaling
pathway [51,52]. Moreover, after adding c-Myc-si-RNA, the expression of several EMT-
related proteins showed a more obvious trend of change, compared with when only Rh4
was added. This indicates that Rh4 can restrain the metastasis of ESCC by inhibiting the
Wnt/β-catenin signaling pathway.

5. Conclusions

To summarize, the research reveals for the first time that ginsenoside Rh4 restrains the
metastasis of ESCC cells by adjusting the Wnt/β-catenin signaling pathway (Figure 9). In
the mouse footpad lymph node metastasis model, Rh4 shows obvious antitumor metastasis
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activity with few side effects. Our study offers new perspectives on Rh4 as a latent anti-
metastatic medicine.

Figure 9. Proposed molecular mechanism of Rh4 anti-metastasis of ESCC.
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Abstract: The aim of this report was to determine the impact of flaxseed, soy and red clover, and
their bioactive substances on the lipid profile in postmenopausal women in cardiovascular diseases
prevention. We used the following databases: MEDLINE (PubMed), EMBASE and the Cochrane
Library. Meta-analysis indicates that the intake of flaxseed by postmenopausal women is associated
with a statistically significant reduction in total cholesterol (TC) levels (weighted-mean difference
(WMD) = −0.26; 95% confidence interval (95% CI): −0.38 to −0.13; p = 0.0001), low-density lipoprotein
cholesterol (LDL-C) levels (WMD = −0.19; 95% CI: −0.30 to −0.08; p = 0.0006), and high-density
lipoprotein cholesterol (HDL-C) levels (WMD = −0.06; 95% CI: −0.11 to −0.01; p = 0.0150). The effect
of soy protein on the lipid profile showed a significant decrease in TC levels: WMD = −0.15; 95% CI:
−0.25–0.05; p = 0.0048, LDL-C levels: WMD = −0.15; 95% CI: −0.25–0.05; p = 0.0067, as well as a
significant increase in HDL-C levels: WMD = 0.05; 95% CI: 0.02–0.08; p = 0.0034. Changes in the lipid
profile showed a significant reduction in TC levels after the use of red clover (WMD = −0.11; 95% CI:
−0.18–−0.04; p = 0.0017) and a significant increase in HDL-C levels (WMD = 0.04; 95% CI: 0.01 to
0.07; p = 0.0165). This meta-analysis provides evidence that consuming flaxseed, soy and red clover
can have a beneficial effect on lipids in postmenopausal women and suggest a favorable effect in
preventing cardiovascular diseases.

Keywords: flaxseed; soy; red clover; lipid profile; meta-analysis; cardiovascular disease; botanical
supplements; postmenopausal woman

1. Introduction

Cardiovascular disease (CVD) is collection of disorders affecting the vasculature of the
heart, brain and peripheral tissues, and remains the leading cause of death globally [1,2].
The most common cause of CV is atherosclerosis, which is initiated by an inflammatory
reaction of the vascular endothelium [3]. The origins of these endothelial lesions are still not
fully explained, but involved factors include: chronic elevations in blood pressure [4]; pro-
longed hyperglycemia and the resulting formation of advanced glycation end-products [5];
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elevated lipoproteins, particularly molecules that have undergone oxidized modification [6];
and oxidative stress and inflammation [7]. With aging, a number of changes occur in the
metabolism, known as the ‘metabolic syndrome’ [8]. Among others, these include the
accumulation of fat mass in the abdominal compartment, transition to a more atherogenic
lipid profile, hyperinsulinemia, insulin resistance and glucose intolerance [9,10]. The con-
sequence of these changes is an enhanced risk of coronary heart disease, stroke and other
atherosclerotic vascular diseases, including peripheral arterial disease, atherosclerotic aortic
disease and carotid artery disease [11].

A bioactive effect on lipid metabolism involving lowering the level of total choles-
terol (TC), low-density lipoprotein cholesterol (LDL-C) and triglycerides (TG), has been
demonstrated during studies of some plant dietary items, such as: almonds [12], arti-
chokes [13], barberry [14], curcumin [15], ginger [16], psyllium [17], sesame [18], cacao [19]
and walnuts [20].

Women are at a higher risk of developing CVDs after menopause due to estrogen
deficiency and dysregulated lipid metabolism [21]. Loss of ovarian endocrine function as
a result of chronic hypoestrogenism is the main physiological symptom associated with
menopause. The daily production of estrogen in postmenopausal women is 0.045 mg,
compared with 0.35 mg during the reproductive period, which is reflected in serum es-
trogen concentrations of 10–20 μg/mL and 40–400 μg/mL, respectively [22]. Observed
menopause-induced estrogen deficiency leads to various metabolic disorders including
lipid metabolism. TC, LDL-C, and TG levels increase during the menopause and during
the postmenopausal period. In turn, high-density lipoprotein cholesterol (HDL-C) lev-
els, after an initial rise during the menopausal transition, gradually decline during late
menopause [23–25] (of note, there were also studies showing no difference in HDL-C levels
between premenopausal and postmenopausal women [26]). Dyslipidemia is one of the
most important risk factors for CVD, which can be corrected and prevented. Botanical
supplements as flaxseed, soybean and red clover are rich sources of bioactive compounds
affecting lipid metabolism [27].

The benefits of consuming whole fractions of flaxseed (Linum usitatissimum L.) such as
its protein, oil and mucilage, are related to the presence of specific bioactive substances. The
flaxseed content of protein ranges from 10 to 31%, including higher amounts of arginine,
aspartic and glutamic acids than other amino acids. Flaxseed also consists of 40% fat;
and 25–28% fiber, of which 25% is in soluble form. Moreover, approximately 38–45%
of flaxseed mass contains oil and 55–68% is meal. Flaxseed is a rich source of bioactive
ingredients such as α-linolenic acid (ALA) and linoleic acid. Additionally, it contains
phytochemicals such as lignan complex: secoisolariciresinol diglucoside (SDG), cinnamic
acid glucoside and hydroxymethyl glutaric acid [28,29]. Flaxseed oil and active compounds,
especially SDG and its metabolites, suppresses the inflammatory tissue damage caused by
oxidative stress [30]. SDG may also directly lower serum cholesterol by modulating the
enzymes 7α-hydroxylase and acyl-coenzyme A:cholesterol acyltransferases, both of which
are involved in cholesterol metabolism [31]. The supplied ALA reduces the production of
arachidonic acid (AA) and consequently, by decreasing proinflammatory eicosanoid, leads
to a reduction in the inflammation process [32].

The soybean (Glycine max L.) is a significant source of protein (~36–40%), lipids (~20%)
and dietary fiber (~9%) (based on the dry weight of mature raw seeds), and phytochemicals
such as isoflavones, phytosterols and lecithins, which may act collectively or through inde-
pendent mechanisms. The two major protein peptides, β-conglycinin (βCG) and glycinin,
comprise 80–90% of the total protein in soybean, and affect lipid metabolism [33,34]. Ad-
ditionally, soybeans are rich sources of essential fatty acids. Polyunsaturated (primarily
linoleic acid, alpha-linolenic acid), monounsaturated (oleic acid) and saturated (primarily
palmitic acid) fatty acids comprise approximately 63%, 23%, and 14%, respectively, of the
total fat content of soybeans, and have an impact on the level of lipids [35]. The other major
bioactive compounds in soybeans are isoflavones, which are associated with soy proteins.
Isoflavones occur in large values in soybean as glycoside, such as genistin, daidzin and
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glycitin, or their aglycone forms, genistein, diadzein and glycitein [36]. Soy isoflavones,
with structural similarities to the endogenous 17β-estradiol, reveal their biological effects
via activating estrogen receptors (ER) with a higher affinity to ER-β, in comparison to ER-α.
Although the affinity for the estrogen receptor by soy isoflavones is 100–1000 times less
than that of natural estrogen, more than a thousand-fold greater isoflavone concentrations
can appear in the plasma than those of endogenous estrogen [37]. Isoflavones, by binding
to ERs, lead to gene activation and beneficial effects on lipid metabolism [38].

A number of other mechanisms regulating lipid metabolism without the mediation
of the estrogen receptor have been recorded—including the increased expression of 3-
hydroxy−3-methylglutaryl-CoA reductase (HMGCR), which leads to decreased cholesterol
and TG levels; the enhanced expression of peroxisome proliferator-activated receptor
(PPAR) and the activation of AMP-activated protein kinase (AMPK), which results in
increased expression of genes involved in lipoprotein metabolism; the decreased expression
of sterol regulatory-element binding protein-lc (SREBP-1) and increased expression of
SREBP-2, which suppresses cholesterol synthesis and absorption in the liver; the inhibition
of the expression and activity of the sterol regulatory element binding protein-1c (SREBP-
1c) and carbohydrate response element binding protein-1 (ChREBP), which are proteins
that enhance the expression of lipogenic genes and key enzymes involved in de novo
lipogenesis; the promotion of the HDL-C metabolism and of the uptake, utilization and
catabolism of fatty acids; and the modulation of the effects on several enzymes important
in lipid transformation, such as lipoprotein lipase (LPL), hepatic lipase (HL) (also called
hepatic triglyceride lipase (HTGL)), and 7alpha-hydroxylase [39–44].

Red clover (Trifolium pratense L.) contains a certain amount of protein and fat that is
irrelevant from the point of view of human nutrition. It is also rich in bioactive substance-
sused in medicine. Red clover isoflavones show a different mechanism of action on lipid
metabolism than that of soy isoflavones, which is due to the different composition of the
contained isoflavones. Grains of red clover contain higher concentrations of formononetin
and biochanin A and lower concentrations of daidzein and genistein than soy [45]. This
composition suggests that an equal production status may be less relevant [46]. Isoflavones
with structural similarities to endogenous 17-β-estradiol reveal their biological effects via
activating estrogen receptors (ER) with a higher affinity to ER-β, in comparison to ER-α,
which mediates the cholesterol metabolism [47,48]. In addition, a number of non-hormonal
effects have been reported in its isoflavones, including tyrosine kinase inhibition, antiox-
idant activity, and effects on ion transport [49]. Red clover extract and the isoflavones
genistein and biochanin A can also regulate lipid metabolism without the mediation of
estrogen receptors, as well as increase the expression of PPAR alpha and activate AMPK,
which results in the enhanced activity of genes involved in lipoprotein metabolism [50].

The purpose of this study was to determine the impact of flaxseed, soy and red
clover and their bioactive substanceson the lipid profile in postmenopausal women in
cardiovascular prevention.

2. Materials and Methods

2.1. Search Strategy and Study Selection

This systematic review and meta-analysis was designed in accordance with The Pre-
ferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement [51]
to identify randomized controlled trials (RCTs) assessing the effects of flaxseed, soy protein,
soy isoflavones and red clover isoflavones on the level of serum lipids.

The electronic databases MEDLINE (PubMed), Embase, and the Cochrane Library
were searched for the identification of randomized controlled trials until December 2018.
The following search terms were used for all databases in various combinations: (“flax” OR
“flaxseed” OR “linseed” OR “Linum usitatissimum” OR “soybean” OR “Glycine max” OR
“soy proteins” OR “soy isoflavones” OR “red clover” OR “Trifolium pratense”) AND (“lipid
profile” OR “lipids” OR “total cholesterol” OR “HDL cholesterol” OR “LDL cholesterol”
OR “triglycerides”) AND (“menopause” OR “postmenopause”).
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The search was limited to papers published in English and was conducted up to
December 2018. References to selected research and review articles related to the topic of
the work were also searched in order to identify additional studies.

The initial selection included the analysis of the titles and/or abstracts of all citations.
After an independent and double analysis of the full texts of selected works, a decision was
then made to include or exclude them. In turn, works were qualified for meta-analysis and
collection of data on the clinical and methodological characteristics of the described clinical
trials and for statistical evaluation.

Randomized controlled trials (RCTs) were considered eligible for inclusion if they met
all of the following criteria: parallel-group design, or crossover design that contained data
for the first period; a comparison with a placebo or with a no-intervention group; a follow-
up period was at least 3 months; post-menopausal women as participants; appropriate
interventions using flaxseed, soy or red clover and the presentation of sufficient information
on plasma-lipid levels at baseline and after supplementation, or the net change values in
both study arms. The exclusion criteria were as follows: men or premenopausal women
as participants, no control group in the study, lack of sufficient information, and a study
duration of less than 12 weeks. The results were reported as graphics or percent changes,
and as duplicated reports.

2.2. Data Extraction

The data were extracted by the lead author and subsequently reviewed by co-authors
for accuracy. Eligible studies were reviewed and the following data were abstracted: first
author’s name; year of publication; study location (country); follow-up period of the
study; study design; number of participants in the intervention and control group; health
characteristics of the population (age, menopausal status, body mass index); daily amount
of flaxseed, soy protein, soy isoflavones and red clover isoflavones taken in the active arm;
and data on baseline and follow-up TC, LDL-C, HDL-C and TG plasma levels.

2.3. Quality Assessment and Bias Risk of the Trials

The Jadad Scale is an Oxford system for assessing the quality of a clinical trial, designed
to determine the minimum level of studies included in a systematic review/meta-analysis.
The test may receive values from 0 (low quality) to 5 points (highest quality) [52]. This
meta-analysis included studies that had a relatively high Jadad score. To explain the
possible presence of bias publications, Begg’s rank correlation test (Kendall Tau) and
Egger’s weighted regression test were applied [53,54].

2.4. Statistical Analysis and Meta-Analysis

The meta-analysis included all intervention groups from multi-arm studies. Moreover,
to avoid the duplication of data from the same people in surveys covering multiple time
points, only one such point was taken into account.

The data in each study were presented as numbers of subjects (N) and the
mean ± standard deviations (SD). When the standard error of the mean (SEM) was em-
ployed, the conversion to SD was made according to the formula: SD = SEM × √

N.
If a 95% confidence interval (95% CI) was applied, SD conversion was:
SD = sqrt (N) × (upper bound–lower bound)/(2u) (equal to 3.96). When the results from
the studies were presented in mg/dL, they were converted into mmol/L using standard
conversion factors (the value in mg/dL was multiplied by 0.02586 for TC, LDL-C and
HDL-C, and by 0.01143 for TG).

The outcome measures were the differences in the mean (MD) of components of the
lipid profile between baseline and the end values for both the intervention and control
groups. The missing SDs of MD were imputed using the formula: SD = sqrt ((SD “initial”)2
+ (SD “final”)2 − (SD “initial” × SD “final”) × 2R), where R is the correlation coefficient;
we took an R value = 0.40 [55,56]. The outcome measures were the differences in the mean
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(net change in mmol/L) of elements of the lipid profile between the baseline and the end
values for both the intervention and control groups.

Summary outcomes measures were presented as the mean differences between the in-
tervention and control groups. A random-effects model was used to calculate the weighted-
mean difference (WMD) and 95% confidence interval (CI) for each comparison, and the
combined overall effect (p < 0.05 was considered statistically significant) according to Der-
Simonian and Laird [57]. Cochrane Q and I2 statistics were used to assess the heterogeneity.
The I2 test determined whether the variance across studies was correct and not a result of a
sampling error. The percentage of total variation indicated the degree of heterogeneity; I2

values of ≤25% were considered low; >25% as moderate; and ≥75% as high heterogene-
ity [58]. STATISTICA Medical Software v. 11.0 StatSoft, Krakow, Poland was used for all
statistical analyses.

3. Results

In total, a number of citations potentially related to the topic of work based on the
key words—red clover = 3107; soy = 8074; and flaxseed = 4828—were identified. Building
upon the title and/or abstract, exclusions were 3069 for red clover; 7991 for soy; and
4784 for flaxseed due to a lack of connection with the topic of this work. Consequently,
165 potentially relevant clinical trials qualified for further detailed qualitative analysis
in the full-text assessment: red clover = 38; soy = 83; and flaxseed = 44. Among these,
130 studies were also discarded due to the failure to meet all inclusion criteria. As a result,
42 randomized controlled trials for meta-analysis. Detailed information about the literature
search and study selection and identification can be found in Figure 1.

Figure 1. Flowchart of the selection procedure for studies included in the current review and
meta-analysis.
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3.1. Characteristics of Included Trials

The characteristics of selected randomized controlled studies assessing the influence
of flaxseed, soy protein, soy isoflavones, and red clover on lipid profile in postmenopausal
women are presented in Table 1. The meta-analysis included 42 studies published in
English from 1998 to 2018 [59–100].

3.2. Associations between Flaxseed and Plasma Lipid Profiles

Changes in lipid profile after the use of flaxseed were analyzed on the basis of seven
studies [59–65]. The results of the meta-analysis are presented in Figure 2. Compared to
the control group, the use of flaxseed resulted in a statistically significant reduction in TC
levels (WMD = −0.26; 95% CI: −0.38–−0.13; p = 0.0001), LDL-C levels (WMD = −0.19;
95% CI: −0.30–−0.08; p = 0.0006) and HDL-C levels (WMD = −0.06; 95% CI: −0.11–−0.01;
p = 0.0150) and a slight, not statistically significant reduction in TG levels: WMD = −0.03;
95% CI: −0.12–0.07; p = 0.5452. The heterogeneity analysis performed for TC, LDL-C,
HDL-C and TG did not show that the differences between the effects obtained in different
studies were statistically significant. The Begg and Egger asymmetry tests showed no
publication bias for TC (p-value 0.6523 and 0.3091, respectively), LDL-C (p-value 0.6523
and 0.1786, respectively), HDL-C (p-value 0.1765 and 0.1578, respectively) or TG (p-value
0.4527 and 0.9335, respectively).

Figure 2. Forest plot representing the associations between flaxseed and lipid profiles. Data are
presented as weighted mean difference with 95% CI.
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3.3. Associations between Soy Protein without and with Isoflavones and Lipid Profiles

Fifteen studies were used in the analysis of the effect of soy protein on the lipid
profile [66–80], but the data from the study by Baum et al. did not allow for a comparison of
the effect in the case of LDL-C levels [68]. The results of the meta-analysis are presented in
Figure 3. Statistical analysis showed a significant decrease in TC levels: WMD = −0.15; 95%
CI: −0.25–0.05; p = 0.0048, LDL-C levels: WMD = −0.15; 95% CI: −0.25–0.05; p = 0.0067,
and a significant increase in HDL-C levels: WMD = 0.05; 95% CI: 0.02–0.08; p = 0.0034. There
was also a slight reduction in TG levels, which, however, was statistically non-significant
(WMD = −0.08; 95% CI: −0.19 to 0.03; p = 0.1462). The performed analysis of heterogeneity
did not show statistically significant differences between the effects of the included studies
for TC, LDL-C and HDL-C, but in the case of TG, the heterogeneity was high (I2 = 61.43%).
Begg’s test gave a statistically non-significant result for TC (p = 0.2403), as well as LDL-C
(p = 0.4421), HDL-C (p = 0.8196) and TG (p = 0.0945), which indicated no publication bias.
Moreover, Egger’s test showed no publication bias for TC: p = 0.6815, LDL-C: p = 0.5596,
HDL-C: p = 0.6843, and TG: p = 0.8158.

Figure 3. Cont.

172



Nutrients 2022, 14, 2467

Figure 3. Forest plot representing the associations between soy protein and lipid profiles. Data are
presented as weighted mean difference with 95% CI.
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3.4. Associations between Soy Isoflavones Alone (Preparation) and Lipid Profiles

A total of 13 studies were selected to analyze the effect of soy isoflavones on the
lipid profile [81–92], among which the data from the Colacurici et al. [93] did not al-
low for the analysis of the effect of isoflavones on TC, while in the study by Dewell
et al. [85], there were insufficient data on LDL-C. The results of the meta-analysis are
shown in Figure 4. A slight, statistically insignificant decrease in TC levels was ob-
served: WMD = −0.07; 95% CI: −0.18–0.05; p = 0.2428, as well as TG: WMD = −0.04;
95% CI: −0.13–0.05; p = 0.4200. On the other hand, no effect of the use of isoflavones on
LDL-C levels was noticed: WMD = 0.00; 95% CI: −0.07–0.07; p = 0.9750 and HDL-C: WMD
= 0.01; 95% CI: −0.03–0.05; p = 0.6449. The heterogeneity of the studies was not signifi-
cant in the case of TC, LDL-C and HDL-C, but it turned out to be high in the case of TG
(I2 = 47.34%). The results for the asymmetry tests were not statistically significant for TC:
Begg’s test—p = 0.0672; Egger’s test—p = 0.1619, LDL-C: Egger’s test—p = 0.0872, HDL-C:
Begg’s test—p = 0.7016; Egger’s test—p = 0.9451 and TG: Begg’s test—p = 0.3520; Egger’s
test—p = 0.3281. However, Begg’s test showed a statistically significant publication bias for
LDL-C (p = 0.0281).

Figure 4. Cont.

174



Nutrients 2022, 14, 2467

Figure 4. Forest plot representing associations between isoflavones and lipid profiles. Data are
presented as the weighted mean difference with 95% CI.

