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Abstract: Most pharmacotherapeutic chemicals/interventions used to manage preterm
labor (PTL) often cause neonatal morbidity and maternal adverse reactions. Fructooligosac-
charides, extracted from traditional Chinese medicine, can alleviate inflammation, demon-
strate antiviral capabilities, and protect against antioxidant stress, implying a potential
effective PTL treatment. In this study, we explored the protective effects of the purified bur-
dock fructooligosaccharide (BFO), a Gfn-type fructose polymer, on inflammation-induced
PTL. It was found that two doses of 30 mg/kg mouse BFO administration to pregnant mice
at a 6 h interval can effectively ameliorate lipopolysaccharide (LPS)-induced PTL. Drug
dynamic distribution analysis revealed that BFO was rather highly enriched in myometrial
tissues, could inhibit oxytocin-induced uterine smooth muscle contraction, and could bind
toll-like receptor 4 (TLR4) on the membrane of uterine smooth muscle cells, downregulating
the expression of downstream genes, attenuating the upregulation of inflammatory cy-
tokines in serum and the myometrium, as well as reversing the increased macrophage and
neutrophil infiltration into the myometrium induced by LPS. It can also interfere with the
levels of estrogen and progesterone, alleviating the occurrence of premature birth. These
findings collectively suggest that BFO might serve as a promising therapeutic agent for
inflammation-related preterm labor to safeguard the health of both the mother and fetus.

Keywords: burdock fructooligosaccharide; preterm labor; myometrium; toll-like receptor 4;
inflammation

1. Introduction

Preterm labor (PTL) refers to childbirth after 28 weeks but less than 37 weeks of gesta-
tion, emerging as a substantial contributor to the mortality and morbidity of infants and
children younger than 5 years [1,2]. Moreover, premature infants often suffer from com-
plications with potential lifelong impacts on postnatal health and development, including
visual and hearing impairments, asthma, attention deficits, and increased anxiety [1].

There are multiple intricate etiologies underlying PTL that make its prevention and
treatment quite challenging [3,4]. Among the known etiologies, infections and inflammation
account for 20 to 30% of preterm premature rupture of membranes (PPROM) and 25 to
40% of PTLs with intact membranes. Most spontaneous or unexplained PTLs have also
been associated closely with infections or inflammation [1,5]. Some bacteria and viruses
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activate the toll-like receptor (TLR) signaling pathway, leading to the expression of adaptor
proteins such as MyD88, TRAF6, and NF-«B. This activation mediates the synthesis of
pro-inflammatory mediators, including chemokines, prostaglandins (PGs), and cytokines,
which, in turn, induce the recruitment and activation of immune cells, rapidly triggering
an inflammatory response. These pro-inflammatory mediators are sufficient to activate the
delivery pathways, resulting in premature uterine activation and contraction, ultimately
leading to premature expulsion of the fetus [6,7]. Consequently, some pharmaceutical
companies have been focusing on inflammatory pathways as a therapeutic target for
preventing and treating PTL.

Proactively delaying the occurrence of PTL post-diagnosis is presently the primary
clinical strategy for its prevention and management, with the most prevalent approach
involving administering tocolytic agents to inhibit uterine contractions and prolong deliv-
ery [8], such as 3-agonists (ritodrine and terbutaline), calcium channel blockers (nifedipine),
and oxytocin receptor antagonists (atosiban and barusiban) [4,9]. Although calcium channel
blockers offer the advantage of an extended gestational duration compared to oxytocin re-
ceptor antagonists and (3-agonists, all these commonly employed chemical drugs have been
associated with a relatively high prevalence of maternal adverse reactions and neonatal
morbidity. Some of the primary side effects that have been associated with these medica-
tions include maternal chest pains, dyspnea, palpitations, tremors, headaches, hypokalemia,
hyperglycemia, nausea/vomiting, and nasal congestion [9-11]. Furthermore, although
pregnant women with chorioamnionitis are often intervened with antibiotics to prevent
and treat infectious PTL, the efficacy of these medications during the middle and late stages
of pregnancy remains suboptimal. Additionally, prenatal exposure of infants to antibiotics
has been linked to the occurrence of asthma and reduced birth weight [12]. These insights
highlight the current lack of safe and efficacious therapeutic approaches to address PTL or
improve maternal and neonatal complications associated with premature delivery, posing
a major challenge to obstetrics [13].

Natural polysaccharides, extracted from traditional Chinese medicine, have demon-
strated various beneficial pharmacological effects on the treatment of human diseases, espe-
cially in inflammation-related diseases [14-16]. Gfn-type fructooligosaccharides comprise
fructose units connected by -(2—1)- or 3-(2—6)-D-glycosidic bonds, with an «-(2—1)-
D-glucosyl terminal group [17,18]. Some Gfn-type fructooligosaccharides can reduce
pro-inflammatory cytokine production by stimulating Dendritic Cells (DCs) or occupy
LPS-bound 1124 and other amino acid residues on TLR4, thus alleviating inflammatory
responses [19].

Moreover, Gin-type fructooligosaccharide extracted from burdock (Arctium lappa L.)
root (BFO) have been confirmed to inhibit the expression of pro-inflammatory cy-
tokines (IL-8, IL-6, IL-1p3, and TNF-«) and chemokines (Icam-1, Vcam-1, and MCP-1)
in macrophages via downregulation of the TLR4/NF-«kB signaling pathway [20]. We
previously found that BFO exhibited diverse biological activities in vivo, including anti-
inflammatory, immunomodulatory, hypoglycemic, and anti-colitis effects [21,22].

Additionally, other Gfn-type fructooligosaccharides, such as Atractylodes Macrocephala
polysaccharide (AMP) [23] and Codonopsis pilosula polysaccharide (CPP) [24], have also
been established to possess immunomodulatory and antioxidant effects. AMP can elevate
the levels of secretory immunoglobulin A by inhibiting the TLR4/NF-«B signaling pathway,
thereby mitigating the inflammatory response in mice with severe acute pancreatitis [25].
CPP may exert an anti-fibrotic effect on the liver by modulating both the TLR4/NF-«B
and TGF-pf1/Smad3 signaling pathways [26]. However, the study of the application
of fructooligosaccharides on the prevention or treatment of inflammation-related PTL
is absent. Herein, we selected BFO, AMP, and CPP as candidates to investigate their
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efficacies on the preterm labor intervention, and their potential mechanisms to alleviate
uterine inflammatory responses and overwhelmed smooth muscle contractions, which
may provide valuable insights for developing an innovative drug with superior safety and
efficacy for PTL intervention in the future.

