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This study explored the role of T cell subsets and the expression of related microRNAs in patients with recurrent early pregnancy
loss (EPL). Fifty patients with EPL loss between May 2018 and May 2021 were randomly selected as the EPL group, and 50
pregnant women with normal pregnancies or normal delivery outcomes were randomly selected as the control group. The
expression levels of T cell subset-related markers and T cell subset-related miRNAs, in addition to the frequencies of T cell
subsets, in peripheral blood of the two groups were analyzed. In terms of T cell-related markers, the results showed that the
expression levels of the transcriptional regulator TBX-21 (T-bet) and interferon regulatory factor 4 (IRF4) were significantly
upregulated in peripheral blood of the patients in the EPL group (P < 0:05), whereas the expression levels of GATA binding
protein 3 (GATA3) and glucocorticoid-induced tumor necrosis factor receptor (GITR) were significantly downregulated
(P < 0:05). In the EPL group, the expression of mir-106b, mir-93, and mir-25 was upregulated (1:51 ± 0:129, 1:43 ± 0:132, and
1:73 ± 0:156, respectively) in regulatory T (Treg) cell-related T cell subsets, whereas the expression of miR-146a and miR-155
was downregulated (P < 0:05). The frequencies of Treg and exhausted T cells in the EPL group were significantly lower than
those in the control group (P < 0:05). The cell frequencies of T helper 17 (Th17) cells and exhausted Treg cells in the EPL
group were significantly higher than those in the control group (P < 0:05). In conclusion, immune cells and associated miRNA
profiles can be used as prognostic biomarkers for the treatment of human reproductive disorders, such as EPL.

1. Introduction

Early pregnancy loss (EPL) is defined as pregnancy loss
within 12 weeks of gestation and includes miscarriages and
biochemical pregnancy loss [1]. EPL, which includes sponta-
neous miscarriages, the most common type of EPL, embry-
onic abortion, and intrauterine fetal death, accounts for
approximately 80% of pregnancy losses [2]. Recurrent EPL
is a major concern in human reproduction and the focus
of much research due to its complex etiology, poor progno-
sis, and adverse effects on the physical and mental health of
pregnant women [3]. Immune abnormalities, mainly T cell
subsets and related miRNA abnormalities, are known to play
a vital role in the occurrence of EPL [4, 5].

Studies have shown that regulatory T (Treg) cells play an
important role in the process of immune regulation and the

survival of the fetus in the uterus [6, 7]. T helper 17 (Th17)
cells, a newly recognized subpopulation of effector helper T
cells, have the ability to promote host defense against extra-
cellular pathogens and modulate inflammatory, chronic, and
autoimmune diseases [6, 7]. A recent study showed that
Th17 and Treg cells are strongly associated not only with
successful pregnancies but also with pregnancy disorders,
such as preeclampsia (PE) and recurrent spontaneous abor-
tion (RSA), in which the frequency of Treg cells is decreased
and the frequency of Th17 cells is increased [8]. Hadfield
et al. and McCracken et al. showed that in the third trimester
of pregnancy, the inability to mount a sufficient Th1
response resulted in diminished expression of the Th1 tran-
scriptional regulator TBX-21 (T-bet) [9, 10]. They also
showed that reconstitution of T-bet expression restored
cytokine synthesis in T cells.
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Some studies in recent years have shown that com-
pared with normal pregnancies, miRNAs in exosomes
and plasma of patients with RSA show significant changes
[11, 12], in which miR-559, miR-146b-5p, miR-320b, and
miR-221-3p were significantly upregulated, while miR-
101-3p was significantly downregulated. This finding indi-
cates that miRNAs can regulate RSA through a variety of
potential mechanisms involving different target genes and
binding sites. However, the specific mechanism is unclear
and needs to be further explored. Liu et al. found that
the expression of miR-93 and target B cell lymphoma-2-
like 2 (BCL2L2) was increased in chorionic villi of RSA
patients compared to that in women with normal preg-
nancies and that BCL2L2 expression adversely affected
the balance of apoptosis, cell proliferation, migration, and
invasion, promoting the development of RSA [13]. Other
research demonstrated that miR-155-5p regulated RSA by
activating the nuclear factor kappa-light-chain-enhancer
of activated B cells signaling pathway [14]. And the over-
expression of miR-155-5p was followed by a decrease in
the release of inflammatory cytokines, including interleu-
kin- (IL-) 6, interferon-γ (IFN-γ), tumor necrosis factor-
α, and IL-10 from decidual stromal cells, thereby inhibit-
ing the apoptosis of decidual stromal cells [14].

In this study, we explored the role of T cell subsets in the
pathogenesis of RPL by evaluating the number of T cells,
associated transcription factors, and miRNAs targeting these
transcription factors. The results provide data that may aid
the treatment and prevention of RPL.

2. Materials and Methods

2.1. Ethic Approval. The participants were informed about
the study and voluntarily agreed to take part. This study
complies with the ethical requirements of the Declaration
of Helsinki and was approved by the Medical Ethics Com-
mittee of Qinhuangdao Maternal and Child Health Care
Hospital. Written consent was obtained before conducting
the study.

2.2. Inclusion Criteria. Pregnant women aged 18–41 years
with a clinical diagnosis of recurrent EPL and no abnormal-
ities in spousal semen quality testing were enrolled in the
study. Recurrent EPL referred to two or more abortions
before the 12th week of pregnancy [15].

2.3. Exclusion Criteria. Pregnant women with severe chro-
mosomal abnormalities, acquired immune deficiency syn-
drome, hepatitis C, hepatitis B, and chronic diseases were
excluded, in addition to those with a history of long-term
continuous medication control, asthma, drug allergies, cervi-
cal dysfunction and uterine malformations, smoking and
alcohol abuse, tumors, and other malignant diseases. Those
younger than 18 years or older than 41 years were also
excluded.

2.4. General Data. Fifty patients with recurrent EPL who
presented to our hospital between May 2018 and May
2021 and met the inclusion criteria were randomly selected
as the EPL group, and another 50 pregnant women with

normal pregnancies or normal deliveries were randomly
selected as the control group. There was no significant differ-
ence (P > 0:05) between the two groups in terms of age,
nationality, parity, body mass index, or other general data
(Table 1).

2.5. Assessment and Detection of Natural Killer (NK) Cell
Expression Frequency. The cytotoxicity of NK cells was
assessed by flow cytometry using K562 target cells. First,
peripheral blood mononuclear cells (PBMCs) were iso-
lated and incubated with prestained K562 target cells
and propidium iodide at 37°C and 5% CO2 for 2 hours.
As effector cells, PBMCs were used to kill the target cells,
and the dead cells were then permeabilized to propidium
iodide.

The PBMCs were first isolated and then washed twice
with phosphate-buffered saline. For PBMC staining, tri-
chromatic immunofluorescence analysis was performed
on lymphocyte markers using an antibody immunofluo-
rescence assay. The fluorescent dyes used for trichromatic
immunofluorescence analysis were isothiocyanate, phyco-
erythrin, and allophycocyanin, which are anti-CD3
(Abcam, US, cat. no. ab237453), anti-CD16 (Abcam, US,
cat. no. ab117117), and anti-CD56 (Abcam, US, cat. no.
ab237383) antibodies labeled with fluorescein isothiocya-
nate. NK cells in peripheral blood were represented by
CD3, CD56, and CD16 cells. PBMCs were used in this
study when the cellular value and cytotoxicity of NK cells
were greater than 14% and 15%, respectively. The fre-
quencies of Th1 and Th2 cells were assessed using flow
cytometry fluorescein isothiocyanate- (FITC-) labeled
anti-IFN-γ (BioLegend, US, cat. no. 308703) and anti-IL-
4-PE (BioLegend, US, cat. no. 355005) and were included
in the analysis when the Th1/Th2 ratio was greater than
10.7% [16, 17].

2.6. Measurement of miRNA Expression Levels of T Cell-
Related Markers. Total RNA was isolated from PBMCs
using RNX-PLUS, and cDNA was synthesized using a
reverse transcriptase kit. T cell-associated factors, T-bet,
transcription factor GATA-binding protein 3 (GATA3),
interferon regulatory factor 4 (IRF4), glucocorticoid-
induced tumor necrosis factor (GITR), and tumor necrosis
factor receptor superfamily 18 were evaluated using RT-
PCR. The primers and reference genes are shown in
Table 2. β-Actin was used as the reference gene, and the
miRNA level was calculated as the ratio of the target
miRNA genes to the reference gene. Relative expression
was normalized and presented as the ratio to the relative
gene in the control group.

2.7. Evaluation of miRNAs Associated with T Cell Subsets.
The miRNAs associated with Treg (miR-106b-93-25,
miR-146a, and miR-155) and Th17 (miR-326) cells in
PBMCs were evaluated by RT-PCR on a LightCycler 2.0
RT-PCR system. The primers and the reference gene are
shown in Table 3. RNU6B was used as the reference gene,
and the miRNA level was calculated as the ratio of the tar-
get miRNA genes to the reference gene. Relative
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expression was normalized and presented as the ratio to
the relative gene in the control group.

2.8. Assessment of T Cell Subpopulation Frequencies. Count-
ing of Th17, Treg, exhausted T, and exhausted Treg cell
was performed using flow cytometry. The monoclonal

antibodies of surface and intracellular antigens used for
counting Th17 cells were CD4-FITC (BioLegend, US,
cat. no. 357405) and IL-17A-PE (BioLegend, US, cat. no.
506903), and CD4-FITC (BioLegend, US, cat. no.
357405), CD25-PE (BioLegend, US, cat. no. 985802), and
CD127-PerCP-Cy5.5 (BioLegend, US, cat. no. 351321)
were used for Treg cells; CD8-FITC (BioLegend, US, cat.
no. 980908), PD-1-PerCP-Cy5.5 (BioLegend, US, cat. no.
329913), and Tim-3-PE (BioLegend, US, cat. no. 345006)
for exhausted T cells; and CD4-FITC (BioLegend, US,
cat. no. 357405), CD25-PE (BioLegend, US, cat. no.
985802), and PD1-PerCP-Cy5.5 (BioLegend, US, cat. no.
329913) for exhausted Treg cells [18].

2.9. Statistical Methods. SPSS 22.0 statistical software was
used for statistical analysis. Data were expressed as
mean ± standard deviation, and Student’s t-test or chi-
square test were used for between-group comparisons.
Count data were expressed as ratios, and the data were
processed by a chi-square test. P < 0:05 was considered
a significant difference.

3. Results

3.1. Expression Levels of T Cell-Related Markers in the Two
Groups. The expression levels of T cell subset-related genes
in PBMCs in the two groups were compared. The results
revealed significant differences in the mRNA expression
levels of T-bet, GATA3, IRF4, and GITR (P < 0:05)
(Figure 1). Compared with the control group, the mRNA
expression levels of T-bet and IRF-4 in the PBMCs in the
EPL group were significantly upregulated (P < 0:05),
whereas those of GATA3 and GITR were significantly
downregulated (P < 0:05).

3.2. Expression Levels of T Cell Subpopulation-Associated
miRNAs in the Two Groups. The analysis of Treg cell-
related miRNA revealed a significant increase in miR-25,
miR-106b, and miR-93 expressions in the EPL group as
compared with that in the control group (P < 0:05). In
addition, the expression of miR-146a and miR-155 in
PBMCs in the EPL group was significantly downregulated
as compared with than that in the control group

Table 1: Comparison of general data in the two groups.

EPL group (n = 50) Control group (n = 50) t/χ2 P

Age 27:28 ± 3:10 28:35 ± 3:56 1.10 0.75

Body mass index (kg/m2) 19:87 ± 2:38 20:0 ± 2:58 2.08 0.54

Gravidity 4.04 0.23

2 13 (26) 23 (46)

3 26 (52) 20 (40)

≥4 11 (22) 7 (14)

Parity 3.56 0.28

0 7 (14) 9 (18)

1 22 (44) 26 (52)

≥2 21 (42) 15 (30)

Table 2: Primer sequences of target and reference genes.

Genes Primer Sequence (5′→3′)

TBX-21 (T-bet)
Forward GGTGAACGACGGAGAGC

Reverse TCGGCATTCTGGTAGGC

GATA-3
Forward GCCTCAGCCACTCCTAC

Reverse CCTGACCGAGTTTCCGTAG

IRF-4
Forward CGTTCATTGCTCTCCAGTCAC

Reverse GCCTTCACGCACCATTCAG

TNFRSF18 (GITR)
Forward TGGGTCGGGATTCTCAGGTC

Reverse TTTCAAGAGCCCACAGCCAG

β-Actin
Forward

GCATGGGTCAGAAGGATTC
CT

Reverse TCGTCCCAGTTGGTGACG

Table 3: Primer sequences of the miRNAs and reference gene.

Genes Primer Sequence (5′→3′)

miR-106b
Forward GGGGCTAAAGTGCTGACAGT

Reverse GGAGCAGCAAGTACCCACAG

miR-93
Forward CTCCAAAGTGCTGTTCGTGC

Reverse GGGGCTCGGGAAGTGCTA

miR-25
Forward GTGTTGAGAGGCGGAGACTT

Reverse TGTCAGACCGAGACAAGTGC

miR-146a
Forward ACTGAATTCCATGGGTTGTGTC

Reverse TGACAGAGATATCCCAGCTGAAG

miR-155
Forward TGCGCTTAATGCTAATTGTGATA

Reverse CCAGTGCAGGGTCCGAGGTATT

miR-326
Forward CATCTGTCTGTTGGGCTGGA

Reverse TGGAGGAAGGGCCCAGAG

RNU6B
Forward CTCGCTTCGGCAGCACA

Reverse AAGGCTTCACGAATTTGCGT

3Mediators of Inflammation



(P < 0:05). However, the expression of miR-326, which
regulates the differentiation towards Th17 cells [19], in
PBMCs in the EPL group was not significantly different
from that in the control group (Figure 2).

3.3. Flow Cytometry Analysis of T Cell Subpopulation
Frequencies in the Two Groups. The results of flow cytome-
try showed that the frequency of peripheral blood Treg
cells and exhausted T cells in the EPL group was signifi-
cantly lower than that in the control group (P < 0:05).
And the frequency of Th17 cells and exhausted Treg cells
in peripheral blood in the EPL group was significantly
increased as compared with than that in the control group
(P < 0:05) (Figure 3).

4. Discussion

The incidence of EPL in women of normal childbearing
age is approximately 1–3%, with the causes primarily
linked to chromosomal, endocrine, anatomical, infectious,
and immunological abnormalities [6, 7]. However, in most
cases, the cause of EPL remains unexplained. In recent
years, some studies have investigated various aspects of
recurrent EPL, including genes associated with folate
metabolism [20], oxidative stress levels, sperm DNA dam-
age [6], congenital uterine malformations in pregnant
women, and acquired coagulation dysfunction, all of which
have made breakthroughs.

Recurrent EPL may be related to T cell subsets and
their associated miRNAs. To shed light on this issue, the
present study investigated the expression of T cell subsets
and their associated miRNAs in patients with recurrent
EPL. Previous studies reported that CD4+, CD25+, and
Treg cells were downregulated in peripheral lymphocytes
and metaphase lymphocytes of women who had a miscar-
riage [21, 22]. Research also showed that the frequency of
Th17 cells in peripheral blood lymphocytes and metaphase
lymphocytes was increased in women with recurrent mis-
carriages as compared with that in women who had nor-
mal pregnancies [23]. In addition, a negative correlation
between Th17 and Treg lymphocytes was found in the
peripheral blood of these patients [23]. The ratio of
Th17/Treg is increased in women with EPL, signifying a
proinflammatory response, which may be accompanied
by a decrease in the regulatory response, potentially lead-
ing to the development of RPL [24]. In this study, the
expression frequency of Th17 in the EPL group was higher
than that in the control group, whereas the expression of
Treg cells showed a decreasing trend compared with the
control group, which is consistent with the previous
research [24]. As reported previously, miR-155 induces
the differentiation of Treg and Th17, as well as IL-17A
secretion by Th17 cells, whereas it has no significant effect
on the secretion of Treg-related cytokines [25]. In addi-
tion, miR-146a has been shown to be essential for the sup-
pressive function of Treg cells, with regulation of the Th1
response controlled by miR-146a expression in Treg cells
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Figure 1: Expression of T cell-related markers in PBMCs in the EPL and control groups. (a) T-bet, (b) IRF 4, (c) GATA3, and (d) GITR. ∗

indicates P value was less than 0.05.

4 Mediators of Inflammation



[26]. Furthermore, miR-146a may be able to inhibit the
transformation of Treg cells to Th1-like cells. In PBMCs
cocultured with colorectal cancer cells, miR-146a increased
the number of Treg cells and associated suppressor cyto-
kines, such as transforming growth factor-β (TGF-β) and
IL-10 [26, 27]. According to our results, the expression
of both miR-155 and miR-146a seems to be reduced in
patients with recurrent EPL, which may be related to the
reduced number of Treg cells in the patients. Studies have
shown that the number of Treg cells decreased in both
mouse pregnancy loss model and patients with unex-
plained recurrent pregnancy loss [28, 29].

The miR-106b-93-25 cluster plays a crucial role in the
regulation of the TGF-β signaling pathway, and it is an
essential cytokine in the induction of Foxp3 production
by Treg cells. Foxp3 is a transcription factor which has

been found to play a critical role in the control of inflam-
mation [30]. Increased expression of miR-106b-25 may
disrupt the TGF-β signaling pathway, which plays an
important role in maintaining the function and inducing
the generation of Treg cells. Our results revealed a
decrease in the number of Treg cells and an increase in
the transcript level of the miR-106b-93-25 cluster in the
peripheral blood of patients in the EPL group. We specu-
late that there is a definite link between them and that
miR-106b-93-25 controls the mechanobiology of Treg cells
in women with EPL [31–33].

The results of this study revealed an uncontrolled
inflammatory microenvironment in the EPL group, as
demonstrated by the increased frequency of Th17 and
exhausted Treg cells and increased mRNA expression of
T-bet and IRF-4 in peripheral blood. In this study, failure
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Figure 2: Expression of T cell subset-related miRNAs in the two groups. (a) miR-106b, (b) miR-93, (c) miR-25, (d) miR-146a, (e) miR-155,
and (f) miR-326. ∗ indicates P value was less than 0.05.
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to suppress inflammation was followed by a decrease in
the frequencies of Treg and exhausted T cells, as well as
a decrease in mRNA expression of GATA3 and GITR.
The negative expression of above factors adversely affect
the gestational process and may lead to miscarriages.
Thus, immunological parameters and their associated epi-
genetic factors, such as the frequency of Th17 and
exhausted Treg cells and expression of T cell-associated
factors, may be used as prognostic biomarkers to prevent
immune miscarriage in women at high risk.

In conclusion, during pregnancy, regulatory and inhib-
itory mechanisms control the immune system, possibly via
miRNAs. Dysregulation of the immune system may lead
to rejection of the embryo and EPL. In this study, we
compared T cell-related markers in peripheral blood of
patients with recurrent EPL and women with normal
pregnancies. The results showed that the expression of
T-bet and IRF4 was significantly upregulated, whereas
the expression of GATA3 and GITR was significantly
downregulated. Among the T cell subpopulation of Treg
cell-associated miRNAs, in the EPL group, the expression
of miR-106b, miR-93, and miR-25 was upregulated,
whereas the expression of miR-146a and miR-155 was
downregulated. Compared with the control group, the fre-
quencies of Treg and exhausted T cells were decreased,
whereas those of Th17 and exhausted Treg cells were
increased in the EPL group. There were significant differ-
ences in the expression and frequency of T cell subsets
and their related miRNAs in the two groups. Therefore,

immune cells and their associated miRNA can be used
as prognostic biomarkers for the treatment of human
reproductive disorders in clinical studies.
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The collagen from jellyfish has many beneficial effects, including antioxidant, anti-inflammatory and immune-modulatory
activities. However, whether jellyfish collagen hydrolysate (JCH) has any effects on high-fat diet-induced obesity remains
unknown. Consequently, we in the present study orally administrated JCH in high-fat diet-fed mice to explore its effects on
body weight gain, inflammatory and oxidative status, and cecum microbe composition. The results showed that oral
administration of JCH prevented the body weight gain in high-fat diet-treated mice. Meanwhile, glucose, triglycerides, and
total cholesterol level in serum were maintained by JCH administration. Furthermore, JCH administration alleviated oxidative
stress by increasing the GSH content and decreasing the level reactive oxygen species in the liver and improved inflammatory
response by decreasing the expression of TNF-α, IL-1β, and IL-8 gene in the liver and ileum. Importantly, JCH administration
helps recover the alteration of microbiota composition induced by high-fat diet, and the genus Romboutsia may critically
involve in the beneficial effects of JCH administration. In conclusion, our results indicated that JCH could be potentially used
for the prevention and treatment of diet-induced obesity.

