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A B S T R A C T

Relevance: Spontaneous abortion (SAB) and recurrent pregnancy loss (RPL) occur alone or 
concurrently with increasing incidences recently. Scutellaria baicalensis Georgi (SBG) has been 
used to prevent pregnancy loss for thousands of years, which is recognized as a “pregnancy- 
stabilizing herb” in ancient China. Baicalin (BA) and its metabolite baicalein (BE) are the main 
bioactive flavonoids in the root of SBG.
Methods: In this study, we focused particularly on the metabolism, toxicology, and pharmaco-
logical effects of BA at the maternal-fetal interface based on the biological process prediction by 
network pharmacology. Focused on the systematic review of BA’s regulatory mechanisms of 
immune homeostasis, cell proliferation and invasion, programmed cell death, inflammatory 
microenvironment, angiogenesis, oxidative stress and vascular remodeling at the maternal-fetal 
interface, it was found that BA exerts its biological effects to treat SAB and RPL through multi-
ple perspectives and targets. We also critically elucidated the limitations of using BA from a 
clinical perspective.
Results: We explored the bioavailability, targeting and efficacy of BA from a new perspective 
(optimization of the BA delivery system, organoid studies based on BA, potential effects of BA on 
uterine flora and bioactive components). Finally, we propose a multimodal stereo sequencing 
study of biologically active components based on pathological dynamics incorporating single-cell 
RNA sequencing, spatially resolved transcriptomics, and single-cell multimodal omics to delve 
deeper into the fetal-preserving mechanism of BA and to promote the application of BA in clinical 
practice.
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The list of chemical compounds in the article

Chemical compounds studied in this article Baicalin (PubChem CID: 64982).

Baicalein (PubChem CID: 5281605).

1. Introduction

Spontaneous abortion (SAB) is the loss of a pregnancy before 20 weeks of gestation and affects up to 20 %–30 % of all pregnancies 
[1]. Recurrent pregnancy loss (RPL) is defined as the failure of two or more clinically recognized pregnancies before 20–24 weeks of 
gestation and includes embryonic and fetal losses [2]. SAB and RPL both are distress pregnancy disorder experienced by ~2.5 % of 
women trying to conceive [3]. Several pathologies have been identified. The causes could be female age, anatomical and chromosomal 
abnormalities, genetic, endocrinological, placental anomalies, infection, smoking, alcohol consumption and psychological factors. 
Even with advanced assistant reproductive technology, the etiology of RPL caused by non-embryonic factors is complex, and different 
etiologies often coexist in PRL women, which makes it difficult to diagnosis and treatment [4,5].

Scutellaria baicalensis Georgi (SBG), a famous traditional herbal medicine applied in treating pregnancy-related disease for over 
1000 years, is regarded as a “pregnancy-stabilizing herb”. Studies have shown that Baicalin (BA) is one of the main chemical com-
ponents of SBG [5–7] and the quality marker (Q-marker, a standardization of a quality control system for traditional Chinese medicine 
(TCM) [8]) of SBG. BA and its metabolite baicalein (BE) are the main bioactive flavonoids that can be extracted from the dried roots of 
SBG. Studies have demonstrated that Chinese herb prescriptions consisting of BA can improve the levels of progesterone and β-human 
chorionic gonadotropin (β-hCG), plasma prothrombin time (PPT), activated partial thromboplastin time (APTT). However, there is still 
a notable lack of understanding of the pharmacology and toxicology of BA in preventing SBA/RPL.

In this review, we critically evaluated the pharmacological properties, toxicology and safety of BA. We also summarized 

Fig. 1. Multi-level framework of BA in the treatment of SAB/RPL. Notes: BA: Baicalin. SAB: Spontaneous abortion. BE: metabolite baicalein. RPL: 
Recurrent pregnancy loss. SBG: Scutellaria baicalensis Georgi.
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information of previous experiments and mechanisms of BA in the prevention of SAB based on the prediction biochemical process by 
network pharmacology. We also analyzed the differences in experimental designs, outcomes and limitations of previous studies, and 
provide future directions for the clinical applications of BA (Flow figure was detailed in Fig. 1).