2. Results
2.1. Purification of Fructooligosaccharides

After extracting fresh burdock root (Figure 1A) in hot water at 80 °C, the resulting
mixture separated using Sephadex G-75 showed three distinct peaks, with peak 1 being the
main peak (Figure 1B). The substance of peak 1 was further purified with Sephacryl S-300
HR (Figure 1C), followed by endotoxin removal via DEAE-cellulose-52 gel chromatography
(Figure 1D). Subsequently, the solution at 0 mol/L NaCl was collected and freeze-dried to
a white powder: purified BFO (Figure 1E). The protein concentration results demonstrated
a higher protein content in the crude extract, whereas no detectable protein was found in
the purified BFO (Figure 1F). Additionally, UV scanning of BFO within the 230 nm—400 nm
wavelength range revealed no absorption peaks at 260 nm and 280 nm (Figure 1G), indi-
cating that BFO was free of nucleic acids and proteins and was suitable for subsequent
administration. The powder’s purity was further determined using HPLC, revealing a
purity value of 99.75% (Figure 1H). Furthermore, the monosaccharide composition analysis
of BFO revealed that it comprised fructose and glucose units (Figure 1I), confirming that it
is a Gfn-type fructooligosaccharide.
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Figure 1. The preparation and identification of fructooligosaccharide. (A) Fresh burdock root. (B) The
elution curve of the separation of crude polysaccharide from burdock root using Sephadex G-75
and followed by further purification of peak 1 utilizing (C) Sephacryl S-300 HR and (D) DEAE-
cellulose-52. (E) The lyophilized BFO powder. (F) The protein contents in crude polysaccharide
(Cru-ps) and BFO were determined. (G) UV spectral scanning of BFO and distilled water between
230 and 400 nm was conducted. (H) Purity assessment and (I) monosaccharide composition analysis
were performed for BFO. In the monosaccharide composition analysis, the black line represents the
standard chromatogram, while the red line represents the sample chromatogram, and the red arrows
indicate the positions of glucose and fructose.
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The other two Gfn-type fructans, AMP and CPP, were also isolated and purified ac-
cording to the methods of Wang et al. [27] and Meng et al. [28] for subsequent experiments.

2.2. Single Injection of BEO Can Reduce the Occurrence of PTL

Herein, we found that the injection of 50 pg/kg/mouse LPS could stably induce
premature birth (occurrence 100%). The duration from LPS injection to the birth of the first
pup was approximately 20.5 h, leading to an average gestational period of approximately
16.35 days (Table 1, row 3). If term delivery occured following treatment, the length from
LPS injection to the birth of the first pup in the term groups was more than 95 h, and the
delivery began on day 19.5 (the lower row of each treatment group).

Table 1. The protective effects of different concentrations of BFO on LPS-induced preterm birth.

Average Length from

Groups Preter;/n Birth LPS Injection to Birth A‘I;zagr;; r]::n/%tl; of Surv;::lalsli/ate of
? of the First Pup (h) & yr-ay ps’o
PBS + PBS 0 96.2 + 3.1 19.50 + 0.2 97.5+5.6
50 ng/kg mouse LPS + PBS 100 20.5+09* 16.35£0.1% /
30 png/g mouse BFO + PBS 0 97.2 4 2.6 19.55 4+ 0.1 # 100
50 ng/kg mouse LPS +
15 mg/ kg mouse BFO 100 20.25 + 1.1 16.34 + 10.1 /
20.03 + 1.1 16.35 + 6.5
50 pg/kg mouse LPS + 4286 87.83 +£11.3*%
30 mg/kg mouse BFO 1022 £7.5* 19.76 £ 0.3 *
282 +74% 16.67 + 6.8
50 pug/kg mouse LPS + 28.57 9330+ 7.8
60 mg/kg mouse BFO 105.5 + 6.9 # 19.89 £ 0.3 #
50 pg/kg mouse LPS + 3 23.62 +£29 16.48 + 6.2 0667 £ 01
60 mg/kg mouse AMP ' 102.8 + 6.0 *# 19.78 + 0.2 ## ' '
50 pg/k LPS +
Hg/kg mouse 100 2118 £12 16.38 + 0.1 /

60 mg/kg mouse CPP

Note: The average length from LPS injection to the delivery of the first pup was calculated exclusively for
prematurely pregnant mice. The average length of pregnancy refers to the number of the days from the detection
of vaginal thrombi to the delivery of the first pup, with the data collected separately for both preterm (upper row)
and full-term (lower row) mice in the treatment group. Survival rate of pups is only determined by the number of
pups born reaching full term. * p < 0.05 vs. control group; # p < 0.05; # p < 0.01 vs. LPS group with one-way
ANOVA with Tukey’s HSD test. N =7.

Notably, treatment with 30 mg/kg/mouse BFO reduced the premature birth rate to
42.86%, and the duration from LPS injection to the birth of the first pup in the context
of PTL mice was approximately 20.03 h, which was not significantly different from that
in LPS-injection group (Table 1, row 6). A single injection of 60 mg/kg/mouse BFO
demonstrated enhanced the efficacy in treating premature birth, reducing the premature
birth rate to 28.57% and the premature delivery duration in the context of PTL mice to
approximately 28.2 h, which was significantly longer than that of the LPS group (Table 1,
row 7). Moreover, a dose of 15 mg/kg of BFO administered to mice had no significant effect
on preventing premature birth. However, a single injection of CPP and AMP demonstrated
a far more inferior therapeutic efficacy against premature birth relative to BFO at an
equivalent concentration (Table 1, row 8 and row 9), making us focus on the BFO treatment
in the following studies.
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2.3. Repeated Injection of BFO Showed Extraordinary Efficacy in Preventing PTL

Based on the preliminary experimental findings presented in Table 1, we explored
the therapeutic effects of repeated administration of BFO in premature birth treatment.
Specifically, the BFO was administered 2 h and 8 h after LPS injection at the same con-
centration, which significantly enhanced the efficacy compared to a single administration
of BFO in treating LPS-induced PTL (Table 2). At the doses of 30 mg/kg/mouse and
60 mg/kg/mouse BFO, LPS-induced PTL was completely abolished and significantly
reduced to 9.09%. The average gestational period was extended to 19.88 & 0.3 days and
20.2 + 0.4 days, respectively (Table 2, row 6 and row 7), which is comparable to that in
the vehicle control group. Additionally, the survival rate (SR) of pups born in the admin-
istration group was comparable to that of control group as well. Consequently, based
on the principle of minimal efficient dosages, we ultimately opted to administer two
30 mg/kg/mouse BFO injections at 6 h intervals starting from 2 h after LPS injection as the
PTL intervention in subsequent experiments.

Table 2. The protective effects of repeated injection of BFO on LPS- induced preterm birth.

Average Length from

Groups Preter;/n Birth LPS Injection to Birth A‘I;;ezagr;; rl;sn/%tl; of SurvIl)‘lllalsli/ate of
? of the First Pup/h & yr-ay ps 7o

PBS + PBS + PBS 0 96.2+3.1 19.50 + 0.2 96.17 £ 6.6
PBS
30 mg/kg mouse BFO + 0 97.92 4- 5.2 ## 19.77 £ 0.3 * 95.14 + 7.6
30 mg/kg mouse BFO
50 pug/kg mouse LPS + 2041 £0.9
15 mg/kg mouse BFO + 90.91 16.35 + 0.1 /
15 mg/kg mouse BFO 96.00
50 ng/kg mouse LPS + 19.50
30 mg/kg mouse BFO + 9.09 e 19.88 + 0.3 # 93.98 + 6.6
30 mg/kg mouse BFO 102.5 £+ 8.5
50 ng/kg mouse LPS + 20.00
60 mg/kg mouse BFO + 9.09 " 20.2 + 0.4 94.40 £+ 6.2
60 mg/kg mouse BFO 1135+78

Note: The average length from LPS injection to the delivery of the first pup was calculated exclusively for
prematurely pregnant mice. The average length of pregnancy refers to the number of the days from the detection
of vaginal thrombi to the delivery of the first pup, with the data collected separately for both preterm (upper
line) and full-term (lower line) mice in the treatment group. The survival rate of pups is only determined by the
number of pups born reaching full term. ** p < 0.01 vs. control group; # p < 0.01 vs. LPS group with one-way
ANOVA with Tukey’s HSD test. N = 11.