1. Introduction

Obesity has become a worldwide problem for decades, and
its prevalence causes growing threat to public health. Obese
individuals are accompanied by high incidence of chronic
diseases, including metabolic syndrome and cancers. Many
popular therapies for the treatment of obesity including diet
pills are found to have side effects when they are taken for a
long period [1]. Consequently, there is an urgent need to
explore safe and side-effect free methods for preventing the
development of obesity.

Natural agents which have health-promoting effects are
promising antiobesity substances and arouse increasing
attention in recent years. The jellyfish had been used as a
tasty food from ancient China. Recently, the nutritional

value of jellyfish has been recognized which makes it popular
in other countries. The jellyfish is rich in collagenous protein
with no crude fat [2]. The collagen from jellyfish has been
proved to exert many beneficial effects, including antioxi-
dant, anti-inflammatory, and immune-modulatory activities
and lipid-lowering effect [3–6]. Since obesity is always
accompanied by overaccumulation of reactive oxygen spe-
cies (ROS) and overproduction of inflammatory cytokines
[7], these effects of jellyfish collagen suggested that it could
be potentially used for preventing and treating obesity. How-
ever, there is no report related to the beneficial role of jelly-
fish collagen on high-fat diet-induced obesity until now.

Dietary fat intake has been proved to the major factor
which induces obesity. High-fat diet-induced obesity in
rodents has been long used as an appropriate model for
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the study of dietary obesity [8]. Consequently, we explored
the effects of jellyfish collagen hydrolysate on high-fat-
induced body weight gain in mice. Meanwhile, the effects
of jellyfish collagen hydrolysate on inflammatory and oxida-
tive status in high-fat diet-fed mice were also explored.
Finally, whether jellyfish collagen hydrolysate administra-
tion could alter gut microbe composition was studied.

2. Materials and Methods

2.1. Preparation of Jellyfish Collagen Hydrolysate (JCH). Jel-
lyfish (Nemopilema nomurai) was washed with distilled
water and treated with 0.1mol/L sodium hydroxide at 4°C
for 48 h to remove noncollagenous proteins as previously
described [2]. The insoluble fraction was resuspended in
sodium phosphate buffer and hydrolyzed with 2% protamex
at 50°C for 8 h. The resulting solution was heated at 100°C
for 12min and then centrifuged at 8000 g at 4°C for 8min.
Finally, the supernatant were freeze-dried and stored at
-20°C for use.

2.2. Animal Experiment.Male C57BL/6J mice (7 weeks old)
were provided by the SLAC Laboratory Animal Central
(Shanghai, China). All animals were randomly divided into
three groups: mice fed on a low-fat (10 kcal% fat) diet
were designated as the control group (Control, n = 8),
mice fed on a high-fat (45 kcal% fat) diet were designated
as the high-fat group (Highfat, n = 8), and mice fed on a
high-fat diet and orally gavaged with JCH (50mg/kg body
weight once a day) were designated as the JCH adminis-
tration group (Jellyco, n = 8). All diets were provided by
Research Diets (Guangzhou, China). The experiment
lasted 2 months, and all animals had free access to feed
and water. During the treatment, body weight was
recorded, and body weight gain was calculated. The exper-
imental protocol was approved by the Protocol Manage-
ment and Review Committee of the First Institute of
Oceanography of China.

2.3. Sample Collection. At the end of the experiment, blood
sample was collected from the retroorbital sinus and then
centrifuged at 3000 g for 12min to obtain serum. Liver
and ileum tissues were immediately snap-frozen in liquid
nitrogen for further analysis. Cecum content were col-
lected and stored at -80°C for the analysis of microbiota
composition.

2.4. Determination of Serum Biochemical Indicators and
Inflammatory Cytokines. The concentration of serum glu-
cose, triglycerides (TG), total cholesterol (TC), and glutathi-
one (GSH), as well as inflammatory cytokines (TNF-α, IL-
1β, and IL-8), was determined by using commercial kits
(BYabscience).

2.5. RT-qPCR Analysis. Total RNA was extracted from liver
and ileum tissues by using the TRIzol Reagents (Invitrogen)
and then was reverse-transcribed into cDNA by using the
RevertAid RT Kit (Thermo Scientific). Primers used for
RT-qPCR were as follows: TNF-α, forward 5′-CCCACG
TCGTAGCAAACCAC-3′, reverse 5′-GCAGCCTTGTC

CCTTGAAGA-3′; IL-1β, forward 5′-TGCCACCTTTT
GACAGTGATG-3′, reverse 5′-AAGGTCCACGGGAAAG
ACAC-3′; IL-8, forward 5′-TGCATGGACAGTCATCCAC
C-3′, reverse 5′-ATGACAGACCACAGAACGGC-3′. Then,
qPCR was performed with a total volume of 10μL assay
solution containing 1μL cDNA, 0.4μL forward primer,
0.4μL reverse primer, 3μL deionized water, 0.2μL ROX,
and 5μL SYBR Green Mix (Applied Biosystems) as previ-
ously described [9].

2.6. Determination of GSH Content and GPX Activity in the
Liver and Ileum. The concentration of GSH and GSSG, as
well as the activity of GPX in the liver and ileum tissue,
was measured by using commercial kits (BYabscience).

2.7. Determination of ROS Level in the Liver. The level of
ROS in the liver was determined as previously described
[10]. Briefly, fresh liver tissue was embedded in a freezing
medium (Sakura) and snap-frozen in methylbutane solution
(Sigma) at -80°C. Then, 10μm sections were stained with
dihydroethidium (Sigma-Aldrich) for 25min at 37°C. Repre-
sentative pictures were collected under a fluorescence
microscopy (Leica). Relative abundance of ROS fluorescence
was determined using Image Browser software (Leica).

2.8. Gut Microbe Profiling. DNA from cecum samples was
extracted, and the bacterial 16S rDNA gene (V3+V4
regions) was amplified with specific primers (forward, 5′-
ACGGRAGGCWGCAGT-3′; reverse, 5′-TACCAGGGTAT
CTAATCCT-3′) by performing PCR reactions. The PCR
products were purified, and sequencing libraries were gener-
ated and analyzed as previously described [11]. Operational
taxonomic units were used to analyze with the RDP classifier
algorithm. QIIME was performed for the analysis of α- and
β-diversity and principal coordinate analysis.

2.9. Statistical Analysis. All data were analyzed using a one-
way ANOVA followed by Student-Newman-Keuls post hoc
tests using SPSS 19.0. All data were expressed as means ±
SEM, and the results were determined to be significant at P
< 0:05.

3. Results

3.1. Jellyfish Collagen Hydrolysate Decreased Body Weight
Gain and Improved Serum Biochemical Indicators and
Inflammatory Cytokine Concentration in High-Fat Diet-Fed
Mice. As shown in Figure 1, mice in the Highfat group had
significantly higher body weight gain and higher level of glu-
cose, TG, and TC in serum when compared with mice in the
Control group, whereas no significant changes in these
parameters were observed between mice in the Control
and Jellyco group. Mice in the Highfat group had signifi-
cantly lower GSH content and higher content of IL-1β,
TNF-α, and IL-8 in serum when compared with mice in
the Control group, whereas no significant changes in the
abovementioned parameters were observed between mice
in the Control and Jellyco group.
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3.2. Jellyfish Collagen Hydrolysate Alleviated Inflammation
and Oxidative Stress in Liver of High-Fat Diet-Fed Mice. As
shown in Figure 2, the hepatic gene expression of IL-1β,
TNF-α, and IL-8 were significantly increased in mice in the
Highfat group than those in the Control group, whereas
their expression was significantly decreased in mice in the
Jellyco group than those in the Highfat group. Meanwhile,
GSH content, the ratio of GSH to GSSG, and GPX activity

were significantly decreased in mice in the Highfat group
than those in the Control group, whereas these parameters
were significantly increased in mice in the Jellyco group than
those in the Highfat group.

3.3. Jellyfish Collagen Hydrolysate Prevented Hepatic ROS
Accumulation in High-Fat Diet-Fed Mice. As shown in
Figure 3, high-fat-diet resulted in the overaccumulation of
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Figure 1: Jellyfish collagen hydrolysate decreased body weight gain and improved serum biochemical indicators and inflammatory cytokine
concentration in high-fat diet-fed mice: (a) body weight gain, (b) glucose level, (c) TG level, (d) TC level, (e) GSH content, (f) IL-1β content,
(g) TNF-α content, and (h) IL-8 content. Data are expressed as means ± SEM, n = 8. ∗P < 0:05, ∗∗P < 0:01.

3Mediators of Inflammation



⁎⁎ ⁎

Control Highfat Jellyco

4

3

2

1

0TN
F-
α

 ex
pr

es
sio

n 
in

 li
ve

r

(a)

⁎⁎ ⁎

Control Highfat Jellyco

5

4

3

2

1

0

IL
-1
β

 ex
pr

es
sio

n 
in

 li
ve

r

(b)

⁎
⁎

Control Highfat Jellyco

3

2

1

0

IL
-8

 ex
pr

es
sio

n 
in

 li
ve

r

(c)

⁎

⁎

Control Highfat Jellyco

20

15

10

5

0G
SH

 co
nt

en
t (
μ

g/
m

g 
pr

ot
ei

n)

(d)

⁎
⁎

Control Highfat Jellyco

20

15

10

5

0

G
SH

/G
SS

G
 ra

tio

(e)

⁎
⁎

Control Highfat Jellyco

100

80

60

40

20

0

G
PX

 ac
tiv

ity
 in

 li
ve

r
(n

m
ol

/m
in

 p
er

 m
g 

pr
ot

ei
n)

(f)

Figure 2: Jellyfish collagen hydrolysate alleviated inflammation and oxidative stress in liver of high-fat diet-fed mice. Gene expression of
TNF-α (a), IL-1β (b), and IL-8 (c), (d) GSH content, (e) GSH/GSSG ratio, and (f) GPX activity. Data are expressed as means ± SEM, n
= 8. ∗P < 0:05, ∗∗P < 0:01.
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Figure 3: Jellyfish collagen hydrolysate prevented hepatic ROS accumulation in high-fat diet-fed mice. Data are expressed as means ± SEM,
n = 3. ∗P < 0:05, ∗∗P < 0:01.
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ROS in the liver of mice, whereas jellyfish collagen hydroly-
sate administration significantly decreased hepatic ROS con-
tent in mice.

3.4. Jellyfish Collagen Hydrolysate Alleviated Inflammation
and Oxidative Stress in Ileum of High-Fat Diet-Fed Mice.
As shown in Figure 4, the gene expression of IL-1β, TNF-
α, and IL-8 in ileum was significantly increased in mice in
the Highfat group than those in the Control group, whereas
their expression was significantly decreased in mice in the
Jellyco group than those in the Highfat group. GSH content
and GPX activity were significantly decreased in mice in the
Highfat group than those in the Control group, whereas
these parameters were significantly increased in mice in the
Jellyco group than those in the Highfat group.

3.5. Jellyfish Collagen Hydrolysate Altered Cecum Microbe
Profiling in High-Fat Diet-Fed Mice. No significant differ-
ence was observed in α-diversity as indicated by observed
species (Figure 5(a)) and Shannon index (Figure 5(b))

among the three treatment groups. The β-diversity as indi-
cated by PCoA based on unweighted UniFrac distance indi-
cated that the overall microbial structure in mice in the
Highfat group was clearly separated away from those in mice
in the Control and Jellyco group, whereas the microbial
structure in mice in the Control group was not separated
away from that in mice in the Jellyco group (Figure 5(c)).

Enterobacteriaceae, Clostridiales, Fusobacteriaceae, and
Peptostreptococcaceae were the main microbes at the family
level (Figure 6(a)). Mice in the Highfat group had lower
Clostridiales abundance and higher Fusobacteriaceae abun-
dance when compared with those in the Control and Jellyco
groups, whereas microbe abundance in the family level in
mice in the Control group was similar to those in mice in
the Jellyco group. Fusobacterium, Romboutsia, Clostridiales,
Plesiomonas, and Epulopiscium were the main microbes in
the genus level (Figure 6(b)). Notably, the relative abun-
dance of Romboutsia was significantly lower in mice in the
Highfat group than those in the Control and Jellyco groups
(Figure 6(c)).
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Figure 4: Jellyfish collagen hydrolysate alleviated inflammation and oxidative stress in ileum of high-fat diet-fed mice. Gene expression of
IL-1β (a), TNF-α (b), and IL-8 (c), (d) GSH content, and (e) GPX activity. Data are expressed as means ± SEM, n = 8. ∗P < 0:05, ∗∗P < 0:01.
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4. Discussion

With great biocompatibility and penetrability, collagen and
its peptides could be used as bioactive substances. Aquatic
animals including jellyfish are excellent source of collagen
[12]. Jellyfish collagen was proved to be harmless and exerts
widely biological effects on human cells [3]. In the present
study, we found that oral administration of JCH prevented
the body weight gain in high-fat diet-treated mice. Mean-
while, glucose, TG, and TC level in serum were maintained
by JCH administration. Furthermore, JCH administration
alleviated oxidative stress and inflammatory response which
are often accompanied with obesity. Notably, JCH adminis-
tration helps recover the alteration of microbiota composi-
tion induced by high-fat diet.

Jellyfish is enriched in collagenous protein, which has
abundant hydrophobic amino acids. These amino acids have
better emulsifying ability and possess strong antioxidant
ability [6, 13]. Therefore, JCH was supposed to have higher

antioxidant ability than other protein sources. The antioxi-
dant effects of JCH have been studied both in vitro and in
vivo. Jellyfish collagen peptide, as well as crude protein and
protein fractions, showed strong hydroxyl radical- and
superoxide anion-scavenging activities in vitro [14, 15].
The in vivo antioxidant effects of JCH were proved as serum
GPX activity, and hepatic SOD activity was increased in
aging mice after administration with JCH [2]. In the present
study, we found that GSH content, which is the most vital
intracellular antioxidant, was significantly increased both
in the liver and ileum when the high-fat diet-treated mice
were administrated with JCH. Moreover, ROS level in the
liver was decreased after JCH administration. These results
broaden our knowledge on the antioxidant effects of JCH
in different experimental models.

Jellyfish collagen can activate innate and acquired
immune response. Specifically, jellyfish collagen enhanced
inflammatory cytokine secretion through activating TLR4
and NF-κB signaling pathways [4]. Importantly, collagenase
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Figure 5: Effects of jellyfish collagen hydrolysate on α- and β-diversity in cecal microbiota in high-fat diet-fed mice: (a) observed species
index, (b) Shannon index, and (c) PCoA analysis based on unweighted UniFrac distance. Data are expressed as means ± SEM, n = 7.
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inhibited the immune-stimulation effects of the extract from
jellyfish on human cells, which indicated that collagen is the
active substance [16]. However, an in vivo study showed that
both JC and JCH improved immunity in mice [17]. We fur-
ther found that JCH administration decreased inflammatory
cytokine contents in serum and their expression in both liver
and ileum in high-fat diet-induced mice. These results con-
firmed that JCH had strong anti-inflammation effects;
although, the related mechanism needs to be further
elucidated.

The intestinal microbiota modulate host energy homeosta-
sis and can be alter by dietary structure such as high-fat diet.
Consumption of high-fat diet often led to decreased Bacteroi-
detes abundance and increased Firmicutes abundance [18].
Additionally, the intestinal microbe diversity was usually
decreased in high-fat diet-fed mice [19]. JCH-administrated
mice and control mice had the similar microbiota composition
which was different from these of high-fat diet-fed mice. As we

known, this is the first study indicating the beneficial effects of
JCH on the modulation of gut microbes. Notably, the abun-
dance of Romboutsia was decreased by high-fat diet treatment
which is in line with previous study [20], whereas its abundance
was recovered by JCH administration. The genus Romboutsia
maintains health of the host and exertsmanymetabolic capabil-
ities including carbohydrate utilization, metabolic end products,
and fermentation of single amino acids [21]. These results sug-
gested that the genus Romboutsia may be the major target of
JCH. However, how the microbes were involved in the modula-
tion effects of JCH and whether Romboutsia plays critical roles
remain to be elucidated in the future works.

In conclusion, our results suggested that JCH adminis-
tration protected mice from high-fat diet-induced obesity
and hyperglycemia and hyperlipidemia. Meanwhile, JCH
administration helps maintain oxidative and inflammatory
status in the liver and intestine of high-fat diet-fed mice.
Importantly, JCH administration retrieved cecum microbe
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composition, and the genus Romboutsia may critically
involve in the beneficial effects of JCH. Our results indicated
that JCH could be potentially used for the prevention and
treatment of obesity.
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Background. Preeclampsia (PE) is the main reason of maternal and perinatal morbidity and mortality. Gut microbiota imbalance
in PE patients is accompanied by elevated serum lipopolysaccharide (LPS) levels, but whether it affects the occurrence and
development of PE, the underlying mechanism is not clear. This paper intends to investigate the relationship between lncRNA
BC030099, inflammation, and gut microbiota in PE. Methods. The feces of the patients were collected, and gut microbiota
changes were assessed by 16S rRNA sequencing and pathway analysis by PICRUSt. Next, we examined LPS and lncRNA
BC030099 levels in feces or placenta of PE patients. Then, we knocked down lncRNA BC030099 in HTR-8/SVneo cells and
added the NF-κB pathway inhibitor JSH-23. CCK-8 and Transwell assays were performed to determine cell proliferation,
migration, and invasion. Western blot was utilized to evaluate MMP2, MMP9, snail, and E-cadherin, p-IκBα, IκBα, and
nuclear NF-κB p65 levels. IL-6, IL-1β, and TNF-α levels were examined by ELISA. Results. Gut microbiota was altered in PE
patients, and microbial genes associated with LPS biosynthesis were significantly elevated in gut microbiota in the PE group.
LPS level in feces and placenta of PE group was significantly elevated. lncRNA BC030099 level in placenta of PE group was
also notably promoted. Knockdown of lncRNA BC030099 promoted HTR-8/SVneo cell proliferation, migration, and invasion.
Knockdown of lncRNA BC030099 also elevated MMP2, MMP9, and snail levels and repressed E-cadherin level. In addition,
lncRNA BC030099 affected NF-κB pathway. Furthermore, NF-κB inhibitor reversed HTR-8/SVneo cell proliferation, invasion,
and migration induced by LPS. Conclusions. The gut microbiota dysbiosis in PE contributed to HTR-8/SVneo cell
proliferation, invasion, and migration via lncRNA BC030099/NF-κB pathway.

1. Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy
involved in 2% to 8% of pregnancy-related complications
worldwide [1]. It is the main reason of maternal and peri-
natal morbidity and mortality [2]. The etiology and path-
ogenesis of PE have not been fully clarified. Currently, it
is mainly believed to be related to insufficient remodeling
of uterine spiral arterioles, excessive activation of inflam-
matory immunity, and damage to vascular endothelial cells
[3]. The clinical treatment measures for PE are limited,
focusing on the control of acute hypertension, prevention
of PE, and timely delivery, and the only effective treatment

is delivery of the fetus and placenta [4]. Therefore, an in-
depth understanding of the pathogenesis of PE can pro-
vide guidance for clinical prediction and prevention of
PE, avoid serious complications in pregnant women, and
improve pregnancy outcomes.

Long noncoding RNAs (lncRNAs) are a class of RNA
molecules with transcripts > 200 nt, which can regulate tar-
get gene expression via epigenetic, transcriptional, and post-
transcriptional regulation. It is involved in different
biological processes including cell differentiation and prolif-
eration, apoptosis, and necrosis [5, 6]. In addition, abnormal
lncRNA expression is associated with disease progress [7].
Therefore, lncRNAs’ role in PE pathogenesis has also
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attracted much attention. Luo et al. screened lncRNA
expression profiles in PE patients’ placentas, suggesting
abnormal lncRNA expression may be one of the causes of
PE [8]. Based on this, Sun et al. detected 5 known uterus-
related lncRNAs’ expression in 48 PE patients and 24 non-
PE healthy subjects and found lncRNA BC030099 expres-
sion was significantly facilitated, indicating elevated plasma
level of lncRNA BC030099 is related to an accelerated risk
of PE and can be used as the potential biomarker to predict
the occurrence of PE [9], but whether it is involved in the
disease progression of PE and its specific mechanism still
need to be further explored.