2. Characteristics of baicalin

SBG is widely distributed in Northern, Northeastern, and Northwestern China, and is commonly found in extensive areas north of 
the Yangtze River [9,10]. The best quality SBG with the richest components is produced at Linyi city in Shandong province, and 
followed by Yuncheng city in Shanxi province [11–14]. Studies have shown that flavonoids are the main bioactive chemical com-
ponents of SBG, with the most representative components being BA and its main metabolite BE [15,16]. And according to the iden-
tification criteria of Q-marker, BA is considered to be an important chemical major component in SBG [17]. The proposed chemical 
structures of the metabolites and metabolic pathways of BA are shown in Fig. 2 A-E. As a glycosidic flavone, BA is too polar to traverse 
the lipid bilayer by passive diffusion and is thus poorly absorbed by the intestinal tract. It has also been found that BA has low 
bioavailability (2.2 %). Moreover, according to recent studies, BA exhibits different pharmacokinetic properties under different 
pathological conditions due to the fact that pathological conditions may alter the functionality of many enzymes and transporters in 
vivo. Thus, the pharmacokinetics of BA needs further research, especially under sensitive and appropriate detection methods [18].

3. Pharmacological prediction of SA/RPL treated with BA

To identify the target genes of SAB/RPL when treated by BA, we performed a prediction study by network pharmacology (NP), a 
common method in Complementary and Alternative Medicine (CAM) [19]. A NPgto predict the target regulatory network was con-
ducted based on the BA and BE considering of the drug-likeness for oral delivery [20].

3.1. Prediction of the mechanisms of baicalin-treated abortion by network pharmacology

3.1.1. Regulatory target network prediction of BA
The targets of BA and BE were introduced into the Swiss Target Prediction database (http://www.swisstargetprediction.ch/), the 

Fig. 2. Map showing the metabolic pathways of BA. (A) Lipinski’s Rule-of-Five for BA and its metabolite BE. (B). Chromatograms for BA in a double 
blank plasma sample, blank plasma sample with internal standard and a LLOQ plasma sample. (C–D) Proposed metabolic pathways of baicalin in 
vivo. (E) Interconversion pathways of BA and BE in vivo. Abbreviations: BA, Baicalin; BE, Baicalein; MW, Molecular weight; PSA, polar surface area; 
RB, rotatable bonds; HBA, hydrogen bond acceptors; HBD, hydrogen bond donors; GUS, β-glucuronidase; UGT, Uridine Diphosphate Glycosyl-
transferase; LLQQ, Lower limit of quantification.
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HERB database (http://herb.ac.cn/) and the PUBCHEM database (https://pubchem.ncbi.nlm.nih.gov/) (Fig. 3A–B). Differentially 
expressed genes (DEGs) were then identified, including Cyclin-dependent kinase 1 (CDK1), Xanthine dehydrogenase (XDH), Lysine- 
specific demethylase 4D-like (KDM4E), Arachidonate 15-lipoxygenase (ALOX15), and Arachid-onate 12-lipoxygenase (ALOX12) 
(Fig. 3C). Moreover, screening of the protein-protein interaction (PPI) network (minimum required interaction score: highest confi-
dence = 0.900) [21] by STRING (https://string-db.org), Cytoscape network analysis and the Cytohubba algorithm [22], revealed that 
steroid receptor coactivator (SRC), mitogen-activated protein kinase (MAPK), estrogen receptor alpha (ESR1), epidermal growth factor 
receptor erbB1(EGFR) and FYN may represent the core target genes of BA (Fig. 3D).

3.1.2. GO/KEGG enrichment analysis of SAB/RPL regulated targets by BA
Metascape (https://metascape. org/gp/) was utilized to analyze the Gene Ontology (GO) database (http://geneontology.org/) and 

predicted the SBG acting on SAB/RPL physiological and pathological processes at the maternal-fetal interface. By summarizing the 
enrichment of BA/BE, 119 molecular function (MF), 112 cellular components (CC), 354 biological processes (BP) (Fig. 3C). The BPs 
identified in recent studies include Relation of hormone levels (0010817), Negative regulation of immune system process (0002683), 
Negative regulation of cell population proliferation (0008285), Positive regulation of cell death (0010942), Regulation of inflam-
matory response (0050727) and Angiogenesis (0001525) (details are shown in Table 1).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment results suggested that the mechanism of BA/BE in 
treating SAB/RPL was significantly related to the NF-kappa B signaling pathway (hsa04064), Apoptosis (hsa04210), MAPK signaling 
pathway(hsa04010), VEGF signaling pathway(hsa04370), PI3K-Akt signaling pathway(hsa04151) and mTOR signaling pathway 
(hsa04150) (details was shown in Table 1 and Fig. 3E).