2.4. BFO Attenuates Inflammation-Induced USMC Contraction and Oxytocin-Induced Uterine
Smooth Muscle Strip Contraction In Vitro

Inflammatory cytokine IL-1§ significantly induced the contraction of mouse primary
uterine smooth muscle cells (USMCs) embedded in collagen (Figure 2A). After adding
AMP, CPP, and BFO, the collagen contraction degree was alleviated to varying extents, with
reductions observed at approximately 48.21%, 28.66%, and 78.28%, respectively (Figure 2B).
Both the AMP and BFO additions manifested significant reductions in USMC contraction
compared to the treatment of IL-1f3 alone, with the BFO addition showing more dramatic
efficacy (Figure 2B).
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Figure 2. Determination of myometrial cell contractility and the contractile tension of ex vivo my-
ometrial strips. (A) Collagen contraction of primary uterine smooth muscle cells was determined and
(B) their contraction rates were analyzed, the same color circle represents the same treatment repli-
cates. (C) The contraction curve of myometrial strips from pregnant mice was induced by 0.1 umol/L
oxytocin in vitro, and the changes in contractions were induced by oxytocin after preconditioning
with different drugs including (D) 0.1 umol/L atosiban, (E) 0.5 pmol/L atosiban, (F) 0.5 pumol/L
BFO, and (G) 5 pmol/L BFO. The relative changes in the contraction (H) amplitude, (I) frequency,
and (J) area under the curve were calculated at intervals of every 10 min compared with the 10 min
spontaneous contractions before the administration of the different reagents. * p < 0.05 and ** p < 0.01
vs. control group; # p < 0.05 and # p < 0.01 vs. LPS group using one-way ANOVA with Tukey’s
HSD test. N = 3.

Subsequently, isometric force myography was used to evaluate the impact of BFO
on contractions in murine uterine smooth muscle strips in vitro. Isolated uterine smooth
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muscle strips exhibited spontaneous rhythmic contractions, and the addition of 0.1 umol/L
oxytocin significantly increased the contraction frequency of uterine smooth muscle strips
(Figure 2C).

Atosiban is a commonly used oxytocin receptor antagonist to inhibit uterine contrac-
tions in the clinic. It can be seen that the pre-treatment of atosiban acetate for 20 min did
not affect spontaneous uterine contraction but significantly decreased the contraction am-
plitude, frequency, and area under the curve (AUC) induced by oxytocin (Figure 2D,E,H,]).
The pre-treatment of BFO for 20 min exhibited similar effects on oxytocin-induced contrac-
tions. Here, 0.5 umol/L BFO significantly attenuated the amplitude and AUC of contraction
(Figure 2FH,]), while 5 umol/L BFO demonstrated an extremely significant decrease in not
only the amplitude and AUC but also the frequency of uterine strip contraction induced
by 0.1 umol/L oxytocin, without exhibiting significant effects on spontaneous uterine
contraction (Figure 2G,H,]). These findings suggest that BFO might exert similar effects to
atosiban to directly suppress oxytocin-induced uterine smooth muscle contractions.

On the contrary, the addition of nifedipine, a widely used calcium channel inhibitor, as
a tocolytic agent significantly decreased the amplitude and frequency of the spontaneous
contraction of uterine strips while reducing the amplitude but not the frequency of con-
tractions induced by oxytocin, showing a quite different pattern of contraction inhibitory
effects from both atosiban and BFO (Figure S1).

2.5. In Vivo BFO Is Highly Enriched in Myometrial Tissues but Not in Fetus

For deeper insights into the therapeutic effects of BFO on LPS-induced PTL and
its metabolic distribution in vivo, we subjected it to dynamic distribution studies using
fluorescence-labeled BFO (Figure S2). Two hours after administering LPS, BFO-Tyr-FITC
was subcutaneously injected into the abdominal region of pregnant mice (Figure 3A). After
0.5h, 1 h, 2h, and 6 h of BFO-Tyr-FITC injection, various tissues, including the blood,
liver, myometrium, fetal membrane, decidua, trophoderm, fetus, and amniotic fluid, were
collected for fluorescence distribution detection (Figure 3B).

A _
Sample b Placenta
Serum
BFO-Tyr-FITC \ Myometrium
Hypodermic injection Sample
C 2000
Hm 0.5h
o 1500 = 1h
g - 2h
S 10004 ——
3
S 5004
2
=
0=
v L] T T 1 T T
S S & > > & >
& ¢ ¢ ¢ & &S
& & oF s 'c‘&
& & @Q S
- & < W
Q&

Tissues

Figure 3. Drug distribution kinetics of BFO in vivo. (A) The dry powder of BFO-Tyr-FITC. (B) The
schematic diagram of BFO-Tyr-FITC injection and tissue collection. (C) Histogram of fluorescence
intensity changes in the serum, liver, myometrium, fetal membrane, decidua, trophoderm, fetus, and
amniotic fluid at 0.5, 1, 2, and 6 h after injection, respectively.
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The results demonstrated that the fluorescence intensity reached a relatively high level
in the maternal blood at 0.5 h after injection and remained stable in the bloodstream within
the first 2 h, with a distinct peak observed in the liver at 2 h (Figure 3C). Furthermore,
the fluorescence signals were widely distributed in the myometrium, fetal membranes,
decidua, and trophoderm, while the fluorescence intensities in the fetus and amniotic fluid
were quite low and hard to detect (Figure 3C). Notably, a pronounced enhancement in the
fluorescence intensity was observed in the uterine smooth muscle layer tissue, reaching a
peak at 1 h post-treatment, indicating that BFO could be delivered successfully to exert its
biological effects within this particular tissue.

2.6. BFO Is Co-Localized with TLR4 on Uterine Smooth Muscle Cells

Since LPS exerts its effects by binding to toll-like receptor 4 (TLR4) and previous
studies have revealed that Gfn-type fructans may demonstrate immune benefits by com-
petitively antagonizing TLR4 [19], we further investigated whether BFO, as a Gfn-type
fructooligosaccharide, manifested its anti-inflammatory effects in the myometrium by
tethering the TLR4 receptor as well. The immunofluorescence studies demonstrated that
1 h after BEO-Tyr-FITC injection, significant co-localization signals between BFO and TLR4
can be observed on mouse uterine smooth muscle cells (Figure 4A—C), suggesting that BFO
may mitigate inflammation-induced preterm labor by interfering with LPS-induced inflam-
matory responses through tethering LPS receptor TLR4 on uterine smooth muscle cells.

A B
BFO-

BFO Tyr-FITC

Without

anti-TLR
DAPI

S ‘C z
- - M
o

Figure 4. Co-localization of BFO and TLR4 on myometrial cells. The immunofluorescence co-
localization between BFO (green) and TLR4 (orange) in mouse myometrium in vivo was determined
for (A) the control group (without fluorescein) and (B) the treatment group (labeled with fluorescein),
along with its locally magnified images (C). The bright yellow colors pointed by red arrows indicate
the co-localization of BFO with TLR4.
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2.7. BFO Alleviates the Expression of TLR4-Downstream Genes

MyD88, TRAF6, and NF-xB are key downstream genes of the TLR4 signaling pathway,
which mediate the inflammatory responses of TLR4 activation. QPCR analyses demon-
strated that BFO can significantly downregulate the mRNA expression of the MyD88,
TRAF6, and NF-«xB genes induced by LPS in the myometrium (Figure 5A-C). Moreover, the
LPS-induced protein levels of NF-«B subunit P65 were also reversed by BFO treatment in
the myometrium (Figure 5D,E). These findings suggest that BFO may mitigate LPS-induced
inflammation by antagonizing TLR4 and blocking its downstream pathway consisting of
MyD88, TRAF6, and NF-«B.
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Figure 5. Inhibitory effects of BFO on key downstream genes of TLR4 signaling pathway in the
myometrium. The mRNA expression of MyD88 (A), Traf6 (B), and NF-xB (C) genes, as well as the
protein expression of NF-«kB subunit P65 (D) and its statistical analysis (E) in USMCs were presented.
The cells were treated with BFO (50 ug/mL) and LPS (50 ng/mL) alone or in combination for 24 h.
*p < 0.05 and ** p < 0.01 vs. control group; # p < 0.05 and # p < 0.01 vs. LPS group using one-way
ANOVA with Tukey’s HSD test. N > 3.