3.5. Associations between Red Clover and Lipid Profiles

The last analysis, presented in Figure 5, concerned the effect of red clover on the
lipid profile, and included seven studies [94–100]. There was a significant reduction in
TC levels after the use of red clover (WMD = −0.11; 95% CI: −0.18–−0.04; p = 0.0017)
and a statistically significant increase in HDL-C levels (WMD = 0.04; 95% CI: 0.01 to 0.07;
p = 0.0165). In the case of TC and HDL-C, no significant heterogeneity of the study effects
was observed, and publication bias was not demonstrated. The p value of Begg’s test was
0.4579 for TC and 0.6207 for HDL-C, while the p value of Egger’s test was 0.3990 for TC and
0.5319 for HDL-C. In contrast, statistical analysis showed no significant changes in LDL-C
levels after the use of red clover (WMD = −0.01; 95% CI: −0.13 to 0.10; p = 0.8230) and
showed a slight decrease in TG levels, which was statistically insignificant (WMD = −0.05;
95% CI: −0.17–0.06; p = 0.3713). In the case of LDL-C and TG, the heterogeneity of the
studies turned out to be high (I2 = 49.57% and I2 = 76.14%, respectively). The asymmetry
tests showed no publication bias. The p value of Begg’s test was 0.4527 for LDL-C and
0.4527 for TG, while the p value of Egger’s test was 0.2560 for LDL-C and 0.6425 for TG.
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Figure 5. Forest plot representing associations between red clover and lipid profiles. Data are
presented as weighted mean difference with 95% CI.
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4. Discussion

The present meta-analysis indicates that the intake of flaxseed by postmenopausal
women is associated with a statistically significant reduction in TC levels (WMD = −0.26;
95% CI: −0.38 to −0.13; p = 0.0001), LDL-C levels (WMD = −0.19; 95% CI: −0.30 to−0.08;
p = 0.0006), HDL-C levels (WMD = −0.06; 95% CI: −0.11 to −0.01; p = 0.0150). These
findings are consistent with previous published meta-analyses for the flaxseed effect. A
meta-analysis by Hadi et al. incorporating 62 randomized trials involving dietary sup-
plementation with flaxseed or flaxseed-derived products showed that flaxseed supple-
mentation significantly reduced TC (WMD = −5.389 mg/dL; 95% CI: −9.483, −1.295,
p = 0.010), TG (WMD = −9.422 mg/dL; 95% CI: −15.514, −3.330, p = 0.002), and LDL-C
(WMD = −4.206 mg/dL; 95% CI: −7.260, −1.151, p = 0.007) concentrations. However, it
had no effect on HDL-C (WMD = 0.047 mg/dL; 95% CI: −0.777, 0.872, p = 0.910) [101]. The
meta-analysis of Yang et al. indicated that different flaxseed products showed different
effects. Whole flaxseed supplementation significantly reduced TC (−11.85 mg/dL, 95% CI
−20.12–−3.57, p = 0.005), LDL-C (− 10.51 mg/dL, 95% CI −14.96–−6.06, p < 0.001), TG
(−19.77 mg/dL, 95% CI−33.61–−5.94, p = 0.005), TC/HDL-C (− 0.10, 95% CI −0.19–−0.003,
p = 0.044), while lignans supplementation significantly reduced TC (− 17.86 mg/dL,
p = 0.004), LDL-C (− 15.47 mg/dL, p < 0.001), and TC/HDL-C (− 0.45, p = 0.04). Flaxseed
oil supplementation had no such lowering effect on lipid [102].

Our meta-analysis of the effect of soy protein on the lipid profile showed a significant
decrease in TC levels: WMD = −0.15; 95% CI: −0.25–0.05; p = 0.0048, LDL-C levels:
WMD = −0.15; 95% CI: −0.25–0.05; p = 0.0067, as well as a significant increase in HDL-
C levels: WMD = 0.05; 95% from CI: 0.02 to 0.08; p = 0.0034. There was also a slight
reduction in TG levels, which, however, was statistically non-significant (WMD = −0.08;
95% CI: from −0.19 to 0.03; p = 0.1462). The meta-analysis by Moradi et al. supports the
hypercholesterolemic effect of soy lowering the serum TC levels. Soy consumption was
associated with a significant decrease in TG: −5.04 mg/dL; 95% CI: −9.95, −0.13; p = 0.044),
TC (MD: −3.02 mg/dL; 95% CI: −5.56, −0.47; p= 0.02), LDL-C (3.27 mg/dL; 95% CI: −6.01,
−0.53; p = 0.019) and HDL-C (MD: −2.28 mg/dL; 95% CI: −4.27, −0.29; p = 0.025). The
reductions in LDL-C, TG, and HDL-C were larger in subjects consuming isolated soy
protein than taking-in isolated soy isoflavones [37]. The results of previous meta-analyses
also revealed a significant decrease in serum TC, LDL-C, and TG concentrations after the
consumption of soy protein containing isoflavones [103].

This meta-analysis showed a significant reduction in TC levels after the use of red
clover (WMD = −0.11; 95% CI: from −0.18 to −0.04; p = 0.0017) and a significant increase
in HDL-C levels (WMD = 0.04; 95% CI: from 0.01 to 0.07; p = 0.0165). However, the study
demonstrated no significant changes in LDL-C levels (WMD = −0.01; 95% CI: from −0.13 to
0.10; p = 0.8230) and a slight statistically insignificant decrease in TG levels (WMD = −0.05;
95% CI: from −0.17 to 0.06; p = 0.3713) after the use of red clover. In their meta-analysis, Luis
et al. verified that the consumption of red clover by perimenopausal and postmenopausal
women results in a significant decrease in TC, LDL-C, and TG, together with a significant
increase in HDL-C [104]. Furthermore, the meta-analysis by Kanadys et al. revealed
changes in serum levels: TC, −0.29 (95 % CI: from −0.53 to −0.06) mmol/L, p = 0.0136;
LDL-C, −0.13 (95 % CI: from −0.35 to 0.09) mmol/L, p = 0.2418; TG, −0.15 (95 % CI: from
−0.32 to 0.01) mmol/L, p = 0.0592; and HDL-C, 0.14 (95 % CI: from −0.08 to 0.36) mmol/L,
p = 0.2103—which suggest benefits from red clover consumption specific to correcting
abnormal cholesterol levels [105].

Study Limitations

Despite the results obtained in this systematic review and its meta-analysis, some
limitations were found. Because of the lack of standardization in some of the study designs,
such as the ingredients and doses of isoflavones and the durations and outcomes of the
trials, it currently remains difficult to draw overall conclusions for all aspects of isoflavone
intake. These limitations warrant further investigation with regard to the use of isoflavone
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in women’s health. Study limitations can be also be found due to individual differences
in the bioavailability of individual components of preparations as these were prepared in
a variety of ways that were suitable for each study. Moreover, limitations were posed by
potential publication bias, which is revealed via the asymmetry of the funnel plot and the
Egger’s model. Publication bias suggests that some small studies with negative findings
may have been missed or unpublished. Additionally, effects on vascular function have
hardly been studied and more studies are needed to better establish what the effect of
flaxseed, soy, red clover are on heart and vascular function.

5. Conclusions

This meta-analysis provides evidence that consuming flaxseed, soy, and red clover
can have a beneficial effect on lipids in postmenopausal women. Their consumption could
provide an important strategy to control dyslipidemia, and therefore, natural products can
be an alternative to medicaments for preventing CVD, which has some clinical relevance in
anti-atherosclerotic therapy. Our data also suggest that future well-designed studies with
large sample sizes and adequate durations are needed to fully investigate the effectiveness
of flaxseed, soy, and red clover.
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Abstract: In this study, a 100 g sample of Saxifraga atrata was processed to separate 1.3 g of 11-O-
(4′-O-methylgalloyl)-bergenin (Fr1) after 1 cycle of MCI GEL® CHP20P medium pressure liquid
chromatography using methanol/water. Subsequently, COX-2 affinity ultrafiltration coupled with
reversed-phase liquid chromatography was successfully used to screen for potential COX-2 ligands in
this target fraction (Fr1). After 20 reversed-phase liquid chromatography runs, 74.1 mg of >99% pure
11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was obtained. In addition, the anti-inflammatory activity
of 11-O-(4′-O-methylgalloyl)-bergenin was further validated through molecular docking analyses
which suggested it was capable of binding strongly to ALOX15, iNOS, ERBB2, SELE, and NF-
κB. As such, the AA metabolism, MAPK, and NF-κB signaling pathways were hypothesized to
be the main pathways through which 11-O-(4′-O-methylgalloyl)-bergenin regulates inflammatory
responses, potentially functioning by reducing pro-inflammatory cytokine production, blocking
pro-inflammatory factor binding to cognate receptors and inhibiting the expression of key proteins.
In summary, affinity ultrafiltration-HPLC coupling technology can rapidly screen for multi-target
bioactive components and when combined with molecular docking analyses, this approach can
further elucidate the pharmacological mechanisms of action for these compounds, providing valuable
information to guide the further development of new multi-target drugs derived from natural
products.

Keywords: affinity ultrafiltration; molecular docking; preparative isolation; Saxifraga atrata; 11-O-(4′-
O-methylgalloyl)-bergenin

1. Introduction

Inflammatory responses are generally induced by inflammatory cytokines and as-
sociated inflammatory mediators [1,2]. Important inflammatory factors associated with
pyrexia and related symptoms include interleukin-1 (IL-1), IL-6, and tumor necrosis factor
(TNF), while pain-related inflammatory factors including prostaglandin E2 (PGE2) and
bradykinin (BK), PGE2, and nitric oxide (NO) are all related to inflammation-associated
vasodilation. Increases in vascular permeability in inflammatory settings are tied to the ac-
tivity of histamine (HA), BK, and reactive oxygen species metabolites. Inflammatory factors
associated with increased vascular permeability include histamine (HA), BK, and reactive
oxygen species metabolites (ROMs), whereas oxygen free radicals, lysosomal enzymes, and

Nutrients 2022, 14, 2405. https://doi.org/10.3390/nu14122405 https://www.mdpi.com/journal/nutrients183



Nutrients 2022, 14, 2405

NO can induce tissue damage. Notably, several signal transduction pathways coordinate
the onset and termination of inflammatory responses [3,4]. As such, inhibiting the release
of these inflammatory cytokines and mediators has the potential to effectively mitigate
tissue damage caused during the inflammatory process. At present, antibacterial and
antiviral anti-inflammatory drugs are often used in clinical treatment, while the long-term
use of these drugs is prone to drug resistance and related complications. Therefore, the
development of therapeutically effective and less toxic anti-inflammatory drugs is essential
as a means of reliably treating inflammatory diseases in the clinic. Natural products (NPs)
often serve as critical precursors in the field of drug development. Tibetan medicine is one
of the most comprehensive traditional medical systems in the world [5–7]. The search for
potential anti-inflammatory active substances derived from traditional Tibetan medicines
has thus emerged as a promising approach to the development of novel drugs to prevent
or treat inflammatory diseases.

Saxifraga L. is the largest genus in the Saxifragaceae family, with around 500 species
found primarily in the circumpolar and alpine regions of the Northern Hemisphere [8].
Saxifraga atrata (S. atrata) is a member of the Saxifraga Sect. Micranthes and grows at eleva-
tions of 3000 to 4200 m in alpine meadows or flowstone beaches [9]. In traditional Tibetan
medicine, S. atrata flowers are used to reduce fevers and treat lung diseases [10]. However,
the morphological characteristics of different Saxifraga L. species are so similar that it can
be difficult to differentiate them from a macroscopic perspective. Moreover, as there are
limited data available regarding the active compounds present in S. atrata, quality control
and bioactivity determination efforts remain challenging. It is thus critical that a large-scale
approach to isolating and purifying standard bioactive substances from S. atrata be estab-
lished in order to better develop its medicinal value. The complex makeup of S. atrata, as
well as its limited solubility, have impeded the isolation of adequately pure compounds
from this species to date. Silica-gel column chromatography [11] and recrystallization [12]
are traditional approaches to preparing, separating, and purifying NPs. However, they
are all limited by low efficiency and low recovery rates [13]. In recent years, additional ex-
traction techniques have emerged, including high-speed counter-current chromatography
(HSCCC), which separates components based upon a liquid−liquid partitioning principle
based on the differential partition coefficients of different substances in two phases [14,15].
The principle of HSCCC theory is based on a hydrodynamic equilibrium system. One
criterion used to judge whether the system has reached equilibrium is the observation of
whether the effluent liquid was stratified. If stratification is observed, the sample can be
injected into the high-speed counter-current chromatography system with separation then
being achieved using a spiral tube separation based on the differential partition coefficients
of the different components in the two phases, thus forming a multi-stage extraction pro-
cess, with the results of this separation being recorded using a data collection system and
workstation. Controlling these separation effects during the instrument’s operation necessi-
tates a range of approaches, leading to drawbacks including poor separation resolution,
the need to determine the partition coefficient, and complex operating procedures. High
resolution and repeatability are essential for the separation and preparation of high-purity
compounds [16–18]. To overcome these issues, additional separation techniques are needed
to facilitate the large-scale purification of high-purity bioactive compounds derived from
S. atrata.

Preparative high-performance liquid chromatography (prep-HPLC) has been estab-
lished as an effective approach to separating a single compound from complex systems,
such as biological samples and NPs. Because of its superior column efficiency, separation
repeatability, online detection, and autonomous control, this technology has been exten-
sively employed in a variety of fields [19,20]. However, to preserve the chromatographic
column and simplify the subsequent separation and purification steps, prep-HPLC cannot
directly separate crude extracts. Instead, target compounds must first be enriched from the
crude extracts via sample pretreatment, while non-target components should be eliminated.
Based on the principle of analytical liquid chromatography, which takes advantage of the
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fact that different substances have different partition coefficients in a system consisting of a
stationary phase and a mobile phase, medium pressure liquid chromatography (MPLC)
represents an effective pretreatment approach [21–23]. As such, the preferred approach
to the large-scale preparation of high-purity bioactive compounds is a combination of
MPLC and prep-HPLC [24,25]. Affinity ultrafiltration-HPLC, a high-throughput screening
technique combining affinity ultrafiltration and HPLC, has emerged as a focus of grow-
ing interest owing to its ability to rapidly, efficiently, and sensitively screen for bioactive
components derived from complex NPs. Affinity ultrafiltration generally includes four
steps: affinity incubation, centrifugal ultrafiltration, ligand dissociation, and analysis and
detection. Purified, non-covalent complexes must be collected following affinity ultrafiltra-
tion, after which appropriate methods such as the addition of organic reagents, ultrasonic
treatment, or changing the pH to denature the drug target such that the small molecule
ligands of interest dissociate from non-covalent complexes to permit subsequent analysis
and detection [26,27].

Since its initial development in the mid-1970s, molecular docking has proven to
be an important tool to help understand how compounds interact with their molecular
targets, assisting in drug design and discovery [28]. Molecular docking is one of the most
commonly used methods in the field of structure-based drug design, which focuses on the
study of molecular interactions, as it can predict the appropriate target binding site with
considerable accuracy, calculate the affinity of the resultant complex, determine the relative
positions and orientations of the ligands and receptors, and thereby study the mechanisms
governing the activity of a given agonist, inhibitor, or drug, laying the foundation for new
drug design [29–31]. Molecular docking methods are invaluable in the drug research field,
providing an effective tool for the discovery and optimization of lead compounds. This
approach can be used to study the interaction of small molecule probes with intracellular
biomolecules to identify the targets of small molecules in an organism, and to enable
breakthroughs in new drug development. Based on structural biology, the structure and
function of important proteins related to normal physiological processes and diseases
such as cancer and inflammation can be systematically studied and analyzed to define the
three-dimensional (3D) structures of protein drug targets and conduct kinetic simulation
studies of drug−target protein interactions. Moreover, existing drug molecules and the
active ingredients of herbal medicines can be leveraged to design new lead compounds
with enhanced activity through further modification and optimization.

To the best of our knowledge, research focused on S. atrata to date has primarily
centered on the isolation of antioxidants [20]. There has only been one report regarding
the separation and purification of standard substances from this species. Briefly, using
MPLC technology combining a polyamide with MCI GEL® CHP20P stationary phase,
Dang et al. [32] effectively isolated and purified bergenin from S. atrata with a purity
greater than 99%. In the present study, the MCI GEL® CHP20 stationary phase was a
styrene−divinylbenzene matrix with exceptional hydrophobicity that was able to effi-
ciently separate polar compounds [33,34]. First, the target component was enriched on
a medium pressure chromatographic column with MCI GEL® CHP20 as the stationary
phase. Subsequently, a specific anti-inflammatory ingredient was effectively screened
from Fr1 by the method of affinity ultrafiltration-RPLC. After that, using only one step of
preparative reversed-phase liquid chromatography (prep-RPLC), a high purity sample of
the anti-inflammatory active compound (11-O-(4′-O-methylgalloyl)-bergenin, Fr11) was
obtained from the target fraction. Ultimately, molecular docking analyses were then used to
explore interactions between this bioactive compound and the inflammatory-related targets
of cyclooxygenase-2 (COX-2), 5-lipoxygenase (5-LOX), arachidonic acid 15-lipoxygenase
(ALOX15), p38 mitogen-activated protein kinase (p38MAPK), c-Jun NH2-terminal kinase
(JNK), extracellular signal-regulated kinase 5 (ERK5), epidermal growth factor receptor
(EGFR), epidermal growth factor receptor 2 (ERBB2), toll-like receptors (TLR), nuclear
factor kappa-B (NF-κB), TNF, tumor necrosis factor receptor 1A (TNFR1A), nitric oxide
synthase (iNOS), IL-6, IL-23 receptor (IL-23R), IL-1β, IL-10, and e-selectin (SELE) in order
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to evaluate the anti-inflammatory activity of this sample. The predicted results suggest that
the isolated potential ligand (11-O-(4′-O-methylgalloyl)-bergenin, Fr11) exhibits significant
anti-inflammatory activity through multi-pathway and multi-target synergy, providing
novel basis for the treatment of inflammatory diseases. Therefore, an integrated com-
bination of affinity ultrafiltration-HPLC and multi-target molecular docking provides a
powerful approach to the multi-dimensional mining of anti-inflammatory active com-
ponents in S. atrata. This approach can be leveraged for the large-scale purification of
anti-inflammatory isocoumarin standards from other NP extracts, thereby supporting the
development of the NP-based pharmaceutical industry.

2. Materials and Methods

2.1. Apparatus and Chemicals

An MPLC workstation consisting of two NP7000 prep-HPLC pumps, an NU3000 UV–
Vis detector, a 5 mL manual injector, and an LC workstation was used for this study (Hanbon
Science & Technology Co., Ltd., Huaian, China). HPLC analyses were conducted using
an LC-16A instrument equipped with a column thermostat and autosampler following
sample degassing performed using a DGU-20A3R instrument (Shimadzu Instruments
Co., Shanghai, China). A Waters QDa ESI mass spectrometer (Waters Instruments Co.,
Milford, MA, USA) or a Q Exactive Orbitrap instrument (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) mass spectrometer was utilized when collecting ESI-MS spectra, while
1H and 13C NMR spectra were obtained with a Bruker Avance 600 MHz (Bruker, Karlsruhe,
Germany) with MeOH-d4 as the solvent.

MCI GEL® CHP20P (120 μm) separation materials were obtained from Mitsubishi
Chemical Corporation (Tokyo, Japan). Two ReproSil-Pur C18 AQ columns (4.6 × 250 mm,
5 μm and 20 × 250 mm, 5 μm) were from Maisch Corporation (Munich, Germany). The
Click XIon column (4.6 × 250 mm, 5 μm) was from ACCHROM Corporation (Beijing,
China). Acetonitrile (ACN), preparative methanol (CH3OH), and HPLC-grade ACN were
from Kelon Chemical Reagent Factory (Chengdu, China). A Moore water purification
station was used to obtain ultrapure water for HPLC from deionized water (Chongqing,
China). Human cyclooxygenase 2 was from Sigma-Aldrich (St. Louis, MO, USA). PBS was
purchased from Solarbio Science & Technology Co. Ltd. (Beijing, China). Ultrafiltration
membranes (YM-30, 30 kDa) were from Millipore Co. Ltd (Burlington, MA, USA).

2.2. Preparation of the Target Fraction

The S. atrata materials used in this study were harvested from Menyuan County,
Haibei Tibetan Autonomous Prefecture, Qinghai Province (3922 m, 37◦38′, 09.81′ ′ N,
101◦31′, 51.77′ ′ E) in July 2017. The plant was identified as S. atrata by Qingbo Gao of
the Northwest Institute of Plateau Biology of the Chinese Academy of Sciences. Medicinal
material specimens are kept in the Key Laboratory of Adaptation and Evolution of Plateau
Biota, Chinese Academy of Sciences (No. Gao2017080).

The harvested fresh sample was allowed to air dry under cool conditions and ground
to produce a powder, after which 100 g of the resultant powder were extracted twice using
methanol (4.0 L of methanol per extraction for 24 h). The obtained extract (8 L) was filtered
and condensed by evaporation under decreased pressure to a volume of about 500 mL,
mixed with 10 g silica gel and dried at 40 ◦C. Then the sample was crushed and passed
through a sieve to yield a 21.8 g sample. The dried silica gel mixture was loaded into a
medium pressure chromatography tower (49 × 100 mm), which was linked to a medium
pressure chromatography column (49 × 460 mm) containing 1.2 L of MCI GEL CHP20P
stationary phase. Elution was conducted using a methanol/water system for 0–150 min
(0–100% methanol) at a 57.0 mL/min flow rate, with a 254 nm detection wavelength. This
same method was repeated once, yielding an 840.0 mg sample after concentrating the target
fraction with a recovery of 7.1%.
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2.3. Screening and Isolation of Potential Anti-Inflammatory Active Ingredients Based on Affinity
Ultrafiltration-HPLC
2.3.1. Screening of the Potential Anti-Inflammatory Active Ingredient in the Target Fraction
with Affinity Ultrafiltration

Initially, 1 mg of the S. atrata fraction Fr1 was dissolved in 500 μL of PBS (pH 7.2)
to prepare a 2 mg/mL sample solution for affinity ultrafiltration screening. The test
sample solution (Fr1, 100 μL) was incubated with 10 μL of COX-2 (4 U) for 45 min at
37 ◦C in an incubator shaker. This mixture was then transferred to a 30 kDa ultrafiltration
tube, centrifuged at 10,000 rpm for 10 min and washed 3 times with 200 μL of PBS to
remove unbound ligands. Next, COX-2-bound ligands were released from this complex
by incubation with 200 μL of methanol (90%, v/v) for 10 min at room temperature and
centrifuged at 10,000 rpm for 10 min. This process was repeated in triplicate, and the filtrate
was then collected, freeze-dried, and re-dissolved with 50 μL of methanol for HPLC analysis.
To prepare a negative control sample, the enzyme was denatured via incubation for 10 min
in boiling water, after which the operating procedures were identical to those above.