Gut microbiota is a type of microbial population that
inhabits the human gut, with a large number and variety,
participating in the metabolism of the human body and
maintaining the homeostasis of the human body [10].
Recently, the relationship between gut microbiota changes
and pregnancy diseases has received extensive attention.
Studies have found that immune tolerance, inflammatory
response, abnormal glucose, and lipid metabolism, and oxi-
dative stress caused by gut microbiota imbalance may be
involved in PE pathogenesis [11, 12]. The study of gut
microbiota provides new targets and ideas for preventing
and treating PE. Lipopolysaccharide (LPS), as a product of
gut microbiota, can cause inflammation in body and is asso-
ciated with various disease occurrence and development.
Studies have revealed gut microbiota imbalance in PE
patients is accompanied by increased serum LPS level [12],
but whether it affects the occurrence and development of
PE, the underlying mechanism is not clear. Furthermore,
accumulative evidence suggests that lncRNAs could affect
LPS-induced PE animal or cell models through various sig-
naling pathways. Huang et al. constructed PE rat models
induced by LPS and revealed that overexpression of lncRNA
Uc.187 could induce PE-like symptoms in a pregnant rat
model by affecting the distribution of β-catenin in the cyto-
plasm and nucleus [13]. Chen et al. used LPS to treat HTR-
8/SVneo cells and found that lncRNA KCNQ1OT1 could
target the regulation of miR-146a-3p through the CXCL12/
CXCR4 pathway in the proliferation, invasion, and migra-
tion of HTR-8/SVneo cells [14]. However, the mechanism
of lncRNA BC030099 on PE is unclear.

Therefore, based on the above background, this research
intends to explore lncRNA BC030099, inflammation, and
gut microbiota relationship in PE. Our research may provide
new targets for diagnosing and treating PE, as well as new
ideas for the study of the pathological mechanism of PE.

2. Materials and Methods

2.1. Collection of Clinical Samples. We collected feces and
placental tissue from PE patients in Xiangya Hospital central
South University as the PE group (n = 6). The healthy sub-
jects during the same period were selected as the control
group (C group, n = 8). The inclusion criteria of this study
were as follows: aged at 25-40 years; gestational weeks from
32 to 39; singleton; no fetal abortion and stillbirth; no history
of adverse pregnancy and childbirth; and no history of
assisted reproduction; no history of smoking, drinking, and

other drugs. The exclusion criteria were multiple pregnancy;
diabetes, chronic hypertension, and kidney disease or other
pregnancy complications before pregnancy; antibiotics, glu-
cocorticoids, and immunosuppressants within 1 month
before stool collection and other drugs [12]. Fecal samples
were collected in stool collection tubes and stored at -80°C
until further processing.

2.2. 16S rRNA Sequencing and PICRUSt Pathway Analysis.
Fecal samples from healthy subjects (n = 8) and PE patients
(n = 6) were collected to detect changes in microbial diver-
sity. Illumina NovaSeq PE250 was applied for 16S amplicon
sequencing to obtain raw data. Sequence data analysis
mainly used Qiime 2 (Qiime2-2020.2) and R software
(4.0.2). In addition, KEGG pathway analysis was performed
by PICRUSt.

2.3. Enzyme Linked Immunosorbent Assay (ELISA). Accord-
ing to LPS (CSB-E09945h, CUSABIO, China), IL-1β (CSB-
E08053h, CUSABIO, China), TNF-α (CSB-E04740h, CUSA-
BIO, China), and IL-6 (CSB-E04638h, CUSABIO, China)
ELISA instructions, we detected LPS level in feces and pla-
cental tissues and IL-6, IL-1β, and TNF-α levels in cells.
20mg of feces and placental tissue was taken, respectively,
and the blood stains were washed with 1 × PBS. Feces and
placental tissue were cut into small pieces and put into tissue
grinder (homogenate tube), 200μL 1 × PBS was added to
make homogenate, then put in -20°C overnight. After
repeated freeze-thaw treatment two times to destroy the cell
membrane, the tissue homogenate was centrifuged at 5000 g
(2-8°C) for 5min to take the supernatant, which should be
detected. For cells, centrifugation was performed at 1000 g
(2-8°C) for 15min, and the supernatant should be immedi-
ately detected.

2.4. Cell Treatment. Human trophoblast cell HTR-8/SVneo
was purchased from Tongpai (Shanghai, China) Biotechnol-
ogy Co., Ltd., and culture conditions were as follows: RPMI-
1640 medium and 10% fetal bovine serum (FBS). LPS was
applied to induce cellular inflammation [15], and in addi-
tion, lncRNA BC030099 was knocked down, which are
grouped into the si-control, si-con+LPS, si-BC030099, and
si-BC030099+LPS groups. In addition, we added 10μM
NF-κB-specific inhibitor JSH-23 (Merck, Germany) [16],
grouped as the control, LPS, JSH-23, and LPS+JSH-23
groups. lncRNA BC030099 expression was knocked down.
si-BC030099 and negative control si-control were synthe-
sized by Sangon Biotechnology Co., Ltd. (Shanghai, China).

2.5. Quantitative Real-Time PCR (qRT-PCR). Total RNA
was extracted using Trizol method, RNA was reverse tran-
scribed into cDNAs using a cDNA reverse transcription kit
(#CW2569, Beijing ComWin Biotech, China), and fluores-
cence quantification was applied by Ultra SYBR Mixture
(#CW2601, Beijing ComWin Biotech, China). The relative
expression of genes was examined on an PCR instrument
(QuantStudio1, Thermo, USA). Using GAPDH as an inter-
nal reference, the 2-ΔΔCt method was performed to calculate
lncRNA BC030099 level. The primers were as follows:
lncRNA BC030099-F: GCCTCCATCCTTTCAGACCC and

2 Mediators of Inflammation



lncRNA BC030099-R: GCCCTTGGAAAGTGTCAGGA;
GAPDH-F: ACAGCCTCAAGATCATCAGC and
GAPDH-R: GGTCATGAGTCCTTCCACGAT.

2.6. Western Blot. Total protein was extracted from cells by
RIPA lysis buffer (P0013B, Beyotime, China), followed by
protein quantification, mixed with SDS-PAGE loading
buffer, and protein was adsorbed on PVDF membrane by
gel electrophoresis. MMP2 (10373-2-AP, 1 : 500, Protein-
tech, USA), MMP9 (ab76003, 1 : 5000, Abcam, UK), snail
(13099-1-AP, 1 : 500, Proteintech, USA), and E-cadherin
(20874-1-AP, 1 : 1000, Proteintech, USA), IκBα (ab32518,
1 : 500, Abcam, UK), p-IκBα (ab133462, 1 : 10000, Abcam,
UK), and nuclear NF-κB p65 (10745-1-AP, 1 : 1000, Protein-
tech, USA) primary antibodies and β-actin (66009-1-Ig,
1 : 1000, Proteintech, USA) were incubated overnight at
4°C. HRP secondary antibodies were then incubated. Visual-
ization was performed using ECL luminescent fluid (advan-
sta, K-12045-D50, USA). β-actin was used as an internal
reference to examine protein levels.

2.7. Cell Counting Kit-8 (CCK-8) Assay. Cells grouped above
were digested and counted and seeded in a 96-well plate
(5 × 103 cells/well), with 100μL per well. After culturing
the adherent cells, we followed the above method for the
corresponding time and then added 10μL/well of CCK-8
to each well. After incubation at 37°C and 5% CO2 for 4 h,
the absorbance (450 nm) was analyzed on the Bio-Tek
microplate reader (MB-530, HEAES, China).

2.8. Transwell Assays. 1 × 106/mL cells were resuspended in
serum-free medium, 100μL cell suspension was added into
Transwell chamber (#33318035, Corning, USA) upper, and
10% FBS was added into lower chamber and cultured for
48 h. Chamber culture medium was discarded. Cells on
upper ventricle were wiped with the wet cotton swab. 4%
paraformaldehyde was fixed. Cells were stained with 0.5%
crystal violet and eluted with water. Cells on the outer sur-
face of upper chamber were observed under a microscope
(Olympus, Japan) and photographed. Detection of cell inva-
sion was performed using Transwell chamber (3428, Corn-
ing, USA) with Matrigel Basement Membrane Matrix
(354262, BD Biocoat, USA). The other steps were as
described above.

2.9. Statistical Analysis. Statistical analysis was performed
using Graphpad Prism8.0 statistical software. Measurement
data are expressed as the mean ± standard deviation. An
unpaired t-test was used between groups, and one-way anal-
ysis of variance was used for comparison among multiple
groups. The correlation of LPS and lncRNA BC030099 in
PE placental tissues was calculated by Spearman’s correla-
tion analysis. P < 0:05 indicated a statistically significant
difference.

3. Results

3.1. Gut Microbiota in PE Patients Was Changed, and Key
Pathway Targets (LPS) Were Screened. First, we analyzed
changes in gut microbiota by 16S rRNA sequencing and

pathway analysis by PICRUSt. Figure 1(a) shows the rank
abundance curve. Venn diagram showed shared and unique
ASVs between groups (Figure 1(b)). Among them, there
were 314 ASVs unique to the control group, 184 ASVs
unique to PE patients, and 213 ASVs shared by two groups.
Relative abundance histogram of the top20 ASVs at genus
level further suggested the abundance and composition of
microbial communities in each group were different
(Figure 1(c)). As shown in Figure 1(d), the relative abun-
dance of the top 20 dominant gut microbiota at phylum level
was shown. Furthermore, KEGG showed that microbial
genes related to LPS biosynthesis were significantly elevated
in gut microbiota in PE group (Figure 1(e)).

3.2. LPS Was Positively Correlated with lncRNA BC030099.
Next, we examined LPS level in feces and placenta of PE
patients. LPS level in the feces and placenta of PE group were
significantly elevated than control group (Figure 2(a)). Fur-
thermore, we used qRT-PCR to evaluate lncRNA
BC030099 level in PE patients’ placenta. lncRNA
BC030099 level in placenta of the PE group was also strik-
ingly elevated than that of the control group (Figure 2(b)).
Spearman’s correlation analysis showed there was a signifi-
cant positive correlation between LPS and lncRNA
BC030099 expression in placental tissue (Figure 2(c)).

3.3. Knockdown of lncRNA BC030099 Promoted Trophoblast
Cell Proliferation, Invasion, and Migration. Next, we
knocked down lncRNA BC030099. We found lncRNA
BC030099 expression was repressed in the si-BC030099
group compared with the si-control group. This indicated
that we successfully knocked down lncRNA BC030099.
Compared with the si-BC030099 group, lncRNA
BC030099 expression in the si-BC030099+LPS group was
facilitated (Figure 3(a)). Cell function experiments revealed
compared with the si-control group; the si-BC030099 group
had enhanced cell proliferation, migration, and invasion
abilities. However, the si-BC030099+LPS group showed
reduced cell proliferation, migration, and invasion than the
si-BC030099 group (Figures 3(b)–3(d)). The above results
indicated knockdown of lncRNA BC030099 promoted tro-
phoblast cell proliferation, invasion, and migration.

3.4. Knockdown of lncRNA BC030099 Elevated MMP2,
MMP9, and Snail Levels and Repressed E-Cadherin Level.
In addition, Western blot analysis showed that MMP2,
MMP9, and snail expressions were increased in the si-
BC030099 group compared with the si-control group. But
the si-BC030099+LPS group showed decreased expression
of MMP2, MMP9, and snail than the si-BC030099 group.
The trend of E-cadherin was opposite to that of snail
(Figure 4). Collectively, knockdown of lncRNA BC030099
elevated MMP2, MMP9, and snail levels and repressed E-
cadherin level.

3.5. lncRNA BC030099 Affected NF-κB Pathway. Next, we
examined NF-κB pathway-related protein expression. Com-
pared with the si-control group, the si-con+LPS group
showed a decrease in IκBα expression and an increase in
p-IκBα and p65 expressions; IκBα expression in the si-
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BC030099 group was promoted, and p-IκBα and p65 expres-
sions were inhibited. However, the si-BC030099+LPS group
had repressed IκBα expression and facilitated p-IκBα and

p65 expressions than the si-BC030099 group (Figure 5(a)).
In addition, we examined inflammation-related marker
expression. Compared with those in the si-control group,

KEGG–pathways
100

75

50

25

0

1 2 3 4 5 6 7 8 1 2 3 4 5 6

Re
lat

iv
e a

bu
nd

an
ce

 (%
)

Other
L1_unsigned | L2_unsigned | L3_unsigned

L1_Metabolism | L2_Nucleotide_metabolism | L3_Purine_metabolism | Metabolism
L1_Metabolism | L2_Nucleotide_metabolism | L3_Purine_metabolism
L1_Metabolism | L2_Metabolism_of_terpenoids_and_polyketides | L3_Terpenoid_backbone_biosynthesis

L1_Metabolism | L2_Metabolism_of_cofactors_and_vitamins | L3_Porphyrin_and_chlorophyll_metabolism
L1_Metabolism | L2_Metabolism_of_cofactors_and_vitamins | L3_Nicotinate_and_nicotinamide_metabolism

L1_Metabolism | L2_Metabolism_of_cofactors_and_vitamins | L3_Thimine_metabolism

L1_Metabolism | L2_Lipid_metabolism | L3_Glycerophosholipid_metabolism
L1_Metabolism | L2_Lipid_metabolism | L3_Fatty_acid_biosynthesis | Metabolism
L1_Metabolism | L2_Glycan_biosynthesis_and_metabolism | L3_Lipopolysacchaaride_biosynthesis
L1_Metabolism | L2_Energy_metabolism | L3_Oxidative_phosphorylation | Metabolism
L1_Metabolism | L2_Energy_metabolism | L3_Oxidative_phosphorylation
L1_Metabolism | L2_Carbohydrate_metabolism | L3_Starch_and_sucrose_Metabolism
L1_Metabolism | L2_Carbohydrate_metabolism | L3_Pyruvate_metabolism | Metabolism

L1_Metabolism | L2_Carbohydrate_metabolism | L3_Glyoxylate_and_dicarboxylate_metabolism | Metabolism

L1_Metabolism | L2_Carbohydrate_metabolism | L3_Galactose_metabolism | Metabolism
L1_Metabolism | L2_Carbohydrate_metabolism | L3_Fructose_and_mannose_metabolism | Metabolism

L1_Metabolism | L2_Carbohydrate_metabolism | L3_Amino_sugar_and_nucleotide_sugar_metabolism
L1_Metabolism | L2_Carbohydrate_metabolism | L3_Citrate_cycle_ (TCA_cycle) | Metabolism

L1_Metabolism | L2_Amino_acid_metabolism | L3_Phenylalanine_tyrosine_and_tryptophan_biosynthesis
L1_Metabolism | L2_Amino_acid_metabolism | L3_Histidine_metabolism
L1_Metabolism | L2_Amino_acid_metabolism | L3_Glycine_serine_and_threonine_metabolism | Metabolism
L1_Metabolism | L2_Amino_acid_metabolism | L3_Alanine_aspartate_and_glutamate_metabolism | Metabolism
L1_Genetic_information_processing | L2_Translation | L3_Ribosome
L1_Genetic_information_processing | L2_Translation | L3_Aminoacyl_tRNA_biosynthesis
L1_Genetic_information_processing | L2_Replication_and_repair | L3_Homologous_recombination
L1_Genetic_information_processing | L2_Folding_sorting_and_degradation | L3_Protein_export | Environmental_information_processing
L1_Environmental_information_processing | L2_Signal_transduction | L3_Two_component_system
L1_Environmental_information_processing | L2_Membrane_transport | L3_ABC_transporters
L1_Eellular_processes | L2_Cell_growth_and_death | L3_Cell_cycle_caulobacter

L1_Metabolism | L2_Carbohydrate_metabolism | L3_Glycolysis_gluconeogesis | Metabolism

L1_Metabolism | L2_Carbohydrate_metabolism | L3_Pentose_phosphate_pathway | Metabolism

L1_Metabolism | L2_Nucleotide_metabolism | L3_Pyrimidine_metabolism | Metabolism
L1_Metabolism | L2_Nucleotide_metabolism | L3_Pyrimidine_metabolism

(e)

Figure 1: Gut microbiota in PE patients were changed, and key pathway targets (LPS) were screened. (a) Rank abundance curve. (b) Venn
diagram. (c) Relative abundance histogram of top 20 ASVs at the genus level. (d) Top 20 dominant gut microbiota with relative abundance
at the phylum level. (e) PICRUSt analysis in the KEGG pathway. A: control group; B: PE group.
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Figure 2: LPS was positively correlated with lncRNA BC030099. (a) LPS level in fecal and placental tissues in PE and control groups. (b)
lncRNA BC030099 level in placental tissues in PE and control groups. (c) The correlation of LPS and lncRNA BC030099 in PE placental
tissues were evaluated by Spearman’s correlation analysis. ∗P < 0:05 vs. C (control).
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IL-6, IL-1β, and TNF-α levels in the si-con+LPS group were
facilitated; IL-6, IL-1β, and TNF-α levels in the si-BC030099
group were repressed. The si-BC030099+LPS group had ele-

vated IL-6, IL-1β, and TNF-α levels than the si-BC030099
group (Figure 5(b)). All in all, lncRNA BC030099 affected
NF-κB pathway.
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Figure 3: Knockdown of lncRNA BC030099 promoted trophoblast cell proliferation, invasion, and migration. (a) lncRNA BC030099
expression in trophoblast cells. (b) CCK-8 assay was utilized to measure HTR-8/SVneo cell proliferation. (c, d) Transwell assays were
performed to monitor HTR-8/SVneo cell migration and invasion. Scale bar = 100μm; ∗P < 0:05 vs. si-control, #P < 0:05 vs. si-con+LPS,
and @P < 0:05 vs. si-BC030099.
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3.6. NF-κB Inhibitor Reversed Trophoblast Cell Proliferation,
Invasion, and Migration Induced by LPS. Finally, we used
NF-κB pathway inhibitor JSH-23. IκBα expression was sup-
pressed, and p-IκBα and p65 expressions were facilitated in
LPS group than in the control group. However, compared
with the LPS group, the LPS+JSH-23 group showed an

increase in IκBα expression and a decrease in p-IκBα and
p65 expressions (Figure 6(a)). Cell function experiments
showed compared with the control group; the LPS group
had reduced cell proliferation, migration, and invasion abil-
ities. After adding JSH-23, the LPS+JSH-23 group had
enhanced cell proliferation, migration, and invasion abilities
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Figure 4: Knockdown of lncRNA BC030099 elevated MMP2, MMP9, and snail levels and repressed E-cadherin level. Western blot was
utilized to assess MMP2, MMP9, snail, and E-cadherin levels in HTR-8/SVneo cells. ∗P < 0:05 vs. si-control, #P < 0:05 vs. si-con+LPS,
and @P < 0:05 vs. si-BC030099.
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Figure 5: lncRNA BC030099 affected NF-κB pathway. (a) Western blot was performed to determine p-IκBα, IκBα, and nuclear NF-κB p65
levels in HTR-8/SVneo cells. (b) IL-6, IL-1β, and TNF-α levels were determined by ELISA. ∗P < 0:05 vs. si-control, #P < 0:05 vs. si-con+LPS,
and @P < 0:05 vs. si-BC030099.
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Figure 6: Continued.
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(Figures 6(b)–6(d)). Then, we used Western blot to detect
MMP2, MMP9, snail, and E-cadherin levels. MMP2,
MMP9, and snail expressions were suppressed in the LPS
group than the control group. After adding JSH-23,
MMP2, MMP9, and snail expressions were also repressed
in the LPS+JSH-23 group. The trend of E-cadherin was
opposite to that of snail (Figure 6(e)). The above results indi-
cated that NF-κB inhibitor reversed trophoblast cell prolifer-
ation, invasion, and migration induced by LPS.

4. Discussion

PE is a devastating medical complication of pregnancy that
causes severe maternal and fetal morbidity and mortality
[17]. PE complicates maternal and child health management
and contributes to the majority of adverse pregnancy out-
comes, but the mechanisms underlying PE development
remain unclear. Studies have shown gut microbiota structure
of PE patients has changed significantly, which may be asso-
ciated with the occurrence and development of disease [18].
However, further studies are needed to understand underly-
ing mechanisms. In this research, we sought to explore
lncRNA BC030099, inflammation, and gut microbiota rela-
tionship in PE. Our research may contribute to the early
diagnosis and targeted monitoring of PE.