Fig. 3. Predictive NP of the prevention from miscarriage by BA. (A) The target network of BA (from SWISS). (B) The target network of BE (from 
SWISS). (C) GO enrichment analysis. (D) KEGG enrichment analysis of BA regulated targets (from metascape). (E) Related biological processes at 
maternal-fetal interface. Notes: NP, Network pharmacology. BA, baicalin. BE, baicalein. GO, Gene Ontology. BP, biological process. CC: Cellular 
components. MF: Molecular function.
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3.2. Limitations of network pharmacology in the studies of SAB/RPL

NP has been widely applied and recommended for investigating CAM-disease target genes. As mentioned previously, we have 
screened the core target genes and related pathways of BA for the treatment of SAB/RPL by network pharmacology. Nevertheless, there 
are several limitations to this approach. First, we should be cautious when using results derived from NP due to the fact that the 
databases are updated slowly, which can limit the comprehensiveness and credibility of research results [23]. Second, the dosage of 
herbs is always ignored when evaluating pharmacology and toxicology, making it difficult to identify regulatory relationships between 
the component and the targe genes [24]. Third, NP analysis is based on database screening. Whether the predicted genes work on the 
target organs or target cells need further investigation [25]. Finally, NP analysis can rarely reflect the actual mechanisms at the 
maternal-fetal interface during BA treatment. This is due to the clear heterogeneity between patients and the dynamic process that 
occurs during embryo implantation.

4. Mechanisms of BA in the treatment of SAB/PRL

As shown in Table 1, the predicted active BPs are crucial to maintain successful pregnancy. According to the prediction by the NP, 
we reviewed the four main active BPs of BA in preventing SBA/PRL. To focus on the mechanisms of BA/BE, we only summarized the 
modeled-animal trials (summarized in Table 2).

4.1. Regulation of decidual immune cells at the maternal-fetal interface by BA

Since the fetus is semi-allogeneic, the maternal immune system should exhibit tolerance of the fetus while maintaining the defense 
against infection. Thus, the microenvironment of the maternal-fetal interface, which consists of decidual stromal cells, trophoblast 
cells and decidual immune cells, should play a key role in maintaining pregnancy. Various subsets of material immune cells constitute 
the decidual immune system, such as natural killer (NK) cells, macrophages, T cells, B cells, and dendritic cells (DC). An imbalance of 
the microenvironment or functional changes may contribute to SAB or RPL [56](Figs. 4–5).

4.1.1. Decidual CD4+ T cells
During early pregnancy, decidual T lymphocytes account for about 10–20 % of immune cells, while CD 4+Th cells account for 

30–45 %. T helper (Th) dichotomy Th1/Th2 immune response is incorporated with a concept of regulatory T cell (Treg) immunity and 
expends to the Th1/Th2/Th17 and Treg cell paradigm. When the balance of Th1/Th2 and Th17/Treg is damaged, the poor decidu-
alization is accompanied with adequate endometrial vascularity, leading to impaired implantation. Research has shown that the 
propensity for Th2 over Th1 immune response is recognized by administrated BA and that the ratio of CD4+/CD8+ was ameliorated to 
prevent from RPL [36].

4.1.2. Macrophages
Macrophages (Mø), a type of antigen presenting cells, consists of 20~25 % of maternal-fetal immune cells. Decidual macrophages 

can be classified into M1 and M2 macrophages according to pro-inflammatory and anti-inflammatory states. Recent studies show that 
BA can improve the estrogen level and anti-inflammatory states in maintaining the balance of maternal-fetal interface through in-
hibition of endometrial Mø infiltration and regulation of TLR4/NF-κB signaling pathway activity [35].

Table 1 
Prediction of active biochemical process of BA in preventing SBA/PRL.