2.8. BFO Reduces the Elevation of Pro-Inflammatory Cytokines and Chemokines Induced by LPS in
Maternal Blood

Since LPS treatment was known to induce an apparent pro-inflammatory response
systemically, we investigated if BFO administration could counteract the pro-inflammatory
effects of LPS. Maternal serum samples were collected at 19 h post-LPS injection, and the
expression levels of inflammatory cytokines and chemokines were determined using Lu-
minex technology (Figure 6A). It can be seen that the levels of pro-inflammatory cytokines
(IL-1¢, IL-1B3, IL-6, TNF-«, IL-9, and IL-17A) and chemokines (MCP-1, MIP-13, G-CSF, and
RANTES) were significantly increased in the serum upon the treatment of LPS compared
to the control group (Figure 6B-K). However, BFO pre-treatment effectively suppressed the
upregulation of these inflammation-related cytokines and chemokines to varying extents,
particularly exhibiting significant reversals of IL-1x, IL-6, TNF-oc, MCP-1, MIP-1§3, G-CSE,
and RANTES expressions, compared to that in the LPS group (Figure 6B-K). In addition,
although no statistically significant differences were shown in the bar graphs, the anti-
inflammatory cytokines IL-4 and IL-10 exhibited decreasing trends upon LPS treatment,
which were slightly reversed by the pre-treatment of BFO as well (Figure 6L,M). Notably,
BFO pre-treatment alone exerted minimal impact on inflammatory cytokine and chemokine
expression; hence, we postulated that BFO may specifically mitigate the LPS-induced
pro-inflammatory responses in pregnant mice without disturbing immune homeostasis,
potentially contributing to its therapeutic efficacy and safety against PTL.
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Figure 6. Inflammatory cytokine levels in maternal serum were analyzed using Luminex technology.
(A) Heat map results of inflammatory cytokines in the sera of pregnant mice were obtained after
19 h of LPS and/or BFO injection. Significant differences were observed in pro-inflammatory and
chemotactic cytokines, including (B) IL-1«, (C) IL-1B, (D) IL-6, (E) IL-9, (F) IL-12p70, (G) IL-17A,
(H) MCP-1, (I) MIP-1, (J) G-CSE, and (K) RANTES, as well as levels of anti-inflammatory cytokines
(L) IL-4 (M) and IL-10 among different groups. * p < 0.05 and ** p < 0.01 vs. control group; # p < 0.05
and # p < 0.01 vs. LPS group using one-way ANOVA with Tukey’s HSD test. N = 4.

2.9. BFO Alleviates LPS-Induced Changes in Progesterone and Estradiol in Maternal Blood

Progesterone and estradiol can regulate the immune status of the uterus. The ELISA
results demonstrated that compared with the control group, LPS induced an extremely
significant decrease in progesterone levels (Figure 7A) and a significant increase in estradiol
levels (Figure 7B). The administration of BFO mitigated these changes, restoring hormone
levels closer to those observed in the control group (Figure 7A,B). These significant changes
in the progesterone and estradiol levels are closely associated with the occurrence of PTL,
which further supports the potential of BFO to reduce the incidence of PTL.
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Figure 7. Progesterone and estradiol levels in maternal serum were analyzed using ELISA kits. The
changes in the (A) progesterone content and (B) estradiol content in the sera of pregnant mice were
obtained after 19 h of LPS and/or BFO injection. * p < 0.05; ** p < 0.01 vs. control group; # p <0.01
vs. LPS group using one-way ANOVA with Tukey’s HSD test. N = 4.

2.10. BFO Reduces LPS-Induced Inflammatory Cytokine Expression in the Myometrium

To further determine if BFO can also counteract the pro-inflammatory responses in-
duced by LPS in the myometrium locally, the expression of inflammation-related cytokines
and chemokines was analyzed using real-time qPCR. Compared to the vehicle control
group, the mRNA expressions of pro-inflammatory cytokines (IL-1§3, IL-6, and TNF-x) and
chemokines (CCL2, CCL5, CXCL2, and CXCL12) in the myometrium were significantly
upregulated by the LPS treatment (Figure 8A-G), which is largely consistent with the
phenotype observed in the maternal serum. Similarly, BFO pre-treatment alleviated the
upregulation of these cytokines to varying extents, with the reversals of IL-1§3, IL-6, CCL2,
CCL5, CXCL2 and CXCL12 reaching statistical significance (Figure 8A,B,D-G). Although
the expression of the anti-inflammatory cytokine IL-10 was not significantly downregulated
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upon LPS treatment, the pre-treatment of BFO significantly increased the expression of
IL-10 in the myometrium compared to LPS treatment alone (Figure 8H).
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Figure 8. The mRNA and protein expressions of inflammatory cytokines in the myometrium. The
mRNA expression levels of inflammation-related cytokines in the myometrium, including (A) IL-1§3,
(B) IL-6, (C) TNF-«, (D) CCL-2, (E) CCL-5, (F) CXCL2, (G) CXCL12, (H) IL-10, and (I) TGF-3 were
examined. And changes in the content of inflammatory cytokines, including (J) IL-13, (K) IL-6,
and (L) IL-10, in the myometrium were also analyzed. * p < 0.05 and ** p < 0.01 vs. control group;
#p < 0.05 and #p < 0.01 vs. LPS group using one-way ANOVA with Tukey’s HSD test. N > 5.

To determine the protein levels of the inflammatory cytokines, we next performed
inflammatory cytokine quantification in myometrial tissues using the ELISA method,
revealing a trend comparable to that of the serum. Consistent with the mRNA expression
results, BFO pre-treatment significantly attenuated the LPS-induced increase in IL-13
and IL-6, with reductions of approximate 44.74% and 67.81%, respectively (Figure 8L]).
Similar to the mRNA expression, the protein expression of IL-10 was also not significantly
decreased by LPS treatment alone but was significantly increased upon BFO pre-treatment

(Figure 8K), exhibiting an approximately double increase compared to that observed in the
LPS group.