Colonization of neonatal gut with beneficial bacteria is
essential for mucosal barrier’s establishment and mainte-

nance, thereby protecting neonate from intestinal pathogens
and local and systemic inflammation [19]. Recent advances
show abnormalities in microbiome composition may play a
role in various disease pathogenesis including PE [20]. Alter-
ations in gut microbiota composition could alter short-chain
fatty acid profile released by bacteria and contribute to
hypertension and metabolic syndrome [21]. Chen et al.
found that PE patients had repressed bacterial diversity
and marked dysbiosis [22]. Our study is consistent with pre-
vious studies showing changes in gut microbiota in PE
patients. It was reported maternal blood IL-6 levels in PE
were positively correlated with Bilophila and Oribacterium,
while LPS levels were negatively correlated with Akkerman-
sia [23]. Chang et al. found the abundance of LPS synthesis
pathway was significantly elevated in predicted PE patients,
while the abundance of the G protein-coupled receptor
pathway was observably repressed [11]. We also found that
gut microbiota related to LPS biosynthesis were significantly
elevated in gut microbiota in the PE group.

lncRNAs are noncoding transcripts, typically over 200nt
in length, that have recently emerged as one of the largest
and significantly diverse RNA families [24]. lncRNAs have
now become important players in almost all gene functions
and regulatory levels [25]. The study showed circulating
lncRNA BC030099 level in plasma of PE patients was signif-
icantly higher than non-preeclamptic healthy subjects. Ele-
vated plasma lncRNA BC030099 level was related to an
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Figure 6: NF-κB inhibitor reversed trophoblast cell proliferation, invasion, and migration induced by LPS. (a) IκBα, p-IκBα, and nucleus
NF-κB p65 expressions in trophoblast cells. (b) Cell activity was determined by CCK-8 assay. (c, d) Cell migration and invasion were
examined by Transwell assays. (e) Western blot was performed to determine MMP2, MMP9, snail, and E-cadherin levels in trophoblast
cells. Scale bar = 100 μm. ∗P < 0:05 vs. control; #P < 0:05 vs. LPS.
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elevated risk of PE and may be considered a novel biomarker
[9]. Through validation, we found lncRNA BC030099 level
in placenta of the PE group was also markedly elevated. Fur-
thermore, the effects of gut microbiota on host lipid metab-
olism may be mediated via gut microbiota-produced
metabolites including short-chain fatty acids, secondary bile
acids, and trimethylamine, as well as proinflammatory
bacterial-derived factor LPS [26]. Wang et al.’s studies have
shown that patients with PE have gut microbiota imbalance
and elevated plasma LPS level [12]. We found LPS levels in
the feces and placenta of PE group were significantly facili-
tated and LPS and lncRNA BC030099 expressions were
notably positively correlated. This is the first time we report
LPS and lncRNA BC030099 role in PE.

lncRNAs have been shown to participate in different bio-
logical processes including cell growth, antiapoptosis, migra-
tion, and invasion [27]. Chen et al. reported lncRNA
KCNQ1OT1 can regulate miR-146a-3p role in HTR8/SVneo
cell proliferation, invasion, and migration through the
CXCL12/CXCR4 pathway, which may be involved in PE
pathogenesis [14]. Our study also showed knockdown of
lncRNA BC030099 promoted HTR-8/SVneo cell prolifera-
tion, migration, and invasion. Studies have shown that
MMPs are vital mediators of vascular and uterine remodel-
ing and reduced MMP2 and MMP9 expressions is thought
to be involved in hypertensive pregnancy and PE [28, 29].
Placental extravillous cell invasion involves cell EMT, and
several EMT regulators (including snail and E-cadherin)
have been found to play vital roles in PE development
[30]. Knockdown of lncRNA CRNDE has been reported to
inhibit the proliferation, migration, and invasion of HTR-
8/SVneo cells, inhibit the formation of EMT, and reduce
the protein expression of MMP2 and MMP9 [31]. Zhou
et al. reported that lncRNA SNHG12 promoted trophoblast
cell migration and invasion by inducing the progression of
EMT [32]. Consistent with their study, we found knock-
down of lncRNA BC030099 elevated MMP2, MMP9, and
snail levels and repressed E-cadherin level.

NF-κB is a vital transcription factor for inflammation-
related protein expression [33]. The NF-κB p65 pathway is
associated with PE, and inhibition of NF-κB p65 pathway
can ameliorate PE [34]. NF-κB and proinflammatory cyto-
kines have been reported to be associated with trophoblast
dysfunction [35], but the underlying mechanisms remain
unclear. Vaughan and Walsh reported that placental NF-
κB was activated nearly 10-fold in PE. Oxidative stress leads
to NF-κB activation in trophoblast-like cells, which is
enhanced by TNF-α [36]. We found through cellular exper-
iments that LPS induced the nucleus transition of NF-κB
through lncRNA BC030099. Furthermore, NF-κB inhibitor
reversed trophoblast cell proliferation, invasion, and migra-
tion induced by LPS. This is also the first time that we report
the mechanism of action of LPS, lncRNA BC030099 and
NF-κB p65 in PE.

In conclusion, we explored the evolution of LPS, lncRNA
BC030099, and NF-κB p65 involved in PE progression and
its mechanism. We report for the first time that gut microbi-
ota dysbiosis in PE contributed to trophoblast cell prolifera-
tion, invasion, and migration through the lncRNA

BC030099/NF-κB pathway. This study provides a reference
for exploring lncRNA and gut microbiota mechanism in PE.
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Intestinal epithelial cells are an essential barrier in human gastrointestinal tract, and healing of epithelial wound is a key process in
many intestinal diseases. α-Lipoic acid (ALA) was shown to have antioxidative and anti-inflammatory effects, which could be
helpful in intestinal epithelial injury repair. The effects of ALA in human colonic epithelial cells NCM460 and human
colorectal adenocarcinoma cells Caco-2 were studied. ALA significantly promoted NCM460 and Caco-2 migration, increased
mucosal tight junction factors ZO-1 and OCLN expression, and ALA accelerated cell injury repair of both cells in wound
healing assay. Western blot analysis indicated that ALA inhibited a variety of mitogen-activated protein kinase (MAPK)
signaling pathways in the epithelial cells. In conclusion, ALA was beneficial to repair of intestinal epithelial injury by regulating
MAPK signaling pathways.

1. Introduction

Intestinal epithelial cells form a selective barrier that sepa-
rates luminal contents from underlying tissue. Wound heal-
ing of intestinal epithelial after injury is a dynamic biological
process regulated by a complex network of microenviron-
ments [1]. Studies have shown that a variety of cytokines
(such as α-actinin and toll-like receptor [2]), regulatory pep-
tides, and dietary factors [3] modulate intestinal epithelial
wound healing. It is worth noting that redox balance is cru-
cial for intestine homeostasis, and overproduction of ROS
caused by oxidative upregulation or fluctuant mitochondrial
function is related to intestinal epithelial injury [4].

α-Lipoic acid (ALA), a kind of natural dimercaptan anti-
oxidant, is a compound commonly found in mitochondria,
which plays an essential role in mitochondrial metabolism
[5]. As a cofactor of enzymes, ALA is involved in glucose

and lipid metabolism and regulates gene transcription [6].
As a metabolic antioxidant, ALA regulates NF-κB signal
transduction and protects against oxidative injury [7]. In
addition, ALA can downregulate proinflammatory redox-
sensitive signal transduction processes and has a certain
anti-inflammatory effect [8]. Based on the above properties,
ALA is applied in Alzheimer’s disease, diabetic polyneuropa-
thy, and obesity [9]. At present, the application of ALA in
the intervention of intestinal damage is increasingly popular.
The study of Guven et al. showed that ALA prevented ische-
mia/reperfusion injury in the rat intestine through scaveng-
ing ROS and RNS [10]. In an in vitro Caco-2 cell model,
ALA supplementation was proved to enhance epithelial cell
proliferation and thus prevented the disruption of intestinal
epithelial integrity [11]. In an in vivo experiments on mice,
ALA protected the intestine against ulcerative colitis and
the associated systemic damage [12].
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The present study aims to investigate the effect of ALA
on intestinal epithelial injury repair and its mechanism, to
provide theoretical basis for clinical treatment.

2. Materials and Methods

2.1. Cell Culture and Reagents. Human colonic epithelial
cells NCM460 and human colorectal adenocarcinoma cells
Caco-2 were purchased from the American Type Culture
Collection (ATCC, Manassas, USA). The cells were cultured
in Roswell Park Memorial Institute DMEM/F12 medium
supplemented with 10% fetal bovine serum (FBS). Cells were
maintained in a 37°C incubator with 5% CO2. All cell lines
tested negative for mycoplasma. Alpha-lipoic acid (ALA)
was purchased from Solarbio (Beijing, China). Based on
the concentration range of ALA in other studies and the
transport of ALA enantiomers in Caco-2 cells [13, 14], and
combined with the results of pre-experiments, ALA was dis-
solved with DMSO and formulated to 50, 150 and 300μM
for formal experiments.

2.2. Wound Healing Assay. Positioning marks were made
with a permanent marker at the bottom of the cell culture
plates to ensure that the same wound was observed.
NCM460 and Caco-2 cells were cultured until 90% conflu-
ence in 6-well cell culture plates. Wounds were inflicted on
the cell monolayers with 200-μl pipette tips. Then cells were
incubated with specific concentration of ALA in serum-free
medium. During incubation, the cell migration was observed
with an Olympus FluoView™ 300 confocal microscope
(Tokyo, Japan). The wound areas were measured with Ima-
geJ software. The remaining wound area was calculated
using the following formula: ðcell − free area at 12 h or 24 h/
cell − free area at 0 hÞ × 100%. At least five fields were ana-
lyzed in each group.

2.3. Quantitative Real-Time PCR (qRT-PCR). The total RNA
was extracted from tissues using TRIzol Reagent (Thermo
Fisher, USA) according to the manufacturer’s instructions.
Then RNA was reverse transcribed to cDNA with 1μg total
RNA, using reverse transcriptase and Oligo dT primers
(Takara, Japan). The cDNA was then amplified with specific
primers by PCR. The conditions for qRT-PCR were as fol-
lows: 95°C for 3min, followed by 40 cycles of 10 s at
95°C,10 s at 60°C, and 15 s at 70°C, followed by heating from
65°C to 95°C. Primers for qRT-PCR are listed as follows:
ZO-1 forward primer 5′-GAA CGA GGC ATC ATC CCT
AA-3′, reverse primer 5′-GAG CGG ACA AAT CCT CTC
TG-3′. OCLN forward primer 5′-TTT GTG GGA CAA
GGA ACA CA-3′, reverse primer 5′-TCA TTC ACT TTG
CCA TTG GA-3′. GAPDH forward primer 5′-GAA GGT
GAA GGT CGG AGT C-3′, reverse primer 5′-GAA GAT
GGT GAT GGG ATT TC-3′.

2.4. Western Blot. Cells were washed with ice-cold PBS and
lysed with RIPA buffer. Samples containing equal quantities
of total proteins were resolved on 15% SDS polyacrylamide
denaturing gel and transferred to nitrocellulose membranes.
After blocking with 5% skim milk in TBST for 1 h, the mem-

branes were incubated overnight at 4°C with the following
primary antibodies: AKT (1 : 1000, Abcam, UK), JNK
(1 : 1000, Abmart, Shanghai, China), and p38 (1 : 1000,
Abmart, Shanghai, China). Goat anti-rabbit IgG secondary
antibody (1 : 5000) (Servicebio, Wuhan, China) was used at
room temperature for 1-h incubation. The blot was visual-
ized by using ECL Chemiluminescence Kit (Epizyme,
Shanghai, China). Each band was quantified via ImageJ
software.

2.5. Statistical Analysis. The results of this study were
expressed as mean ± SD values. Student’s t-test was used to
compare the results between the different groups. P < 0:05
was considered statistically significant. All analyses were per-
formed using GraphPad Prism version 8 software.

3. Results

3.1. ALA Promoted Epithelial Cell Migration after Injury.
Human colonic epithelial cells NCM460 and human colo-
rectal adenocarcinoma cells Caco-2 were cultured in a
serum-free medium for 12 h to form a monolayer. Com-
pared with the control cells, the cells treated with ALA
showed enhanced injury repair in a dose-dependent manner
(Figures 1(a) and 1(b)). As shown in Figures 1(a) and 1(c),
the remaining wound area of NCM460 cells that were
treated with ALA (150 and 300μM) were significantly
smaller than those of control cells after 12 h and 24h of
incubation (P < 0:05). Meanwhile, the remaining wound
area of Caco-2 cells that were treated with ALA (50, 150,
and 300μM) were significantly reduced after 12 h of incuba-
tion (Figures 1(b) and 1(d)) (P < 0:05).

3.2. ALA Increased the Expression of Tight Junction Factor in
Intestinal Mucosa. To reveal the effects of ALA on intestinal
mucosal tight junction, the expression of ZO-1 and OCLN
was measured at the mRNA level. As shown in Figure 2, in
NCM460 cells incubated with ALA (150 and 300μM), the
mRNA levels of both ZO-1 and OCLN were much higher
than those in the control group (P < 0:05), whereas 50μM
ALA had little influence on the expression of ZO-1 and
OCLN (P > 0:05). ALA significantly increased the expres-
sion of ZO-1 and OCLN in the intestinal mucosa epithelial
cells at the mRNA level.

3.3. ALA Promoted Intestinal Epithelial Injury Repair
through Regulating PI3K/AKT, JNK, and p38 MAPK
Signaling Pathways. Previous studies have shown that
mitogen-activated protein kinases (MAPK)–related mole-
cules are closely associated with wound healing in many cell
lines, including epithelial cells, keratinocytes, and cancer
cells [15–17]. To investigate the growth-promoting mecha-
nism of ALA in epithelial cells, we assessed the status of
MAPK signaling pathway in ALA-treated NCM460 cells.
Western blot indicated that MAPK signaling-related mole-
cules PI3K/AKT, Jun N-terminal kinases (JNK), and p38
were significantly suppressed by the treatment of ALA
(Figure 3(a)). High concentrations of ALA suppressed
AKT and JNK signaling pathways (Figures 3(b) and 3(c)),
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Figure 1: Restoration of epithelial cells treated with α-lipoic acid (ALA). (a) Representative images of cell wounds in wound healing assay of
ALA (0–300 μM) treated NCM460 cells. Wounds were created on the cell surface with the pipette tips, and then NCM460 cells were treated
with ALA (0–300 μM). The remaining wound areas were determined at 12 h and 24 h after wound generation. (b) Representative images of
cell wounds in wound healing assay of ALA (0–300μM) treated Caco-2 cells. Wounds were created, and then Caco-2 cells were treated with
ALA (0–300 μM). The remaining wound areas were determined at 12 h after wound generation. (c, d) The remaining wound areas in
NCM460 and Caco-2 cells treated with ALA (0-300 μM). Data are presented as mean ± SD values of three duplicates. ∗P < 0:05.
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Figure 2: Effects of ALA on the mRNA expression of mucosal tight junction factors of NCM460 cells during injury repair. Quantitative real-
time PCR analysis of tight junction protein 1 (ZO-1) and occludin (OCLN). ∗P < 0:05 and ∗∗∗ P < 0:0001.
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Figure 3: ALA suppressed the PI3K/AKT, JNK, and p38 MAPK signaling pathways in NCM460 cells. (a) Western blot showed that the
activation of AKT, JNK, and p38 was suppressed by treatment with the ALA in NCM460 cells. (b) Quantified histograms of AKT
protein levels normalized by actin. (c) Quantified histograms of JNK protein levels normalized by tubulin. (d) Quantified histograms of
p38 protein levels normalized by tubulin. Data represent mean ± SD from at least three independent experiments. ∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗ P < 0:001 compared to control.
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while the inactivation of p38 signaling pathway was
observed at lower ALA concentrations (Figure 3(d)).

4. Discussion

Many factors such as inflammation, immunological factors,
oxidative stress, medicines, and imbalance of gut microbiota
may impair intestinal epithelium function and damage its
barrier function [18, 19]. After intestinal epithelium injury,
epithelial cells migrate, proliferate and differentiate, and heal
gradually [20]. Clinical application of medicine to promote
intestinal mucosal wound healing is beneficial to the rehabil-
itation of patients with various intestinal diseases, including
inflammatory bowel diseases (IBD), celiac disease, and intes-
tinal infections [21]. In the present study, we demonstrated
that ALA could enhance intestinal injury repair and revealed
its mechanism.

Lipoic acid, a powerful antioxidant existed in mitochon-
dria, is absorbed through the gastrointestinal tract in vivo.
Vegetables such as spinach, cauliflower, tomatoes, and car-
rots and meat such as liver are rich in lipoic acid, but food
supplementation of lipoic acid is insufficient and slow to
take effect. Therefore, ALA is commonly used as a drug or
nutritional supplement for a variety of diseases [22].

Existing studies showed that ALA could accelerate
mouse cutaneous wound healing [23] or promote human
postoperative uterine healing [24]. However, its effect on
intestinal epithelial wound healing remains unknown. In
this study, we performed wound healing assay on both
human colonic epithelial cells (NCM460) and colorectal
adenocarcinoma cells (Caco-2). Low concentration of ALA
(50μM) had no obvious effect on injury repair, while high
concentration (150 and 300μM) of ALA could promote
intestinal epithelial injury repair in a concentration-
dependent manner (Figures 1(a) and 1(b)). In addition,
ALA significantly enhanced epithelial cell migration
(Figures 1(c) and 1(d)), which is an important process of
wound repair.

Tight junction protein 1 (TJP1, also known as ZO-1), a
membrane-associated cytoplasmic protein, plays an impor-
tant role in cell-cell communication in the intercellular bar-
rier in non-epithelial and epithelial cells [25]. ALA increased
ZO-1 expression observed in our present study (Figure 2),
which was closely related to proliferation and differentiation
of epithelial cells. Occludin (OCLN) is another important
tight junction protein in wound healing [26]. Studies have
shown that increased OCLN can maintain intestinal barrier
function in patients with ulcerative colitis and mice with
colitis [27], which is consistent with our finding that ALA
increased the expression of OCLN in intestinal epithelial
injury repair (Figure 2).

As an antioxidant, the mechanism of ALA is related to
its effect on oxidative stress. In a rat experiment, ALA pre-
treatment significantly reduced oxidative stress and inflam-
mation in the intestine [28]. ALA protected piglet
intestinal epithelium cells (IPEC-J2 cells) against H2O2
induced injury by scavenging hydroxyl radical [29]. How-
ever, the exact mechanism of ALA in intestinal epithelial
injury repair process remains unclear.

Mitogen-activated protein kinases (MAPK)–related sig-
naling pathways, including p38, JNK, ERK, and AKT, are
involved in numerous cellular responses such us prolifera-
tion, differentiation, apoptosis, inflammation, and oxidative
stress [30–32]. It has been found that MAPK-related signal-
ing pathways were involved in wound healing. MAPK acti-
vation affected the proliferation, migration, and apoptosis
of M1-like macrophages and delays the wound healing pro-
cess after prostate surgery [33]. Glial cell line-derived neuro-
trophic factor (GDNF) promoted barrier maturation in
immature enterocytes cells by inactivation of p38 MAPK sig-
naling [34]. Delbue et al. found that inhibition of the ERK
pathway rescued the tight junctional barrier defect in IEC
cells [35]. Reactive oxygen species (ROS) is an important
and common messenger produced in various environmental
stresses and is known to activate many kinds of the MAPKs
[36]. ALA may regulate MAPK signaling by eliminating
excessive ROS produced after intestinal injury. In our study,
we found that the repair of intestinal epithelial injury by
ALA may be associated with the inactivation of the PI3K/
AKT, JNK, and p38 MAPK signaling pathways (Figure 3),
but further verification is needed. The difference in ALA
inhibition of AKT, JNK, and p38 may be because they affect
angiogenesis and inflammation in different pathways [37]. It
has been reported that oxidative stress activates p38 MAPK
signaling pathway and leads to a decrease in the expression
of TJP [38]; this might be one of the reasons why ALA
increased ZO-1 expression in our study.