2.3.2. Purification of Potential COX-2 Ligand via Reversed-Phase Liquid Chromatograph

To further purify the target sample, this 840.0 mg sample was dissolved in a 10.0 mL
methanol/water (7:3, v/v) solution. It was then filtered through a 0.45 μm organic filter
membrane to obtain an 84.0 mg/mL sample solution. The purification step was completed
on a ReproSil-pur C18 AQ preparative column (20 × 250 mm, 5 μm), with 0.2% v/v formic
acid in water as mobile phase A and chromatographic acetonitrile as mobile phase B. The
injection volume was 0.5 mL and the sample was eluted with 10% acetonitrile isocratic
elution at a 19 mL/min flow rate for 20 min, with 254 nm as the detection wavelength.

2.4. Analysis of the Purity of the Isolated Candidate COX-2 Ligand

Click XIon and ReproSil-Pur C18 AQ analytical columns were used to assess the purity
of the isolated standard substance. The mobile phase A was composed of 0.2% (v/v) formic
acid in water, while mobile phase B consisted of ACN. Both analytical columns were used
to perform gradient elution for 30 min in 95–55% ACN and 5–50% ACN, with a flow rate
of 1.0 mL/min and a 5 μL injection volume. The detection wavelength was 254 nm.

2.5. Molecular Docking Analyses

Molecular docking is a technique that simulates the interactions between small molecule
ligands and receptor biomolecules based on the “Induced Fit Theory” of ligand−receptor
interaction. By continuously optimizing the position of the small molecule compound
and the dihedral angle of the flexible bond inside the molecule, the optimal conformation
of the small molecule for interaction with the target macromolecule can be identified
and its binding mode and affinity can be assessed, with the ligand exhibiting the highest
affinity for a given receptor that is closest to its natural conformation; this is identified via
a predictive scoring function. The 2D structure of the active compound was converted
into a 3D structure using Chem3D 16.0. Then, the crystal structures of COX-2 (PDB ID:
5IKQ), 5-LOX (PDB ID: 3V99), ALOX15 (PDB ID: 2P0M), p38MAPK (PDB ID: 1A9U), JNK
(PDB ID: 3DA6), ERK5 (PDB ID: 4IC7), EGFR (PDB ID: 2ITX), ERBB2 (PDB ID: 3PP0), TLR
(PDB ID: 2Z7X), NF-κB (PDB ID: 3RZF), TNF (PDB ID: 2E7A), TNFR1A (PDB ID: 1ICH),
iNOS (PDB ID: 2ORO), IL-6 (PDB ID: 1P9M), IL-23R (PDB ID: 3DUH), IL-1β (PDB ID:
5I1B), IL-10 (PDB ID: 2ILK), and SELE (PDB ID: 1GIT), were downloaded from the PDB
(https://www.rcsb.org/ (accessed on 6 April 2022) database, and water molecules and
free radicals were removed using the PyMOL software, followed by the addition of polar
hydrogen atoms and Kollman charges. Finally, the format of the compounds and protein
molecules were converted to the pdbqt format using AutoDock for molecular docking
and the calculation of molecular binding energies. Minimization was performed using
the Lamarckian genetic algorithm and the pseudo-Solis and Wets methods with default
parameters. A total of 100 peptide conformations were defined based on docking score
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values, where conformations exhibiting the lowest binding energy were selected for model
development. After the docking was completed, the interaction of the ligand with key
amino acid residues in the active site of the protein was assessed based on the scoring
results. It is generally believed that the lower the binding energy, the stronger the affinity
and the better the ligand and receptor binding.

3. Results

3.1. Target Fraction MCI GEL® CHP20P Medium Pressure Liquid Chromatography
Sample Pretreatment

The methanol extract of S. atrata contained large amounts of chlorophyll, which had
the potential to interfere with the subsequent separation of the target compound and
cause column contamination. It was thus necessary to eliminate it prior to any further
chromatographic experiments. The MCI GEL® CHP20P filler used medium pressure chro-
matographic separation consists of a matrix of the styrene−divinylbenzene copolymer, and
polymer-based filler can maintain the stability of the spherical structures and associated
properties following exposure to extreme acid−base solutions and organic solvents, thus
ensuring the repeatability of target compound isolation during purification [33]. This
enabled appropriate process development and optimization of separation conditions to
achieve high resolution and product recovery. Based on these adsorption properties, we ini-
tially loaded 21.8 g of the mixed sample to a small medium pressure column (49 × 100 mm)
and connected it to a medium pressure column (49 × 460 mm) equipped with 1.2 L of MCI
GEL® CHP20P for dry sample loading preparation. The separation chromatogram for this
extract when using MCI GEL® CHP20P and methanol−water as an eluent is shown in
Figure 1. After 1 cycle, the target component was collected, concentrated, and weighed
to yield 840.0 mg of sample (Fr1, recovery 7.1%). This compound was then dissolved in
a methanol/water solution (7:3 v/v, 10.0 mL, 84.0 mg/mL) and filtered using a 0.45 μM
organic filter membrane to facilitate further purification.

 

Figure 1. Separation chromatogram of S. atrata amorphous silica gel mixture. Conditions: mobile
phase A: water and B: methanol; gradient: 0–150 min, 0–100% B; monitoring wavelength: 254 nm;
flow rate: 57.0 mL/min; sample loading: 21.8 g of S. atrata amorphous silica gel combination; column
temperature: room temperature.
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3.2. Screening and Isolation of Potential Anti-Inflammatory Active Ingredient Based on Affinity
Ultrafiltration-HPLC
3.2.1. Screening of the Potential Anti-Inflammatory Active Ingredient in the Target Fraction

The target fraction (Fr1) was first analyzed using a Click XIon column (4.6 × 250 mm,
5 μm). The presence of a major component (peak 1) in this fraction was evident (Figure 2A),
but many impurities (red dashed lines 2, 3, and 4) were also evident when using this column,
and the response value was relatively low. Hydrophilic interaction chromatography (HILIC)
and RPLC are known to offer effective complementary selectivity. To improve the purity of
the main component (peak 1), Fr1 was re-analyzed using a ReproSil-Pur C18 AQ column
(4.6 × 250 mm, 5 μm). The analytical chromatogram, shown as the black line in Figure 2B,
also revealed a main component (peak 1). Observation of the black line in Figure 2B revealed
that a portion of the peaks (red dotted line 5) came out in the first 5 min, possibly due to
the presence of large polar substances in this fraction. Strongly polar compounds were
poorly retained during reversed-phase liquid chromatography. Some impurities (red dotted
line 6) were also observed behind the main peak. A comparison of the chromatographs
derived from these two columns (Figure 2A,B) revealed that on the ReproSil-Pur C18 AQ
analytical column, the main peak and impurities exhibited a somewhat longer peak time
interval. This was more conducive to the optimization of elution conditions, allowing
for the more efficient preparation of the principal component of this fraction (peak 1 in
Figure 2B). When comparing the experimental conditions used for these two analytical
columns, the consumption of organic reagents was reduced when using the ReproSil-Pur
C18 AQ analytical column 5–50% ACN gradient elution relative to the Click XIon analytical
column 95–55% ACN gradient elution during the same 30 min elution period, making the
former approach more environmentally friendly. This provided further support for the
different selectivity of these two analytical columns. While polar compounds were weakly
retained on the RPLC analytical column such that they were not effectively separated for
analysis, the HILIC approach is often used in the separation of highly polar molecules,
such that these two approaches can complement one another.

To determine whether the main component in Fr1 was the potential anti-inflammatory
active component of interest, we next performed a one-step affinity ultrafiltration screening
step. COX-2 is an inducible isoenzyme, while COX-2 activity under basal conditions is
very limited, it can be readily upregulated under inflammatory conditions, leading to an
increase in PEG2, PGE1, and PGI2 production in inflammatory tissues, thus perpetuating
inflammatory responses and tissue damage [35]. Affinity ultrafiltration has unique applica-
tions in the discovery of small molecule drugs due to its high sensitivity and selectivity. The
magnitude of the ability of a small molecule ligand to bind to an enzyme can be expressed
by the relative binding affinity (RBA). This RBA value is obtained by calculating the peak
area ratio of the compound after incubation with the active and inactivated enzymes. The
peak areas of the peaks were obtained from the integration of the high-performance liquid
chromatograph. Compounds with an RBA greater than 1.5 are considered to be potential
ligands. The RBA value for a given compound is calculated as follows:

RBA = AS/A0

where AS represents the peak area of the sample incubated with the activated enzyme
and A0 represents the peak area of the sample incubated with the inactivated enzyme. As
shown in the red and blue lines in Figure 2B, the S. atrata Fr1 main component exhibited a
good RBA value of 1.63.
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Figure 2. The chromatogram derived from the Click XIon analytical column (A) An affinity
ultrafiltration-HPLC chromatogram for potential COX-2 ligands present in S. atrata target frac-
tion Fr1 (B). The black, red, and blue lines, respectively, correspond to the HPLC chromatograms
of S. atrata target fraction Fr1 without COX-2, with activated COX-2, and with inactivated COX-2.
The analytical (C) and preparative (D,E) chromatograms of Fr1 on the ReproSil-Pur C18 AQ column.
Number 1 represents the target main component in Fr1, while red dashed boxes 2, 3, 4, 5, and
6 highlight the impurities present in Fr1. Conditions: mobile phase A: 0.2% v/v formic acid in water,
B: ACN; gradient: 0–30 min, 95–55% B for Click XIon analytical column (A), 0–30 min, 5–50% B for
Reprosil-Pur C18 AQ analytical column (B) and 0–20 min, 10% B for Reprosil-Pur C18 AQ column
(C–E); detection wavelength: 254 nm; flow rate: 1.0 mL/min (A–C) and 19.0 mL/min (D,E); injection
volume: 5 μL (A–C) and 0.5 mL (D,E); column temperature: 30 ◦C for analysis and room temperature
for preparation.

3.2.2. Purification of the Potential COX-2 Ligand with Reversed-Phase
Liquid Chromatography

Based on the above analytical findings, a ReproSil-Pur C18 AQ preparative column
(20 × 250 mm, 5 μm) was chosen for further preparation in order to increase the purity
of the primary component (peak 1 in Figure 2B) while mitigating environmental harm to
the greatest extent possible. The elution parameters were optimized before employing
the ReproSil-Pur C18 AQ column for separation and preparation. Under isocratic elution
conditions using ACN-0.2% v/v formic acid in water (0–20 min, 10% ACN), the main
peak (peak 1 in Figure 2C) exhibited sufficient resolution. As a result, we conducted the
following studies using these conditions. After linear amplification, the main compound
(peak 1 in Figure 2D,E) was separated and purified on the ReproSil-Pur C18 AQ preparative
column using the established conditions. The result of this purification step is shown in
Figure 2D,E. Reproducible chromatographic separation is critically important in order
to prepare a compound with the highest possible purity, minimizing the mixing of com-
ponents during repeated injections. In this study, we recorded the retention time values
of the target components after 10 repeated injections to assess the reproducibility of the
process. As shown in Figure 2D,E, the system exhibited good reproducibility, and therefore
could be used to enrich the target component via repeated collection. The sample was
effectively dissolved in a 70% methanol/water solvent mixture (86.7 mg/mL), prepared
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with 10% ACN as the eluent at a flow rate of 19.0 mL/min and an injection volume of
0.5 mL. Fr11 was collected and concentrated after 20 replicate purification steps, yielding
74.1 mg of the sample with a recovery of 5.7%.

3.3. Analyses of the Purity and Structural Characterization of Potential COX-2 Ligands

To clarify the purity of the target compound following the above isolation procedures,
different stationary phases with distinct polarities and separation mechanisms were used:
one was a HILIC column (Click XIon column) and the other was a pure water-resistant RP-
C18 column (ReproSil-Pur C18 AQ column). As shown in Figure 3A,B, the target compound
was >99% purity, obtained for each column. RPLC relies on hydrophobic interactions
between the hydrophobic stationary phase and the solute to achieve the efficient separation
of weakly and moderately polar compounds. HILIC consists of a polar stationary phase
and a polar mobile phase. The mobile phase used is similar to that employed for RPLC,
with a weak eluent as the organic phase and a strong eluent as the aqueous phase, enabling
this approach to achieve column efficiency and symmetrical peak shapes equivalent to
those produced via RPLC. Thus, confirmation of the purity of the target compound Fr11
was achieved through both the Click XIon and ReproSil-Pur C18 AQ columns, with both
strategies supporting the high purity of this target compound Fr11.

Figure 3. Analyses figures of the purity of the target compound in Fr11 were performed using Click
XIon (A) and ReproSil-Pur C18 AQ (B) analytical columns. (C) shows the chemical structure of the
isolated compound. Conditions: mobile phase A: 0.2% v/v formic acid in water and B: ACN; gradient:
0–30 min, 95–55% B for (A), 0–30 min, 5–50% B for (B); detection wavelength: 254 nm; flow rate:
1.0 mL/min; injection volume: 5 μL; column temperature: 30 ◦C.

The obtained ESI-MS, 1H NMR, and 13C NMR spectra for the target compound in
Fr11 were compared with published literature to clarify the structural characteristics of this
compound (Figure 3C). The structural identification of Fr11 based on these data is shown
in Supplementary Figures S1–S3, with all of these data (summarized below) supporting the
identity of this target compound as 11-O-(4′-O-methylgalloyl)-bergenin.

Compound Fr11 (11-O-(4′-O-methylgalloyl)-bergenin, 74.1 mg, white powder, ESI-MS
m/z: 493.32 [M-H]-, calc. for C22H22O13 m/z 494.1060): 1H NMR (600 MHz, MeOH-
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d4) 7.09 (2H, s, H-2′, 6′), 7.08 (1H, s, H-7), 5.03 (1H, d, J = 10.5 Hz, H-10b), 4.87 (H, dd,
J = 5.2, 4.2 Hz, H-11a), 4.41 (1H, dd, J = 11.2, 6.7 Hz, H-11b), 4.10 (1H, dd, J = 10.5, 9.5 Hz,
H-4a), 3.97 (1H, m, H-2), 3.90 (3H, s, C-9-OCH3), 3.86 (3H, s, C-4′-OCH3), 3.85 (1H, m,
H-4), 3.35 (1H, s, H-3); 13C NMR (151 MHz, MeOH-d4) 167.8 (C-4′), 165.7 (C-6), 152.4 (C-8),
151.9 (C-3′, 5′), 149.4 (C-10), 142.4, (C-9) 141.5 (C-7′), 126.2 (C-1′), 119.5 (C-6a), 117.1 (C-
10a), 111.2 (C-7), 110.4 (C-2′, 6′), 81.4 (C-4a), 80.6 (C-2), 75.5 (C-4), 74.5 (C-10b), 71.9 (C-3),
62.0 (C-11), 61.0 (C-9-OCH3), 60.8 (C-4′-OCH3). These ESI-MS, 1H NMR, and 13C NMR
spectra thus revealed this compound to be 11-O-(4′-O-methylgalloyl)-bergenin based on a
comparison with published literature sources [36].

3.4. Molecular Docking Analyses of the Interactions between 11-O-(4′-O-methylgalloyl)-bergenin
and Inflammation-Related Targets

Although we successfully screened and isolated candidate COX-2 ligand from S. atrata
via affinity ultrafiltration-HPLC, the mechanistic basis for the predicted ligand−enzyme in-
teractions remained unclear. To further explore the role of this potential anti-inflammatory
active derivative of S. atrata (11-O-(4′-O-methylgalloyl)-bergenin, Fr11), a molecular dock-
ing method was used to study the binding mode and binding energy of 11-O-(4′-O-
methylgalloyl)-bergenin when interacting with inflammation-related targets. Inflamma-
tory responses are shaped through interactions between various inflammatory and anti-
inflammatory factors that regulate the biological effects of inflammatory cells through
different signal transduction pathways, with different inflammatory cell types, cytokines,
adhesion molecules, and inflammatory mediators, all cooperating to determine the charac-
teristics of a given inflammatory response. After reviewing the relevant literature [37,38], a
molecular docking analysis was carried out for common inflammatory signaling pathways
including arachidonic acid (AA) metabolism, MAPK, and TLR/myeloid differentiation
factor 88 (MyD88)/NF-κB pathways. Figure 4 illustrated a summary of the involved
inflammatory-related mechanisms in the molecular docking analysis.

 

Figure 4. The schematic diagram of the involved inflammatory-related mechanisms.

3.4.1. AA Metabolic Pathway

Phospholipase A2 (PLA2) leases AA from the membrane phospholipid, whereupon it
can be used to produce prostaglandins, prostacyclins, thromboxanes, leukotrienes, lipox-
ins, arachidonic acid ethanolamine, and epoxyeicosatrienoic acids via the COX and LOX
pathways [35]. These metabolites affect neutrophil recruitment and infiltration, platelet
aggregation, epithelial barrier function, vascular permeability and bronchoconstriction, in
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addition to inducing inflammatory responses. The ALOX15 protease is a heme iron-free
dioxygenase that catalyzes and esterifies the peroxidation of polyunsaturated fatty acids
and produces a series of bioactive lipid intermediates. Notably, ALOX15 is involved in early
inflammatory responses and its metabolite 15-hydroxyeicosatetraenoic acid (15(S)-HETE)
is a potent pro-inflammatory chemoattractant for neutrophils and leukocytes.

Given the above considerations, COX-2, 5-LOX, and ALOX15 were selected for molec-
ular docking with 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) to assess its potential anti-
inflammatory activity. These docking results are shown in Figure 5. When docking with
COX-2, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was located in the pocket surrounded by
multiple amino acids (LEU-153, TYR-131, PRO-154, GLU-466, GLN-462, HIS-39, GLY-136,
CYS-47, CYS-36, PRO-157, and ASP-158), interacting through van der waals, conventional
hydrogen bond, carbon hydrogen bond, and pi-alkyl acting force interactions (Figure 5A).
When docking with 5-LOX, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was located in a
pocket surrounded by ASP-170, GLU-622, ARG-401, PHE-402, LEU-615, and ALA-398,
interacting through conventional hydrogen bond and pi-sigma and pi-alkyl acting force
interactions (Figure 5B). When docking with ALOX15, 11-O-(4′-O-methylgalloyl)-bergenin
(Fr11) was located in a pocket surrounded by LEU-597, HIS-545, LEU-549, ASP-600, MET-
640, ASP-550, LEU-215, and GLU-650, interacting through conventional hydrogen bond,
carbon hydrogen bond, and pi-anion and pi-alkyl acting force interactions (Figure 5C). The
binding of COX-2 and 5-LOX to 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was dominated
by hydrogen bonding (Figure 5A,B), while for ALOX15, this binding was dominated by
hydrophobic interactions (Figure 5C). As shown in Table 1, the binding energy values
for interactions between 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) and 5-LOX, COX-2,
and ALOX15 in this study were −3.66 kcal/mol, −6.35 kcal/mol, and −9.36 kcal/mol,
respectively. Overall, these results suggested that the docking of 11-O-(4′-O-methylgalloyl)-
bergenin (Fr11) with 5-LOX was not stable, such that 5-LOX is unlikely to represent a
target of the anti-inflammatory activity of this compound. In contrast, the docking bind-
ing energy for the interaction between COX-2 and 11-O-(4′-O-methylgalloyl)-bergenin
(Fr11) of −6.35 kcal/mol largely supported the high RBA value (1.63) detected via affinity
ultrafiltration-HPLC. In addition, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) exhibited a
binding energy of −9.36 kcal/mol when interacting with ALOX15, binding to amino acids
in 2P0M primarily through hydrophobic interactions and thus reducing the energy of the
system, forming a stable structure. Thus, we can predict that 11-O-(4′-O-methylgalloyl)-
bergenin (Fr11) is likely to exert its anti-inflammatory effects mainly through the COX-2
pathway by modulating AA metabolism, with such activity also being closely related
to ALOX15.

 

Figure 5. Molecular docking analysis of the putative binding between 11-O-(4′-O-methylgalloyl)-
bergenin and COX-2, 5-LOX, and ALOX15. (A–C) correspond to the binding models for interactions
between 11-O-(4′-O-methylgalloyl)-bergenin and COX-2, 5-LOX, and ALOX15, respectively. Hy-
drophobic or H-bond interactions are displayed as a colored surface.
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Table 1. Intermolecular interactions between Fr11 and COX-2, 5-LOX, and ALOX15.