2.11. BFO Reduces LPS-Induced Inflammatory Cells Infiltration into the Myometrium

Provided that chemokines, such as CCL2, CCL5, CXCL2, and CXCL12, induced by
LPS were significantly reversed by BFO in the myometrium, we further verified the effect
of BFO on immune cell chemotaxis in the myometria of PTL mice using immunofluores-
cence staining. It was found that macrophage infiltration was significantly increased in
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the myometrium within 19 h after LPS injection compared to the vehicle control group
(Figure 9A,B), whereas the administration of BFO effectively mitigated macrophage infiltra-
tion by approximately 34.46%, compared to that in the LPS group (Figure 9C,D), to an extent
comparable to the control group (Figure 9E). In addition, ly6g-labeled neutrophils showed
a similar trend (Figure 9F-]). These findings suggest that BFO may attenuate the LPS-
induced heightened macrophage chemotaxis in the myometrium, highlighting its potential
significance in PTL treatment by blocking the overwhelmed inflammatory activation.
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Figure 9. The infiltration of inflammatory cells into the myometrium. Macrophage infiltration was
photographed at 40 x magnification in the (A) control group, (B) LPS administration group, (C) double
dose of BFO administration group, and (D) LPS combined with double doses of BFO administration
group; (E) their positive staining rate statistics. Neutrophil infiltration was similarly imaged at
40 x magnification in the (F) control group, (G) LPS administration group, (H) double dose of BFO
administration group, and (I) LPS combined with double doses of BFO administration group; (J) their
positive staining rate statistics. Red dashed lines are used to distinguish immunofluorescence staining
for different treatments, with green representing target protein fluorescence and blue representing
DAPI staining. Scale bar: 100 um. * p < 0.05 and ** p < 0.01 vs. control group; * p < 0.05 vs. LPS
group using one-way ANOVA with Tukey’s HSD test. N = 4.

3. Discussion

Although several PTL management strategies have already been implemented in some
developed or developing countries, effective and safe treatment options remain scarce
owing to the complex etiology and complications [29,30]. Given the severe drug side effects,
most chemicals currently used to address PTL often result in significant neonatal morbidity
and maternal adverse reactions [9]. Natural polysaccharides can modulate various immune
functions through multiple receptors and signaling pathways (such as TLRs, MAPK, or
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NF-kB) [14,31]. Fructooligosaccharides, a subclass of natural polysaccharides primarily
comprising multiple fructose units, can mitigate inflammation, exert antiviral effects, en-
hance calcium absorption, and protect against oxidative stress [32,33]. Since PTL has often
been associated with the dysregulation of immune functions and inflammation processes,
it is worthwhile to investigate the potential protective effects of natural polysaccharides in
the occurrence of PTL. Herein, different types of Gfn-type fructooligosaccharides, including
BFO, AMP, and CPP, which had been reported to improve mice immunological functions
and alleviate vascular inflammation [21,34], were employed to explore their protective
effects on inflammation-induced PTL. Among them, only the single dose of BFO can ef-
fectively mitigate LPS-induced PTL, which resulted in almost complete remission upon
repeated administration of 30 mg/kg/mouse BFO, without any apparent increase in neona-
tal morbidity and mortality. A similar ameliorative effect was observed in mouse uterine
smooth muscle cell contraction experiments, with BFO being the most effective agent.

Atosiban acetate and nifedipine can significantly attenuate the oxytocin-induced
contraction of uterine smooth muscle strips, but the inhibitory patterns were significantly
different. Atosiban is an oxytocin receptor antagonist [35], and nifedipine is a calcium
channel blocker [36]. Interestingly, BFO demonstrated a similar inhibitory effect to atosiban.
It did not affect the spontaneous contraction of smooth muscle strips but significantly
decreased the frequency of contraction while having mild effects on the amplitude of
contraction, naturally making us to speculate that BFO may possess the ability to antagonize
oxytocin receptors to inhibit myometrial contractions. However, the interference of BFO
on the association between oxytocin receptors and TLR4 receptors may be a critical and
in-depth focus in our subsequent research, revealing its clinical application value.

Inflammation is a critical component of the immune system, with its primary func-
tion being to eliminate microbial invasions. Toll-like receptors (TLRs) recognize a diverse
array of pathogen-associated molecular patterns, playing a pivotal role in inflammatory
regulation and immune responses [37]. Numerous studies have reported that uterine
inflammatory cascade responses were activated before labor and PTL in rodents and hu-
mans, often initiated by the activation of toll-like receptor 4 (TLR4). This process primarily
involves the release of inflammatory cytokines and subsequent leukocytes infiltration into
the maternal-fetal interface, cervix, and myometrium, which will stimulate a synchronous
increase in the expression of contractile proteins within the myometrium to facilitate uter-
ine contractions. These inflammatory cascades could further promote fetal membrane
rupture and cervical ripening, ultimately causing parturition [5,38,39]. In our inflammation-
induced preterm labor model, LPS is a primary agonist of TLR4, and its interaction with
this receptor leads to the production of pro-inflammatory cytokines, as well as platelet
activating factor, prostaglandins, and nitrogen species [40].

Interestingly, dynamic distribution analysis revealed a significant enrichment of BFO
in the uterine smooth muscle layer, as well as its perfect co-localization with LPS receptor
TLR4 on mouse uterine smooth muscle cells. These findings together indicated that BFO
was successfully delivered to this specific tissue, thereby binding to TLR4 to antagonize
LPS-induced inflammatory processes, including inflammatory signaling molecules and
subsequent chemokines/cytokines releases, ultimately exerting its tocolytic effects, which
are consistent with the previous findings of Fernandez-Lainez et al. [19] and Zeng et al. [20].

Previous studies have reported that polysaccharides derived from Arctium lappa L.
could exert inhibitory effects on pro-inflammatory cytokines, intercellular adhesion
molecule-1 (Icam-1), vascular cell adhesion molecule-1 (Vcam-1), and monocyte chemoat-
tractant protein-1 (MCP-1) [18], most of which are closely associated with the occurrence of
PTL [41,42]. Consistently, we found that BFO administration significantly reversed the in-
creases in numerous pro-inflammatory cytokines and chemokines induced by LPS in either
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maternal serum or its target organ myometrium, thereby mitigating the occurrence of PTL
caused by inflammatory cascade reactions. Notably, some existing drugs used for treating
and preventing preterm birth, such as glucocorticoids [43] and magnesium sulfate [44],
can potentially affect fetal development by crossing the placental barrier. However, in our
study, BFO administration alone neither crossed the placental barrier to affect the normal
development of fetus nor disturbed basal immune homeostasis at the maternal—fetal in-
terface, once again highlighting that it is a rather safe therapeutic tocolytic agent for PTL
prevention, with minimal side effects for both the mother and fetus.

It is well known that estrogen (E2) and progesterone (P4) play crucial roles in preg-
nancy, particularly in regulating the quiescent state of the uterine myometrium [45]. Func-
tional withdrawal of P4 is regarded as an important trigger of parturition by the diminished
effects on maintaining the quiescence of the uterine myometrium [46]. Consistent with
our findings, LPS administration resulted in an extremely significant decrease in serum
P4 in mice, potentially compromising the maintenance of uterine myometrial quiescence.
Estrogen has been demonstrated to upregulate the expression of contractile-related proteins,
including cyclooxygenase-2 (COX2), connexin 43 (Cx43), and oxytocin receptor (OXTR).
Additionally, estrogen plays a crucial role in mediating the inflammatory response, in-
creases the production of pro-inflammatory cytokines, which is an essential component of
the parturition process [45,47]. Our results showed that the administration of LPS signifi-
cantly increased the estradiol levels in mouse serum, which may contribute to increased
pro-inflammatory cytokine production and myometrial contractions. Interestingly, BFO
treatment could restore the levels of both hormones to levels comparable to those of the
control group, further suggesting the potential role of BFO in preventing PTL. However,
the interaction between the changes in E2 and P4 and the antagonistic effects of BFO on the
LPS/TLR4 complex warrant further investigation in a future study.