5. Conclusion

In conclusion, we have demonstrated clearly that ALA
increased NCM460 and Caco-2 cells proliferation and
migration and increased the expression of tight junction fac-
tors ZO-1 and OCLN. Moreover, we found that the positive
effect of ALA on intestinal epithelial injury repair may be
related to MAPK signaling pathways. Our results provided
a theoretical basis for the future development of ALA in
treatment of intestinal injury.
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Objectives. Sepsis is characterized as a dysregulated host immune response to infection and has been known to be closely
associated with the gut microbiome. This study was aimed at investigating the gut microbial profiles of Zhuang ethnic patients
with sepsis. Method. Eleven Zhuang ethnic patients with sepsis and 20 healthy individuals (controls) were recruited at the
Baise City People’s Hospital, China. Their gut microbial community profiles were analyzed by 16S rRNA gene sequencing
using the Illumina MiSeq system. Results. The gut microbial community of patients with sepsis was significantly altered
compared to that of the healthy individuals based on the results of principal coordinate analysis and microbial ecological
networks. Additionally, significantly lower microbial alpha diversity was observed in patients with sepsis than in healthy
individuals. In particular, the enrichment of Bilophila, Burkholderia, Corynebacterium, and Porphyromonas, along with the
reduced abundance of a large number of short-chain fatty acid-producing microbes, including Roseburia, Bifidobacterium,
Faecalibacterium, Coprococcus, Blautia, Clostridium, Ruminococcus, and Anaerostipe was observed in patients with sepsis
compared to the control group. Moreover, patients with sepsis could be effectively classified based on the abundance of these
bacteria using a support vector machine algorithm. Conclusion. This study demonstrated significant differences in the gut
microbiome between Zhuang ethnic patients with sepsis and healthy individuals. In the future, it is necessary to determine
whether such alterations are the cause or consequence of sepsis.

1. Introduction

Sepsis is a life-threatening organ dysfunction syndrome
characterized as a dysregulated immune response to infec-
tion [1, 2]. It is a major public health problem, as it accounts
for a remarkable proportion of deaths of hospitalized
patients worldwide, especially those in the intensive care
unit [2–4]. Therefore, the pathogenesis of sepsis has
attracted wide attention in recent years. Most of the studies

aiming to unravel the etiology of sepsis have focused on
the role of the host immune responses [5]. Culture-
independent methods such as 16S rRNA and shotgun meta-
genomic sequencing have revealed that the gut microbiome
is crucial for the development and maturation of the host
immune system [6]. Some microbes directly regulate host
immune homeostasis by enhancing immunoglobulin A pro-
duction and T-helper-17 cell differentiation [7]. Addition-
ally, some of their products, such as lipopolysaccharides
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and short-chain fatty acids (SCFAs), stimulate Toll-like
receptor 4- (TLR-4-) positive epithelial cells and dendritic
cells [8] and activate the development of regulatory T
cells [7].

Increasing evidence supports the existence of a link
between the gut microbiome and sepsis [9, 10]. Several stud-
ies using preclinical models and on hospitalized patients
have reported that the risk of bloodstream infections and
critical illness increases when gut microbiome homeostasis
is disrupted [11–13]. Zeng et al. found that some gut bacteria
can induce the production of protective IgG through the
secretion of specific antigens, thereby contributing to the
control of systemic infections [14]. Deshmukh et al. demon-
strated that the gut microbiome regulates sepsis in neonatal
mice by affecting neutrophil homeostasis [15]. Additionally,
probiotic supplementation is associated with a reduced risk
of sepsis in patients undergoing elective gastrointestinal sur-
gery [16] and also reduces the risk of late-onset sepsis in pre-
term infants [17]. Finally, it has been reported that fecal
microbiota transplantation can restore the innate immune
response of patients with sepsis, contribute to pathogen
clearance, and regulate SCFA-producing microbes [18, 19].

Altogether, these findings support the association
between gut microbiota disruption and the risk of sepsis.
This study was aimed at further studying this relationship
in a cohort of patients belonging to the Zhuang ethnicity.
For this purpose, we investigated the characteristics of the
gut microbiota in patients with sepsis using 16S rRNA gene
sequencing.

2. Methods

2.1. Study Cohort. All individuals in this study were recruited
from Baise City People’s Hospital (Guangxi Zhuang Autono-
mous Region, China) from January to April 2021. All of them
provided written informed consent. After excluding the
patients who had undergone organ transplantation, long-
term immunosuppressive therapy, or developed tumors, a
total of 31 individuals were recruited for the analysis. In total,
11 patients were categorized into the sepsis (SEP) group,
while 20 healthy individuals who received no antibiotics or
probiotics in the last 3 months were categorized as the
healthy control (CTRL) group. Sepsis was diagnosed accord-
ing to the Sepsis 3.0 guidelines (https://rebelem.com/sepsis-
3-0). Clinical information was collected and summarized by
well-trained clinicians according to standard procedures.
The study protocol was approved by the Ethical Committee
of Baise City People’s Hospital.

2.2. Stool Sample Collection and Sequencing. Stool samples
were collected in sterile containers, snap-frozen in dry ice,
and stored in the research laboratory at −80°C until further
use. The samples of patients with sepsis were collected prior
to antibiotic treatment. Total bacterial DNA was extracted
from stool samples using the QIAamp Fast DNA Stool Mini
Kit (Qiagen, Germany) following the manufacturer’s
instructions. The V3-V4 region of the 16S rRNA gene was
amplified from the extracted DNA using PCR primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R

(5′-GGACTACHVGGGTWTCTAAT-3′). PCR products
were mixed at equidensity ratios. Qiagen Gel Extraction
Kit was used for purification (Qiagen, Germany). The pre-
pared library was sequenced on an Illumina MiSeq platform
with a 300 bp paired-end read mode.

2.3. Gut Microbiota and Statistical Analyses. 16S rRNA gene
sequencing analysis, including raw sequence filtering and
taxonomic classification, was performed as previously
described [20]. The bioinformatic software package QIIME2
(version 2020.11) was used to analyze the 16S rRNA gene
sequences [21]. The paired reads were assembled and
denoised with the DADA2 package [22] using the “qiime
dada2 denoise-paired” command in QIIME2. The command
“qiime feature-classifier classify-sklearn” was used to assign
sequences to taxonomy against the Greengenes database.
Metrics of Shannon’s index, Pielou’s evenness index,
observed feature number, and unweighted and weighted
UniFrac distances were calculated using the command
“qiime phylogeny align-to-tree-mafft-fasttree” and “qiime
diversity core-metrics-phylogenetic” at a sampling depth of
10,000 reads. Metabolic function prediction was performed
using PICRUSt2 software [23] with the “qiime picrust2
full-pipeline” command.

Principal coordinate analysis (PCoA) based on unweighted
and weighted UniFrac distances was used to estimate differ-
ences in the beta diversity, accompanied by permutational
multivariate analysis of variance (PERMANOVA) to assess
the significance of community dissimilarity using the “vegan”
R package. Linear discriminant analysis (LDA) was used to
estimate the differentially abundant taxa with the linear dis-
criminate analysis of effect size (LEfSe) software between
the two groups (P < 0:05) [24]. The microbial ecological net-
work was constructed using SpiecEasi software [25] and visu-
alized using Gephi software. STAMP software was used to
investigate the significantly different metabolic pathways
between the two groups [26].

Characteristics were summarized as means (± standard
deviations) for continuous variables and ratio (%) for cate-
gorical variables. Differences in these characteristics were
assessed using t-tests and X2 tests. All analyses were per-
formed using R software (v 3.6.3). The differences were con-
sidered statistically significant at P < 0:05.

A classification model was built to classify patients with
sepsis based on the significantly different genera using a sup-
port vector machine (SVM) algorithm with 10-fold cross-
validation. The area under the curve (AUC) was calculated
to evaluate the model’s performance.

3. Results

3.1. Characteristics of Study Participants. A total of 31
Zhuang ethnic individuals were enrolled in this study. All
participants were aged between 65 and 98 years. The socio-
demographic and clinical characteristics of all the partici-
pants are summarized in Table 1. According to the
statistical analysis results, there were no significant differ-
ences in age or sex between the groups. Compared to the
CTRL group, patients with sepsis had higher levels of
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C-reactive protein (CRP), interleukin- (IL-) 6, and heparin-
binding protein (HBP).

3.2. Overall Structure Diversity of Gut Bacterial Communities.
To evaluate the overall characteristics of the gut microbiome,
alpha diversity estimators such as observed feature number,
Pielou, and Shannon indexes were compared. As shown in
Figure 1, the observed feature number of the CTRL group
was 105:5 ± 33:57, which was significantly higher than that
of the SEP group (68:36 ± 43:49, P < 0:05). The Pielou index
was also significantly lower in the SEP group (0:59 ± 0:19)
than in the CTRL group (0:77 ± 0:09, P < 0:05). Moreover,
patients with sepsis had a significantly lower value of the Shan-
non index than that of the healthy individuals (3:48 ± 1:56
versus 5:08 ± 0:96, P < 0:05).

PCoA was performed on weighted and unweighted Uni-
Frac distances using PERMANOVA. Obvious separations
could be observed between SEP and healthy groups both on
unweighted (R2 = 0:08, P = 0:004, Figure 2(a)) and weighted
UniFrac distances (R2 = 0:10, P = 0:007, Figure 2(b)).

3.3. Bacterium Analysis of SEP and CTRL Groups. Gut
microbiome communities were dominated by the phyla
Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria,
Proteobacteria, Tenericutes, and Verrucomicrobia in both
groups (Figure 3(a)). The most abundant genera in both groups
were Alistipes, Bacteroides, Bifidobacterium, Blautia, Collinsella,
Coprococcus,Dorea, Enterococcus, Faecalibacterium,Gemmiger,
Oscillospira, Phascolarctobacterium, Prevotella, Roseburia,
Ruminococcus, and Streptococcus (Figure 3(b)). In the SEP
group, the mean relative abundances of Bifidobacterium
(0.08% versus 3.69%), Blautia (3.24% versus 6.91%), Coprococ-
cus (1.59% versus 4.98%), Faecalibacterium (1.10% versus
4.48%), Gemmiger (0.64% versus 2.32%), Roseburia (0.25% ver-
sus 7.59%), Ruminococcus (5.37% versus 11.03%), and Strepto-
coccus (2.42% versus 3.53%) were decreased compared to the
CTRL group. The mean relative abundances of Bacteroides
(10.23% versus 6.05%), Enterococcus (27.9% versus 0.09%),
and Prevotella (5.53% versus 2.95%) were comparatively
increased in the SEP group.

Furthermore, we used LEfSe software to investigate the
significant differences in genera between the individuals with
and without sepsis. The results demonstrated that the rela-
tive abundance of Bilophila, Burkholderia, Corynebacterium,
and Porphyromonas was higher in the SEP group than in
the CTRL group, whereas that of Roseburia, Oxalobacter,

Bifidobacterium, Faecalibacterium, Coprococcus, Blautia,
Clostridium, Ruminococcus, Gemmiger, Dorea, Paraprevo-
tella, Butyricicoccus, Turicibacter, Anaerostipes, and SMB53
was lower in the SEP group than in the CTRL group
(Figure 3(c)).

Next, to explore the efficacy of classification based on
these significantly different genera in the SEP group, we built
a classification model using an SVM algorithm with 10-fold
cross-validation. The receiver operating characteristic curve
of the model is shown in Figure 3(d) and has an AUC of
0.85. After combining with the CRP, IL-6, and HBP levels,
the AUC increased to 0.986 (Figure 3(e)).

Additionally, Pearson correlation analysis was per-
formed to evaluate the associations between the differential
genera and CRP, HBP, and IL6 levels (Figure 3(f)). The
abundance of the genus Bilophila was positively correlated
with CRP (R2 = 0:55, P < 0:01) and HBP (R2 = 0:36,
P = 0:045) levels; that of Porphyromonas was positively
correlated with IL-6 level (R2 = 0:94, P < 0:01); that of
Bacteroides was positively correlated with CRP level
(R2 = 0:40, P = 0:026); and that of Prevotella was positively
correlated with IL-6 level (R2 = 0:85, P < 0:01).

3.4. Functional Alterations between SEP and CTRL Groups.
We analyzed the metabolic pathways in the individuals
belonging to both groups. The predicted functions were per-
formed using PICRUSt2 software. The fatty acid elongation
pathway was significantly enriched in the gut microbiome
of the SEP group compared to that of CTRL. The tricarbox-
ylic acid (TCA) cycle VI, octane oxidation, and L-arginine
biosynthesis II (acetyl cycle) were higher in the gut micro-
biome of the CTRL group (Figure 4(a)).

3.5. Different Microbial Ecological Networks between SEP
and CTRL Groups. Microorganisms in the gut construct a
stable ecological network with cooccurrence, competition,
and antagonistic relationships. To investigate the microbial
network at the genus level, we used the SpiecEasi software.
The microbial ecological network of the CTRL group pre-
sented 84 nodes and 131 (Figure 4(b)). However, the micro-
bial ecological network of patients with sepsis was simpler,
presenting only 80 nodes and 77 edges (Figure 4(c)).

4. Discussion

Sepsis is a major public health issue, with more than one
million sepsis-related deaths occurring in China in 2015
(Li et al., 2018). Increasing evidence supports that gut micro-
bial disruption predisposes patients to sepsis, thereby
presenting as a potential therapeutic target in sepsis manage-
ment [2, 10]. As the Zhuang ethnic minority is the largest
Chinese minority group, in this study, we aimed to charac-
terize the gut microbiota in patients belonging to the Zhuang
ethnicity suffering from sepsis. Using PCoA, we demon-
strated that patients with sepsis present a significantly
different microbial community and a different microbial
ecological network than the healthy individuals. In addition,
patients with sepsis had significantly lower microbiome
alpha diversity, which is consistent with a previous study

Table 1: Demographic and clinical characteristics of the two
groups.

Characteristic SEP (n = 11) Ctrl (n = 20) P value

Age (years) 74:45 ± 10:23 70:35 ± 1:57 0.09

Male/female 7/4 12/8 1

CRP (mg/L) 48:26 ± 61:83 1:98 ± 2:78 <0.01∗∗

IL-6 (pg/mL) 102:18 ± 157:66 27:39 ± 33:42 <0.05∗

HBP (ng/mL) 66:17 ± 63:82 8:86 ± 4:36 <0.01∗∗

SEP: Sepsis; Ctrl: Healthy controls; CRP: C-reactive protein; IL-6:
Interleukin-6; HBP: Heparin-binding protein.
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Figure 1: Comparisons of alpha diversity indexes between sepsis (SEP) and healthy control (Ctrl) group. Significant lower observed feature
number, Pielou, and Shannon indexes were observed in patients with sepsis.
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[27]. Additionally, a previous study reported that enhancing
gut microbiome diversity in mice could increase sepsis sur-
vival by regulating the immune response [28]. Therefore,
increasing the gut microbiome diversity may be beneficial
in the treatment of patients with sepsis.

Increases in pathogenic intestinal bacteria and exuberant
immune responses are often observed in patients with sepsis
[10]. In this study, we observed that the commonly hospital-
acquired pathogen Enterococcus was relatively frequent in
patients with sepsis, which was in accordance with the

results of a previous study [29]. Furthermore, compared to
the healthy individuals, there were four genera significantly
enriched in patients with sepsis, and 15 genera significantly
decreased. Based on the abundance of thesemicrobes, patients
could be effectively classified as healthy individuals or patients
with sepsis using an SVM algorithm. Among the four
increased genera, Bilophila can produce lipopolysaccharides
to stimulate the immune system via TLR-4 [30]. Porphyromo-
nas gingivalis can regulate host innate immune signaling and
induce inflammation [31]. In this study, the relative
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Figure 3: Microbial profiles of the gut microbiota in the sepsis (SEP) and healthy control (Ctrl) groups. (a). Relative abundances of the
dominant phyla. (b). Relative abundances of the abundant genera. (c). Differences in microbial genera between SEP and Ctrl groups. (d).
Receiver operating characteristic curve of the classification mode for sepsis based on different genera using support vector machine
algorithm. (e). Receiver operating characteristic curve of the classification mode for sepsis based on different genera in combination of
clinical features using support vector machine algorithm. (f). Correlations between some abundant microbes with C-reactive protein
(CRP), heparin-binding protein (HBP), and (CRP) and interleukin-6 (IL-6) levels separately.
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abundance of Bilophila was positively correlated with CRP
andHBP levels, and the relative abundance ofPorphyromonas
was positively correlated with the IL-6 level. Their relative
increase in patients with sepsis might prime the immune sys-
tem for a robust proinflammatory response. Additionally,
among the significantly decreased genera, Roseburia, Bifido-
bacterium, Faecalibacterium, Coprococcus, Blautia, Clostrid-
ium, Ruminococcus, and Anaerostipes can produce SCFAs
[32]. Decreased production of SCFAs can enhance intestinal
epithelial cell function [33], activate the development of
regulatory T (Treg) cells [34], and decrease nuclear factor
kappa B- (NF-κB-) regulated proinflammatory cytokines
[35]. Hence, the significant decrease in SCFA-producing bac-
teria in patients with sepsis observed in this study might have
adverse consequences for both gut integrity and systemic
immunity.

Since an individual is born, the gut microbiota and host
live in symbiotic homeostasis that influences the immune
function, including T cell differentiation and activation,
cytokine production, and local barrier function [2]. The
alterations of the gut microbiome observed in this study
might predispose individuals to sepsis by favoring the prolif-
eration of pathogenic bacteria and decreasing the production
of SCFAs, which would promote a dysregulated immune
response. However, the findings of this study should be con-
sidered in light of its limitations, and larger prospective stud-
ies should be conducted to confirm this hypothesis. In this
study, the sample size was relatively small, and all the indi-
viduals in this study were recruited from a single geographic

area without consideration of different demographics. Addi-
tionally, the alterations in microbial function and whether
such microbial alterations in this study were the causes or
consequences of sepsis were not clear. Studies with larger
sample sizes, including individuals from different regions,
conducting metagenomic and metaproteomic analyses, and
experimental studies should be conducted in the future to
further answer these questions.

Limitations of this study include, for example, lack of the
delineation and the intermodulation between specific bacte-
rium and host immune system; the relationship between gut
microbiota and prognosis has not been explored due to lim-
ited sample size and the short-term observation period; in
addition, this study failed to collect the biopsies from preg-
nant women which could be important for newborn cases.
The above limitations deserve to draw attentions and should
be answered in future study.

In conclusion, we identified dysbiosis of the gut micro-
biome in Zhuang ethnic patients with sepsis. Disruption of
the gut microbiome may serve as a potential biomarker for
early detection of sepsis risk. Our findings could help
improve the understanding of the role of the gut micro-
biome in sepsis etiology and support preventive strategies
based on the modulation of the gut microbiome.

Data Availability

The datasets and code generated and analyzed in this study
are available from the corresponding author on request.
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Objective. The relative contribution of some products with prebiotic effects, such as inulin, together with medications specific to
the human gut microbiome has not been comprehensively studied. The present study determined the potential for manipulating
populations in the gut microbiome using inulin alone and combined with other agents in individuals with metabolic syndrome
(MetS). The study also assessed whether there is relationship variability in multiple clinical parameters in response to
intervention with the changes in the gut milieu. Participants/Methods. This single-centre, single-blinded, randomised
community-based pilot trial randomly assigned 60 patients (mean age, 46.3 y and male, 43%) with MetS to receive either
inulin, inulin+traditional Chinese medicine (TCM), or inulin+metformin for 6 months. Lipid profiles, blood glucose, and uric
acid (UA) levels were analysed in venous blood samples collected after overnight fast of 8 h at baseline and at the end of the
follow-up period. Microbiota from stool samples were taxonomically analysed using 16S RNA amplicon sequencing, and an
integrative analysis was conducted on microbiome and responsiveness data at 6 months. Results. The results of 16S rRNA
sequencing showed that inulin resulted in a higher proportion of Bacteroides at the endpoint compared with inulin+TCM and
inulin+metformin (p = 0:024). More Romboutsia (p = 0:043), Streptococcus (p < 0:001), and Holdemanella (p = 0:011) were
found in inulin+TCM and inulin+metformin samples. We further identified gut microbiota relationships with lipids, UA, and
glucose that impact the development of MetS. Conclusion. Among the groups, inulin alone or combined with metformin or
TCM altered specific gut microbiota taxa but not the general diversity. Accordingly, we analysed metabolites associated with
microbiota that might provide more information about intrinsic differences. Consequently, a reliable method could be
developed for treating metabolic syndrome in the future.

1. Introduction

Noncommunicable metabolic syndrome (MetS) is a growing
public health concern worldwide. Metabolic syndrome is a

constellation of metabolic disorders, characterised by
abdominal adiposity, dyslipidaemia, low levels of high-
density lipoprotein cholesterol (HDL. C), hypertension,
and insulin resistance [1]. Metabolic syndrome directly
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affects health via the development of cardiovascular and
cerebrovascular-related diseases and increases the risk of
cancer [2]. While the oral administration of drugs can
improve patient outcomes in terms of metabolic indexes, lit-
tle is known about the status of the gut microbiota in such
patients [3].