Proteins
Protein

Function

Binding
Energy

(kcal/mol)

Binding
Residues

Type

COX-2 Inflammation,
pain −6.35

LEU-153
TYR-131
PRO-154
GLU-466
GLN-462

HIS-39
GLY-136
CYS-47
CYS-36

PRO-157
ASP-158

Pi-Alkyl
Conventional Hydrogen Bond

Pi-Alkyl
Carbon Hydrogen Bond

Conventional Hydrogen Bond
van der Waals

Carbon Hydrogen Bond
van der Waals

Carbon Hydrogen Bond
Pi-Alkyl

Conventional Hydrogen Bond

5-LOX Inflammation,
pain −3.66

ASP-170
GLU-622
ARG-401
PHE-402
LEU-615
LEU-615
ALA-398

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Pi-Sigma
Conventional Hydrogen Bond

ALOX15
Inflammation,

immunity,
neuroprotection

−9.36

LEU-597
HIS-545
HIS-545
LEU-549
ASP-600
MET-640
ASP-550
ASP-550
LEU-215
GLU-650
GLU-650

Pi-Alkyl
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Pi-Anion
Pi-Alkyl

Conventional Hydrogen Bond
Pi-Anion

3.4.2. MAPK Signaling Pathway

The MAPK is an important signaling pathway that plays a critical role in mediating
diverse cellular responses, leveraging a highly conserved three-level kinase cascade to
transmit signals. Extracellular stimuli activate MAPK kinase kinase (MKKK) proteins,
which in turn activate MAPK kinase (MKK), leading to the activation of MAPK proteins
via the dual phosphorylation of tyrosine and threonine [38]. JNK, p38 MAPK, and ERK5
are the major subfamilies of MAPK. JNK, also known as stress-activated protein kinase
(SAPK), is functionally similar to p38 MAPK, as both can be activated by various inflamma-
tory cytokines and play important roles in stress responses related to conditions such as
inflammation and apoptosis [39]. ERK5 mainly regulates cell growth and differentiation
and is mediated by the upstream Ras/Raf signal protein, transmitting stimulatory signals
to the nucleus and thereby regulating the proliferation, differentiation, and apoptosis of
macrophages [40]. EGFR can bind to receptor tyrosine kinase (RTK) and when EGFR
expression is enhanced, it can induce epithelial growth factor to form a complex with RTK
through the Ras/Raf/MAPK signaling pathway, influencing epithelial cell proliferation
and differentiation in a manner that can drive inflammatory activity. ERBB2 is a 185 kDa
cell membrane receptor encoded by the proto-oncogene erbB-2. ERBB2 phosphorylation
also causes ERBB2 to activate the Ras/Raf/MAPK signaling pathway [41].

In light of the above information, we next assessed potential interactions between
11-O-(4′-O-methylgalloyl)-bergenin (Fr11) and p38MAPK, JNK, ERK5, EGFR, and ERBB2
through molecular docking analyses. The results are shown in Figure 6. When docking
with p38 MAPK, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind to ASP-
168, GLU-71, LYS-53, ILE-84, PHE-169, LEU-75, and TYR-35 in 1A9U, interacting through
conventional hydrogen bond, pi-alkyl, pi-anion and pi-pi stacked acting force (Figure 6A).
When docking with JNK, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind
to VAL-78, LYS-93, LEU-206, GLU-147, ASN-194, SER-72, SER-193, and ASN-152 in 3DA6,
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interacting through conventional hydrogen bond, carbon hydrogen bond, pi-sigma and
pi-alkyl acting force (Figure 6B). When docking with ERK5, 11-O-(4′-O-methylgalloyl)-
bergenin (Fr11) was predicted to bind to LEU-189, ASP-143, MET-140, ASN-63, GLY-62,
ASP-138, GLY-67, VAL-69, and LYS-84 through van der waals, conventional hydrogen bond,
pi-cation, amide-pi stacked and pi-alkyl acting force (Figure 6C). When docking with EGFR,
11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind to ARG-841, ASN-842,
THR-854, GLU-762, LEU-718, LYS-745, VAL-726, MET-766, MET-793, LEU-844, and ALA-
743, interacting through conventional hydrogen bond, sulfur-x, and pi-alkyl acting force
interactions (Figure 6D). When docking with ERBB2, 11-O-(4′-O-methylgalloyl)-bergenin
(Fr11) was predicted to bind to ALA-751, LEU-852, LEU-726, MET-801, ARG-849, GLN-
799, ASN-850, THR-862, GLY-729, LYS-753, MET-774, PHE-864, and LEU-785, interacting
through conventional hydrogen bond, carbon hydrogen bond, pi-sigma, pi-pi t-shaped, and
pi-alkyl acting force interactions (Figure 6E). As such, 11-O-(4′-O-methylgalloyl)-bergenin
(Fr11) was able to access the binding sites of p38MAPK, JNK, ERK5, EGFR, and ERBB2,
binding to these sites primarily through hydrophobic interactions (Figure 6A–E). The
binding energy values calculated for the interaction between this compound and p38MAPK,
JNK, ERK5, EGFR, and ERBB2 were −6.21 kcal/mol, −6.87 kcal/mol, −6.31 kcal/mol,
−6.51 kcal/mol, and −8.35 kcal/mol, respectively (Table 2). As all of these values were
below −5.0 kcal/mol, this was considered indicative of good binding activity. It was thus
hypothesized that 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) exerts its anti-inflammatory
activity by reducing the release of pro-inflammatory mediators including leukotriene (LTs)
and TNF-α, primarily via interactions with the p38MAPK, JNK, ERK5, EGFR and ERBB2
components of the MAPK signaling pathway, with the inhibition of ERBB2 being the most
robust, suggesting that this may be an important mechanism whereby it can regulate
inflammatory responses.

 

Figure 6. Molecular docking analyses of the putative binding between 11-O-(4′-O-methylgalloyl)-
bergenin and p38 MAPK, JNK, ERK5, EGFR, and ERBB2. (A–E) correspond to the binding models
for interactions between 11-O-(4′-O-methylgalloyl)-bergenin and p38 MAPK, JNK, ERK5, EGFR, and
ERBB2, respectively. Hydrophobic interactions are displayed as a colored surface.
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Table 2. Intermolecular interactions between Fr11 and p38 MAPK, JNK, ERK5, EGFR, and ERBB2.

Proteins
Protein

Function

Binding
Energy

(kcal/mol)

Binding
Residues

Type

p38
MAPK

Inflammation,
apoptosis,

proliferation,
differentiation

−6.21

ASP-168
GLU-71
GLU-71
LYS-53
ILE-84

PHE-169
LEU-75
TYR-35
TYR-35

Conventional Hydrogen Bond
Pi-Alkyl
Pi-Anion

Conventional Hydrogen Bond
Pi-Pi Stacked

Pi-Alkyl
Pi-Alkyl

Pi-Pi Stacked
Pi-Alkyl

JNK

Inflammation,
apoptosis,

proliferation,
differentiation

−6.87

VAL-78
LYS-93
LYS-93

LEU-206
LEU-206
GLU-147
ASN-194
SER-72
SER-72

SER-193
ASN-152

Pi-Sigma
Conventional Hydrogen Bond

Pi-Alkyl
Pi-Sigma
Pi-Alkyl

Conventional Hydrogen Bond
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Conventional Hydrogen Bond

ERK5
proliferation,

differentiation,
development

−6.31

LEU-189
ASP-143
MET-140
ASN-63
GLY-62

ASP-138
GLY-67
VAL-69
LYS-84

Pi-Alkyl
Conventional Hydrogen Bond
Conventional Hydrogen Bond

van der Waals
Amide-Pi Stacked

Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Pi-Cation

EGFR
Inflammation,
proliferation,

differentiation
−6.51

ARG-841
ARG-841
ASN-842
THR-854
GLU-762
LEU-718
LYS-745
VAL-726
MET-766
MET-793
LEU-844
ALA-743

Conventional Hydrogen Bond
Pi-Alkyl

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Pi-Alkyl
Sulfur-X

Conventional Hydrogen Bond
Pi-Alkyl
Pi-Alkyl

ERBB2 Inflammation,
proliferation −8.35

ALA-751
LEU-852
LEU-726
MET-801
MET-801
ARG-849
GLN-799
ASN-850
THR-862
GLY-729
LYS-753
MET-774
PHE-864
PHE-864
LEU-785

Pi-Alkyl
Pi-Sigma
Pi-Sigma

Conventional Hydrogen Bond
Pi-Alkyl

Conventional Hydrogen Bond
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Conventional Hydrogen Bond

Carbon Hydrogen Bond
Pi-Alkyl
Pi-Alkyl
Pi-Alkyl

Pi-Pi T-Shaped
Pi-Alkyl
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3.4.3. TLR/MyD88/NF-κB Pathway

The TLR/MyD88/NF-κB pathway is an important signaling pathway that regulates
inflammatory responses. TLR proteins are innate immune receptors, with TLR2 and TLR4
playing particularly central roles in inflammatory responses. MyD88 is a key molecule in
the TLR signaling pathway and is involved in the initiation of inflammation through its role
in the transduction of upstream signal information. TLR2 and TLR4 can bind to MyD88
after engaging their cognate ligands, thereby activating the downstream transcription factor
NF-κB and driving the upregulation of inflammatory mediators, including IL-1β, IL-6, TNF-
α, and other inflammatory cytokines, resulting in an inflammatory cascade response [42].
As a core transcriptional regulator of inflammation, NF-κB is rapidly activated in response
to pathogens and in the context of immune system activation, while the inhibition of
the NF-κB pathway can effectively treat many inflammatory diseases [43]. Blocking the
NF-κB signaling pathway can inhibit the high expression of iNOS and reduce the levels
of it and inflammatory mediators including NO, IL-6, and TNF-α, thereby exerting anti-
inflammatory effects [44]. The TNF signaling pathway also plays a role in the induction
of systemic inflammatory responses and the acute phase response. TNF can trigger the
activation of many pathways, including the NF-κB and MAPK pathways, and can be
separated into two structurally distinct isoforms (TNF-α and TNF-β). Macrophages secrete
large quantities of TNF-α after foaming when activated, in turn promoting NF-κB pathway
activation, downregulating the expression of iNOS downstream of NF-κB and thereby
attenuating the local inflammatory response [45]. TNFR1A is a type I TNFR that mediates
inflammatory responses mainly through NF-κB signaling, the induction of apoptosis, and
the promotion of IL-6 secretion [46]. There are three different isoforms of iNOS, including
endothelial nitric oxide synthase (eNOS), which is expressed under normal physiological
conditions, neuronal nitric oxide synthase (nNOS) and iNOS, which is induced following
organismal injury where upon it can promote the production of large amounts of NO.
Excessive NO production can result in acute or chronic inflammation and given its role
as the most important mediator of NO production, iNOS is an important regulator of the
overall inflammatory response [47].

Given the above, we assessed potential interactions between 11-O-(4′-O-methylgalloyl)-
bergenin (Fr11) and TLR, NF-κB, TNF, TNFR1A, and iNOS via a molecular docking ap-
proach. When docking with TLR, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted
to bind to a multiple amino acid pocket surrounded (ASN-103, LYS-104, HIS-78, ASN-79,
ARG-80, GLN-54, TYR-56, and LYS-33) by conventional hydrogen bond, carbon hydro-
gen bond, amide-pi stacked, and pi-alkyl acting force interactions (Figure 7A). When
docking with NF-κB, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind
to a pocket surrounded by LEU-21, CYS-99, VAL-29, THR-23, MET-65, GLU-97, ILE-165,
LYS-44, MET-96, and GLU-61 via conventional hydrogen bond, carbon hydrogen bond,
pi-sigma, pi-sulfur, and pi-alkyl acting force interactions (Figure 7B). When docking with
TNF, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind to a pocket sur-
rounded by PRO-100, GLN-102, SER-99, ARG-103, PRO-106, ASN-112, and GLY-68 through
conventional hydrogen bond, carbon hydrogen bond, and pi-cation acting force interac-
tions (Figure 7C). When docking with TNFR1A, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11)
was predicted to bind to a pocket surrounded by GLY-364, ASP-357, GLU-360, LYS-343,
LEU-359, MET-374, TRP-342, and ALA-370 through conventional hydrogen bond, carbon
hydrogen bond, pi-anion, pi-pi stacked and pi-alkyl acting force interactions (Figure 7D).
When docking with iNOS, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to
bind to a pocket surrounded by MET-368, ILE-195, GLY-365, GLN- 199, ASN-364, TRP-366,
CYS-194, TYR-483, TRP-188, ALA-191, MET-349, PRO-192, and TYR-485 through van der
waals, conventional hydrogen bond, pi-cation, amide-pi stacked and pi-alkyl acting force
interactions (Figure 7E). As shown in Table 3, the respective binding energy values for
interactions between 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) and iNOS and NF-κB were
−9.30 kcal/mol, −7.33 kcal/mol, respectively, with both being less than −7.0 kcal/mol,
consistent with a strong binding interaction. Moreover, the binding energy values for
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interactions between 11-O-(4′-O-methylgalloyl)-bergenin and TNF, TNFR1A, and TLR
were −5.62 kcal/mol, −5.87 kcal/mol, and −5.42 kcal/mol, respectively, with these values
being below −5.0 kcal/mol, consistent with good bonding stability. Given these results
and the associated signaling pathways, these data suggest that 11-O-(4′-O-methylgalloyl)-
bergenin (Fr11) may regulate inflammatory responses primarily by reducing the production
of pro-inflammatory cytokines and inhibiting the expression of key proteins that initiate
inflammatory responses.

 

Figure 7. Molecular docking analyses of the putative binding between 11-O-(4′-O-methylgalloyl)-
bergenin and TLR, NF-κB, TNF, TNFR1A, and iNOS. (A–E) correspond to the binding models for
interactions between 11-O-(4′-O-methylgalloyl)-bergenin and TLR, NF-κB, TNF, TNFR1A, and iNOS,
respectively. Hydrophobic or H-bond interactions are displayed as a colored surface.

Table 3. Intermolecular interactions between Fr11 and TLR, NF-κB, TNF, TNFR1A, and iNOS.

Proteins
Protein

Function

Binding
Energy

(kcal/mol)

Binding
Residues

Type

TLR

Inflammation,
immunity,
survival,

proliferation

−5.42

ASN-103
LYS-104
HIS-78
ASN-79
ARG-80
GLN-54
TYR-56
LYS-33

Carbon Hydrogen Bond
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Amide-Pi Stacked

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
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Table 3. Cont.

Proteins
Protein

Function

Binding
Energy

(kcal/mol)

Binding
Residues

Type

NF-κB Inflammation,
immunity −7.33

LEU-21
LEU-21
CYS-99
VAL-29
THR-23
MET-65
MET-65
MET-65
GLU-97
ILE-165
LYS-44
LYS-44
MET-96
GLU-61

Conventional Hydrogen Bond
Pi-Sigma

Conventional Hydrogen Bond
Pi-Alkyl

Carbon Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Pi-Sulfur

Conventional Hydrogen Bond
Pi-Alkyl

Conventional Hydrogen Bond
Pi-Alkyl
Pi-Alkyl

Carbon Hydrogen Bond

TNF

Fever,
proliferation,

differentiation,
inflammation,
cytotoxicity

−5.62

PRO-100
GLN-102
SER-99
SER-99

ARG-103
ARG-103
PRO-106
ASN-112
GLY-68

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Carbon Hydrogen Bond
Conventional Hydrogen Bond

Pi-Cation
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Carbon Hydrogen Bond

TNFR1A Inflammation,
apoptosis −5.87

GLY-364
ASP-357
GLU-360
GLU-360
LYS-343
LYS-343
LEU-359
MET-374
TRP-342
TRP-342
ALA-370

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Anion
Conventional Hydrogen Bond

Pi-Alkyl
Pi-Alkyl
Pi-Alkyl
Pi-Alkyl

Pi-Pi Stacked
Carbon Hydrogen Bond

iNOS Inflammation,
apoptosis −9.30

MET-368
ILE-195
GLY-365
GLN-199
ASN-364
TRP-366
TRP-366
CYS-194
CYS-194
TYR-483
TRP-188
ALA-191
MET-349
PRO-192
TYR-485

Pi-Alkyl
Pi-Alkyl
Pi-Sigma

Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Sulfur
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Carbon Hydrogen Bond
Pi-Sigma

Conventional Hydrogen Bond
Pi-Alkyl
Pi-Alkyl

3.4.4. Inflammation-Associated Factors and Adhesion Molecule

Interleukins (ILs) are an important class of inflammatory factors, with at least 38 ILs
having been identified that play important roles in the regulation of the maturation, ac-
tivation, and proliferation of immune cells. The regulation of the levels of specific IL
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family proteins is a key indicator used to evaluate the anti-inflammatory efficacy of many
drugs. Here, we selected four representative inflammatory factors for molecular docking
analyses exploring the mechanistic basis for potential anti-inflammatory activity [48]. IL-6
belongs to a family of glycoproteins that vary in molecular weight size from 26-30 kDa due
to cell-specific post-translational modifications. IL-6 participates in immune regulation,
hematopoietic, and inflammatory processes. Macrophages can secrete IL-6 in response to
pathogen-associated molecular patterns (PAMPs), which induce an intracellular signaling
cascade response, which leads to the production of inflammatory cytokines. IL-23R is a
receptor subunit specific for IL-23, which acts as a pro-inflammatory factor that induces
macrophages to produce LTs and TNF-α influencing tissue-specific autoimmune inflamma-
tion. IL-1β is a cytokine that plays an important role in regulating, inflammatory responses,
and mediating the activation, proliferation, and differentiation of T cells and B cells. IL-1β
is thought to be associated with macrophage foam cell formation. IL-10 can be produced
and secreted by a variety of immune cells such as macrophages and B cells whereupon it
functions as an important anti-inflammatory factor that can negatively regulate immune
negative responses and maintain inflammatory homeostasis. SELE is a cell surface glyco-
protein that mediates cell−cell and cell−extracellular matrix adhesion. SELE upregulation
is a key component of the initiation of the inflammatory response. During inflamma-
tory responses, leukocytes can extravasate from the plasma through adhesion to vascular
endothelial cells, in turn contributing to tissue edema and further inflammation [49].

Given the above, inflammatory factors (IL-6, IL-23R, IL-1β and IL-10) and an ad-
hesion molecule (SELE) were selected in this study to further explore the potential anti-
inflammatory targets of 11-O-(4′-O-methylgalloyl)-bergenin (Fr11), as shown in Figure 8.
When docking with IL-6, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind
to PHE-136, ARG-154, ASN-135, PRO-157, GLU-133, THR-130, GLY-127, and GLU-129
in 1P9M via conventional hydrogen bond, carbon hydrogen bond, pi-anion, pi-alkyl and
pi-sigma acting force (Figure 8A). When docking with IL-23R, 11-O-(4′-O-methylgalloyl)-
bergenin (Fr11) was predicted to bind to LYS-104, SER-203, PHE-106, LEU-107, TYR-201,
ASN-200, THR-202, TRP-90, and MET-189 in 3DUH via conventional hydrogen bond,
carbon hydrogen bond, pi-donor hydrogen bond, pi-pi t-shaped and pi-alkyl acting force
(Figure 8B). When docking with IL-1β, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was
predicted to bind to GLU-64, LYS-63, VAL-40, MET-20, GLN-38, VAL-41, LYS-65, GLU-
37, GLN-39, and MET-36 in 5I1B via conventional hydrogen bond, carbon hydrogen
bond and pi-alkyl acting force (Figure 8C). When interacting with IL-10, 11-O-(4′-O-
methylgalloyl)-bergenin (Fr11) was predicted to bind to PHE-143, VAL-124, GLU-142,
ALA-139, and LYS-138 sites via conventional hydrogen bond, carbon hydrogen bond,
pi-alkyl, pi-sigma and amide-pi stacked acting force (Figure 8D). When docking with
SELE, 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) was predicted to bind to CYS-325, THR-
327, ASN-269, ALA-326, ASP-272, LEU-273, LYS-270, GLY-45, ARG-178, GLU-43, THR-48,
VAL-179, SER-47, THR-177, and LYS-51, interacting through conventional hydrogen bond,
pi-sigma, pi-lone pair, sulfur-x and pi-alkyl acting force interactions (Figure 8E). Bind-
ing between this compound and IL-6, IL-23R, and SELE was dominated by hydrogen
bonding (Figure 8A,B,E), whereas its interactions with IL-1β and were dominated by hy-
drophobic interactions (Figure 8C,D). As shown in Table 4, the binding energy values for
interactions between 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) and IL-6, IL-23R, IL-1β,
and IL-10 were −5.62 kcal/mol, −6.20 kcal/mol, −5.52 kcal/mol and −4.02 kcal/mol,
respectively, whereas the binding energy for SELE was −7.93 kcal/mol. Lower bind-
ing energy values generally correspond to more stable interactions, with values below
−5.0 kcal/mol and −7.0 kcal/mol, corresponding to good and strong binding activity, re-
spectively. As such, we speculate that 11-O-(4′-O-methylgalloyl)-bergenin (Fr11) may exert
its anti-inflammatory activity primarily via inhibiting the production of pro-inflammatory
cytokines and the expression of the adhesion molecule, rather than by promoting the release
of anti-inflammatory cytokines.
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Figure 8. Molecular docking analysis of the putative binding between 11-O-(4′-O-methylgalloyl)-
bergenin and IL-6, IL-23R, IL-1β, IL-10, and SELE. (A–E) correspond to the binding models for
interactions between 11-O-(4′-O-methylgalloyl)-bergenin and IL-6, IL-23R, IL-1β, IL-10, and SELE,
respectively. Hydrophobic or H-bond interactions are displayed as a colored surface.

Table 4. Intermolecular interactions between Fr11 and IL-6, IL-23R, IL-1β, and IL-10.