GO Major BP FDR Gene 
Ratio

Expression patterns in SA or RPL Regulatory evidence in this review

0010817 Regulation of hormone 
levels

9.84 18/ 
532

Regardless of etiology, sex hormone expression level 
is markedly decreased in a large proportion of 
patients with SAB/RPL

4.1 The effects of different abortion 
induction models

0002683 Negative regulation of 
immune system process

9.42 17/ 
487

Many types of decidual immune cell occupancies and 
functions are significantly altered in patients with 
SAB or RPL

4.2 Regulation of decidual immune cells 
at the maternal fetal interface by BA on 
SAB/RPL

0008285 Negative regulation of cell 
population proliferation

5.81 16/ 
787

The proliferation and invasion of trophoblast cells 
and decidual cells were significantly reduced in 
patients with SAB or RPL

4.3 Cell proliferation and cell invasion of 
BA

0010942 Positive regulation of cell 
death

9.76 19/ 
621

Programmed death of trophoblast cells or deciduate 
cells is abnormally activated in patients with SAB or 
RPL

4.4 BA regulates programmed cell death 
at the maternal fetal interface

0050727 Regulation of 
inflammatory response

10.43 17/ 
414

Overactivation of maternal and fetal interfacial 
inflammatory systems in patients with SAB or RPL (↑)

4.5 Inflammation and immune 
homeostasis

0001525 Angiogenesis 2.44 7/ 
326

The angiogenic capacity of decidual tissue was 
significantly reduced in more patients with SAB or 
RPL (↓)

4.6 Angiogenesis and vascular 
remodeling
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Table 2 
Experimental study on BA for anti-abortion.

Study Object of study Dosage of BA Intervention 
time

Modeling 
method

pregnancy 
diseases

Biological Processes* Related Outcomes

① ② ③ ④

Tian, 2022 
[25]

HTR-8/Svneo 100 μmol/L 48 h after drug 
intervention

25 mmol/L 
glucose

gestational 
diabetes

 þ   LDH, SOD, cleared 
caspase3, Bax, miR 
NC, and miR 451

Qiao, 
2022 
[26]

BALB/c, CBA/J 
and DBA/2 
mice

25～100 mg/kg, 
OA

1.0～14.0 dpc 
(14 days)

CBA/J × DBA/2 
pregnant mice

RPL   þ  RR, TNFα, IL14, IL10, 
CD4+/CD8+, IFN-γ, 
p-PI3K, p-AKT

Lai, 
2022 
[27]

RSA patients 
BALB/c, CBA/J 
and DBA/2 
mice

25～100 mg/kg, 
OA

0.5～12.5 dpc 
(12 days)

CBA/J × DBA/2 
pregnant mice

RPL   þ  RR, DC cells, HLA- 
DR/MHC-II, CD80, 
CD86, CD274, 33D1, 
SAT5-ID2, IL6, IL10, 
IL12, TGF-β

Li, 
2021a 
[28]

2-cell stage 
embryos of K-M 
mice

4 mg/Ml, OA 116 h post- 
hCG injection

42 ◦C for 1 h at 
112 h post-hCG 
injection

heat stress*  þ   Blastocyst 
hatchability, c-fos, 
ERK1/2, AP-1, 
mtDNA, TFAM, Bax, 
Bcl-2 and caspase-3), 
c-Jun

Li, 
2021b 
[29]

GDM patients 
HTR-8/Svneo

0.5, 10, 20, 50 and 
100 μM

2 h high-glucose 
(25 mmol/L) 
stimulation

GDM þ þ þ  Cell viability, 
proliferation, 
Apoptosis, TNF-α, IL- 
1β, IL-6, miRNA-17- 
5p, Mfn1/2, NF-κB

Lu, 
2021 
[30]

SD gestation 
Rat

5 mg/kg 
Tail vein injection

1.0～10.0 dpc 
(10 days)

LPS (1.0 μg/kg) SAB   þ  RR, TNFα, IL1β, 
CD86, CD206, p- 
PI3K, p-AKT

Xu, 
2021 
[31]

Wistar 
gestation Rat

50 mg/kg 
intraperitoneally 
injection

16.0～21.0 
dpc (5 days)

Nitro L Arginine 
Methyl Ester 
(100 mg/kg) 
13.0～21.0dpc

PE  þ   Tail artery blood 
pressure, 24 h urine 
protein level, Beclin 
1, LC3-II and P62

Wang, 
2021 
[32]

SD gestation 
Rat Primary 
culture of PE 
rat trophoblasts

25～100 μg/mL 48 h after 
intervention 
with 
medicated 
serum

As above PE þ    Cell morphology, Cell 
proliferation, cell 
invasiveness, GCM-1, 
miRNA-30d

Zhao, 
2021 
[33]