The human gastrointestinal tract houses hundreds of
thousands of bacterial species [4]. Dysbiosis of the gut
microbiota and/or structural alterations can trigger diseases
and disrupt the epithelial barrier, which elicits an increase
in the release of the endotoxin, lipopolysaccharide, from
gram-negative bacterial cell walls into the systemic circula-
tion, which triggers proinflammatory cytokine secretion
[5]. Hence, many studies of gut microbes have vaulted to
prominence [6]. Evidence from studies of humans and other
animals has revealed a link between gut microorganisms and
various components of MetS [7, 8]. Prebiotics are defined as
substrates that are selectively utilised by host microorgan-
isms and confer health benefits [9]. The ILSI Europe Prebi-
otic Expert Group and Prebiotic Task Force then proposed
the concept of prebiotic effects defined as follows: the selec-
tive stimulation of growth and/or activity(ies) of one or a
limited number of microbial genus(era)/species in the gut
microbiota that confer(s) health benefits on the host [10].
Products with a prebiotic effect have thus been assessed in
clinical trials in an attempt to improve gut microbial dysbio-
sis [10]. Moreover, the manipulation of gut microbiota via
prebiotic interventions has provided evidence that gut
microbial modulation helps to improve components or com-
plications of metabolic syndrome [7].

Prebiotics favour the growth of beneficial bacteria, par-
ticularly those that produce short-chain fatty acids (SCFAs).
Increased SCFAs in the intestine are associated with slowed
weight gain, protection against systemic inflammation by
increasing the gut barrier function, and improved glucose
and lipid metabolism [11]. Inulin, a non-digestible dietary
fibre, is a common prebiotic.

Traditional Chinese medicine (TCM) is a form of poly-
pharmacy with a history of thousands of years. Natural med-
icines and their resulting bioactivities have been considered
as therapeutic strategies against diseases [12], including
MetS [13]. Some TCMs significantly affect glucose and lipid
metabolism by regulating the gut microbiota, particularly bac-
teria that degrade mucin, have anti-inflammatory properties,
produce lipopolysaccharides and SCFAs, or have bile-salt
hydrolase activity [14]. The instant medicinal food packet in
the present study consisted of Coptis chinensis, Atractylodes
macrocephala, Tangerine peel, Coke malt, medicated leaves
(stir-fried), and Hawthorn fruit (charred) according to a
specific formula (Supplementary Table 1). Coptis chinensis
(Huang-Lian), a common herb in TCM, is clinically effective
in treating dyslipidaemia and hypercholesterolaemia [15].
Hawthorn has also been widely applied to manage
hyperlipidaemia and cardiovascular diseases [13]. Medicated
leaves improve human immunity through antioxidant and
anti-inflammatory activities that lead to regulation of the gut
microflora balance [16].

Metformin is linked to the composition of gut microbi-
ota [17], even in healthy humans [18]. It is also applicable

to the treatment or prevention of hyperlipidaemia and car-
diovascular diseases [19].

The ability of prebiotic mix to regulate microbial com-
munities in the host and benefit from symbiotic relation-
ships among strains to improve their effects have been
investigated [20]. Here, a prebiotic mix is simply a combina-
tion of products with prebiotic effects that benefit host
health. However, to the best of our knowledge, little is
known about the effects of inulin when combined with other
agents on improving gut microcommunities in individuals
with MetS. Overall, we postulated that the prebiotic mix
would enhance microbial diversity in the host and take
advantage of commensal relationships among organisms to
confer more benefits on hosts.

The present study is primarily aimed at determining the
influences of these products on gut microbiota structure and
composition in patients with MetS. A more complete picture
of the microbiota profile might provide greater clarity in
terms of prioritising treatment for metabolic disorders and
paving the way for further investigation.

2. Methods

2.1. Diagnostic Criteria for MetS. Clinical MetS was diag-
nosed when at least three of the following five conditions
were met: waist circumference ≥ 90 or ≥80 cm in men and
women, respectively; blood pressure, 120/80–140/90mmHg;
triglycerides, 150–200mg/dL; HDL, <40 or <50mg/dL in
men and women, respectively, and fasting glucose 100–
125mg/dL.

2.2. Study Population. Residents of Tianjin for >5 years and
aged 35–65 years were included if they had no inflammatory
gastrointestinal disease or a history of gastrointestinal sur-
gery within 5 years and had not been prescribed with antibi-
otics or other medications (proton pump inhibitors and H2
receptor antagonists) or dietary supplements (probiotics
and prebiotics) or antacids that could affect the gut microbi-
ota within 6 weeks before recruitment. They were provided
with a pamphlet about the study during a physical examina-
tion and asked to participate in if eligible according to the
above criteria. Written informed consent to participate was
obtained from eligible 60 individuals who indicated an inter-
est and met the inclusion criteria.

2.3. Intervention. All participants were randomly and equally
assigned to take oral inulin, inulin+TCM formula, and inu-
lin+metformin (n = 20 per group) for 6 months. They were
instructed not to change their lifestyle, diet, and usual phys-
ical activities during the study and were contacted twice each
month for 6 months by telephone or in-home visits to mon-
itor side effects and compliance. None of the participants
complained of adverse gastrointestinal reactions. All partici-
pants returned empty or remaining allocated packets to ver-
ify compliance at the endpoint.

2.4. Data Collection. Information about demographics and
physical activity was collected from questionnaires. Physical
activity was assessed based on whether the participants exer-
cised daily. Body weight, height, waist circumference, and
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blood pressure were measured by on-site nurses. Height and
weight were measured using a calibrated height–weight
meter. Waist circumference was measured at the level of
0.5–1 cm above the navel using a tape measure. Mean blood
pressure was calculated from three reads on the same arm
after 5min of rest in a semiupright position. Fasting plasma
samples were also collected at baseline and at the end of the
study. Serum glucose, total triglycerides (TGs), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), total cho-
lesterol (T-CHOL), and uric acid (UA) were measured using
an automated analyser.

Stool samples were collected at the end of the interven-
tion period. The participants were provided with a stool col-
lection kit with instructions about the proper way to collect
stool samples. To represent the whole bacterial compo-
nents/structure, the stools were homogenized vigorously,
and one tablespoon of faecal samples was taken and placed
in a labelled sterile conical tube, placed in a biohazard bag,
delivered to the laboratory on ice, and stored at -80°C.

2.5. Metagenomic Measures

2.5.1. Extraction of Genomic DNA. The concentration and
purity of total bacterial DNA extracted from stool samples
using the CTAB/SDS method (at Novogene Bioinformatics
Technology Co. Ltd., Beijing, China) were monitored by
electrophoresis on 1% agarose gels. Samples of DNA were
then diluted to 1 ng/μL in sterile water.

2.5.2. Amplicon Generation and Purification. Bacterial geno-
mic DNA was amplified using the specific primers 515F
(GTGCCAGCMGCCGCGGTAA) and 806R (GGAC
TACHVGGGTWTCTAAT) for the V4 hypervariable
regions of the 16S rRNA gene. All polymerase chain reac-
tions (PCR) proceeded in 30μL volumes containing 15μL
of Phusion® High-Fidelity PCR Master Mix (New England
Biolabs Inc., Ipswich, MA, USA), 0.2μM forward and
reverse primers, and approximately 10ng of template
DNA. The cycling conditions comprised 98°C for 1min,
followed by 30 cycles of 98°C for 10 s, 50°C for 30 s, 72°C
for 30 s, and followed by 72°C for 5min. The PCR products
in an equal volume of 1X loading buffer (containing SYB
green) were resolved by 2% agarose gel electrophoresis. Sam-
ples with a bright main band at 400–450 bp were mixed at an
equal density and purified using Gene JET Gel Extraction
Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.5.3. Metagenomic Sequencing and Analysis. Sequencing
libraries were generated using Illumina TruSeq DNA PCR-
Free Library Preparation Kits (Illumina Inc., San Diego,
CA, USA) as described by the manufacturer, and index
codes were added. The quality of the library was assessed
using a Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific
Inc.) and an Agilent Bioanalyzer 2100 system. The library
was sequenced on an Illumina NovaSeq platform, and
250 bp paired-end reads were generated. The raw 16S rRNA
gene sequence reads were quality-filtered, merged, and clus-
tered into operational taxonomic units (OTUs) with ≥97%
similarity, and chimeric sequences were identified and
removed. Representative sequences of each OTU were

screened for further annotation. The sequencing quality of
each sample including the purity of DNA was shown in sup-
plementary table 2.

2.6. In Vitro Assay. Microplate assay and agar well diffusion
assay were performed to test the relationship between herbal
formula and specific bacteria.

2.6.1. Microplate Assay. Inoculum containing 1% Rombout-
sia, Streptococcus, or Holdemanella was placed in LB
medium (Invitrogen, #10855001), in flat-bottom 96-well
plates. Meanwhile, equal volume of inulin, inulin+TCM, or
inulin+metformin was added into the wells. The growth
kinetics was monitored by microplate reader (Tecan Infinite
M200) every two hours. Two wavelengths (700 nm and
520 nm) were used to avoid/minimize interference with
background signals.

2.6.2. Agar Well Diffusion Assay. Cream containing inulin,
inulin+TCM, or inulin+metformin was, respectively, placed
in 6mm holes on Mueller Hinton Agar plates (Thermal-
Fisher, #R01620), and after inoculating Romboutsia, Strep-
tococcus, or Holdemanella, the plates were incubated at
35°C overnight. Diameters of the clear zones around the
holes were measured and compared.

2.7. Statistical Analysis. All data were statistically analysed
using the SPSS software (version 26.0; IBM, Armonk, NY,
USA) and are expressed asmeans ± SD. Continuous and cat-
egorical variables for baseline characteristics were analysed
using t-tests and χ2 tests, respectively. Gut microbiota were
profiled on an intent-to-treat basis, regardless of whether
the participants complied or completed the study. Sequences
were analysed using the R software (version 3.5.2). Differ-
ences among groups were analysed using the Kruskal–Wallis
chi-square test. All values with p < 0:05 were deemed
significant.

3. Results

3.1. Participant Characteristics. The baseline characteristics
of the 60 participants were similar (Table 1). At the end of
the intervention, all participants were included in the
analysis.

3.2. Changes in Gut Microbiota. Among 5,382,635 usable
sequences obtained from all samples using the Illumina
NovaSeq platform, 3,899,784 were high-quality, yielding an
average of 64,996 sequences per sample. The results of the
OTU analysis showed that the numbers of bacterial species
did not change among the inulin, inulin+TCM, and inulin+-
metformin groups (p = 0:133 and p = 0:261, respectively;
Figures 1(a) and 1(b)). However, weighted principal coordi-
nate (PCoA), nonmetric multidimensional scaling (NMDS)
(Figures 1(c) and 1(d)), and weighted/unweighted UniFrac
analyses of the bacterial taxa among the three cohorts
revealed significant differences in the gut microbiota compo-
sition among the groups (p = 3:003e − 08 and p = 3:928e −
06; Figures 2(a) and 2(b)). Analysis of group similarities
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(ANOSIM) also indicated significant differences among the
three groups (R = 0:061, p = 0:013, Supplementary Figure 1).

To further confirm manipulation of the gut microbial
community in the three groups, predominant bacterial spe-
cies at the phylum, family, and genus levels were investigated
by sequencing and analysing 16S rRNA. Figure 3 shows bar
plots of relative abundance at these levels. Consistent with
previous findings, Bacteroidetes, Firmicutes, and Proteobac-
teria were the predominant phyla, followed by Actinobac-
teria. The abundance of Bacteroidetes at the phylum level
was relatively increased (p < 0:05) in the inulin than in the
other two groups (24.6% vs. 12.4% and 16.7%, respectively),
whereas that of Proteobacteria (p < 0:05) in the inulin and
TCM-treatment arms was 10.1%, 21.2%, and 9.7%, respec-
tively. Firmicutes bacteria did not significantly differ
(p > 0:05). Bacteroidaceae (p = 0:024) and Ruminococcaceae
(p = 0:017) were the most abundant families in the inulin
group, whereas Enterobacteriaceae (p = 0:017) and Veillo-
nellaceae (p = 0:013) were the most abundant in the inulin
TCM group, and Streptococcaceae (p < 0:001) was the most
abundant in the inulin+metformin group. We analysed the
top 15 genera to further evaluate modulation of the micro-
bial community at the genus level. The relative proportion
of Bacteroides was higher (p = 0:024) in the inulin than in
the other two groups, but the abundance of Romboutsia
(p = 0:043), Streptococcus (p < 0:001), and Holdemanella
(p = 0:011) was greater in inulin+TCM and inulin+metfor-
min samples, respectively.

The differential abundance among the groups was
assessed using linear discriminant analysis Effect Size
(LEfSe) assays (LDA > 4) (Figures 2(c) and 2(d)). The gut
microbiota differed among the groups; Bacteroidetes (phy-
lum), Bacteroidaceae and Ruminococcaceae (families), and
Bacteroides (genus) were more abundant in the inulin
group. Proteobacteria (phylum), Enterobacteriaceae and
Veillonellaceae (families), and Romboutsia (genus) were
dominant in the inulin+TCM group. Streptococcaceae (fam-

ily) and Streptococcus and Holdemanella (genera) were sig-
nificantly elevated in the inulin+metformin group.

Collectively, these results show similar numbers but sig-
nificant differences in the types of bacteria in the gut micro-
biota among the three groups.

3.3. Correlations between Bacterial Abundance and MetS
Risk Factors. Correlations between the abundance and pres-
ence of different bacteria and the clinical parameters of the
participants in each group were analysed to identify associa-
tions between host responsiveness and bacterial abundance.
Figure 4 summarises the results, which are detailed in the
Supplementary Figure 1.

Several associations were significant in the inulin group
(Figure 4).

Among the bacterial abundance that significantly and
positively correlated with clinical parameters, HDL levels
were closely associated with the abundance of Bacteroidetes
(r = 0:522, p = 0:018), Bacteroidaceae (r = 0:485, p = 0:03),
and Bacteroides (r = 0:485, p = 0:03). Some bacteria nega-
tively correlated with the clinical parameters in the inulin
group. For example, the abundance of Actinobacteria corre-
lated negatively with T-CHOL (r = −0:594, p = 0:005) and
LDL (r = −0:554, p = 0:011), whereas UA correlated posi-
tively (r = 0:457, p = 0:043). Similarly, the Firmicutes abun-
dance significantly and negatively correlated with HDL
(r = −0:522, p = 0:018).

Figure 4 shows the correlations between bacterial abun-
dance and clinical parameters in the inulin+TCM group.
Correlations between Romboutsia and HDL and between
Veillonellaceae and WC were negative (r = −0:644, p =
0:002 and r = −0:505, p = 0:023, respectively).

Fewer significant correlations were found between bacte-
rial abundance and clinical parameters in patients with MetS
in the inulin+metformin than in the other two groups
(Figure 4).

4. Discussion

This prospective study analysed the characteristics of the gut
microbiota and their associations with risk factors in
patients with MetS treated with various formulations. Little
is known about these characteristics and correlations; there-
fore, the specific bacteria produced and the effects of inter-
ventions on the microbiota need to be understood to
develop a basis for further investigation of optimal treat-
ments for MetS.

The LEfSe results showed that the Ruminococcaceae
family and the Bacteroides genus were more abundant in
the inulin group. The Ruminococcaceae family plays an
important role in dietary fibre degradation and is involved
in the production of SCFAs that provide energy for the
colonic epithelium and systemic nutrients [21]. SCFAs affect
glucose homeostasis, lipid metabolism, regulation of the
immune system, and the inflammatory response [22]. How-
ever, we did not identify associations between SCFAs and
MetS traits, which might be partly due to a dietary
imbalance.

Table 1: Baseline characteristics of participants (n = 20 per group).

Inulin Inulin+TCM Inulin+metformin

Age (y) 42:9 ± 13:6 48:5 ± 11:6 47:4 ± 12:1
Male sex (n %) 8 (40) 8 (40) 10 (50)

BW (kg) 75:2 ± 13:4 71:8 ± 12:8 71:9 ± 6:8
BMI (kgm-2) 26:3 ± 2:4 25:8 ± 2:9 26:4 ± 2:4
WC (cm) 91:4 ± 10:2 90:7 ± 8:0 92 ± 5:7
SBP (mmHg) 123:8 ± 10:2 126:7 ± 9:7 123:1 ± 9:8
DBP (mmHg) 86:2 ± 13:4 80:2 ± 6:4 78 ± 6:8
GLU (mmol L-1) 5:4 ± 0:5 5:8 ± 1:3 5:5 ± 0:6
TG (mmol L-1) 1.2 (0.6) 1.65 (1.19) 1.35 (0.61)

T-CHOL
(mmol L-1)

4:53 ± 0:8 4:9 ± 1:1 4:47 ± 0:8

HDL (mmol L-1) 1:3 ± 0:3 1:3 ± 0:4 1:2 ± 0:3
LDL (mmol L-1) 3:2 ± 0:8 3:3 ± 0:9 3:2 ± 0:6
UA (mmol L-1) 326:3 ± 86:1 314:5 ± 87:7 317 ± 74:2
PA (yes no.) 15 15 15
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The genus Bacteroides comprises gram-negative, obligate
anaerobic, nonmotile, nonspore forming rods that are among
the most prevalent components of the human intestinal
microbiota and important degraders of polysaccharides in
the human intestine [23]. Microorganisms in the colon can
decompose “resistant” polysaccharides that are not metabo-
lised during transit through the small intestine. Polysaccharide
derivatives with an appropriately modified structure can
improve the immunological activity of polysaccharides. They
can actively enhance immune cells and regulate the immune
function [24]. For example, sulfated polysaccharides can
improve the role of polysaccharides in macrophage phagocy-
tosis and promote the secretion of IL-6, IL-1β, and other inter-
leukins by macrophages [25].

Higher proportions of the Enterobacteriaceae and Veil-
lonellaceae families and the Romboutsia genus were associ-

ated with inulin+TCM. Some diseases are associated with a
significantly higher abundance of Enterobacteriaceae and
Veillonellaceae [26, 27]. Furthermore, both taxa were typi-
cally found together [26]. An increase in Enterobacteriaceae
in gut-associated microbial populations is a microbial signa-
ture of epithelial dysfunction [28]. The abundance of Veillo-
nellaceae is inversely associated with changes in the glucose
response and IL-6 levels after prebiotic intake [29]. Rombout-
sia, an obesity biomarker, correlates positively and signifi-
cantly with indicators of body weight (including waistline
and body mass index), serum lipids (LDL, TGs, and T-
CHOL), and UA in humans [30]. The genus Romboutsia also
correlates positively with HDL in rodent models [31].

Streptococcus and Holdemanella genera were relatively
more abundant in the inulin+metformin group. Streptococ-
cus might increase levels of folate production and serum
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folate concentrations via the upregulation of folate-mediated
one-carbon metabolism and fatty acid oxidation pathways.
This would result in rapid and dramatic reductions in liver
fat and other cardiometabolic risk factors [32]. However,
Streptococcus has been linked to the development of multi-

ple metabolic disorders, including atherosclerotic cardiovas-
cular disease [33, 34]. A relationship between Holdemanella
and sex-specific fat distribution has been identified. The
Holdemanella genus is associated positively and negatively
with android fat ratios in males and females, respectively
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[35]. Metformin is responsible for most of the gut microbi-
ota changes and metabolic improvements linked to prebiotic
intervention [36].

This study has some limitations. The magnitude of the
effects of the interventions remains uncertain because the
study cohort was extremely small to rule out the possibility
of chance findings. A wash-out period was not applied,
and therefore, previous gut bacterial features might have
impacted outcomes. Larger studies are needed to confirm
structural alterations after discrepant interventions. Changes
could be determined in experimental animals after con-
trolling for the environmental system. In terms of taxa,
we did not obtain more information about the bacterial
species that are more closely associated with physiological
roles. Interplay might occur between diet/lifestyle and the
gut microbiome and among microbiomes. The association
between gut bacteria and corresponding metabolites was
not analysed.

Interestingly, our in vitro study showed that density of
Romboutsia, Streptococcus, and Holdemanella was not
altered by the herbal formula used in this study, by microplate
assay and agar well diffusion (supplementary figure 2). This
indicated the herbal needs to be digested, either the
intermediate products or by-products induced the alteration
of gut microbiota. It would be necessary to clarify the exact
product(s) in future study.