Proteins
Protein

Function

Binding
Energy

(kcal/mol)

Binding
Residues

Type

IL-6
Inflammation,

immunity,
hematopoiesis

−5.62

PHE-136
PHE-136
ARG-154
ASN-135
PRO-157
PRO-157
GLU-133
THR-130
GLY-127
GLU-129

Conventional Hydrogen Bond
Pi-Alkyl
Pi-Sigma

Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Carbon Hydrogen Bond
Carbon Hydrogen Bond

Conventional Hydrogen Bond
Pi-Anion

IL-23R Inflammation,
immunity −6.20

LYS-104
SER-203
PHE-106
LEU-107
LEU-107
LEU-107
TYR-201
ASN-200
THR-202
TRP-90

MET-189

Conventional Hydrogen Bond
Carbon Hydrogen Bond

Pi-Pi T-Shaped
Conventional Hydrogen Bond

Pi-Alkyl
Pi-Lone Pair

Carbon Hydrogen Bond
Conventional Hydrogen Bond

Carbon Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
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Table 4. Cont.

Proteins
Protein

Function

Binding
Energy

(kcal/mol)

Binding
Residues

Type

IL-1β

Inflammation,
immunity,

proliferation,
differentiation

−5.52

GLU-64
LYS-63
VAL-40
MET-20
MET-20
GLN-38
VAL-41
LYS-65
GLU-37
GLN-39
MET-36

Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond

Pi-Alkyl
Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Carbon Hydrogen Bond

IL-10
Inflammation,

immunity,
apoptosis

−4.02

PHE-143
VAL-124
GLU-142
ALA-139
LYS-138
LYS-138

Carbon Hydrogen Bond
Pi-Alkyl

Conventional Hydrogen Bond
Pi-Sigma

Amide-Pi Stacked
Pi-Alkyl

SELE Inflammation −7.93

CYS-325
THR-327
ASN-269
ALA-326
ASP-272
ASP-272
LEU-273
LYS-270
LYS-270
GLY-45

ARG-178
ARG-178
GLU-43
THR-48
VAL-179
SER-47

THR-177
LYS-51

Sulfur-X
Pi-Sigma

Conventional Hydrogen Bond
Pi-Alkyl

Conventional Hydrogen Bond
Pi-Alkyl
Pi-Alkyl

Conventional Hydrogen Bond
Pi-Sigma

Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Lone Pair
Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond
Conventional Hydrogen Bond

Pi-Lone Pair
Conventional Hydrogen Bond

The inflammatory response is a complex process that involves multiple genes and
signaling pathways. By combining the above analysis results with target and pathway
analyses, we can predict that 11-O-(4′-O-methylgalloyl)-bergenin (Fr11), a bioactive com-
ponent of S. atrata isolated via affinity ultrafiltration-HPLC, may exert anti-inflammatory
effects through four mechanisms: blocking the binding of pro-inflammatory factors to
their cognate receptors, inhibiting the expression of key proteins that initiate the inflam-
matory response, reducing the production of pro-inflammatory cytokines, and regulating
cell proliferation so as to indirectly regulate the inflammatory response. As such, this
study provides a convenient means of exploring the mechanisms of interaction between
inflammation-related targets and S. atrata-derived ligands, guiding the future development
of anti-inflammatory active components from S. atrata.
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4. Discussion

Uncertainty regarding the main components of NPs is a problem that is commonly
encountered when attempting to establish quality control standards for these products. As
such, the ability to isolate high-purity standard compounds from complex NPs is critical to
the development of the NPs industry as a whole. NPs are also important precursors for
the design of novel anti-inflammatory drugs. Inflammation is a physiological response to
adverse stimuli and associated damage, and can cause cellular degeneration, necrosis, and
abnormal metabolic activity [50].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a broad class of anti-inflammatory
agents. Since aspirin was first synthesized in 1898, more than 100 types of NSAIDs have
been marketed under thousands of brand names, including aspirin, acetaminophen, in-
domethacin, ibuprofen, and rofecoxib [51]. They are widely used in clinical practice for the
treatment of rheumatoid arthritis, fevers, and pain. However, prolonged NSAID use can
result in the emergence of drug resistance and associated complications [52]. There is thus
an urgent need to screen for novel anti-inflammatory drugs. Molecular docking approaches
offer significant technical advantages as a means of evaluating medicinal compounds and
their putative pharmacological targets, offering a means of more accurately screening
and clarifying potential pharmacodynamic and pharmacological mechanisms of action for
drugs of interest.

Accordingly, in this study, a one-step MCI GEL® CHP20P MPLC approach was success-
fully performed to pretreat S. atrata samples, after which a one-step affinity ultrafiltration-
RPLC strategy was used to screen for potential COX-2 ligand in the target fraction Fr1.
Subsequent preparation RPLC was then used to isolate 11-O-(4′-O-methylgalloyl)-bergenin
(Fr11), a potent anti-inflammatory active ingredient that was >99% pure. These results
thus demonstrate the feasibility of specifically isolating COX-2 ligands with potential
anti-inflammatory activity from S. atrata. To explore the binding ability of 11-O-(4′-O-
methylgalloyl)-bergenin (Fr11) when interacting with inflammation-related targets, molec-
ular docking analyses were conducted that revealed it to bind to the following compounds,
which are ranked in descending order based on predicted binding energy values: ALOX15,
iNOS, ERBB2, SELE, NF-κB, JNK, EGFR, COX-2, ERK5, p38MAPK, IL-23R, TNFR1A, TNF,
IL-6, IL-1β, TLR, IL-10, and 5-LOX.

This study is the first to our knowledge to use a molecular docking approach to report
on the potential anti-inflammatory mechanism of action of the S. atrata-derived active
ingredient 11-O-(4′-O-methylgalloyl)-bergenin (Fr11), revealing this compound exhibits a
high degree of binding activity towards ALOX15, iNOS, ERBB2, SELE, and NF-κB. Com-
bined target and pathway analyses thus suggested that 11-O-(4′-O-methylgalloyl)-bergenin
(Fr11) may primarily regulate inflammatory responses through the targeting of the AA
metabolism, MAPK, and NF-κB signaling pathways, exerting its anti-inflammatory activ-
ity through four primary mechanisms: blocking the binding between pro-inflammatory
factors and their cognate receptors, inhibiting the expression of key proteins that initiate
the inflammatory response, reducing the production of pro-inflammatory cytokines, and
regulating cellular proliferation so as to indirectly regulate the inflammatory response.
A key advantage of this study is that it provides a sound theoretical basis for further
research and development focused on the anti-inflammatory effects of isocoumarins such
as 11-O-(4′-O-methylgalloyl)-bergenin (Fr11), revealing novel directions for research ex-
ploring the multi-component and multi-target modes of action of traditional Chinese
medicinal compounds.

It is important to note that molecular docking techniques are constantly being updated,
that some data are uncertain, and that the predicted results need to be validated by future
cellular, animal-based, and clinical trials. These results suggest that the prioritization of
mechanistic studies exploring pathways associated with ALOX15, iNOS, ERBB2, and SELE
may of particular relevance for efforts to clarify the molecular basis for the activity of 11-O-
(4′-O-methylgalloyl)-bergenin. For example, flow cytometry can be utilized as a means of
assessing reactive oxygen species production and mitochondrial transmembrane potential,
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whereas western blotting can be used to evaluate the expression of proteins of interest.
PCR can be used to assess mitochondrial copy numbers, thus offering comprehensive
insight regarding the mechanism of action for this S. atrata-derived compound as an anti-
inflammatory mediator. This approach will provide a robust experimental foundation for
the design of new anti-inflammatory drugs.

5. Conclusions

The medicinal efficacy of NPs is primarily attributable to the complex chemical char-
acteristics of their secondary metabolites, which can synergistically interact with multiple
drug targets or multiple biochemical pathways to exert their overall efficacy. In this study,
an MCI GEL® CHP20P medium pressure column with a methanol−water mobile phase
was used for the effective enrichment of the methanol extract of S. atrata and the target frac-
tion (Fr1) was successfully prepared. By comparing the separation effects of Click XIon and
ReproSil-Pur C18 AQ analytical columns for this target fraction (Fr1), a ReproSil-Pur C18
AQ preparative column was selected for subsequent separation and purification. COX-2
affinity ultrafiltration coupled with reversed-phase liquid chromatography was successfully
used to screen for candidate COX-2 ligands in this target fraction (Fr1). The preparative
isolation of this potential COX-2 ligand was then completed via isocratic elution in 10%
ACN, and an HPLC purity analysis conducted using HILIC and RP-18 columns confirmed
that the sample (74.1 mg) collected in 20 replicate cycles was 11-O-(4′-O-methylgalloyl)-
bergenin and that it was >99% pure. To further validate the anti-inflammatory effect of the
thus putative COX-2 ligand, molecular docking techniques were used to predict its anti-
inflammatory targets. This comprehensive analytical approach revealed that can readily
bind to ALOX15, iNOS, ERBB2, and SELE, providing a theoretical justification for future
justification assays. Overall, these results and future validation efforts will provide a basis
for the discovery of additional drugs derived from S. atrata and other medicinal plants
that can be used to treat various inflammatory diseases based upon correlations between
bioactive compounds and their putative biological targets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14122405/s1, Figure S1: Schematic of the study design; Figure
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O-methylgalloyl)-bergenin; Figure S5: 1H NMR spectrum (600 MHz) of 11-O-(4′-O-methylgalloyl)-
bergenin (in MeOH-d4); Figure S6: 13C NMR spectrum (151 MHz) of 11-O-(4′-O-methylgalloyl)-
bergenin (in MeOH-d4).
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Abstract: Gastric cancer (GC) is the leading causes of cancer-related death worldwide. Surgery
remains the cornerstone of gastric cancer treatment, and new strategies with adjuvant chemotherapy
are currently gaining more and more acceptance. Ginsenoside Rh4 has excellent antitumor activity.
Conversely, the mechanisms involved in treatment of GC are not completely understood. In this
study, we certified that Rh4 showed strong anti-GC efficiency in vitro and in vivo. MTT and colony
formation assays were performed to exhibit that Rh4 significantly inhibited cellular proliferation
and colony formation. Results from the wound healing assay, transwell assays, and Western blotting
indicated that Rh4 restrained GC cell migration and invasion by reversing epithelial–mesenchymal
transition (EMT). Further validation by proteomic screening, co-treatment with disitertide, and SIX1
signal silencing revealed that SIX1, a target of Rh4, induced EMT by activating the TGF-β/Smad2/3
signaling pathway. In summary, our discoveries demonstrated the essential basis of the anti-GC
metastatic effects of Rh4 via suppressing the SIX1–TGF-β/Smad2/3 signaling axis, which delivers a
new idea for the clinical treatment of GC.

Keywords: ginsenoside Rh4; SIX1; TGF-β/Smad2/3 pathway; gastric cancer

1. Introduction

Gastric cancer (GC) remains a non-negligible cancer worldwide, ranking fifth for inci-
dence and fourth for mortality globally. As reported by CA: A Cancer Journal for Clinicians,
there were over one million new cases in 2020 with an estimated 769,000 deaths caused by
GC [1]. Despite the great advancement in the treatment and diagnosis of GC in recently
years, the morbidity and mortality of GC have remained uncontrolled. Metastasis and resis-
tance to chemotherapeutic agents are major problems in GC treatment [2]. Therefore, it is
necessary to deeply understand the mechanisms of GC metastasis and identify therapeutic
agents to achieve precise treatment of patients and prolong their survival time.

Epithelial–mesenchymal transition (EMT) plays a key role in cellular processes associ-
ated with cancer metastasis and progression, in which tumor cells lose epithelial features,
accompanied by reduced cell junctions and acquisition of invasive and metastatic capa-
bilities, as well as stem-cell phenotypes [3,4]. GC genesis, progression, and metastasis are
closely related to EMT. The levels of transforming growth factor-β1 (TGF-β1), Snail1 (Snail,
a key regulator in EMT), and Vimentin (an important component protein of cytoskeleton)
are all upregulated in patients with dysplasia or early GC, while the level of E-cadherin is
decreased [5]. When aberrant EMT is activated, cadherin switches from E-cadherin to N-
cadherin, which increases cell motility and invasiveness in GC progression [6]. Zhang et al.
demonstrated that CCR7 upregulates Snail expression to induce EMT, leading to GC pro-
gression, migration, and invasion [7]. Accumulating evidence has confirmed TGF-β1 to be
a key growth factor which induces EMT of various tumors [8–10]. It has been reported that
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TGF-β1-induced EMT is dependent on the downstream effector, Smad. TGF-β receptor II
(TGF-βRII) phosphorylates TGF-β receptor I (TGF-βRI) in response to TGF-β1, which in
turn activates Smads. These activated receptor-regulated Smads (R-Smads) form complexes
that then act as transcriptional regulators ectopically into the nucleus to regulate the ex-
pression of EMT-related proteins such as epithelial cadherin (E-cadherin) and Snail [11,12].
Furthermore, a study by Irina et al. revealed that the TGF-β1-induced cell invasion and
EMT phenotype in lung cancer cells are Smad2/3-dependent [13].

Sineoculis homeobox homolog 1 (SIX1) is a member of the SIX gene superfamily
located on human chromosome 14 [14], and it is accepted as a transcription factor involved
in the regulation of embryonic development [15]. Among the recently studied molecules
reportedly linked to EMT is SIX1 [16]. As recorded in multiple studies, SIX1 can be highly
expressed in different tumors, including liver cancer, colorectal cancer, gastric cancer, and
breast cancer, thus affecting their clinical prognosis [14,17] and signal transduction [18], as
well as promoting tumor progression. Furthermore, SIX1-induced upregulation of TGF-β1
is critical for propagation of TGF-β/Smad2/3 signaling, induction of EMT persistence,
and metastasis [19,20]. Farabaugh et al. showed that SIX1 induces EMT by activating the
TGF-β signaling pathway and interacting with its pro-metastatic function, thereby causing
cancerous epithelial cells to become cancerous mesenchymal cells [20,21]. Although some
studies in other cancers indicated that SIX1 regulates EMT processes through the TGF-
β/Smad2/3 signaling pathway in papillary thyroid cancer [22], there is no direct evidence
that SIX1 induces EMT via the TGF-β/Smad2/3 signaling pathway in GC. Thus, it is
necessary to investigate the effects of SIX1 and TGF-β/Smad2/3 on EMT in GC.

Ginseng is a medicinal plant widely used in traditional and modern medicine, and
its active ingredients are its secondary metabolites, ginsenosides, which have excellent
pharmacological effects in clinical applications, such as for the treatment of cardiovascular
diseases [23], as well as antitumor [24,25], antidiabetic [26], anti-inflammatory [27–29],
anti-obesity [30,31], and neuroprotective effects [32], and immunity enhancement [33].
Ginsenoside Rh4 is known to be a tetracyclic triterpenoid saponin composed of a glucosin
and a triterpene sapogenin [34]. Earlier studies showed that ginsenosides affect EMT
through inhibiting TGF-β1 expression [35], activating PI3K/Akt [36], and downregulating
NF-κB [37]. However, there are no reports about the anti-metastasis effect of Rh4 on GC,
and its mechanism remains unknown. In our study, the results showed that Rh4 could
target SIX1 to inhibit the TGF-β/Smad2/3 signaling pathway and effectively suppressed
EMT metastasis in GC cells according to the wound healing assay, transwell assay, proteome
sequencing, and Western blot.

2. Materials and Methods

2.1. Materials and Chemicals

Ginsenoside Rh4 (Supplementary Figure S1A, purity ≥ 99%) was purchased from
Puruifa Technology Development Co., Ltd. (Chengdu, China). Methylthiazoletetrazolium
(MTT) and dimethyl sulfoxide (DMSO) were obtained from Aladdin Biotechnology (Shang-
hai, China). Fetal bovine serum (FBS), streptomycin, and penicillin were purchased from
Gibco (Grand Island, NY, USA). Dulbecco’s modified Eagle medium (DMEM) was pur-
chased from HyClone (Logan, UT, USA). The 24-well Transwell chambers were obtained
from Corning (New York, NY, USA). Lipofectamine 2000 and TRIzol Reagent were supplied
by Invitrogen (Carlsbad, CA, USA). SYBR Green Master Mixture was obtained from Takara
(Otsu, Japan). Primary antibodies against E-cadherin, Vimentin, N-cadherin, Snail1, SIX1,
and TGF-β were purchased from Proteintech Group Inc. (Chicago, IL, USA). The primary
antibodies against Smad3, P-Smad3, and β-actin were supplied by Abcam (Cambridge
UK). Goat anti-mouse IgG and goat anti-rabbit IgG were obtained from Abbkine (Wuhan,
China). Oxaliplatin was obtained from Qilu Pharmaceutical Co., Ltd. (Shandong, China).
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2.2. Cell Culture

Human gastric carcinoma cell lines (HGC-27, BGC-823) were supplied by the American
Type Culture Collection (ATCC, VA, USA). Cells were cultured in DMEM with 10% FBS
and 1% penicillin/streptomycin and maintained in an atmosphere of 5% CO2 at 37 ◦C.

2.3. Cell Proliferation Assay

HGC-27 and BGC-823 (1 × 105 cells/well) were seeded in 96-well plates. After
adherence, different concentrations of Rh4 (0, 20, 40, 60, 80, 100, and 120 μM) were injected
into each well for 24 h. Then, 50 μL of MTT (5 mg/mL) and 150 μL of DMSO were added
into the plates sequentially. Absorbance was measured at 490 nm using a microplate reader
(Power Wave XS2, Bio-Tek Instruments Inc., Winooski, VT, USA).

2.4. Colony Formation Assay

HGC-27 and BGC-823 (500 cells/well) were seeded evenly in six-well plates and
incubated overnight. Then, cells were cocultured with Rh4 (0, 40, 80, and 120 μM) for
48 h. Finally, cells were fixed, stained, and counted when visible colonies formed. The
independent experiment was repeated three times.

2.5. AO/EB Staining

HGC-27 and BGC-823 (2 × 105 cells/well) were cultured evenly in six-well plates and
incubated overnight. After adherence, cells treated with Rh4 (0, 40, 80, and 120 μM) for
24 h. Then, each well was added with an acridine orange/ethidium bromide (AO/EB)
mixture for 30 to 45 min, before photographing the results. Three separate experiments
were conducted.

2.6. Wound Healing Assay

GC cell lines (HGC-27, BGC-823) clones were grown to confluency. A linear wound
was made by scraping a non-opening Pasteur pipette across the confluent cell layer. Cells
were washed twice to remove detached cells and debris, treated with serum-free DMEM
medium containing different concentrations of Rh4 (0, 20 μM, and 40 μM). Then, the sizes
of the wounds at the same location were observed and measured at the indicated times
(0 h, 12 h, 24 h) by ImageJ software. The independent experiment was repeated three times.

2.7. Transwell Assay

HGC-27 and BGC-823 (5 × 103/2 × 104 cells per well) were seeded without or with Ma-
trigel coating (1 mg/mL, BD Matrigel ™) in the top chamber of the Transwell. Then, 600 μL
of DMEM with 10% FBS was added to the Transwell lower chamber. The migrates/invasive
cells were fixed, stained, and counted by an inverted microscope (200× magnification),
24 h later. At least three independent experiments were conducted [38,39].

2.8. Western Blot

The total protein of HGC-27 and BGC-823 was collected and extracted using lysis
buffer. Cell extracts were measured by the BCA kit (Beyotime, Shanghai, China), and equal
quantities of proteins (15 μg) were separated by 10% SDS-PAGE. The isolated proteins
were transferred onto PVDF membranes by Trans-Blot Turbo (BioRad, Hercules, CA, USA).
PVDF membranes were sequentially incubated with different primary antibodies, eluted
with buffer, incubated with HRP-conjugated secondary antibodies, eluted with buffer, and
imaged by a Gel Image system (Tanon5200, Shanghai, China). Data were expressed as the
mean ± SD of at least three independent experiments.

2.9. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was derived from HGC-27 and BGC-823, followed by reverse transcription
to obtain cDNA. The relative mRNA levels were calculated using the 2−ΔΔCT method. The
expression of β-actin was used as an internal control. β-actin: 5′–CTGTCCCTGTATGCCTCT-
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-3′ (forward), 5′–ATGTCACGCACGATTTCC–3′ (reverse); E-cadherin: 5′–GGAACTATGAA
AAGTGGGCTTG–3′ (forward), 5′–GGCATCAGGCTCCACAGT–3′ (reverse); N-cadherin:
5′–GGTGGAGGAGAAGAAGACCAG–3′ (forward), 5′–GGCATCAGGCTCCACAGT–3′
(reverse); Vimentin: 5′–GACGCCATCAACACCGAGTT–3′ (forward), 5′–CTTTGTCGTTGG
TTAGCTGGT–3′ (reverse); Snail1: 5′–CTTCCAGCAGCCCTACGAC–3′ (forward); 5′–CGGT
GGGGTTGAGGATCT–3′ (reverse). Detail of qRT-PCR method was described in the sup-
plementary method 1.1.

2.10. Proteomics Analysis

Cell lysis and digestion: The HGC-27 cellular pellet was resuspended in boiling lysis
buffer and boiled for 10 min before further lysis by sonication with a microtip probe. The
protein concentration was determined using a BCA kit.

iTRAQ labeling of peptides and strong cation exchange (SCX) chromatography:
Aliquots of 100 μg of peptide from each grade were labeled using the iTRAQ assay. The
labeled peptides were incubated for 2 h at room temperature, then mixed in equal propor-
tions, and dried by vacuum centrifugation. Further separation of iTRAQ-labeled peptides
was achieved using high performance liquid chromatography.

LC–MS/MS analysis: All samples were evaluated on an Easy Nano Liquid Chro-
matography apparatus (nLC) coupled to a Q-Exactive HF-X MS (Thermo Fisher Scientific,
Waltham, MA, USA) 20.