HTR-8/Svneo 
HUVECs

1, 5, 25 μM 48 h after drug 
intervention

Ang II(20 μM) HDCP þ   þ Cell proliferation, cell 
invasiveness, cell 
viability （HTR-8/ 
SVneo and 
HUVECs）; cell 
apoptosis ROS, 
MMP2, MMP9, VEGF, 
LncRNA NEAT1, miR- 
205-5p, HIF-1α

Li, 
2020 
[34]

In Vitro 
Fertilized Eggs 
of Pigs

8 mg/L OA Intervention 
for 48, 120 and 
168 h 
respectively

No modeling IVF-ET þ    Changes of cleavage 
rate, mulberry sac 
rate, blastocyst rate 
and NO expression in 
different time periods

Jiao, 
2020 
[35]

BALB/c, CBA/J 
and DBA/2 
mice

0.4 mL/mg 2.0～9.0 dpc 
(7 days)

CBA/J × DBA/2 
pregnant mice

RSA   þ  Macrophage (CD14), 
FSH, E2, PRL, TNF-α, 
IL-4, TLR4, NFκB, 
MyD88

Yang, 
2019 
[36]

BALB/c, CBA/J 
and DBA/2 
mice

0.4 mL/mg 
OA

1.0～14.0 dpc 
(14 days)

CBA/J × DBA/2 
pregnant mice

RSA   þ  RR, CD4+, CD8+, IFN- 
γ, IL4, Th1, Th2

Guo, 
2019 
[37]

In Vitro 
Fertilized Eggs 
of Pigs (2–4 cell 
stage)

0, 0.05, 0.1, 0.5 
and 1.0 μg/mL

Intervention 
for 44 h 
respectively

No modeling IVF-ET þ þ   Apoptosis, oocyte 
quality, embryo 
competence in vitro, 
BAX，BMP 15, GDF9, 
CyclinB, CDK1， 
PTGS1/2, PTX3, 
TNFAIP6 and ΔΨm

Liang, 
2018 
[38]

embryonated 
eggs 
HUVECs

6 μM (chicken 
embryo); 40 mg/kg 
(mice)

Once every 3 
days, 3 times 
in total

high-glucose 
(50 mM) 
stimulation

GDM  þ  þ Apoptosis, 
Autophagy, SOD, 
GSH-Px, MQAE, 
GABAA, p62,

(continued on next page)
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Table 2 (continued )

Study Object of study Dosage of BA Intervention 
time 

Modeling 
method 

pregnancy 
diseases 

Biological Processes* Related Outcomes

① ② ③ ④

Liu, 
2018 
[39]

HTR-8/SVneo 
cells

0.0, 0.05, 0.1**, 
and 0.5 μM

24 h after drug 
intervention

No modeling SAB þ þ   Cell Viability, 
Invasiveness MMP-2/ 
MMP9, NF-Κb p65

Hou, 
2018 
[40]

JEG-3 
trophoblast 
cells

1.5625, 3.125, and 
6.25μg/ml

16 h after drug 
intervention

8 h hypoxia and 
16 h 
reoxygenation

PE þ þ   Cell apoptosis, cell 
vitality, cell 
invasiveness, CASP3, 
CASP9

Ma, 
2018a 
[41]

K-M mice 0.4 mL/mg 
OA

4.0～9.0 dpc 
(5 days)

LPS (0.1 μg) SAB   þ  RR, TNF-α, IL-10

Ma, 
2018b 
[42]

K-M mice 0.4 mL/mg 
OA

4.0～9.0 dpc 
(5 days)

LPS (0.1 μg) SAB   þ  IR, IFN-γ, IL-4, IL-10, 
Th1/Th2

Lai, 
2016 
[43]

RSA patients 
BALB/c, CBA/J 
and DBA/2 
mice

25～100 mg/kg 
OA

0.5～12.5 dpc 
(12 days)

CBA/J × DBA/2 
pregnant mice

RSA   þ  CD11c+，CD274/ 
CD275，33D1、 
CD205，IL-10， 
pDC/cDC，MHC-II+

Guan, 
2016 
[44]

ICR mice 0.25, 0.50, and 1.0 
mg/mL

0.5～6.5 dpc 
(6 days)

Listeria spp (5 ×
106/mL)

SAB   þ  RR, IL-1β

Wang, 
2016 
[45]

Wistar 
gestation Rat

50, 100 mg/kg (I. 
h)

16.0～21.0 
dpc (5 days)