In summary, information is insufficient to conclude the
effects of distinct interventions on MetS risk factors.
Whether ingredients in the prebiotic mix act alone or in
combination to modulate the gut microbiome remains
unclear. Further studies are needed to be conducted to clar-
ify the molecular mechanism that determine the effects of
the prebiotic mix on the human gut microbiome. However,
metabolites derived from microbiota might facilitate better
characterisation of the relationship between microbiota and
risk for MetS. The metabolic benefits associated with
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microbial alterations requires further investigation, as they
will provide insight into the roles of microbial metabolites
as potential candidate biomarkers in individuals with meta-
bolic syndrome.
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Supplementary 4. Supplementary Figure 2: In vitro assay
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In this study, the fecundity of Pomacea canaliculata was studied by collecting egg masses from Guangdong and Hunan using field
egg collection and indoor propagation. Through high-throughput RNA sequencing (RNA-seq), we analyzed the ovarian tissue of
the snails in Guangdong (G_O) and those in Hunan (H_O) using comparative analysis of transcription. Moreover, we used
bioinformatics methods to screen the key pathways and genes that affect the fecundity of snails from the two locations. Results.
The results showed that the absolute fecundity and weight-relative fecundity of Pomacea canaliculata in Guangdong were
significantly higher than those in Hunan. We found 1,546 differential genes through differential gene screening (528 genes
upregulated in snails from Guangdong and 1018 in snails from Hunan). The ribosomal signaling pathway and rpl23a, uba52
are critical pathways and essential genes that affect the fecundity of snails. Conclusions. The 27 differential genes in the
ribosome signaling pathway, collected from H_O, were all downregulated. As a result, ovarian tissue protein synthesis is
impaired, which is an important mechanism that affects snails’ ability to reproduce.

1. Introduction

Invasive species are one of the main threats to biodiversity.
Many freshwater snails are likely to damage the function
or structure of the ecosystem [1]. However, only one type
of snail is listed as one of the world’s 100 most invasive spe-
cies by the International Union for Conservation of Nature
[2]. Pomacea canaliculata, also known as apple snails, is
native to the Amazon River Basin. In the early 1980s, people
introduced it into China and other Asian countries as a
high-protein food for commercial purposes. However, they
were discarded in large quantities due to their unpalatable
taste and poor market sales. Eventually, they settled in the
natural environment. The snails seriously endanger aquatic
crops, such as rice, and xerophyte crops, such as vegetables
near waters, causing considerable losses to the agricultural
economy and a severe threat to ecological security.

The level of biological individual fecundity reflects the
adaptation characteristics of species or populations to envi-
ronmental changes, which directly affects the replenishment
and proliferation of populations [3]. The vital fecundity of
the snails provides favorable conditions for the formation
of invasion hazards [4]. A female apple snail can lay 50–
800 eggs at a time. On average, each female apple snail can
lay 13,764 eggs in its lifetime and reproduce 6,070 young
apple snails [5]. The feeding ratio of female snails is higher
than that of male snails, so more energy is introduced into
the female snail population. When food is limited, female
snails use more energy for reproduction. Only if the food
supply is reduced above 50% will the fecundity of the snails
decrease and be partially compensated for by the increased
hatching survival rate [6]. In the long-term restriction of
80% of the food supply, snails can still mature, mate, and
lay viable eggs [7]. In addition, the number of female snails
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in the snail population tends to be more than that of male
snails [5], and female snails can lay eggs multiple times after
mating once [8]. These reproductive characteristics of
Pomacea canaliculata enable them to quickly adapt to the
environment they invade where they dominate.

This study investigated Pomacea canaliculata samples
from Guangdong and Hunan. Their reproductive character-
istics were studied using field survey sampling and labora-
tory spawning. The differentially expressed genes were
enriched and analyzed based on the ovarian transcriptome
data, and genes related to reproduction were screened.
Research on the fecundity of snails can help clarify the law
of population growth and reproductive strategies, which
might provide a specific theoretical reference for predicting
its spread and provide scientific guidance for the prevention
and control of apple snails.

2. Materials and Methods

2.1. Experimental Materials. The P. canaliculata used in this
research were collected from the field. The P. canaliculata in
Guangdong were collected in rice fields in Gaoyao District,
Zhaoqing City, Guangdong Province. In contrast, the P.
canaliculata in Hunan were collected from ponds in Furong
District, Changsha City, Hunan Province. The two snail
breeds were separately reared in aquariums at room temper-
ature according to sex (i.e., male and female). The water in
the box was tap water aired outdoors for two days and fed
with cabbage. The experiment was reviewed and approved
by the Ethics Committee of Hunan Agricultural University,
and it followed all the principles of care and use of labora-
tory animals.

2.2. Determination of the Reproductive Ability of Snails

2.2.1. Determination of the Reproductive Ability of Snails in
the Field. In October 2020, we randomly collected 30 com-
plete egg masses of snails from the collection sites of snails
in Guangdong and Hunan. To avoid damaging the collected
samples, we took them out together with the attachments of
the snail egg masses and brought them back to the labora-
tory. We then soaked them in a 2% sodium hydroxide solu-
tion until the eggs were separated from the attachments,
which helped us count the number of eggs.

2.2.2. Determination of the Reproductive Ability of Snails
under Laboratory Conditions. Using a plastic bucket
(D24 cm ∗H60 cm) as the experimental container, we put
the snails from Guangdong and Hunan together for single-
pair mating. First, we selected snails with normal vitality
and no damage to their body surfaces. Then, we absorbed
the water on their body surfaces using gauze and measured
their mass (W, g). Finally, we placed male and the female
pair in the experimental barrel for single-pair mating. Each
mating group had three repetitions. The experiment lasted
one month. We used cabbage as bait, changed the water
every two days, kept the water temperature in the biochem-
ical incubator at 25 ± 1°C, and covered the bucket’s mouth
with gauze to prevent the snails from escaping. We also
observed the living conditions of snails every day and

recorded the date and number of spawning eggs. When the
surface of the egg mass became hard while the connection
between it and the attachment was still wet, we gently peel
it off with a small blade. We then soaked it in a 2% sodium
hydroxide solution until the egg pieces were entirely dis-
persed, allowing us to count the number of egg particles.

2.3. RNA Extraction and Transcriptome Sequencing. This
study took female apple snails for transcriptome sequencing
from that had completed spawning. After dissection of the
snail, the ovarian tissue was rapidly excised, snap-frozen in
liquid nitrogen, and stored at -80°C for RNA extraction.
We named snails in Guangdong G_O and snails in Hunan
H_O. We generated three biological replicates of snails in
each area. The total RNA was extracted with an RNA extrac-
tion kit, and an Agilent 2100 bioanalyzer detected the quality
and concentration of the total RNA. Novogene Co., Ltd.
constructed the sequencing library, and transcriptome
paired-end sequencing was performed using the Illumina
HiSeq2500 platform.

2.4. Screening Differential Genes.We obtained clean reads by
removing the sequences containing linkers and low-quality
sequences from the original sequence data. The reference
genomes were downloaded from the NCBI database and
aligned with the Tophat software. The DESeq2 R software
was used to screen for differential expression of genes, and
differential genes were defined as FDR < 0:05 and FC > 2.

2.5. GO Function Annotation of Differential Genes and
Enrichment Analysis of the KEGG Pathway. The study also
used the Cytoscape plug-in ClueGo + Cluepedia to analyze
the differential genes GO (gene ontology) and KEGG (Kyoto
encyclopedia of genes and genomes). The analysis parameter
setting adopts the software default setting, the network spec-
ificity selection is medium, and the result is displayed when
p < 0:05.

2.6. Analysis of the Protein Interaction Network of
Differential Genes. The study used the STRING online anal-
ysis software for the protein-protein interaction network
analysis of differential genes. In order to make the related
protein interaction network closer to the real functional
state, only the nodes with interaction score greater than 0.9
were retained, and the nodes with failed gene symbol identi-
fication were deleted. The protein interaction network was
visualized using the Cytoscape software, and the network
topology was analyzed using the CytoHubba plug-in to
screen out hub genes.

2.7. Statistical Analysis. We processed the data using the
Microsoft Excel 2016 software, and the results were
expressed as Mean ± StandardDeviation. Moreover, we also
used the SPSS 26 and a one-way analysis of variance
(ANOVA) to analyze the differences between groups
(p < 0:05). The calculation formula is absolute fecundity =
eggs/eggmass; relative weight fecundity = eggs/weight.
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3. Results

3.1. Comparison of the Reproductive Ability of Snails. The
experimental results conducted on snails from Guangdong
and Hunan are shown in Table 1. The results show signifi-
cant differences in the absolute fecundity of Pomacea canali-
culata in Guangdong and Hunan. In addition, there is no
significant difference in the number of egg-laying snails in
Guangdong and Hunan. However, there were substantial
differences in the number of eggs and relative weight and
fecundity (see Table 2).

The same letter indicates that the difference is not signif-
icant, and the different letter suggests that the difference is
significant (p < 0:05).

The exact number and letters in the same column indi-
cate that the difference is insignificant, and different letters
indicate a significant difference (p < 0:05).

3.2. Assessing Sequencing Data Quality. After processing the
sequencing data, we obtained 312,760,252 clean reads. Based
on the data, the clean bases of each sample were above 7.23
Gb, while the mapped ratio was above 80%. The comparison
ratio with the reference genome was between 80.51% and
85.91%, and the unique comparison ratio was higher than
77.91% (see Table 3).

3.3. Screening of Differentially Expressed Genes. Comparing
G_O and H_O through differential expression analysis,
1,546 differentially expressed genes were obtained. Com-
pared with H_O, there were 528 genes upregulated and
1018 genes downregulated in G_O. From the volcano map
of differentially expressed genes from G_O vs. H_O
(Figure 1), we can quickly see that the farther the deviation
from 0 is for the x-axis, the more significant the considerable
difference in expression. For the y-axis, the larger the value,
the smaller the probability of false positives, and the more
reliable the result.

3.4. Differential Gene GO Function Enrichment and KEGG
Pathway Analysis. The 66 GO entries in 5 KEGG channels
are divided into 12 groups and connected by 144 edges.
The most important terms include GO:0005507 copper ion
binding (p = 0:00764, enrichment number 7), dre00480 Glu-
tathione metabolism (p = 0:01249, enrichment number 7),
GO:1901564 organonitrogen compound metabolic process

Table 3: Comparison results of clean reads and reference genomes.

Sample
number

Total
reads

Clean
bases/
G

Mapped
ratio/%

Uniq
mapped
reads

Uniq
mapped
ratio/%

G_O1 55420990 8.31 85.91 46567375 84.02

G_O2 48191858 7.23 85.34 40141606 83.3

G_O3 49830396 7.47 84.77 41284342 82.85

H_O1 54695332 8.2 81.06 43277495 79.12

H_O2 53698116 8.05 80.51 41838227 77.91

H_O3 50923560 7.64 83.9 41248544 81.0
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Figure 1: Volcano plot of differentially expressed genes. The red
dots in the volcano map indicate upregulated genes, green dots
indicate downregulated genes, and blue dots indicate indifferent
genes.

Table 2: Relative fecundity of Pomacea canaliculata in Guangdong and Hunan.

Area Weight (g) Egg masses Eggs Relative weight fecundity (eggs/weight)

Guangdong 23:92 ± 2:22a 3:67 ± 1:15a 653:33 ± 60:12a 27:59 ± 4:67a

Hunan 27:51 ± 18:36a 1:67 ± 0:58a 246:33 ± 20:55b 11:80 ± 6:80b

Table 1: Absolute fecundity of Pomacea canaliculata in Guangdong and Hunan.

Area Absolute fecundity (eggs/egg mass) Range

Guangdong 282:34 ± 125:92a 69-799

Hunan 163:52 ± 80:87b 54-340
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(p = 0:002356, enrichment number 49), and GO:0004725
protein tyrosine phosphatase activity (p = 0:01875, enrich-
ment number 9),

GO:0030414 peptidase inhibitor activity (p = 0:00693,
enrichment number 13), GO:0020037 heme-binding
(p = 0:01557, enrichment number 22), dre03008 ribosome
biogenesis in eukaryotes (p = 2:07 × 10−7, enrichment num-
ber 17), GO:0004222 metalloendopeptidase activity
(p = 0:00018, enrichment number 16), GO:0043603 cellular
amide metabolic process (p = 0:00001, enrichment number
33), GO:0008509 anion transmembrane transporter activity
(p = 0:00380, enrichment number 10), GO:0061134 pepti-
dase regulator activity (p = 0:00693, enrichment number

13), dre03010 Ribosome (p = 1:51 × 10–9, enrichment num-
ber 27) (See Figure 2). Among the three marked pathways,
dre03010 Ribosome has the highest degree of enrichment.
Note that the 27 differential genes in the ribosomal pathway
are all upregulated. Their expression levels were upregulated
by at least two times and the most upregulated by 2.8 times
(see Figure 3).

3.5. Analysis of the Protein Interaction Network. Based on the
STRING online database and Cytoscape software, we have
drawn a protein-protein interaction network diagram that
includes 112 differential genes (24 downregulated and 88
up-regulated) and 608 protein-protein interaction networks,
as shown in Figure 4. The larger the node, the more interac-
tive the relationship with other nodes. As shown in Figure 4,
mrto4, rpl23a, uba52, and rpl3 are the most prominent
nodes. To identify potential hub genes in the network, the
Cytoscape plug-in, CytoHubba, used six algorithms to calcu-
late and screen the protein–protein interaction network and
select the top 10 genes of each algorithm (Table 4). The
results of all topological measurements have a relatively high
degree of overlap. We used the Venn diagram to intersect
the results obtained by the six algorithms and finally screen

Figure 2: Network of enriched GO terms and KEGG pathways. The circle represents BP, the diamond represents MF, the quadrilateral
represents CC, and the arrow represents the pathway. Based on the kappa score level (≥0.1), the term is used as a functional grouping
network of connecting nodes. For each group, the size of the nodes indicates their importance, and the largest node size represents the
most critical path.

LOC112575108 rps5
LOC112554542 rpl17
LOC112562381 rps2
LOC112558755 rpl10
LOC112571429 rpsa
LOC112563370 rpl6
LOC112569194 uba52
LOC112565510 rpll0a
LOC112559874 rps16
LOC112561712 rplp1
LOC112560291 rpl12
LOC112575128 rpl7a
LOC112554162 rpsl7
LOC112562029 rpl23a
LOC112565009 rpl27
LOC112560435 rpl15
LOC112571949 rpl3
LOC112560084 rpl31
LOC112560335 rps3a
LOC112573574 rps7
LOC112576312 rps24
LOC112566670 mrpl19
LOC112553909 rpl4
LOC112559374 rpsl1
LOC112560432 rpl32
LOC112557060 rpl18
LOC112563714 mrpsl8c

2

3

Figure 3: Expression profile of differentially expressed genes
annotated with ribosomal signaling pathways. The bar’s color
represents the fold of upregulation of the corresponding gene.
The darker the color, the larger the value, indicating that the fold
of the gene is upregulated.

Figure 4: Protein-protein interaction network of differentially
expressed genes. Each node represents the protein corresponding
to the differentially expressed gene (green means downregulation,
while red means upregulation). The edges represent the
interactions between the proteins.
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out uba52 and rpl23a, as shown in Figure 5. These two genes
have a more robust interaction relationship than other genes
in the entire protein–protein interaction network. They may
play a more critical role in the reproduction process than
other genes.

4. Discussion

P. canaliculata was introduced into Guangdong for breeding
in the early 1980s [9]. Then, in the early 1990s, they were
introduced across multiple provinces and cities, with the dis-
tribution area gradually extending to Hunan and other
places. The reproduction of apple snails is affected by tem-
perature [10, 11]. The suitable temperature for breeding
and hatching is 22-32°C, and the eggs usually cannot hatch
after the temperature is lower than 15°C. Since the annual
average temperature in Guangdong Province is about 19-
24°C, and the average temperature in January is about 16-
19°C, apple snails can reproduce in Guangdong three gener-
ations a year [8]. Meanwhile, since the annual average tem-
perature in Hunan Province is 16-18.5°C, and the average

temperature in January is about 4-7°C, apple snails cannot
reproduce for three generations a year in Hunan because
of low temperature. Apple snails consume energy to adapt
to a low-temperature environment, so their energy for
reproduction is reduced, which means their fecundity is
lower than that of apple snails in Guangdong.

The reproductive characteristics of apple snails show
huge differences between populations, partly due to pheno-
typic plasticity and partly due to genetic variation [12, 13].
The reproduction of snails is a complex process involving
many genes. In this study, 1,546 genes were identified by
analyzing G_O and H_O. The results of the KEGG enrich-
ment analysis based on differential genes and protein inter-
action network analysis showed that the ribosomal
pathways of rpl23a and uba52 and two ribosomal-related
pivot genes are essential pathways and key genes that affect
the reproductive ability of apple snails.

Ribosomes are important sites for protein synthesis. The
ribosomes of eukaryotes are composed of 60S large subunits
and 40S small subunits. A 60S large subunit consists of three
rRNA molecules (25SrRNA, 5.8SrRNA, and 5SrRNA) and
46 proteins, while the 40S small subunit includes one rRNA
(18SrRNA) and 33 proteins [14–16]. Ribosomal Protein
(RP) is a collective term for all proteins forming ribosomes.
It is widely distributed in various tissues and forms ribo-
somes together with ribonucleic acid. It plays a vital role in
protein biosynthesis. Many ribosomal proteins form ribo-
somes, participate in protein biosynthesis, and have func-
tions independent of protein biosynthesis. Studies have
shown that ribosomes are closely related to cell growth, dif-
ferentiation, and embryonic development [17, 18]. In this
experimental study, the differential genes involved in the
ribosomal signaling pathway in the H_O were all downreg-
ulated, 23 of which were ribosomal protein genes. The
downregulation of ribosomal protein genes will reduce the
production of corresponding ribosomal proteins, thereby
reducing the number of ribosomes in the cell. This fact indi-
cates that the ovaries of apple snails in Hunan Province, due
to the downregulation of differential gene expression, affect
the protein biosynthesis of ovarian tissues, thereby affecting
the normal physiological functions of the ovaries and show-
ing poor reproductive ability.

Table 4: Top 10 hub genes obtained by different algorithms.

Gene Degree Gene Closeness Gene MCC Gene Betweenness Gene Stress Gene MNC

mrto4 39 mrto4 56.83333 rpl23a 9.223e13 mrto4 1351.4171 mrto4 11736 mrto4 39

rpl23a 32 rpl23a 51.25 rps11 9.223e13 nhp2l1a 867.04406 nsa2 4822 rpl23a 31

uba52 30 uba52 50.83333 rpl15 9.223e13 uba52 735.93096 fbl 3334.0 rpl3 30

rpl3 30 rpl3 50.25 rpl18 9.223e13 nsa2 480.52399 rpl23a 3232.0 rps11 29

rps11 29 rps11 49.91667 rpl3 9.223e13 dkc1 388.92945 nhp2l1a 2786.0 rpl15 28

rpl15 28 nsa2 49.75 rpl4 9.223e13 fbl 365.27046 uba52 2644.0 rps2 28

rpl4 28 rpl15 49.41667 rpl10a 9.223e13 nop56 331.98893 nop56 2312.0 uba52 28

rps2 28 rpl4 48.75 rps2 9.223e13 rpl23a 327.47269 pes 2286.0 rpl4 28

rpsa 27 rpl2 48.75 uba52 9.223e13 gnb2l1 302.95149 dkc1 2178.0 rpl10a 27

rps7 27 rpl10a 48.25 rpl31 9.223e13 pes 164.6678 rpl3 2074.0 rpl18 27

Betweenness

MCC

Closeness

Degree

MNC

Stress
0

1

1

10

2

2

Figure 5: Venn diagram of hub genes obtained using different
algorithms. The number marked in the center represents the
number of hub genes obtained by the intersection of the six
algorithms.
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The rpl23a (ribosomal protein l23a) gene encodes a ribo-
somal protein, which is a component of the 60S subunit. As
an indispensable part of eukaryotic ribosomes, the rpl23a
gene can improve the catalytic ability of rRNA to synthesize
proteins [19], and it plays a vital role in protein synthesis,
folding, and arrangement [20]. Uba52 (ubiquitin a-52 resi-
due ribosomal protein fusion product 1) gene is an essential
member of the ubiquitin family. Ubiquitin is a small protein
with 76 amino acids and about 8.6 kDa. It is ubiquitous and
highly conserved in eukaryotes. Ubiquitin can play a crucial
role in tissue remodeling and development, gametogenesis
and maturation, fertilization, and early pregnancy through
the ubiquitin-proteasome pathway (UPP) [21]. Kobayashi’s
research on mouse embryos confirmed that uba52 regulates
ribosomal protein complexes and simultaneously provides
rpl40 and ubiquitin to ribosomes. Uba52-deficient mice die
during embryogenesis, indicating that uba52 can maintain
embryos’ developmental function [22]. Mao et al. found that
the uba52 gene is essential for early embryogenesis in
pigs [23].