Data processing and bioinformatics analysis of proteins: The mass spectra were
analyzed with MaxQuant software version 1.5.8.3 (Max Planck Institute of Biochemistry,
Munich, Bavaria, Germany). Bioinformatics analysis was performed using the Gene
Ontology (GO) database to annotate the differentially expressed proteins. Unsupervised
hierarchical clustering analysis, PCA, and volcano plot analysis were performed in Perseus.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database provided the analysis
of the pathways of differentially expressed proteins. Enrichment analyses for GO and
KEGG pathways were carried out to reveal the enriched pathways of significantly altered
proteins and to identify their functions. Detail of proteomics anailsis was decribed in the
supplementary method 1.2.

2.11. SiRNA Transfection

The specific siRNA of SIX1 (sense: 5′–GUCAGCAACUGGUUUAAGATT–3′ and anti-
sense: 5′–UCUUAAACCAGUUGCUGACTT–3′) was provided by GenePharma (Shanghai,
China). HGC-27 and BGC-823 were transfected for 48 h with Lipofectamine ™ 2000 (Carls-
bad, CA, USA) and 100 pM siRNA duplexes in six-well plates, and then treated with or
with Rh4 (40 μM) for follow-up research.

2.12. Tail Vein Injection Model

This experiment was conducted with permission from the Animal Ethics Committee
of Northwest University (NWU-AWC-20210310M) and complied with the requirements
of the Law of the People’s Republic of China on Laboratory Animals. Male BALB/c nude
mice (5 weeks old, weighing about 21 g) were acquired from GemPharmatech (Jiangsu,
China). Lung metastasis was studied by washing 2 × 105 HGC-27 in serum-free DMEM
and injecting it intravenously into mice (n = 40). The successfully modeled mice were
randomly divided into the following six groups (n = 10, intraperitoneal injection): normal
group, normal + Rh4 group (100 mg per kg daily), control group (model mice), low-dose
Rh4 group (50 mg per kg daily), high-dose Rh4 group (100 mg per kg daily), and cisplatin
group (10 mg per kg per 3 days) [40]. All mice were euthanized by continuous injection
for 3 weeks, and critical organs were isolated and weighed. Then, some organs were
paraffin-embedded, while some were stored at −80 ◦C. Bouin’s solution was used to fix
and stain some lungs, whose metastases were distinguished as white colonies.
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2.13. Histopathology and Immunohistochemistry Assay (IHC)

The major organs (heart, lung, spleen, kidney, and liver) of nude mice were isolated,
fixed in 4% paraformaldehyde, weighed, and paraffin-embedded. For H&E, sectioning and
staining were applied. For IHC, paraffin was sectioned, pretreated, incubated with primary
antibody, incubated with secondary antibody, stained, and photographed under an optical
microscope (Nikon, Japan).

2.14. Immunofluorescence Assay (IF)

HGC-27 and BGC-823 were adhered to the slides and cocultured with different concen-
trations of Rh4 for 24 h. Subsequently, cells were fixed, blocked in 5% bovine serum albumin,
incubated with primary antibody, incubated with secondary antibody, and photographed
for analysis by Olympus confocal microscopy (Tokyo, Japan).

2.15. Statistical Analysis

Statistical analysis was performed by SPSS 20.0 (Chicago, IL, USA) and Prism 9
(San Diego, CA, USA) software. Differences between groups were derived from one-way
analysis of variance (ANOVA). Results are from at least three separate experiments and
are expressed as the mean ± standard deviation (SD). A p-value <0.05 reveals statistically
significant differences.

3. Results

3.1. Ginsenoside Rh4 Inhibited GC Cell Growth In Vitro

To investigate the antiproliferative activity of Rh4 on GC cells, HGC-27 and BGC-823
were incubated with different concentrations of Rh4 for 24 h and subjected to MTT assay.
The results demonstrated that Rh4 significantly reduced the vigor of HGC-27 and BGC-823
in a dose- and time-dependent manner (Supplementary Figure S1B,C). The IC50 values
for Rh4-treated HGC-27 and BGC-823 were 83.15 μM and 92.38 μM, respectively. More-
over, compared to the control, the analysis of colony formation assay revealed that Rh4
suppressed the formation of HGC-27 and BGC-823 colonies (Supplementary Figure S1D).
Meanwhile, AO/EB staining experiments proved that Rh4 significantly reduced the viabil-
ity of HGC-27 and BGC-823 in a dose-dependent manner (Supplementary Figure S1E). In
brief, these results confirmed that Rh4 has a strong antitumor effect on gastric cells in vitro.

3.2. Ginsenoside Rh4 Restrains Migration and Invasion of GC Cells

To test the antimigration and anti-invasion functions of Rh4 on GC cells, wound
healing assays and transwell assays were conducted. HGC-27 and BGC-823 were incubated
with Rh4 at concentrations of 20 and 40 μM, respectively. The wound healing assay showed
that the wound healing percentages decreased evidently in a dose-dependent manner
(Figure 1A, * p < 0.05, *** p < 0.001). Furthermore, the transwell assay for migration
proved that the cell metastasis ability of the Rh4 treatment group showed a dose-dependent
reduction of 32.44–81.4% in HGC-27 and 30.97–47.24% in BGC-823 (Figure 1B, ** p < 0.05,
*** p < 0.001), indicating the inhibitory effect of Rh4 on migration. A Matrigel invasion
assay was carried out to evaluate the ability of HGC-27 and BGC-823 to invade through the
Matrigel and membrane barrier of the transwell. The results revealed that the treatment of
Rh4 could effectively attenuate HGC-27 and BGC-823 invasion in a dose-dependent manner
(Figure 1C, *** p < 0.001). These results demonstrated that the migration and invasion
ability were limited in a dose-dependent manner after treatment with Rh4 in HGC-27 and
BGC-823.
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Figure 1. Ginsenoside Rh4 inhibits GC metastasis in vitro. Wound healing assays (A) and transwell
migration (B) and invasion (C) assays were performed to investigate the migration and invasion
ability alteration of BC cells with the treatment of Rh4. Data were processed using ImageJ software
(NH, Bethesda, MD, USA). Quantification charts are listed on the right. Statistics are exhibited as the
mean ± SD of triplicate independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Ginsenoside Rh4 Inhibited GC Metastasis In Vivo, and Causes Low Toxicity and Side-Effects

A tail vein injection model was built to verify the impact of ginsenoside Rh4 on GC
tumor metastasis in vivo [41]. Compared to the control, the number of lung nodules treated
with Rh4 and oxaliplatin (drug commonly used in adjuvant therapy for gastric cancer)
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showed an obvious reduction (Supplementary Figure S2A,B). These results suggest that
Rh4 suppressed tumor growth and metastasis in vivo.

Furthermore, the body weight of mice treated with low and high doses of Rh4 were
not significantly different from the control, while the oxaliplatin group showed a dra-
matic decrease, indicating no systemic toxicity after Rh4 administration (Supplementary
Figure S2C). The H&E staining of organ tissues showed that the heart, spleen, and lung
damage were visible in the oxaliplatin group, compared with no effect in the Rh4 group
(Supplementary Figure S2D). Additionally, there were no statistically significant differences
in organ indicators between each group, except for a significantly lower splenic index in
the oxaliplatin group (Table 1). In summary, these results demonstrated that Rh4 causes no
toxic side-effects in GC treatment.

Table 1. The organ index of mice.

Organ index Control Normal
Normal + H-Rh4

(100 mg/kg)
L-Rh4

(50 mg/kg)
H-Rh4

(100 mg/kg)
Oxaliplatin
(10 mg/kg)

Heart 0.52 ± 0.03 0.49 ± 0.02 0.50 ± 0.04 0.49 ± 0.07 0.54 ± 0.03 0.53 ± 0.05
Liver 5.46 ± 0.25 5.43 ± 0.46 5.39 ± 0.16 5.88 ± 0.62 5.22 ± 0.18 4.79 ± 0.32

Spleen 1.45 ± 0.23 1.44 ± 0.18 1.47 ± 0.15 1.50 ± 0.19 ## 1.41 ± 0.28 ## 0.39 ± 0.12 **
Lung 0.78 ± 0.16 0.72 ± 0.09 0.73 ± 0.15 0.71 ± 0.07 0.72 ± 0.13 0.71 ± 0.15

Kidney 1.44 ± 0.16 1.47 + 0.11 1.46 ± 0.09 1.49 ± 0.20 1.45 ± 0.16 1.47 ± 0.16

Statistics are exhibited as the mean ± SD (n = 5 in each group); ** p < 0.01 compared with the control group,
## p < 0.01 compared with the disitertide-treated group.

3.4. Ginsenoside Rh4 Reverses EMT In Vitro and In Vivo

To evaluate whether ginsenoside Rh4 inhibits EMT in HGC-27 and BGC-823, the
expression of EMT-related proteins and mRNA was studied. Rh4 attenuated the expression
of N-cadherin and Snail and enhanced that of E-cadherin (epithelial marker) in a dose-
dependent manner in HGC-27 and BGC-823 (Figure 2A). Additionally, qRT-PCR analysis
showed that Rh4 treatment (20 and 40 μM) upregulated the transcription level of E-cadherin
and downregulated the transcription levels of N-cadherin, Vimentin, and Snail in HGC-
27 and BGC-823 (Figure 2B). Moreover, changes in the protein content of HGC-27 and
BGC-823 were more clearly assessed by immunofluorescence (IF), and it was observed
that Rh4 decreased E-cadherin levels and increased N-cadherin levels (Figure 2C). Overall,
it was demonstrated that ginsenoside Rh4 specifically interfered with the expression of
N-cadherin, E-cadherin, and other biomarkers to reverse the EMT process.

Figure 2. Cont.
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Figure 2. Ginsenoside Rh4 reverses EMT in vitro. (A) Western blot. Quantification plots are shown
below. (B) qRT-PCR assay. β-actin was used as an endogenous reference. (C) IF assay. E-cadherin
(red) and N-cadherin (green) are presented. DAPI (blue) was used to mark the cell nuclei. Scale
bars = 50 μm. Statistics are exhibited as the mean ± SD of triplicate independent experiments;
* p < 0.05, ** p < 0.01, *** p < 0.001.

Lung tissue samples of the HGC-27 tail vein injection model were analyzed by Western
blot (Figure 3A), IF (Figure 3B), and immunohistochemical analysis (Figure 3C). The results
showed consistent trends in EMT-related proteins in vivo and in vitro.

3.5. SIX1 Is Involved in EMT Suppression by Rh4

To further investigate how Rh4 inhibits EMT in GC cells, proteomic analysis was
performed using quantitative mass spectrometry (MS) of the proteome (Figure 4A). Three
biological replicates were collected per condition. In the dataset, 7609 proteins were
quantified. In order to assess whether the response to Rh4 is obvious at the proteomic
level, principal component analysis (PCA) was performed by the sample (Figure 4B). This
analysis showed that the different sample proteomes were separated into two distinct
groups on component 1, reflecting their response to Rh4. Next, differentially regulated
proteins were identified between the control and Rh4-treated cell groups by performing
a microarray significance analysis (SAM) statistical test. A total of 218 regulated proteins
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were found, with 98 in the Rh4-treated cell group. Significantly more proteins (120) were
downregulated (Figure 4C). To determine how Rh4 inhibits GC metastasis, enrichment
analysis of the KEGG signaling pathway was performed (Figure 4E). It was found that
the TGF-β signaling pathway was the most significantly enriched. At the same time, the
upstream protein SIX1 of the TGF-β signaling pathway was regulated by Rh4 (Figure 4C,D).
TCGA dataset showed that SIX1 expression levels in normal tissues were higher than
in tumor tissues (p = 0.0018) (Figure 4F). Kaplan–Meier survival analysis showed that
patients with high SIX1 expression had a shorter overall survival period (Figure 4G). These
results suggest that ginsenoside Rh4 may suppress EMT of GC cells via mediating the
TGF-β/Smad2/3 signaling pathway by targeting SIX1.

Figure 3. Ginsenoside Rh4 reverses the EMT procedure of GC in vivo. (A) Western blot showing
increased E-cadherin and decreased N-cadherin, Vimentin, and Snail in tumor tissues under Rh4
treatment. β-Actin was used as an endogenous reference. Quantification plots are shown on the
right. (B) IF assay. The downward adjustment of E-cadherin and upward adjustment of N-cadherin
were reversed by Rh4 in vivo. Scale bars = 50 μm. (C) IHC assays were performed to assess changes
in E-cadherin, N-cadherin, Vimentin, and Snail. Scale bars = 200 μm. Statistics are exhibited as the
mean ± SD of triplicate independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Proteomics and clinical data indicating that ginsenoside Rh4 targeted SIX1, suppressing
EMT in GC. (A) Correlation heatmap of samples. (B) Principal component analysis (PCA) of signifi-
cantly regulated proteins in the HGC-27 groups with or without Rh4 treatment (n = 3 biologically
independent experiments). (C)Volcano plot analysis for the Rh4 treatment/control comparisons.
Proteins regulated on the proteome level are marked in red (upregulated) and green (downregu-
lated). Q15475 represents the SIX1 protein. (D) Heatmap hierarchical clustering from differentially
expressed proteins (n = 218) identified across all sample groups. Q15475 represents the SIX1 protein.
(E) Statistics of KEGG pathway enrichment. (F) TCGA analysis of SIX1 expression levels in GC tissues
and paracancerous tissues (** p < 0.01). (G) Survival curves synthesized using Kaplan–Meier method.

3.6. Ginsenoside Rh4 Reverses EMT through SIX1–TGF-β/Smad2/3 Signaling Axis In Vitro and
In Vivo

To verify the mechanism of action of Rh4 and whether SIX1 is a key target for regulation
and antitumor activity, the related protein expression under the combined treatment of
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Rh4 and TGF-β1 inhibitor (disitertide) was evaluated. Expression of TGF-β1 and P-Smad3
was restrained in the disitertide group compared to the disitertide-negative control, and
levels of these TGF-β/Smad2/3 pathway-related proteins were further downregulated by
Rh4 (40 μM). Complementarily, coincubation with disitertide and Rh4 enhanced the effect
of Rh4 treatment alone on E-cadherin, N-cadherin, Vimentin, and Snail. (Figure 5A). The
disitertide group had no effect on the expression of SIX1, while the siRNA transfection assay
of SIX1 displayed that Rh4 restrained SIX1 expression specifically (Figure 5B), proving
that SIX1 is the target protein of Rh4. The outcomes demonstrated that ginsenoside Rh4
reverses the EMT of GC cells via regulating the TGF-β/Smad2/3 signaling pathway by
targeting SIX1.

 

Figure 5. SIX1 is critical for Rh4-induced TGF-β/Smad2/3 signaling pathway and EMT process
inhibition in GC. (A) Western blot showing the effects of EMT biomarkers and TGF-β/Smad2/3
signaling protein expression in GC cells (HGC-27 and BGC-823) after incubation with disitertide
and Rh4. (B) Western blot showing effects of EMT biomarkers and TGF-β/Smad2/3 signaling
protein expression in GC cells (HGC-27 and BGC-823) after incubation with SIX1-siRNA and Rh4.
β-Actin was used as an endogenous reference. Quantification plots are shown on the right. Statistics
are exhibited as the mean ± SD of triplicate independent experiments; * p < 0.05, ** p < 0.01, and
*** p < 0.001 compared with the control group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared
with the disitertide-treated group.

To further assess whether Rh4 inhibited the metastasis of GC cells in vivo, lung tissue
samples of the HGC-27 tail vein injection model were analyzed by Western blot, IF, and
IHC assays. The lung tissue treated with Rh4 showed weak TGF-β/Smad2/3 signaling
pathway signals, as evidenced by Western blot (Figure 6A), IHC (Figure 6B), and IF assays
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(Figure 6C), consistent with the results in vitro. This means that the metastasis of GC cells
in vivo can be regulated by treatment with Rh4.

Figure 6. Ginsenoside Rh4 attenuated TGF-β/Smad2/3 signaling pathway of GC in vivo. (A) Western
blot showing expression of SIX1, TGF-β, Smad3, and P-Smad3 in tumor tissues under Rh4 treatment.
(B) IHC assay performed to assess changes in SIX1, TGF-β, and P-Smad3. Scale bars = 200 μm. (C) IF
assay. Upregulation of SIX1 and P-Smad3 is reversed by Rh4 in vivo. Scale bars = 50 μm. Statistics
are exhibited as the mean ± SD of triplicate independent experiments; ** p < 0.01, *** p < 0.001.

4. Discussion

Ginsenoside Rh4, as the natural product of ginseng, has been confirmed to have
immunomodulatory, anticancer, anti-inflammatory, and antidiabetic properties [42–44],
demonstrating its essential role in the treatment and prevention of ranges of diseases.
However, the anti-GC effect of Rh4 and the underlying molecular mechanism are largely
unknown. In this research, we corroborated that ginsenoside Rh4 markedly suppressed
growth, proliferation, EMT, and invasion by blocking the activation of the SIX1–TGF-
β/Smad2/3 signaling axis in vitro and in vivo (Figure 7), which preliminarily revealed the
anti-metastasis effects of Rh4. In vitro, according to the MTT assay, colony formation assays,
and AO/EB staining, Rh4 obviously decreased the survival ratios to 20% and restrained
colony formation at the dose of 120 μM. In vivo, the number of tumor nodules was 51.22%
and 92.68% for 50 mg/kg and 100 mg/kg Rh4 intraperitoneal injections, respectively, thus
confirming the outstanding efficacy of Rh4. Simultaneously, unlike oxaliplatin, Rh4 did not
cause weight loss in tumor-bearing nude mice. In addition, H&E staining showed that the
treatment with Rh4 did not negatively affect the normal structure and function of heart,
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lung, liver, spleen, and kidney, indicating that Rh4 has little toxicity toward the organism
during GC treatment. As a result, the strong anti-GC effect and low toxicity of Rh4 suggest
that it can be used as an effective drug for GC treatment.

Figure 7. Schematic representation of the proposed mechanism of Rh4 in GC cells. Rh4 targets SIX1
to inhibit TGF-β/Smad2/3 signaling, preventing the metastasis of GC.

EMT is an essential procedure in tumor metastasis, which hardly occurs in normal
cells. Under the influence of various factors such as the tumor microenvironment, tumor
epithelial cells lose their epithelial phenotype (e.g., epithelial polarity and cell junctions),
promoting a shift to a mesenchymal phenotype, which makes the cells more invasive and
migratory to other cells [45]. Studies have shown that tumor metastasis is inseparable
from the continuous EMT process [46], which is often associated with EMT-related protein
changes. In the EMT procedure, the most important change among these biomarkers is the
decrease in E-cadherin, which keeps cells tightly adherent, and the increase in N-cadherin,
a characteristic protein of mesenchymal cells, as well as Vimentin, an essential structural
protein of the cell, whose expression in mesenchymal cells is higher than that in epithelial
cells. In addition, expression of EMT-promoting transcription factor Snail suppresses E-
cadherin transcription. From our latest research, results from transwell assays and cell
scratch tests demonstrated that coincubation with Rh4 significantly inhibited the migration
and invasive ability of GC cells. In vivo and in vitro, it was obtained from Western blot,
qRT-PCR, and IHC analysis that Rh4 decreased the level of N-cadherin while it enhanced
that of E-cadherin, suggesting that the EMT of GC cells was visibly suppressed. As obtained
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by Western blot, qRT-PCR, and immunohistochemical analysis, Rh4 attenuated N-cadherin
expression and increased E-cadherin expression, indicating that the EMT of GC cells was
significantly inhibited in vivo and in vitro.

To our knowledge, TGFβ receptor type I (TβRI) and type II (TβRII) bind io TGF-β
ligands, phosphorylating Smad2/3, which plays an important role in proliferation, apopto-
sis, and differentiation [47,48]. The TGF-β/Smad2/3 signaling pathway was suppressed
by silencing Trim59 in bladder cancer [49]. Moreover, nobiletin blocked TGFβ1/Smad3
signaling to inhibit EMT in human non-small-cell lung cancer [50]. Similarly, we confirmed
that TGF-β/Smad2/3 signaling was refrained with Rh4 treatment. Western blot and im-
munohistochemical analysis of cellular proteins and tumor tissue proteins concluded that
Rh4 significantly inhibited the expression of TGF-β1, P-Smad3, and Snail and blocked the
EMT process in GC cells.

SIX1 is an essential developmental transcription factor that not only has a promo-
tive effect on embryonic muscle, but its overexpression also promotes tumorigenesis [51].
SIX1 has been reported to promote the proliferation and metastasis of a variety of cancer
cells such as breast cancer, hepatocellular carcinoma, and GC cells. According to recent
studies, the SIX1-induced upregulation of TGF-β1 is critical for the propagation of TGF-
β/Smad2/3 signaling, induction of EMT persistence, and metastasis [19,20]. Research from
Farabaugh et al. revealed that Eya2 activates the TGF-β signaling pathway by interacting
with the pro-metastatic function of SIX1 to induce EMT, thereby causing cancer epithe-
lial cells to become cancer stem cells [20]. In our study, proteomic screening proved that
Rh4 targeted SIX1 via the TGF-β/Smad2/3 signaling axis to suppress EMT. Subsequently,
cotreatment with disitertide and the SIX1-siRNA transfection assay confirmed this conclu-
sion. In conclusion, our discoveries demonstrated that Rh4 suppressed the metastasis of
GC via inhibiting the SIX1–TGF-β/Smad2/3 signaling axis.