Nitro L Arginine 
Methyl Ester 
(100 mg/kg) 
13.0～21.0dpc

PE  þ  þ Tail artery blood 
pressure, 24 h urine 
protein level, 
Mitochondrial 
morphology, 
angiogenesis, XIAP, 
CASP9

Qi, 
2016 
[46]

Mouse 
prokaryotic 
embryo

2,4, and 8 μg/mL 24 h after drug 
intervention

No modeling SA þ þ   Dnmt3a, Dnmt1,GJA- 
1、CDH1、BCL-2, 
HSP70, BAX, CASP3

Chen, 
2014 
[47]

K-M mice 40 mg/kg 
OA

2.0～7.0 dpc 
(5 days)

Ru486 (3.33 
mg/kg)

SA    þ RR, number of 
implanted 
blastocysts, β-catenin, 
LRP6, DKK1 and 
Wnt4, Progesterone， 
estradiol

Zhang, 
2015 
[48]

K-M mice 100 mg/kg 
OA

1.0～8.0 dpc 
(7 days)

Female mice 
were injected 
with PMSG and 
hCG

COH þ   þ Adhesion, p-GSK3β, 
GSK3β, β-catenin, 
FUT4, SP5, Wnt，

Qi， 
2016 
[46]

2-cell stage 
embryos of KM 
mice

4 μg/mL Intervention 
for 24, 48, 72, 
96, 120 and 
168 h 
respectively

No modeling IVF-ET þ þ   Blastocyst 
development rate, 
BCL-2, HSP70 and 
GJA1

Wang, 
2014 
[49]

Decidual cells 
in mice

4 μg/mL 
OA

48 h after drug 
intervention

LPS (0～1000 
ng/Ml)

SAB   þ  RR, Decidual damage 
scenario, TNFα, 
ProgesteroneK-M mice 0.25, 1.25 and 2.5 

mg/mL ((0.1 mL/ 
10 g)

7.0～8.0 dpc 
(2 days)

LPS (0.1 mL/10 
g)

  þ 

Liu, 
2013 
[50]

Human 
chorionic 
trophoblast 
cells

0.05 g/mL (Dilute 
the stock solution 
to 1 million times)

24 h after drug 
intervention

No modeling SAB þ    Cell Viability，TNF

Zhang, 
2010 
[51]

K-M mice, 
EEC

40, 400, and 800 
μg/mL 
OA

0.5～3.5 dpc 
(2 days)

LPS (0.1–0.6 μg) SAB   þ  IR, Th1, Th2, IFN-γ, 
IL-10 and NOS 
activity.

Ma, 
2009 
[52]

K-M mice 10, 20, 50 mg/kg 
OA

1.0～7.0 dpc 
(7 days)

Bromocriptine 
(0.075 mg)

SAB   þ  RR, IFN-γ, IL-10, Th1/ 
Th2 and Progesterone

Qin, 
2007 
[53]

Human 
decidual cells

Not applicable 24 h after drug 
intervention

TNF- α (0.5, 2.0, 
10.0, 50.0 μg/L)

SAB  +   Decidual apoptosis

Jiang, 
2007 
[54]

BALB／c mice 2.5 mg／mL，0.4 
mL/d

4.0～7.0 dpc 
(4 days)

Ru486 (90μg/ 
0.6 mL) I.h

SAB   þ  RR, IR, CD80＋ 、 
CD86＋

(continued on next page)
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Table 2 (continued )

Study Object of study Dosage of BA Intervention 
time 

Modeling 
method 

pregnancy 
diseases 

Biological Processes* Related Outcomes

① ② ③ ④

Che, 
2006 
[55]

BALB／c mice 2.5 mg／mL，0.4 
mL/d

4.0～7.0 dpc 
(4 days)