Various inflammatory cells, predominantly macrophages and neutrophils, could be
attracted by chemokines and infiltrate the myometrium, leading to the release of pro-
inflammatory cytokines such as IL-1§3, TNF-c, and IL-8, reciprocally worsening the inflam-
matory microenvironment and expediting labor onset [48,49]. As expected, LPS induced the
significantly increased infiltration of leukocytes into the myometrium, a phenomenon that
closely correlates with PTL occurrence [49,50]. Notably, BFO administration significantly
alleviated the infiltration of macrophages and neutrophils in the myometrium, which is
consistent with the reversed upregulation of chemokines such as CCL2, CCL5, CXCL2, and
CXCL12 by BFO. Studies have demonstrated significant upregulation of these chemokines
in aborted or preterm mouse uteruses [51,52], highlighting their potential involvement in
host defense mechanisms against bacterial infections and chemotactic responses [53]. The
efficacy of BFO in attenuating these chemokines and inflammatory cells infiltration once
again underscores its potential in resisting inflammation-induced PTL.

There are still several limitations of the current study. Firstly, we observed the preven-
tive effects of BFO on preterm labor in a mouse model. Due to the ethical limitation, it is
still a long way from applying this treatment to humans. However, regarding the highly
conserved structure of TLR4 between mice and humans, it is speculated that BFO will be
playing a similar role in the prevention of human PTL. Secondly, we mainly focused on
the efficacy of BFO in treating PTL without dissecting the in-depth molecular mechanisms.
In a future study, we will conduct RNA-sequencing analysis and further investigate the
possible molecular mechanisms underlying the competitive inhibition of TLR4 by BFO.
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4. Materials and Methods
4.1. Isolation and Purification of Fructooligosaccharide

The extraction process mainly refers to the method slightly modified from Ma et al. [24]
and Wang et al. [54]. Fresh burdock roots were sliced into pieces, extracted with 80 °C
distilled water three times, and filtered to collect the immersion solution. The immersion
solutions were concentrated to 1/4 of the original volume, and then ethanol (Macklin Bio-
chemical Technology Co., Ltd., Shanghai, China) was added to obtain a final concentration
of 75%. The mixture was incubated overnight at 4 °C to precipitate the crude polysaccha-
rides. The crude polysaccharides were dissolved with distilled water, and the proteins were
removed using the Sevage method. The sample was decolorized with the macroporous,
weakly basic anion-exchange resin D301R (Guangfu Technology Development Co., Ltd.,
Tianjin, China), and the components were separated through Sephadex G-75 (Yuanye
Biotechnology Co., Ltd., Shanghai, China) and Sephacryl S-300 HR (Yuanye Biotechnology
Co., Ltd., Shanghai, China) gel chromatography columns, followed by purification with a
DEAE-cellulose-52 (Yuanye Biotechnology Co., Ltd., Shanghai, China) exchange column to
obtain a single component, BFO.

The Atractylodes macrocephala polysaccharide (AMP) was isolated and purified follow-
ing the method of Wang et al. [27]. Briefly, the rhizome of Atractylodes macrocephala was
dried at 40 °C and ground into a powder. The rhizome powder was extracted with distilled
water at a ratio of 1:20 (w/v) at 80 °C for 4 h. Ultrasound-assisted extraction was performed
3 times, each time for 30 min. The collected solution was mixed with hydrogen peroxide at
37 °C. S proteins were removed using the Sevage reagent. Ethanol was added to achieve a
final concentration of 75% and kept at 4 °C for 48 h to precipitate crude polysaccharides.
The crude polysaccharide was separated and purified through DEAE-52-cellulose (Yuanye
Biotechnology Co., Ltd., Shanghai, China) and Sephadex G-100 (Yuanye Biotechnology Co.,
Ltd., Shanghai, China) columns to obtain AMP.

The Codonopsis pilosula polysaccharide (CPP) was isolated and purified according to
the method described by Meng et al. [28]. Briefly, crude powders of Codonopsis pilosula
were added into petroleum ether, after reflux extraction for 1 h. The resulting residues
were then soaked overnight in 80% ethanol, followed by a second reflux extraction for
1 h. Subsequently, the residues were extracted with water through reflux for 1.5 h. The
supernatant was deproteinized using the Sevage method. Ethanol was added to achieve a
final concentration of 75%, and the mixture was incubated overnight at 4 °C to precipitate
the crude polysaccharide. The crude polysaccharide was further purified via sequential
separation through DEAE-52 cellulose and Sephadex G-100 columns (Yuanye Biotechnology
Co., Ltd., Shanghai, China) to obtain CPP.

4.2. Identification of BEO

The protein contents of the crude polysaccharide and BFO were analyzed using a BCA
rapid protein assay kit (Beyotime, Shanghai, China). The purified BFO was subjected to UV
scanning within the wavelength range of 230 nm—400 nm on a microplate reader (Epoch
2, Bio Tek Instruments, South Burlington, VT, USA) to analyze peak changes at 260 nm
and 280 nm. The purity assay was conducted using a Shimadzu HPLC system (Shimadzu,
Kyoto, Japan) equipped with G3000PWXL chromatographic columns (7.8 x 300 mm, TSK
gel, Tosoh Corporation, Yamaguchi Prefecture, Japan) and an RID detector at 40 °C. Ultra-
pure water was employed as the mobile phase, while the flow rate was set at 0.7 mL/min.
The monosaccharide composition analysis was performed using an ion chromatograph
(ICS5000, Thermo Fisher, Waltham, MA, USA) with a Dionex CarbopacTMPA20 column
(3 x 150, Dionex, Los Angeles, CA, USA) and an electrochemical detector at 30 °C [22].
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4.3. Preterm Birth Labor Animal Model

In the present study, we established a mouse model of preterm birth induced by
Lipopolysaccharide (LPS) (Escherichia coli 0111:B4, Sigma, St. Louis, MO, USA), fol-
lowing the method described in a previous study [55], with appropriate modifications.
C57BL/6] mice were purchased from Jiangsu Huachuang Sino Medical Technology Co.,
Ltd. (Taizhou, China). Mice aged 8 weeks and weighing 18 + 2 g were acclimated for one
week at a temperature of 20-25 °C and humidity of 50 £ 5%. The mice were then mated
overnight with a male-to-female ratio of 1:2, and vaginal plugs were examined in female
mice at 8:00 am on the following day to confirm successful mating, which was regarded as
day 0.5 of pregnancy (D0.5).

The LPS was subcutaneously injected into the abdominal region of pregnant mice
on day 15.5 of gestation (D15.5). Considering the birth of the first pup as a reference
point, offsprings delivered before 19.5 days of gestation were classified as premature. The
injection concentration and dosage of LPS were explored to establish a stable mouse model
of inflammation-induced preterm labor (Figure 10), and finally, a dose of 50 pg/kg mouse
LPS was selected as the optimal dose for inducing preterm labor.

/Q ¢ Collect samples
C;—/—‘ (19 hour after LPS injection)

D05 D155 D17 Dars
Pregnanc (Injecting 2 hours (Preterm (Term
S LPS)  (injecting birth) birth)

BFO)

Collect samples
h (19 hour after LPS injection)

D05 D155 b17 D19.5
Pregnancy (Injecting 2 hours 8 hours (Preterm (Term
LPS)  (Injecting (Injecting birth) birth)
BFO) BFO)

Figure 10. The scheme of establishing an animal model for preterm labor and the single injection
(A) and double injection (B) of BFO treatment.