5. Conclusions

In conclusion, our studies confirmed that Rh4 displayed significant anti-GC effects
via inhibiting the TGF-β/Smad2/3 signaling pathway, and they revealed the key role of
SIX1 in this process. In metastasis and invasion models, Rh4 significantly inhibited the
metastatic and invasive ability of GC cells in a dose-dependent manner in vitro. In the
GC tail vein injection model, Rh4 showed significant antitumor metastatic effects with
few negative effects in vivo. Proteomics combined with inhibitor experiments and SIX1-
siRNA transfection assay showed that Rh4 could inhibit the TGF-β/Smad2/3 signaling
pathway via binding to SIX1. Our study not only offered new insights into Rh4 as a possible
anticancer agent, but also highlighted SIX1 as a potential molecular target for the regulation
of Rh4 and TGF-β/Smad2/3 signaling pathways.
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Abstract: Lycopene is a lipophilic unsaturated carotenoid exhibiting a strong singlet oxygen-quenching
ability. Herein, we investigated the effect of lycopene intake on the fasting blood glucose (FBG)
level by conducting a systematic review and meta-analyses. We searched 15 databases (from the
earliest date to June 2022 for PubMed or to August or September 2018 for the other databases) and
included human interventional studies that assessed the effects of oral lycopene intake on FBG
levels of participants ≥ 18 years of age. Three authors independently selected applicable studies
and then assessed the study quality. Data were pooled as standardized mean difference (SMD) and
analyzed by the random-effects model. Heterogeneity was assessed by I2 statistics. A meta-analysis
including 11 trial arms (n = 750) revealed a tendency towards a significant decrease in FBG level
with not-important heterogeneity [SMD = −0.15 (95% CI: −0.31, 0.00), p = 0.05, I2 = 9%]. Subgroup
meta-analysis including two studies (n = 152) in type 2 diabetes patients revealed significantly
decreased FBG levels with not-important heterogeneity [SMD = −0.37 (95% CI: −0.69, −0.05), p = 0.02,
I2 = 0%]. Most studies meeting the eligibility criteria had a moderate risk of bias. The funnel plot
for FBG suggested an absence of publication bias. In conclusion, this systematic review and meta-
analyses suggested that lycopene intake exerted an FBG-decreasing effect.

Keywords: lycopene; fasting blood glucose; diabetes mellitus; systematic review; meta-analysis

1. Introduction

Type 2 diabetes (T2D) is a chronic metabolic disease characterized by high blood
glucose levels, causing serious damage to the cardiovascular, renal, respiratory, as well as
other systems [1]. The global diabetes prevalence is currently rising and has been estimated
to be 10.9% (700 million people) by 2045 [2], while the global health expenditure for diabetes
is expected to reach USD 776 billion in 2045 [3]. Therefore, preventing the initiation and
progression of T2D is a critical global issue.

Glycemic control is one of the most important approaches to treating T2D [4], and
the cornerstone of T2D treatment is a healthy lifestyle, which includes the adoption of
a healthy diet, increased physical activity, maintenance of healthy body weight, and a
smoking cessation plan [3]. Th glycemic index (GI) introduced in 1981 [5] and glycemic
load (GL) based on GI [6] are well-known indices to estimate the postprandial blood glucose
level rise, and some systematic reviews reported the usefulness of low GI diets and/or
low GL diets for diabetes mellitus patients. Ojo et al. reported that low GI diets were
more effective in controlling FBG and Hemoglobin A1c (HbA1c) than higher GI diets in
T2D patients [7]. Chiavaroli et al. reported that low GI and/or GL diets reduced FBG
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and HbA1c in comparison with higher GI and/or GL diets in type 1 and type 2 diabetes
patients [8]. Recently, the intake of antioxidant-rich foods is also recommended as part of
the lifestyle [9] since oxidative stress is considered a major characteristic of the pathogenesis
and development of T2D [10]. The total antioxidant capacity of the diet was suggested
to play a role in reducing the risk of T2D in middle-aged women [11], and fasting blood
glucose (FBG) levels were found to be significantly lower in T2D patients with a better
oxidative balance score [12]. Some systematic reviews have also demonstrated that the
intake of fruits and/or vegetables is inversely associated with the risk of T2D [13–15]. Since
fruits and vegetables are rich in vitamins, flavonoids, and carotenoids, these antioxidants
can be expected to play an important role in controlling the glycemic condition and/or
providing a defense against T2D by reducing oxidative stress.

Lycopene is a lipophilic unsaturated carotenoid found in red-colored fruits and veg-
etables, including tomatoes, watermelon, red grapefruit, papaya, apricot, and guava. It
exhibits a strong singlet oxygen-quenching ability, which is twice as high as that of beta-
carotene and 100 times higher than that of alpha-tocopherol as a physical quenching
rate [16]. Lycopene has been reported to exert beneficial effects in preventing many dis-
eases, for example, cancer [17], cardiovascular diseases [18], diabetes mellitus [19], skin
diseases [20], bone diseases [21], etc. Regarding antidiabetic effects, a higher dietary ly-
copene intake has been observed in non-T2D men compared to T2D men [22]. Increased
plasma or serum lycopene levels have been reported to be associated with lower risks of
T2D [23] and also better glycemic control (lower FBG) in T2D patients [24,25]. Recently, a
review article summarized the lycopene effects on glycemic control in T2D. However, it
was a narrative review, and a comprehensive literature search was not yet performed [19].

Several systematic reviews were conducted trying to evaluate the effect of tomato
and/or its components on the FBG level. One systematic review with meta-analysis
reported no significant difference in the FBG level between the tomato intervention and
control groups [26]. Regarding lycopene, two systematic reviews did not address the
effects on the FBG level because of inconsistency [27] or data unavailability of the included
studies [28]. In these systematic reviews, possible limitations include the fact that only two
to four electronic bibliographic databases were used for the literature search [26–28], and
eligible studies were restricted to English or other Germanic/Romanic languages [27,28].
Therefore, there is a need for a more exhaustive literature search to find studies listed in
other databases and/or reported in languages other than English and Germanic/Romanic.
In this study, we performed a systematic review with meta-analysis to summarize the
evidence relative to the effect of lycopene intake on the FBG level that was collected in
human interventional trials, using more bibliographic databases and without restricting
the study eligibility criteria by language.

2. Materials and Methods

2.1. Protocol and Registration

This systematic review and meta-analyses were conducted with the research question
“Does oral lycopene intake improve FBG level, one of the most important biomarkers of
diabetes mellitus, in participants ≥ 18 years of age?” and reported in accordance with the
PRISMA 2009 statement [29]. The protocol was registered with PROSPERO, the Interna-
tional Prospective Register of Systematic Reviews, before starting the review (Registration
number CRD42018104595).

2.2. Literature Search

We searched the following 15 databases: PubMed (MEDLINE), Web of Science (Core
Collection, FSTA, Derwent Innovations Index, Medline, Zoological Record, BIOSIS Citation
Index, Current Chemical Reactions, Data Citation Index, Current Contents Connect, Index
Chemicus), Cochrane Library, SciFinder, Global Index Medicus, Western Pacific Region
Index Medicus, CINAHL, Reaxys, Ichushi-Web, JDream III (JMEDPlus), AGRIS, University
Hospital Medical Information Network-Clinical Trials Registry, International Clinical Trials
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Registry Platform, ClinicalTrials.gov, and PROSPERO. We searched PubMed (MEDLINE)
from the earliest date to June 2022 and the other databases from each earliest date to August
or September 2018. The database search strategy is presented in Supplementary Table S1.
We also searched the reference lists of the included relevant papers and the latest reviews.

2.3. Study Selection

Studies were selected similar to a previous report [30]. Based on the research question,
we set the selection criteria as follows: (A) participants were ≥18 years of age; (B) interven-
tion was the oral intake of test foods containing lycopene; (C) control was the oral intake
of test foods not containing lycopene, oral intake of test foods containing lower levels of
lycopene than intervention, or nothing; (D) outcome was FBG level; and (E) study design
was a randomized controlled parallel trial (RCT-P), quasi-RCT-P, non-RCT-P, randomized
controlled crossover trial (RCT-C), quasi-RCT-C, or non-RCT-C. For the studies retrieved
from the literature search, three authors (K.Y., E.S., and K.A.) independently reviewed the
titles and abstracts of them to identify studies that potentially met the selection criteria
and reviewed the full text of selected studies to assess their eligibility. If there was any
uncertainty or disagreement about eligibility, it was discussed with another author (T.I.) and
resolved. Proceedings, grey literature, and unpublished studies were excluded. Eligibility
was not restricted by language.

2.4. Data Extraction

We extracted data from the included studies similar to a previous report [30] for qual-
ity assessment and evidence synthesis, using a standardized, pre-piloted form. Extracted
data included: citation, author, title, objective, setting, trial registration identifier, partici-
pant characteristics, intervention conditions, control conditions, outcomes, study design,
randomization, blinding (participant, care provider, and outcome assessor), number of
randomized participants, number of analyzed participants, results, conclusion, adverse
events, cost of intervention, and funding. We extracted the mean and standard deviation
(SD) values for FBG before and after the intervention. We also extracted the mean difference
and SD between values before and after the intervention. When the SD values of the
mean difference were not reported, we calculated them using the formula: square root
[(SDbefore)2 + (SDafter)2 − 2R × SDbefore × SDafter], assuming a correlation coefficient
R = 0.5 [31]. The unit of FBG level was represented in mg/dL; if the values were originally
published in mmol/L, they were converted to mg/dL by multiplying a factor of 18. Three
authors (K.Y., E.S., and K.A.) independently extracted data, and any discrepancies were
discussed with another author (T.I.) and resolved. If necessary, missing data were requested
from the study authors via e-mail.

2.5. Quality Assessment

Three authors (K.Y., E.S., and K.A.) independently assessed the risk of bias in the re-
viewed studies, similar to a previous report [30], using a modified checklist of the Cochrane
Handbook [32]. Briefly, the checklist included 13 items as follows: (A) randomization;
(B) concealment of allocation; (C) blinding of participants; (D) blinding of care providers;
(E) blinding of outcome assessors; (F) rate of drop-out; (G) intention-to-treat analysis;
(H) selective outcome reporting; (I) similarity of baseline; (J) co-intervention; (K) compli-
ance; (L) outcome assessment timing; and (M) other potential bias source. We scored each
item as “there is no risk of bias” (+), “there is a risk of bias”, or “unclear” (−). Based on the
total number of (−), we evaluated each study as follows: 0–3, low risk of bias; 4–8, moderate
risk of bias; 9–13, high risk of bias. If there were any uncertainties and disagreements on
the risk of bias, they were discussed with another author (T.I.) and resolved.

2.6. Statistical Analysis

We conducted meta-analyses similar to a previous report [30] using Review Manager
(RevMan Version 5.3 for Windows, The Cochrane Collaboration, Copenhagen, Denmark).
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We used the mean difference and its SD values to evaluate the intervention effect. To include
studies with more than two intervention groups in meta-analyses, we combined relevant
intervention groups using a standard formula [31] to create single pair-wise comparisons.
To compare effect sizes across studies, we used the standardized mean differences (SMDs)
with 95% CI as a summary statistic. The random-effects model [33] was used to calculate
the pooled SMDs, and a two-sided p-value < 0.05 was considered statistically significant.
Heterogeneity was evaluated in the Forest plot [34] according to the I2 statistics defined
as follows: 0–40%, not-important; 30–60%, moderate; 50–90%, substantial; and 75–100%,
considerable [31]. We also evaluated the inconsistency of evidence according to the I2

statistics. We evaluated the publication bias by visual inspection of a funnel plot.

2.7. Subgroup Analysis

To investigate the factors that influenced the effect of lycopene on FBG and potential
sources of heterogeneity, we planned in advance to conduct the subgroup analyses on
the following viewpoints: (A) study design (focused on RCT-P); (B) types of test foods
(supplement type or others); (C) length of the intervention period (shorter period or longer
period); (D) lycopene level in test foods (lower level or higher level); and (E) participants’
characteristics (healthy or others). Additionally, the following subgroup analysis was
conducted post hoc: separating studies by participants’ characteristics (diabetes mellitus
participants and others).

3. Results

3.1. Search Results

The results of the study selection process are described in Figure 1. The literature
searches (database search and additional sources search) yielded 3818 records, including
duplicates, of which 15 studies met the eligibility criteria and were qualitatively assessed
for risk of bias (Table 1) [35–49]. Ten of these 15 studies were included in the meta-analysis
(Table 2) [36,37,39,41,42,44–47,49], and five studies were excluded due to either no post-
intervention data in the control group or no data available (Table 3) [35,38,40,43,48]. Of
the 15 studies, 13 were reported in English, and the others were reported either in Chinese
(n = 1) [42] or Russian (n = 1) [36].

Table 1. Quality assessment of the selected studies.

Selected Studies
Sources of Risk of Bias *

Total Number of “−”
(A) (B) (C) (D) (E) (F) (G) (H) (I) (J) (K) (L) (M)

Upritchard 2000 [35] + + − − + − − − − + − + + 7
Olfer’ev 2004 [36] − − + − + − − − + + − − + 8
Engelhard 2006 [37] − − + − + + − − + + − − + 7
Neyestani 2007 [38] − − + + − + + − + + − − + 6
Devaraj 2008 [39] − − + − + − − − + + − − + 8
Kim 2011 [40] − − + − + − − − + + − − + 8
Thies 2012 [41] − − − − + − − + + + − − + 8
Zeng 2013 [42] − − − − + − − − + + − + + 8
Samaras 2014 [43] − − − − + + + − − + − − − 9
Tsitsimpikou 2014 [44] − − − − + + + − + + − − + 7
Deplanque 2016 [45] − + + + + + − − + + − + − 5
Chernyshova 2019 [46] − − − − + + + − − + − − + 8
Nishimura 2019 [47] + + + + + − − + + + + + + 2
Wiese 2019 [48] − − + − + + + − − + − − + 7
Takagi 2020 [49] − − + − + − − − − + − + + 8

+, “there is no risk of bias”; −, “there is a risk of bias” or “unclear”. * Sources of risk of bias corresponded to the
following criteria: (A) randomization; (B) concealment of allocation; (C) blinding of participants; (D) blinding of
care providers; (E) blinding of outcome assessors; (F) rate of drop-out; (G) intention-to-treat analysis; (H) selective
outcome reporting; (I) similarity of baseline; (J) co-intervention; (K) compliance; (L) outcome assessment timing,
and (M) other potential bias source. A larger number for “−” indicates a higher risk of bias.
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Figure 1. Flow diagram of the study selection process.
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3.2. Study Characteristics

The study characteristics for the 15 studies that met the eligibility criteria are described
in Tables 2 and 3. Study locations included Russia (n = 3), Greece (n = 2), Japan (n = 2), Israel
(n = 1), USA (n = 1), UK (n = 1), China (n = 1), France (n = 1), New Zealand (n = 1), Iran
(n = 1), and Korea (n = 1). Ten studies used an RCT-P [35,36,39–42,45,47–49], one used an
RCT-C [46], three used a non-RCT-P [38,43,44], and one used a non-RCT-C design [37]. In six
studies, participants were healthy subjects [39,40,45–47] and ultra-marathon runners [43].
In the other studies, participants were moderately overweight [41], obese [48,49], or had a
metabolic syndrome [44], grade-1 hypertension [37], or type 2 diabetes [35,36,38,42]. For
test foods, nine studies used either tomato extract capsules or lycopene supplements or
synthetic lycopene capsules [36–42,45,48], three studies used tomato juice [35,43,44], one
study used semi-dried tomatoes [47], one study used lycopene-enriched ice cream [46], one
study used lycopene-enriched dark chocolate [48], one study used a tomato-rich diet [41],
and one study used carrot and kale juice and carrot and cabbage juice [49]. The dosages
of lycopene ranged from 6 to 50 mg/day, and intake periods ranged from 2 weeks to
6 months.

3.3. Quality Assessment of the Studies

Of the 15 studies considered, one study [47] was assessed as having a low risk of
bias, while 13 studies [35–42,44–46,48,49] were assessed as having a moderate risk of bias,
and one study [43] was assessed as having a high risk of bias (Table 1). In most studies,
randomization, concealment of allocation, blinding of care provider, intention-to-treat
analysis, selective outcome reporting, compliance, and outcome assessment timing were
not reported in detail (Table 1).

3.4. Meta-Analysis

The meta-analysis, which included 10 studies (11 trial arms) with a total of 750 partici-
pants, revealed a tendency towards a significant decrease in FBG in the lycopene group
compared with the control group [SMD = −0.15 (95% CI: −0.31, 0.00), p = 0.05], and
heterogeneity was not important (I2 = 9%) (Figure 2a).

Some of the subgroup meta-analyses revealed a significant decrease in FBG in the
lycopene group compared to the control group. The RCT-P study design, which included
7 studies (8 trial arms) with a total of 641 participants, revealed a significantly decreased
FBG with not-important heterogeneity [SMD = −0.21 (95% CI: −0.37, −0.06), p = 0.008,
I2 = 0%] (Figure 2b). The other study designs, which included 3 studies with a total of
109 participants, revealed no significant change in FBG with not-important heterogeneity
[SMD = 0.20 (95% CI: −0.18, 0.58), p = 0.30, I2 = 0%] (Figure 2c). The T2D participants, which
included 2 studies with a total of 152 T2D participants, exhibited a significantly decreased
FBG with not-important heterogeneity [SMD = −0.37 (95% CI: −0.69, −0.05), p = 0.02,
I2 = 0%] (Figure 2d). Participants other than T2D, which included 8 studies (9 trial arms)
with a total of 598 participants, showed no significant change in FBG with not-important
heterogeneity [SMD = −0.10 (95% CI: −0.27, 0.08), p = 0.28, I2 = 8%] (Figure 2e). The
other subgroup meta-analyses revealed no significant changes in FBG in the lycopene
group compared with the control group (Supplementary Figure S1). Subgroup meta-
analysis for lycopene levels in test foods could not be conducted due to a lack of lycopene
dose information.
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Figure 2. Meta-analysis and subgroup meta-analyses of the effects of lycopene on fasting blood
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glucose (FBG): (a) all included studies (n = 11 trial arms), (b) RCT-P (n = 8 trial arms), (c) not RCT-P
(n = 3 studies), (d) diabetes mellitus subjects (n = 2 studies), and (e) not diabetes mellitus subjects
(n = 9 trial arms). The green squares represent the standardized mean difference in each study.
The black diamonds represent the pooled effects in each meta-analysis. RCT-P, randomized con-
trolled parallel trial; Std., standardized; SD, standard deviation; IV, inverse variance; CI, confidence
interval [36,37,39,41,42,44–47,49].

3.5. Publication Bias

The funnel plot for FBG suggested an absence of publication bias (Figure 3). In
subgroup analyses, assessments of publication bias were not meaningful because too few
studies were included.

Figure 3. Funnel plot of studies included in the meta-analysis on fasting blood glucose (n = 11 trial
arms). The vertical solid line represents the pooled effect size, and the dashed lines represent the 95%
confidence interval. SMD, standardized mean difference; SE, standard error.

4. Discussion

4.1. Effects of Lycopene on FBG

The meta-analysis with all included studies revealed a tendency towards a significant
decrease in the FBG level, and the subgroup meta-analysis restricted to T2D patients
suggested a significant decrease in the FBG level in the lycopene group compared with
that in the control group. To the best of our knowledge, this is the first systematic review
supporting the indication that lycopene improves the FBG level in T2D patients.

Our literature search and study selection using 15 bibliographic databases without
restricting the study eligibility criteria by language was extended to studies in Chinese
and Russian, with qualities that were similar to those of studies in English. A Chinese
study in T2D patients reported that lycopene intake (30 mg/day for 6 months) significantly
improved the FBG level compared to the pre-intake level [42]. A Russian study in T2D
patients disclosed no significant effect of lycopene intake (30 mg/day for 12 weeks) on
the FBG level, although the decrease of the FBG level in the lycopene group was larger
than that in the control group [36]. Both studies were not included in the previous sys-
tematic reviews [26–28]. Therefore, this systematic review could provide novel insights by
including those studies. In this study, we excluded one study [50] included in the previous
systematic review [26] because the control intervention did not meet our study selection
criteria (comparison between polyphenol-enriched tomato juice and standard tomato juice).
Although the difference in the included studies among these systematic reviews might be
due to the differences in the literature search strategy and detailed study eligibility criteria,
the methodological quality of each systematic review should be assessed using critical
appraisal instruments, such as AMSTAR2 [51].

In this systematic review, several pre-set subgroup meta-analyses and one post hoc
subgroup meta-analysis were conducted, and two subgroup meta-analyses restricted
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to RCT-P and T2D patients revealed a significantly decreased FBG with not-important
heterogeneities. A randomized controlled trial is generally the highest quality study
design and the gold standard in interventional clinical trials [52], while non-randomized
controlled trials might have a potentially higher risk of bias. In this study, the subgroup
meta-analysis restricted to RCT-P (excluding not-RCT-P) disclosed a significantly decreased
FBG. Although the meta-analysis with all included studies revealed only a tendency
towards a significant decrease in the FBG level, a significant decrease might be confirmed
by reporting more high-quality primary studies.

For studies included in the meta-analyses, the average FBG level in the pre-intake
period in T2D patients was much higher than that in not-T2D patients (161.7 mg/dL vs.
93.4 mg/dL), which was assumed to be the reason why the effect of lycopene was exerted
only in T2D patients. In food studies, it is often difficult to identify appropriate placebo
foods when using complex test foods. However, the studies in T2D patients included in
the meta-analyses used supplement-type test foods such as tomato extract capsules [36]
and lycopene capsules [42]. Therefore, the effects of ingredients other than lycopene can
be expected to be small, although they could not be completely ruled out. The effects
of medications should be considered when patients participate in interventional clinical
studies. In T2D patients studies included in the meta-analyses [36,42], the T2D participants
had received medications. However, the effects of medications seemed to be small because
the drugs prescribed prior to the study were continued throughout the study in both the
intervention and the control group [36], or there was no significant difference in medication
status between the two groups [42].