By comparing the transcriptome and bioinformatics
analyses of G_O and H_O, we predict that the ribosome sig-
naling pathway may be closely related to snail reproduction.
In addition, we determined that rpl23a and uba52 genes play
an essential role in snail reproduction. Of course, the specific
mechanisms and functions of these pathways and genes
need to be verified through many biological experiments to
provide solid evidence for understanding the reproductive
mechanism of Pomacea canaliculata.
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Objectives. Current evidence on the associations between Helicobacter pylori (H. pylori) infection and bone mineral density (BMD)
is conflicting. Therefore, a nationally representative sample of adults was analyzed to investigate the associations of H. pylori
seropositivity and BMD in this study. Methods. A retrospective cross-sectional study was conducted with 2555 subjects aged
40-85 years in the US National Health and Nutrition Examination Survey (NHANES) 1999–2001. Multivariable logistic
regression models were performed to evaluate the associations between H. pylori seropositivity and BMD. Subgroup analyses
stratified by sex, age, race, and body mass index (BMI) were performed. Results. No association was found between H. pylori
seropositivity and BMD (β = 0:006, 95% CI: -0.003 to 0.015, P = 0:177). In the subgroup analyses stratified by age, a positive
association was observed between the H. pylori seropositivity and total BMD among subjects aged 40-55 years (β = 0:018, 95%
CI: 0.004 to 0.033, P = 0:012); in the subgroup analyses stratified by sex, a positive association was observed between the H.
pylori seropositive and total BMD in male (β = 0:019, 95% CI: 0.007 to 0.032, P = 0:003); in the subgroup analyses stratified by
age and sex, the total BMD was higher in men aged 40-55 years with H. pylori seropositive than those with H. pylori
seronegative (β = 0:034, 95% CI: 0.013 to 0.056, P = 0:002). Conclusions. In conclusion, no association between H. pylori
seropositive and total BMD was demonstrated among most middle-aged and elderly adults. H. pylori infection may not be one
key factor in the loss of BMD.

1. Introduction

Helicobacter pylori (H. pylori) is the most common chronic
bacterial colonizing the human stomach. H. pylori infection
is prevalent [1], with a prevalence of approximately 35.6%
in the United States [2]. H. pylori infection has been well
known to be associated with a variety of gastric diseases,
including chronic gastritis, peptic ulcers, gastric cancer,
and mucosa-associated lymphoid tissue lymphoma [3]. Fur-
thermore, several extra gastric disorders have also been
proven to be associated with H. pylori infection, such as met-
abolic, neurological, and cardiovascular diseases [4].

Osteoporosis is a silent health problem characterized by
deterioration of bone structure due to low bone mineral den-
sity (BMD) and disruption of bone homeostasis [5]. As one

of the most common metabolic bone diseases worldwide,
osteoporosis mostly affects middle-aged and elderly popula-
tions [6]. Patients with osteoporosis are susceptible to bone
fragility and osteoporotic fractures, and the occurrence of
these fractures affects morbidity, mortality, and quality of
life, making osteoporosis a growing health and health-
economic problem worldwide [7, 8]. Therefore, understand-
ing the risk factors is essential for the prevention, early diag-
nosis, and management of osteoporosis.

It is reported that H. pylori infection can induce inflam-
matory and immune reactions in individuals, which may
modulate bone turnover [9]. However, evidence for the asso-
ciation between H. pylori infection and BMD is limited and
controversial [10, 11]. Therefore, to investigate the associa-
tion between H. pylori seropositivity and BMD, a
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population-based sample from the National Health and
Nutrition Examination Survey (NHANES) was analyzed in
this study.

2. Materials and Methods

2.1. Study Population. The NHANES is a representative sur-
vey of the national population of US, providing multitudi-
nous information about the nutrition and health of the
general US population using a complex, multistage, and
probability sampling design [12]. Data for this study was
obtained from the 1999–2001 continuous cycle of the US
NHANES dataset. The number of subjects in this cycle was
9965. After excluding subjects without information on labo-
ratory and demographic variables, 2555 subjects were finally
included for analyses. The sample selection flow chart is pre-
sented in Figure 1.

2.2. Variables. In this study, the dependent variable was H.
pylori seropositivity, and the targeted independent variable
was total BMD. H. pylori seropositivity was measured by
the Wampole Laboratories H. pylori IgG Enzyme-Linked
Immunosorbent Assays (ELISA). For each specimen,
immune status ratio values of >1.1 and <0.9 were considered
as seropositive and seronegative, respectively, whereas 0.9–
1.1 were an equivocal value [13]. Subjects with equivocal
values were excluded to prevent misleading statistical out-
comes in this study. The measurements of total BMD were
determined by DEXA scans. For covariates, sex, race, educa-
tional level, physical activity, body mass index (BMI), smok-
ing behavior, and other disease status were used as
categorical variables; age, poverty to income ratio, days drink

in year, serum uric acid, total calcium, blood urea nitrogen,
serum creatinine, total cholesterol, bone alkaline phospha-
tase, and dietary calcium intake were used as continuous
variables. More detailed information on H. pylori seroposi-
tivity, total BMD, and the covariates is publicly available at
http://www.cdc.gov/nchs/nhanes/.

2.3. Statistical Analysis. The design of complex sampling strat-
egies and appropriate weight were incorporated in all analyses.
Weightedmultivariate linear regressionmodels were performed
to evaluate the associations betweenH. pylori seropositivity and
total BMD. The other variables were considered potential effect
modifiers. For continuous variables, the weighted linear regres-
sionmodel was used to calculate the differences among different
groups. For categorical variables, the weighted chi-square test
was used. All analyses were conducted in R (http://www.R-
project.org, The R Foundation) and EmpowerStats software
(http://www. http://empowwerstats.com/, X&Y Solutions, Inc.,
Boston, MA).

3. Results

3.1. Characteristics of Included Subjects. A total of 2555 sub-
jects were included in final analyses, of which 1263 (49.43%)
subjects were H. pylori seronegative and 1292 (50.57%) sub-
jects were H. pylori seropositive. In these two groups, race,
educational level, income poverty ratio, physical activity,
days drink in year, smoking behavior, diabetes status, serum
creatinine, bone alkaline phosphatase, dietary calcium
intake, and total BMD were significantly different (P < 0:05
). More details are presented in Table 1.

Excluded (n = 6780)
Age < 40

With H pylori serology data
(n = 2677)

Excluded (n = 508)
Missing data for H pylori

serology

With total BMD data
(n = 2634)

Excluded (n = 33)
Missing data for BMD

Excluded (n = 79)
Equivocal optical values

of serology
Analytical sample

(n = 2555)

Total participants from NHANES
1999-2001
(n =9965)

Individuals age ≥ 40
(n = 3185)

Figure 1: The sample selection flow chart.
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Table 1: Weighted characteristics of included subjects.

H. pylori seronegative (n = 1263) H. pylori seropositive (n = 1292) P value

Age (years) 60:493 ± 13:239 61:158 ± 12:959 0.200

Sex (%) 0.433

Male 48.219 49.768

Female 51.781 50.232

Race (%) <0.001
Non-Hispanic white 67.379 27.941

Non-Hispanic black 12.747 22.755

Mexican American 14.727 38.854

Other races 5.146 10.449

Educational level (%) <0.001
Less than high school 26.920 59.211

High school 25.178 17.492

College graduate or above 47.902 23.297

Ratio of family income to poverty 6:821 ± 2:856 5:794 ± 2:568 <0.001
Body mass index (100%) 0.398

Undernutrition 2.142 1.208

Normal 30.038 29.890

Overweight 35.224 35.551

Obese 32.596 33.351

Smoking behavior (%) 0.044

None 48.614 47.988

Past 35.154 32.198

Current 16.231 19.814

Days drink in year 96:090 ± 97:198 79:335 ± 78:680 <0.001
Physical activity (MET-based rank) (100%) <0.001

0 24.149 38.313

1 32.225 30.186

2 16.706 11.842

3 26.920 19.659

Any hypertension (%) 0.197

None 57.641 55.108

Yes 42.359 44.892

Any diabetes (%) <0.001
None 86.936 81.115

Yes 13.064 18.885

Any coronary artery disease (%) 0.774

None 94.458 94.195

Yes 5.542 5.805

Serum uric acid (mg/dL) 5:408 ± 1:558 5:462 ± 1:637 0.389

Total calcium (mg/dL) 9:349 ± 0:898 5:462 ± 1:637 0.255

Blood urea nitrogen (mg/dL) 15:777 ± 6:508 15:630 ± 6:294 0.563

Serum creatinine (μmol/L) 1:419 ± 0:470 1:454 ± 0:515 0.070

Total cholesterol (mg/dL) 203:684 ± 42:647 204:084 ± 43:037 0.813

Bone alkaline phosphatase (mg/dL) 362:894 ± 85:213 372:056 ± 83:924 0.006

Dietary calcium intake (mg) 795:699 ± 493:174 671:269 ± 505:352 <0.001
Total bone mineral density (g/cm2) 1:088 ± 0:130 1:074 ± 0:129 0.007

Mean ± SD for continuous variables: P value was calculated by a weighted linear regression model. % for categorical variables: P value was calculated by a
weighted chi-square test.
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3.2. Association between H. pylori Seropositivity and
Total BMD

3.2.1. Multiple Regression Model. Three weighted univariate
and multivariate linear regression models were constructed:
model I, unadjusted; model II, age, sex, and race that were
adjusted; and model III, covariates presented in Table 1 that
were adjusted. In the unadjusted model, a negative associa-
tion was found between H. pylori seropositivity and total
BMD (β = −0:015, 95% CI: -0.025 to -0.006, P = 0:001).
However, after variable adjustments, the association between
H. pylori seropositivity and total BMD was not significant in
model II and model III. Details are presented in Table 2.

3.2.2. Subgroup Analyses. In the subgroup analyses stratified
by age, a positive association was observed between the H.
pylori seropositivity and total BMD among subjects aged
40-55 years (β = 0:018, 95% CI: 0.004 to 0.033, P = 0:012);
however, the total BMD was not related to H. pylori seropos-
itivity in other groups. In the subgroup analyses stratified by
sex, a positive association was observed between the H.
pylori seropositive and total BMD in male (β = 0:019, 95%
CI: 0.007 to 0.032, P = 0:003); however, the total BMD was
not related to H. pylori seropositivity in female. In the sub-
group analyses stratified by race and BMI categories, no
association was found between H. pylori seropositivity and
total BMD. Details are presented in Table 2.

In the subgroup analysis by age and sex, a positive asso-
ciation was observed between the H. pylori seropositivity
and total BMD in male aged 40–55 years (β = 0:034, 95%

CI: 0.013 to 0.056, P = 0:002); however, no association was
found between H. pylori seropositivity and total BMD in
female aged 40–55 years. Moreover, in the groups of age
over 55 years, no association was found between H. pylori
seropositivity and total BMD neither male nor female.
Details are presented in Table 3.

4. Discussion

The purpose of this study was to explore the associations
between H. pylori seropositivity and total BMD using the
data from NHANES. In summary, no association was found
between H. pylori seropositivity and total BMD among most
middle-aged and elderly adults. However, in the subgroup
analyses stratified by age, a positive association was observed
between the H. pylori seropositivity and total BMD among
subjects aged 40-55 years; in the subgroup analyses stratified
by sex, a positive association was observed between the H.
pylori seropositive and total BMD in male; in the subgroup
analyses stratified by age and sex, the total BMD was higher
in men aged 40-55 years with H. pylori seropositive than
those with H. pylori seronegative.

Osteoporosis, as one of the metabolic bone diseases, is
characterized by constant loss of BMD. It is important to
understand the risk factors for BMD loss, which can help
in the prevention, early diagnosis, and management of oste-
oporosis. H. pylori has been coevolved with humans over
50,000 years. Infection with H. pylori is a common risk fac-
tor for susceptibility to metabolic diseases; however, the
association between H. pylori infection and BMD is limited

Table 2: Association of H. pylori seropositive and total bone mineral density.

Effect modifier Model I (β, 95% CI, P) Model II (β, 95% CI, P) Model III (β, 95% CI, P)

Total -0.015 (-0.025, -0.006) 0.001 -0.002 (-0.011, 0.007) 0.665 0.006 (-0.003, 0.015) 0.177

Age groups

40-55 years (n = 977) -0.001 (-0.016, 0.013) 0.850 0.004 (-0.011, 0.019) 0.590 0.018 (0.004, 0.033) 0.012

~70 years (n = 921) -0.019 (-0.035, -0.003) 0.0188 -0.014 (-0.029, 0.001) 0.064 -0.010 (-0.025, 0.004) 0.169

~85 years (n = 657) 0.007 (-0.012, 0.026) 0.487 0.008 (-0.008, 0.023) 0.329 0.009 (-0.007, 0.024) 0.257

Sex

Male (n = 1252) 0.002 (-0.011, 0.015) 0.746 0.013 (-0.000, 0.026) 0.056 0.019 (0.007, 0.032) 0.003

Female (n = 1303) -0.031 (-0.044, -0.018) <0.001 -0.014 (-0.025, -0.002) 0.023 -0.002 (-0.014, 0.009) 0.730

Race

Non-Hispanic White (n = 1212) -0.023 (-0.039, -0.007) 0.004 -0.003 (-0.016, 0.010) 0.655 0.008 (-0.005, 0.021) 0.237

Non-Hispanic Black (n = 455) -0.019 (-0.043, 0.006) 0.131 -0.018 (-0.039, 0.003) 0.100 -0.013 (-0.035, 0.008) 0.230

Mexican American (n = 688) 0.006 (-0.013, 0.025) 0.514 -0.004 (-0.020, 0.013) 0.672 0.003 (-0.014, 0.020) 0.703

Other races (n = 200) 0.018 (-0.013, 0.049) 0.256 0.024 (-0.004, 0.051) 0.089 0.015 (-0.010, 0.041) 0.244

BMI categories

Undernutrition (n = 36) -0.081 (-0.199, 0.037) 0.188 0.020 (-0.093, 0.134) 0.728 -0.000 (-0.282, 0.281) 0.997

Normal (n = 695) -0.015 (-0.034, 0.004) 0.131 0.001 (-0.017, 0.018) 0.951 0.017 (-0.001, 0.035) 0.064

Overweight (n = 953) -0.010 (-0.026, 0.006) 0.234 0.005 (-0.009, 0.019) 0.515 0.007 (-0.007, 0.022) 0.304

Obese (n = 871) -0.023 (-0.039, -0.007) 0.0056 -0.008 (-0.022, 0.006) 0.270 -0.003 (-0.017, 0.011) 0.668

Model I: no covariates were adjusted; model II: age, sex, and race were adjusted; model III: age, sex, race, educational level, body mass index, ratio of family
income to poverty, physical activity, smoking behavior, hypertension status, diabetes status, coronary artery disease status, serum uric acid, total calcium,
blood urea nitrogen, serum creatinine, total cholesterol, bone alkaline phosphatase, and dietary calcium intake were adjusted.
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and controversial. In most studies [14–21], no association
between H. pylori infection and BMD or osteoporosis was
observed, which is consistent with our observation. Recently,
a meta-analysis including 1321 adults without other causes
of osteoporosis or pathological bone disease at baseline
showed that H. pylori infection was not associated with oste-
oporosis (OR = 1:49, 95% CI: 0.88 to 2.55) [11]. However,
another pooled study [10] including 9655 subjects came to
the opposite conclusion that H. pylori infection was associ-
ated with increased odds of osteoporosis (OR = 1:39, 95%
CI: 1.13 to 1.71). Notably, as acknowledged by the authors,
the reference value of the results needs to be further vali-
dated due to the heterogeneity of the included studies. Thus,
heterogeneity between these studies, including differences in
the study design, study simple, and the controlled confound-
ing variables, may explain the controversial findings. In this
study, a nationally representative sample of US was used, so
the findings are highly relevant to the whole population.
Additionally, we further performed subgroup analyses for
more appropriate representation of the dataset as recom-
mended by the STROBE statement [22], and a special group
was found; that is, a positive association was found between
H. pylori seropositive and total BMD in male aged 40–55
years. As recently reported, sex and age are also predictors
of H. pylori infection and BMD [9]. Furthermore, an inter-
esting finding was reported; that is, 63.6% studies conducted
in Eastern countries have observed an association between
H. pylori infection and BMD status, whereas only 22.2%
studies conducted in Western countries have observed such
association [9]. The difference in the prevalence of H. pylori
infection (about 30% in developed countries and up to 80%
in developing countries) seems to contribute to the under-
standing of these findings [20].

The mechanism by which H. pylori infection increases
the risk of osteoporosis and fracture remains to be elucidated
in detail. Based on the evidence available to date, several
potential mechanisms may underlie the association between
H. pylori infection and osteoporosis. First, proinflammatory
cytokines can act on mesenchymal stem cells and osteoclast
precursors to enhance osteoclast-mediated bone resorption
[23]. It was reported that high levels of circulating inflam-
matory markers were associated with increased bone loss
or increased fracture risk [24, 25]. Therefore, it is likely that
H. pylori increases the risk of osteoporosis by promoting an
inflammatory response to produce proosteoclastogenic cyto-
kines such as TNFα, IL-1, IL-6, and IL-8 [23]. Second, H.
pylori infection was associated with reduced levels of estro-

gen, total estradiol, free estradiol, and bioavailable estradiol
in both genders [26]. It was found that decreased estrogen
production was associated with a sustained increase in the
spontaneous secretion of osteoclastogenic cytokines by T
cells, mononuclear cells, and bone marrow stromal cells,
leading to net bone loss with increased bone resorption
and decreased bone formation [27]. Third, chronic H. pylori
infection may be associated with gastric mucosal atrophy.
Atrophy of the gastric mucosa can inhibit acid secretion
and thus affect calcium absorption and consequently
adversely affect bone mass [15]. However, a recent cross-
sectional study of 268 healthy men showed that decreased
bone mineral density was not associated with H. pylori-asso-
ciated estradiol levels or gastric mucosal atrophy [21]. Simi-
larly, the chronic use of proton pump inhibitors for
treatment for gastroduodenal mucosal injury may result in
low levels of gastric acid, which is believed to impair calcium
solubility and lead to malabsorption, thereby exacerbating
bone mineral density loss secondary to hypocalcemic hyper-
parathyroidism, osteoclast activation, and bone resorption
[28, 29]. Overall, the current available data are equivocal,
and further mechanistic studies are still necessary.

To the best of our knowledge, this is the first study to
explore the association between H. pylori seropositive and
BMD using the data from NHANES. The NHANES features
a rigorous sampling design from the national population of
US, high-quality research measurement, detailed quality con-
trol procedures, and a more representative population. How-
ever, limitations must be acknowledged. First, all data in
NHANES are cross-sectional; this study cannot draw the
causal relationship between H. pylori seropositive and total
BMD. Second, the bias caused by other potential confounding
factors that did not be adjusted in this study is not excluded.
Furthermore, this study did not include the inflammation sta-
tus of the subjects, which can possibly explain the relationship
between H. Pylori seropositive and bone health.

5. Conclusion

In conclusion, no association between H. pylori seropositive
and total BMD was demonstrated in our study. H. pylori
infection may not be one key factor in the loss of BMD.

Abbreviations

H. pylori: Helicobacter pylori
BMD: Bone mineral density

Table 3: Total bone mineral density stratified by race and age.

Helicobacter pylori infection
Total bone mineral density (g/cm2) (β, 95% CI, P)

40-55 years 56~70 years 71~85 years

Male 0.034 (0.013, 0.056) 0.002 -0.001 (-0.022, 0.020) 0.907 0.010 (-0.014, 0.015) 0.907

Female 0.005 (-0.014, 0.023) 0.616 -0.011 (-0.031, 0.009) 0.285 0.008 (-0.014, 0.029) 0.485

Adjusted for age, sex, race, educational level, body mass index, ratio of family income to poverty, physical activity, smoking behavior, hypertension status,
diabetes status, coronary artery disease status, serum uric acid, total calcium, blood urea nitrogen, serum creatinine, total cholesterol, bone alkaline
phosphatase, and dietary calcium intake.
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NHANES: National Health and Nutrition Examination
Survey.
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