4.4. Administration of BFO to Preterm Labor Mice

The experiment was conducted in two series: (a) The first was the single-dose BFO
treatment group, where different doses of BFO solution (15, 30, and 60 mg/kg mouse) were
administered subcutaneously to mice 2 h after LPS administration at D15.5 (Figure 10A).
The dosage concentration was primarily referenced in the method of Li, et al. [56], with
appropriate modifications. Additionally, 60 mg/kg AMP and 60 mg/kg CPP were also
administered subcutaneously under the same conditions. Each group contained 7 mice,
resulting in a total of 56 mice. (b) The second was the double-dose BFO treatment group,
where different doses of BFO solution were subcutaneously injected at 2 h and 8 h after
LPS administration at D15.5, with the same doses for both injections (Figure 10B). Each
group contained 11 mice, resulting in a total of 66 mice. By analyzing the preterm birth
rate, the time to deliver the first pup after LPS injection, the average gestation length
distinguishing between full-term and preterm labor, and the pup survival rate at term
birth, we determined the optimal administration concentration of BFO to clarify its effect
on preventing inflammation-induced preterm labor.
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Contraction rate (%) = (experimental collagen diameter — control collagen average diameter)/

4.5. Isolation and Culture of Primary Uterine Smooth Muscle Cells

For the method for isolating and culturing primary uterine smooth muscle cells
(USMCs), we referred to that of Chao et al. [51], with slight modifications. Simply, the
pregnant mouse uterus was collected and cut into small pieces at 4 °C. Subsequently,
the tissue was washed three times with pre-cooled D-Hank’s buffer using a vortex
mixer and then immersed in an equal volume of DMEM-high-glucose medium (Gibco,
Grand Island, NY, USA) supplemented with 0.2% type II collagenase (Gibco, Grand Is-
land, NY, USA), 0.05% Dnase (Beyotime Biotechnology, Shanghai, China), and 0.1% BSA
(Biosharp, Hefei, China). The mixture was then incubated at 37 °C in a water bath with
shaking at 160 rpm for 45 min, followed by adding twice the volume of DMEM complete
medium to terminate the digestion reaction. The DMEM complete medium (Gibco, Grand
Island, NY, USA) contained fetal bovine serum (ExCellBio, Shanghai, China) at a concentra-
tion of 10% v/v and Penicillin-Streptomycin liquid (Gibco, Grand Island, NY, USA) at a
concentration of 1% v/v. The resulting solution was filtered through a cell filter with a pore
size of 37 um and centrifuged at 1000 rpm to obtain the single-cell suspension. If there are
still large residual tissues after filtration, secondary digestion can be performed by adding
1/3 of the volume of digestive solution.

4.6. Collagen Contraction Experiment of Uterine Smooth Muscle Cells

In total, 400 uL of digested primary uterine smooth muscle cell suspension at a
concentration of 10° cells/mL was mixed with 175 uL of type I collagen (rat tail, Corning
Incorporated, Corning, NY, USA) to achieve a final collagen concentration of 1 mg/mL.
Then, 4 pL of 1 mol/L NaOH was added to adjust the pH to neutral. The pre-mixed
solution turned light red in color and was promptly transferred into a 24-well plate for
gelation at 37 °C for 60 min. Then, 500 pL of DMEM-high-glucose medium (Gibco, Grand
Island, NY, USA) containing 50 ng/mL IL-1p3 (MCE, Kenilworth, NJ, USA), 50 ug/mL BFO,
50 ug/mL AMP, or 50 pug/mL CPP was added into different wells alone or in combination.
The plates were monitored and photographed every 6 h to calculate the contraction rate
using the following formula:

control collagen average diameter x 100.

4.7. Detection of Contractility of Isolated Uterine Smooth Muscle Strips

The myometrial tissues were collected from mice euthanized on the 19th day of preg-
nancy and immediately transferred to a modified physiological salt solution (PSS) buffer
at 4 °C. The PSS buffer consists of the following reagents at the indicated concentrations
(mmol/L): 119 NaCl, 4.7 KCl, 1.2 MgSQy, 2.0 CaCl,, 23 NaHCO3, 10.5 glucose, 0.026 EDTA,
and 1.2 KH,PO4. Additionally, fresh CaCl, and glucose were added prior to each use. The
uterus was dissected into equal-length longitudinal strips (3—4 mm X 6 mm) and mounted
on two pins of an isometric myograph (620 M, DMT, Denmark). It was then immersed in a
bath of 5 mL PSS buffer filled with 95% O;-5% CO; at 37 °C. All test strips were stretched
to a passive tension of approximately 1.5 mN and allowed the baseline to stabilize for
30 min. Various reagents, including 0.1 pmol/L or 0.5 pmol/L atosiban acetate (MCE,
Kenilworth, NJ, USA) and 0.5 pmol/L or 5 pmol/L BFO, were introduced approximately
20 min before adding oxytocin to record the changes in myometrial contractions. The
relative changes in the contraction amplitude, frequency, and area under the curve were
calculated at intervals of every 10 min compared with the 10 min spontaneous contractions
before the administration of the different reagents. We recorded the data twice, with a
1 min interval after adding oxytocin.
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4.8. Construction of Fluorescein-Labeled BFO

BFO-Tyr-FITC was prepared as previously described Xu et al. [57]. Briefly, 100 mg
BFO was dissolved into 45 mL of PBS (0.2 mol/L, pH 8.0) and mixed with 80 mg tyramine
(Tyr) for a reaction period of 24 h. Following that, 25 mg of sodium borohydride was
added, and the mixture was incubated at 37 °C with shaking for 96 h. The supernatant
was subsequently purified using a Sephadex G50 column (Yuanye Biotechnology Co.,
Ltd., Shanghai, China). The eluents containing BFO-Tyr were collected, dialyzed, and
lyophilized. The sample was scanned via ultraviolet spectral scanning at wavelengths
ranging from 230 nm to 400 nm to verify the success of the amination reaction.

Subsequently, BFO-Tyr was dissolved into water, and the pH was adjusted to 8.5 us-
ing 0.2 mol/L sodium carbonate. Then, 5 mg FITC (MCE, Kenilworth, NJ, USA), which
had been dissolved in methanol, was added and shaken for 12 h in the dark. The sam-
ple was purified via alcohol precipitation followed by elution using Sephacryl S300 HR
column chromatography. The eluents containing BFO-Tyr-FITC were collected based on
the fluorescence intensity, dialyzed, and lyophilized. The resulting powders were ana-
lyzed via infrared scanning and compared with the infrared spectrum of BFO to ascertain

whether there were any significant alterations in its main functional groups subsequent to
FITC labeling.

4.9. Tissue Distribution Analysis of BFO

BFO-Tyr-FITC was subcutaneously injected into pregnant mice at D19, two hours
after LPS administration. Then, pregnant mice with or without BFO-Tyr-FITC injection
were anesthetized and sacrificed. Their blood, livers, uterine muscles, fetal membranes,
decidua, trophoblasts, fetuses, and amniotic fluid were collected at 0, 0.5, 1, 2, and 6 h
post-BFO-Tyr-FITC injection following the procedures described by Zhang et al. [58]. An
equal volume of PBS (pH 7.4) was added to each tissue sample for homogenization before
centrifugation at 7500 rpm for 15 min. The supernatants were collected and mixed with a
two-fold saturated ammonium sulfate (NH4),50,), thoroughly shaken, and allowed to
precipitate at room temperature for six hours. After centrifugation at 7500 rpm for 15 min,
the supernatants were subjected to fluorescence detection with an excitation wavelength of
490 nm and an emission wavelength of 530 nm. Mice were injected with an equal volume
of saline after LPS administration as the control, and the changes in fluorescence intensity
of different tissues were calculated.