Therefore, lycopene intake can be expected to have a positive effect on FBG levels
even under medication, although limited to individuals with high FBG levels. However,
two studies [35,38] with T2D participants were excluded from the meta-analyses due to the
data unavailability for this study, and additional primary studies are needed to clarify the
FBG-improving effect of lycopene.

4.2. Effect Size and Possible Mechanisms

In both two studies with T2D patients, the dosage of lycopene was 30 mg/day, and
a meta-analysis restricted to these studies showed that the SMD for FBG was −0.37 (95%
CI: −0.69, −0.05), that is, the mean difference for FBG was −15.25 (95% CI: −28.15, −2.35)
mg/dL, which was about 9.4% of the FBG level at the pre-intake point. Gao et al. conducted
a cross-sectional study to determine whether increased carotenoids intake was associated
with a reduced risk of gestational diabetes mellitus and reported an inverse association
between lycopene intake and FBG; each 1 mg increase in lycopene intake was associated
with a 0.09 mg/dL decrease in FBG [53]. However, it is difficult to simply compare these
results due to differences in participants and study designs. Some foods other than tomatoes
have been reported to have FBG-improving effects in T2D patients. Shabani et al. reported
that garlic intake improved FBG levels, and its effect size was −10.90 mg/dL (95% CI:
−16.40, −5.40) in a systematic review [54]. Suksomboon et al. reported that Aloe vera intake
also improved FBG levels, and its effect size was −21.06 mg/dL (95% CI: −42.3, 0.00) in a
systematic review [55]. Therefore, lycopene intake can be expected to have an effect similar
to those of garlic and Aloe vera in improving FBG levels and to provide better FBG control
in combination with these foods. In addition, if the FBG-improving effect size of each
food and their combination could be clearly shown, it would be an easy-to-understand
guideline for T2D patients to try them in their diet and further expected to be reflected in
the standards of diet treatment in diabetes.

Previous studies have suggested some possible mechanisms by which lycopene affects
FBG levels. Hashimoto et al. examined the effect of lycopene on glucose tolerance in
normal rats and found that a lycopene-rich tomato intake improved glucose tolerance via
an increase in plasma leptin levels that enhanced insulin sensitivity [56]. Some reports
using diabetic model rats indicated the importance of the antioxidative effect of lycopene.
Yin et al. reported that lycopene intervention decreased the FBG level in T2D model
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rats, and lycopene might improve glucose metabolism by reducing oxidized low-density
lipoprotein cholesterol [57]. Zheng et al. described that lycopene intervention decreased
the FBG level in a dose-dependent manner in T2D rats and concluded that lycopene
protected against diabetic progression and prevented further complications of diabetic rats
through ameliorating oxidative stress and inflammation as well as improving the systemic
antioxidative capacity [58]. It is possible that lycopene affects FBG levels through multiple
pathways, and further evidence, especially in human studies, needs to be accumulated.

4.3. Strengths and Limitations

The strengths of this study include an extensive literature search that used many
databases not restricted by language. Although the latest additional literature search was
conducted only in PubMed (MEDLINE), a basic search in 15 databases and additional
search enabled us to find studies reported in languages other than English.

This study is not without limitations. Most included studies had a moderate risk of
bias. Since any missing data could not be obtained from the study authors, we excluded
studies with no data available and did not consider them in the meta-analyses. Although
we imputed partly missing data according to the Cochrane Handbook [31], this procedure
might have created a risk of bias. Since the protocol for this study was set in August
2018, this systematic review corresponded only partially to the latest PRISMA 2020 [59]
and PRISMA-S [60] guidelines. In addition, the definite criteria to assess the strength of
evidence were not set in advance or assessed in this study. The strength of evidence should
be assessed using an appropriate instrument, for example, the GRADE approach [61]. In
this study, we focused only on the FBG levels. However, other blood biomarkers (for
example, insulin, homeostasis model of risk assessment-insulin resistance (HOMA-IR),
Hemoglobin A1c and C peptide, etc.) should be evaluated to better understand the effects
of lycopene on glucose metabolism.

5. Conclusions

This systematic review and meta-analysis adopted a more exhaustive literature search
than the previous systematic reviews, that is, using 15 databases without restricting the
study eligibility criteria by language, and highlighted an FBG-decreasing effect of lycopene
intake, especially in T2D patients. In order to clarify this effect, additional clinical trials
in T2D patients are needed, not only to evaluate the effect of lycopene on FBG but also on
other glucose metabolism markers.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu15010122/s1, Table S1: Search strategy for electronic
bibliographic databases; Figure S1: Subgroup meta-analyses of the effects of lycopene on fasting
blood glucose.

Author Contributions: Conceptualization, T.I., K.Y., E.S., K.A. and H.K.; methodology, T.I. and H.K.;
formal analysis, T.I.; investigation, T.I., K.Y., E.S. and K.A.; resources, T.I., K.Y., E.S. and K.A.; data
curation, T.I., K.Y., E.S. and K.A.; writing—original draft preparation, T.I.; writing—review and
editing, T.I., K.Y., E.S., K.A. and H.K.; visualization, T.I., K.Y., E.S. and K.A.; supervision, H.K.; project
administration, T.I.; funding acquisition, T.I., K.Y., E.S. and K.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by KAGOME Co., Ltd. and received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The protocol of this study was registered with PROSPERO (Registration
number CRD42018104595). More detailed information and the datasets generated and/or analyzed
in this systematic review are available from the corresponding author upon reasonable request.

Acknowledgments: We profoundly acknowledge Mari Makishi for her literature search.

236



Nutrients 2023, 15, 122

Conflicts of Interest: T.I., K.Y., E.S., and K.A. are employees of KAGOME Co., Ltd. and hold stocks
of the company. H.K. was previously compensated for supervising other systematic reviews of
KAGOME Co., Ltd. submitted as scientific bases for the system of Food with Function Claims (FFC)
in Japan. However, regarding this study, which is not for the submission of the FFC, H.K. did not
receive any reward from KAGOME Co., Ltd.

References

1. Bassi-Dibai, D.; Santos-de-Araújo, A.D.; Dibai-Filho, A.V.; de Azevedo, L.F.S.; Goulart, C.D.L.; Luz, G.C.P.; Burke, P.R.; Garcia-
Araújo, A.S.; Borghi-Silva, A. Rehabilitation of individuals with diabetes mellitus: Focus on diabetic myopathy. Front. Endocrinol.
2022, 13, 869921. [CrossRef] [PubMed]

2. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,
K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef] [PubMed]

3. Karuranga, S.; Fernandes, J.R.; Huang, Y.; Malanda, B. (Eds.) IDF Diabetes Atlas, 8th ed.; International Diabetes Federation:
Brussels, Belgium, 2017. Available online: https://diabetesatlas.org/atlas/eighth-edition/ (accessed on 12 November 2022).

4. Turner, R.C.; Cull, C.A.; Frighi, V.; Holman, R.R. Glycemic control with diet, sulfonylurea, metformin, or insulin in patients with
type 2 diabetes mellitus: Progressive requirement for multiple therapies (UKPDS 49). UK Prospective Diabetes Study (UKPDS)
Group. JAMA 1999, 281, 2005–2012. [CrossRef] [PubMed]

5. Jenkins, D.J.; Wolever, T.M.; Taylor, R.H.; Barker, H.; Fielden, H.; Baldwin, J.M.; Bowling, A.C.; Newman, H.C.; Jenkins, A.L.; Goff,
D.V. Glycemic index of foods: A physiological basis for carbohydrate exchange. Am. J. Clin. Nutr. 1981, 34, 362–366. [CrossRef]

6. Salmerón, J.; Ascherio, A.; Rimm, E.B.; Colditz, G.A.; Spiegelman, D.; Jenkins, D.J.; Stampfer, M.J.; Wing, A.L.; Willett, W.C.
Dietary fiber, glycemic load, and risk of NIDDM in men. Diabetes Care 1997, 20, 545–550. [CrossRef]

7. Ojo, O.; Ojo, O.O.; Adebowale, F.; Wang, X. The effect of dietary glycaemic index on glycaemia in patients with type 2 diabetes: A
systematic review and meta-analysis of randomized controlled trials. Nutrients 2018, 10, 373. [CrossRef]

8. Chiavaroli, L.; Lee, D.; Ahmed, A.; Cheung, A.; Khan, T.A.; Mejia, S.B.; Mirrahimi, A.; Jenkins, D.J.A.; Livesey, G.; Wolever, T.M.S.;
et al. Effect of low glycaemic index or load dietary patterns on glycaemic control and cardiometabolic risk factors in diabetes:
Systematic review and meta-analysis of randomised controlled trials. BMJ 2021, 374, n1651. [CrossRef]

9. Abdali, D.; Samson, S.E.; Grover, A.K. How effective are antioxidant supplements in obesity and diabetes? Med. Princ. Pract.
2015, 24, 201–215. [CrossRef]

10. Rehman, K.; Akash, M.S.H. Mechanism of generation of oxidative stress and pathophysiology of type 2 diabetes mellitus: How
are they interlinked? J. Cell. Biochem. 2017, 118, 3577–3585. [CrossRef]

11. Mancini, F.R.; Affret, A.; Dow, C.; Balkau, B.; Bonnet, F.; Boutron-Ruault, M.C.; Fagherazzi, G. Dietary antioxidant capacity and
risk of type 2 diabetes in the large prospective E3N-EPIC cohort. Diabetologia 2018, 61, 308–316. [CrossRef]

12. Golmohammadi, M.; Ayremlou, P.; Zarrin, R. Higher oxidative balance score is associated with better glycemic control among
Iranian adults with type-2 diabetes. Int. J. Vitam. Nutr. Res. 2021, 91, 31–39. [CrossRef] [PubMed]

13. Li, M.; Fan, Y.; Zhang, X.; Hou, W.; Tang, Z. Fruit and vegetable intake and risk of type 2 diabetes mellitus: Meta-analysis of
prospective cohort studies. BMJ Open 2014, 4, e005497. [CrossRef] [PubMed]

14. Wang, P.; Fang, J.; Gao, Z.; Zhang, C.; Xie, S. Higher intake of fruits, vegetables or their fiber reduces the risk of type 2 diabetes: A
meta-analysis. J. Diabetes Investig. 2016, 7, 56–69. [CrossRef] [PubMed]

15. Schwingshackl, L.; Hoffmann, G.; Lampousi, A.M.; Knüppel, S.; Iqbal, K.; Schwedhelm, C.; Bechthold, A.; Schlesinger, S.; Boeing,
H. Food groups and risk of type 2 diabetes mellitus: A systematic review and meta-analysis of prospective studies. Eur. J.
Epidemiol. 2017, 32, 363–375. [CrossRef] [PubMed]

16. Di Mascio, P.; Kaiser, S.; Sies, H. Lycopene as the most efficient biological carotenoid singlet oxygen quencher. Arch. Biochem.
Biophys. 1989, 274, 532–538. [CrossRef] [PubMed]

17. Kapała, A.; Szlendak, M.; Motacka, E. The anti-cancer activity of lycopene: A systematic review of human and animal studies.
Nutrients 2022, 14, 5152. [CrossRef] [PubMed]

18. Przybylska, S.; Tokarczyk, G. Lycopene in the prevention of cardiovascular diseases. Int. J. Mol. Sci. 2022, 23, 1957. [CrossRef]
[PubMed]

19. Leh, H.E.; Lee, L.K. Lycopene: A potent antioxidant for the amelioration of type II diabetes mellitus. Molecules 2022, 27, 2335.
[CrossRef]

20. Stahl, W.; Heinrich, U.; Aust, O.; Tronnier, H.; Sies, H. Lycopene-rich products and dietary photoprotection. Photochem. Photobiol.
Sci. 2006, 5, 238–242. [CrossRef]

21. Costa-Rodrigues, J.; Fernandes, M.H.; Pinho, O.; Monteiro, P.R.R. Modulation of human osteoclastogenesis and osteoblastogenesis
by lycopene. J. Nutr. Biochem. 2018, 57, 26–34. [CrossRef]

22. Quansah, D.Y.; Ha, K.; Jun, S.; Kim, S.A.; Shin, S.; Wie, G.A.; Joung, H. Associations of dietary antioxidants and risk of type 2
diabetes: Data from the 2007-2012 Korea national health and nutrition examination survey. Molecules 2017, 22, 1664. [CrossRef]

23. Jiang, Y.; Sun, Z.; Tong, W.; Yang, K.; Guo, K.; Liu, G.; Pan, A. Dietary intake and circulating concentrations of carotenoids and risk
of type 2 diabetes: A dose-response meta-analysis of prospective observational studies. Adv. Nutr. 2021, 12, 1723–1733. [CrossRef]

237



Nutrients 2023, 15, 122

24. Leh, H.E.; Sopian, M.M.; Bakar, M.H.A.; Lee, L.K. The role of lycopene for the amelioration of glycaemic status and peripheral
antioxidant capacity among the type II diabetes mellitus patients: A case–control study. Ann. Med. 2021, 53, 1059–1065. [CrossRef]

25. Mummidi, S.; Farook, V.S.; Reddivari, L.; Hernandez-Ruiz, J.; Diaz-Badillo, A.; Fowler, S.P.; Resendez, R.G.; Akhtar, F.; Lehman,
D.M.; Jenkinson, C.P.; et al. Serum carotenoids and pediatric metabolic index predict insulin sensitivity in Mexican American
children. Sci. Rep. 2021, 11, 871. [CrossRef]

26. Li, H.; Chen, A.; Zhao, L.; Bhagavathula, A.S.; Amirthalingam, P.; Rahmani, J.; Salehisahlabadi, A.; Abdulazeem, H.M.; Adebayo,
O.; Yin, X. Effect of tomato consumption on fasting blood glucose and lipid profiles: A systematic review and meta-analysis of
randomized controlled trials. Phytother. Res. 2020, 34, 1956–1965. [CrossRef]

27. Tierney, A.C.; Rumble, C.E.; Billings, L.M.; George, E.S. Effect of dietary and supplemental lycopene on cardiovascular risk
factors: A systematic review and meta-analysis. Adv. Nutr. 2020, 11, 1453–1488. [CrossRef]

28. Valero, M.A.; Vidal, A.; Burgos, R.; Calvo, F.L.; Martínez, C.; Luengo, L.M.; Cuerda, C. Meta-analysis on the role of lycopene in
type 2 diabetes mellitus. Nutr. Hosp. 2011, 26, 1236–1241. [CrossRef]

29. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; PRISMA Group. Preferred reporting items for systematic reviews and
meta-analyses: The PRISMA Statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

30. Inoue, T.; Yoshida, K.; Sasaki, E.; Aizawa, K.; Kamioka, H. Effects of lycopene intake on HDL-cholesterol and triglyceride levels:
A systematic review with meta-analysis. J. Food Sci. 2021, 86, 3285–3302. [CrossRef]

31. Higgins, J.P.T.; Green, S. (Eds.) Cochrane Handbook for Systematic Reviews of Interventions, Version 5.1.0; The Cochrane Collaboration:
London, UK, 2021. Available online: https://training.cochrane.org/handbook/archive/v5.1/ (accessed on 12 November 2022).

32. Furlan, A.D.; Malmivaara, A.; Chou, R.; Maher, C.G.; Deyo, R.A.; Schoene, M.; Bronfort, G.; van Tulder, M.W.; Editorial Board of
the Cochrane Back, Neck Group. 2015 updated method guideline for systematic reviews in the cochrane back and neck group.
Spine 2015, 40, 1660–1673. [CrossRef]

33. DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Control. Clin. Trials 1986, 7, 177–188. [CrossRef] [PubMed]
34. Higgins, J.P.T.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002, 21, 1539–1558. [CrossRef] [PubMed]
35. Upritchard, J.E.; Sutherland, W.H.F.; Mann, J.I. Effect of supplementation with tomato juice, vitamin E, and vitamin C on LDL

oxidation and products of inflammatory activity in type 2 diabetes. Diabetes Care 2000, 23, 733–738. [CrossRef]
36. Olfer’ev, A.M.; Il’ina, M.V.; Berzak, N.V.; Stetsenko, A.V.; Olfer’ev, M.A.; Chudakova, I.A.; Kapitanov, A.B.; Shamarin, V.M.

Effect of lycopene on blood lipoproteids in women with type 2 diabetes mellitus in postmenopause. Vopr. Pitan. 2004, 73, 19–23.
[PubMed]

37. Engelhard, Y.N.; Gazer, B.; Paran, E. Natural antioxidants from tomato extract reduce blood pressure in patients with grade-1
hypertension: A double-blind, placebo-controlled pilot study. Am. Heart J. 2006, 151, 100. [CrossRef] [PubMed]

38. Neyestani, T.R.; Shariat-Zadeh, N.; Gharavi, A.; Kalayi, A.; Khalaji, H. The opposite associations of lycopene and body fat mass
with humoral immunity in type 2 diabetes mellitus: A possible role in atherogenesis. Iran. J. Allergy Asthma Immunol. 2007, 6,
79–87.

39. Devaraj, S.; Mathur, S.; Basu, A.; Aung, H.H.; Vasu, V.T.; Meyers, S.; Jialal, I. A dose-response study on the effects of purified
lycopene supplementation on biomarkers of oxidative stress. J. Am. Coll. Nutr. 2008, 27, 267–273. [CrossRef]

40. Kim, J.Y.; Paik, J.K.; Kim, O.Y.; Park, H.W.; Lee, J.H.; Jang, Y.; Lee, J.H. Effects of lycopene supplementation on oxidative stress
and markers of endothelial function in healthy men. Atherosclerosis 2011, 215, 189–195. [CrossRef]

41. Thies, F.; Masson, L.F.; Rudd, A.; Vaughan, N.; Tsang, C.; Brittenden, J.; Simpson, W.G.; Duthie, S.; Horgan, G.W.; Duthie, G. Effect
of a tomato-rich diet on markers of cardiovascular disease risk in moderately overweight, disease-free, middle-aged adults: A
randomized controlled trial. Am. J. Clin. Nutr. 2012, 95, 1013–1022. [CrossRef]

42. Zeng, Y.; Zhao, H.; Li, J.; Liu, Y.; Wang, T.; Mu, G. Effects of lycopene on cytokines and carotid intima-media thickness in type 2
diabetic patients. Acta Nutr. Sin. 2013, 35, 268–272.

43. Samaras, A.; Tsarouhas, K.; Paschalidis, E.; Giamouzis, G.; Triposkiadis, F.; Tsitsimpikou, C.; Becker, A.T.; Goutzourelas, N.;
Kouretas, D. Effect of a special carbohydrate-protein bar and tomato juice supplementation on oxidative stress markers and
vascular endothelial dynamics in ultra-marathon runners. Food Chem. Toxicol. 2014, 69, 231–236. [CrossRef] [PubMed]

44. Tsitsimpikou, C.; Tsarouhas, K.; Kioukia-Fougia, N.; Skondra, C.; Fragkiadaki, P.; Papalexis, P.; Stamatopoulos, P.; Kaplanis, I.;
Hayes, A.W.; Tsatsakis, A.; et al. Dietary supplementation with tomato-juice in patients with metabolic syndrome: A suggestion
to alleviate detrimental clinical factors. Food Chem. Toxicol. 2014, 74, 9–13. [CrossRef] [PubMed]

45. Deplanque, X.; Muscente-Paque, D.; Chappuis, E. Proprietary tomato extract improves metabolic response to high-fat meal in
healthy normal weight subjects. Food Nutr. Res. 2016, 60, 32537. [CrossRef] [PubMed]

46. Chernyshova, M.P.; Pristenskiy, D.V.; Lozbiakova, M.V.; Chalyk, N.E.; Bandaletova, T.Y.; Petyaev, I.M. Systemic and skin-targeting
beneficial effects of lycopene-enriched ice cream: A pilot study. J. Dairy Sci. 2019, 102, 14–25. [CrossRef]

47. Nishimura, M.; Tominaga, N.; Ishikawa-Takano, Y.; Maeda-Yamamoto, M.; Nishihira, J. Effect of 12-week daily intake of the
high-lycopene tomato (Solanum Lycopersicum), a variety named “PR-7”, on lipid metabolism: A randomized, double-blind,
placebo-controlled, parallel-group study. Nutrients 2019, 11, 1177. [CrossRef]

48. Wiese, M.; Bashmakov, Y.; Chalyk, N.; Nielsen, D.S.; Krych, Ł.; Kot, W.; Klochkov, V.; Pristensky, D.; Bandaletova, T.; Chernyshova,
M.; et al. Prebiotic effect of lycopene and dark chocolate on gut microbiome with systemic changes in liver metabolism, skeletal
muscles and skin in moderately obese persons. BioMed Res. Int. 2019, 2019, 4625279. [CrossRef]

238



Nutrients 2023, 15, 122

49. Takagi, T.; Hayashi, R.; Nakai, Y.; Okada, S.; Miyashita, R.; Yamada, M.; Mihara, Y.; Mizushima, K.; Morita, M.; Uchiyama, K.; et al.
Dietary intake of carotenoid-rich vegetables reduces visceral adiposity in obese Japanese men—A randomized, double-blind trial.
Nutrients 2020, 12, 2342. [CrossRef]
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