4.10. Immunofluorescence Co-Localization of BFO and TLR4 on USMC

The myometrial tissue of pregnant mice at D19 after injection of fluorescently labeled
BFO-Tyr-FITC for 1 h was sampled to determine the immunofluorescence co-localization
between BFO and TLR4. Primary antibodies for TLR4 (product code: GB15186) was
purchased from Servicebio Biotechnology Co., Ltd. (Wuhan, China). The method was
referenced from that of Xu et al. [57]. Simply, the tissue was fixed in 4% paraformaldehyde,
followed by dehydration through a graded ethanol series and clarification with xylene.
It was subsequently embedded in paraffin and processed into paraffin sections. The
sections were then deparaffinized using a combination of xylene and a graded ethanol
series. Antigen retrieval was performed using citric acid buffer. After overnight incubation
with anti-TLR4 antibody at a dilution of 1:200, it was incubated with a rabbit recombinant
fluorescein secondary antibody (product code: GB28301, Servicebio Biotechnology Co.,
Ltd., Wuhan, China) at a dilution of 1:500 in the dark for 1 h and then stained with DAPI
(Beyotime Biotechnology Co., Ltd., Shanghai, China) for 5 min. Finally, tissue fluorescence
was determined using a fluorescence inverted microscope (Nikon, Tokyo, Japan).
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4.11. Expression of Key Genes Downstream of TLR4

Two hours after the LPS injection in pregnant mice at 15.5 days of gestation, BFO
was administered at a dose of 30 mg/kg for 6 h, followed by the myometrial tissue being
sampled to determine the mRNA expression of MyD88, Traf6, and NF-xB in TLR4/NF-«xB
pathway by qPCR. And NF-«B proteins were analyzed using Western blotting.

4.12. RNA Extraction and Quantitative Real-Time PCR

Total RNAs were extracted from myometrial tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and cDNA was synthesized from total RNA with a PrimeScript™
RT reagent Kit (TaKaRa, Kyoto, Japan). Real-time PCR was performed on the CEX Duet
fluorescence quantitative PCR Instrument (Bio-Rad, Hercules, CA, USA) with Thunderbird
SYBR qPCR Mix (Toyobo, Osaka, Japan), according to the manufacturer’s instructions. The
relative expression levels of the target genes were calculated using the 2~2#Ct formula,
with GAPDH as the housekeeping gene. Each experiment was repeated at least four times.
The primer pairs used are listed in Table S1.

4.13. Western Blot

The myometrial tissues (20 mg) were homogenized using a multi-sample freeze grinder
(Wonbio Biotechnology Co., Ltd., Shanghai, China) with 400 uL of protein lysis buffer. The
protein content was measured using the BCA protein quantitative kit (Beyotime, Shanghai,
China). The proteins were mixed with loading buffer and heated at 95 °C for 10 min.
Twenty micrograms of protein were loaded into a 10% SDS-PAGE gel and transferred onto
a PVDF membranes in an ice bath. The membranes were blocked with skim milk and
incubated with primary antibodies against the NF-kB p65 subunit (D14E12, Cell signaling
technology, Danvers, MA, USA) or GAPDH (ab181602, Abcam, Cambridge, UK) at a dilu-
tion of 1:10,000 overnight at 4 °C. After rinsing three times with TBST, the membranes were
incubated with secondary antibodies and visualized using the Tanon-5200 multi-functional
imaging system (Tanon, Shanghai, China). The densities of the bands representing the p65
subunit or GAPDH (internal control) were analyzed using Image ] 1.49V software (National
Institutes of Health).

4.14. Cytokine Assays in Serum and the Myometrium

Inflammatory cytokine and chemokine concentrations in serum were determined
19 h after LPS injection using Luminex technology with a mouse 23-multiplex cytokine
assay on a Bio-Plex® MAGPIX™ Multiplex Reader and Bio-Plex MAGPIX System (Wayen
Biotechnologies Inc., Shanghai, China). Changes in the cytokines (IL-1f3, IL-6, and IL10)
in the mouse myometrium were measured using Enzyme-Linked Immunosorbent Assay
(ELISA) kits (YObibio Biotechnology Co., Ltd., Shanghai, China).

4.15. Progesterone and Estradiol Assays in Serum

Changes in progesterone and estradiol in mouse serum were determined using the
mouse PROG ELISA kit (F11570, Westang Biotechnology Co., Ltd., Shanghai, China) and
mouse E2 ELISA kit (F10440, Westang Biotechnology Co., Ltd., Shanghai, China).

4.16. Infiltration Analysis of Inflammatory Cells

The fresh myometrial tissues from each group were sampled 19 h after LPS injection,
fixed with 4% paraformaldehyde for 60 min, and then washed three times for 5 min with
0.1% PBS-T (Servicebio Biotechnology Co., Ltd., Wuhan, China). Non-specific binding was
blocked with a 5% BSA solution at room temperature for 1 h. Then, the tissue slices were
incubated with the CD68+ and Ly6g antibodies overnight at 4 °C. Primary antibodies for
CD68+ (product code: GB115723) and Ly6g (product code: GB11229) were purchased from
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Servicebio Biotechnology Co., Ltd. (Wuhan, China). And then the second antibody (Alexa
Fluor 488, product code: GB28303, Servicebio Biotechnology Co., Ltd., Wuhan, China) was
diluted in a 5% BSA solution at a ratio of 1:200, followed by incubation at room temperature
for 1 h. Subsequently, after rinsing with PBST, the uterine myometrium slides were stained
with DAPI for 10 min. Finally, an antifade reagent was introduced, and the enrichment of
leukocytes in each group was observed using an inverted fluorescence microscope (Nikon,
Tokyo, Japan).

4.17. Statistical Analyses

The data were analyzed using GraphPad Prism 8.4 software, and the results were pre-
sented as the mean + standard deviation. Significant differences in multiple-comparisons
tests were estimated using one-way analysis of variance (ANOVA) with Tukey’s HSD test.
Statistical significance was defined as p < 0.05.

5. Conclusions

Overall, burdock fructooligosaccharide, a natural polysaccharide extracted from tra-
ditional Chinese medicine, demonstrates potential in preventing PTL. Its efficacy may be
attributed to its ability to act as an antagonist of TLR4, thereby downregulating the expression
of its downstream genes, attenuating the release of inflammatory cytokines/chemokines,
reducing the infiltration of inflammatory cells into the myometrium, and even mediating the
regulatory effects of estrogen and progesterone to effectively protect the animal model from
inflammation-induced PTL. Therefore, incorporating BFO as a primary or adjunctive compo-
nent could offer novel and safer therapeutic insights for developing clinical interventions for
inflammation-related PTL, with minimal side effects for mothers and fetuses.
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The following abbreviations are used in this manuscript:

PTL Preterm labor

BFO Burdock fructooligosaccharide

CCBs Calcium channel blockers

DCs Dendritic Cells

AMP Atractylodes Macrocephala polysaccharide
CPP Codonopsis pilosula polysaccharide

LPS Lipopolysaccharide
UsMC Uterine smooth muscle cells
PSS Physiological salt solution

ELISA  Enzyme-Linked Immunosorbent Assay
AUC Area under the curve

TLR4 Toll-like receptor 4

IF Immunofluorescence

Icam-1  Intercellular adhesion molecule-1
Vcam-1  Vascular cell adhesion molecule-1
MCP-1  Monocyte chemoattractant protein-1
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