①Ru486 (90μg/ 
0.6 mL) I.h; 
②LPS (0.1 μg) I. 
h

SAB   þ  RR, IR, IL-2, IL-4, IL- 
10,IFNγ

Notes：：①Regulation of cell proliferation and invasion. ②Regulation of Programmed Cell Death (PCD). ③Regulation of inflammation and immune 
homeostasis. ④Regulation of angiogenesis and vascular remodeling.* Heat stress causes oxidative damage and induces excessive cell apoptosis and 
thus affects the development and/or even causes the death of preimplantation embryos. Abbreviation: COH, Controlled ovarian hyperstimulation. 
AKT, protein kinase B. AP1, activator protein 1. BA, Baicalin. BE, Baicalein. BCL2, B-cell lymphoma 2. BMP15, Bone Morphogenetic Protein 15. 
CASP3, cysteinyl aspartate specific proteinase(caspase) 3. CDK1, cyclin-dependent kinases 1. CDH1, E-Cadherin. DPC, days of pregnancy. DKK1, 
Dickkopf-1. EEC, Endometrial epithelial cells. FUT4, Fucosyltransferase 4. GDM, gestational diabetes mellitus. GDF9, Growth Differentiation Factor 9. 
GJA1, Gap junction alpha-1. GSK-3β, Glycogen synthase kinase-3 beta. HDCP, hypertensive disorder complicating pregnancy. HUVECs, human 
umbilical vein endothelial cells. HSP70, heatshockprotein-70. IFN-γ, Interferon-γ. IL2, Interleukins-2. IR, implantation rate. I.P, intraperitoneal in-
jection. IVF-ET, In vitro fertilization embryo transfer. K-M mice, Kun Ming mice. LPS, Lipopolysaccharide. LRP6, Low Density Lipoprotein Receptor 
Related Protein 6. MMP-2, Matrix metalloproteinase-2. NF-κB, Nuclear factor kappa-B. NOS, Nitric Oxide Synthase. OA, oral administration. RR, 
Resorption rate. RSA, Recurrent spontaneous abortion. ROS, Reactive Oxygen Species. PI3K, Phosphatidylinositol3-kinase. PTX3, Pentraxin 3. PE, 
Preeclampsia. SAB, spontaneous abortion. TNFα, Tumor necrosis factor alpha. TNFAIP6, Tumor necrosis factor α Inducible Protein 6. TGF-β, 
Transforming growth factor-β. TFAM, Transcription Factor A. Mitochondrial. XIAP, X-linked inhibitor of apoptosis protein.

Fig. 4. Regulatory networks of BA on immune cells at the maternal fetal interface in SAB/RPL patients. Notes: M1/M2: Decidual macrophages can 
be classified into M1 and M2 macrophages according to pro-inflammatory and anti-inflammatory states. CTB: cytotrophoblast, EECs: endometrial 
epithelial cells, EECs. DSCs: decidual stromal cell. AA: arachidonic acid. DC: dendritic cell. NK: natural killer cell. TfH: Follicular helper T cells. Th: 
helper T cell. EVT: extravillous trophoblast.
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4.1.3. Decidual dendritic cells
Dendritic cells (DCs) are important maternal fetal interface immune cells discovered recently. They provide fetal antigens to 

decidual T cells through their powerful antigen presentation function. DC-SIGN + immature decidual cells and CD83+ mature decidual 
cells were found. Researchers have demonstrated a mutual transformation and regulation between DCs and macrophages. It has also 
been reported that the content of ILT4+ DCs in peripheral blood decreases in patients with recurrent abortion [57]. Recent studies 
indicate that BA could alleviate embryo resorption of RSA mice by reversing conventional DCs to plasmacytoid DCs and functional 
molecule expression via inhibiting the STAT5-ID2 pathway. These studies indicate that DCs play an important role in the pathogenesis 
of RSA and BA might be used for treating RPL [27].

4.1.4. Decidual natural killer(dNK) cells
As the most abundant leukocytes during pregnancy, natural killer (NK) cells are recruited and activated by ovarian hormones and 

have pivotal roles throughout pregnancy. During the first trimester, NK cells represent up to 50–70 % of decidua lymphocytes. 
Differently from peripheral-blood NK cells, dNK cells are poorly cytolytic. They release cytokines/chemokines that induce trophoblast 
invasion, tissue remodeling, embryonic development, and placentation. NK cells can also shift to a cytotoxic identity and carry out 
immune defense if infected in utero by pathogens [58]. Although there are no direct reports on BA’s regulation of NK cells in decidual or 
trophoblast tissues, a large number of Chinese herbal compounds containing BA suggest that they can improve the immune state by 
adjusting the balance between peripheral blood NK cells and endometrial NK cells and regulating related factors to treat patients with 
RPL or RIF [59]. However, more evidence is needed.

Fig. 5. Main regulatory mechanisms of BA against SAB/RPL.

L. Deng et al.                                                                                                                                                                                                           Heliyon 10 (2024) e38633 

9 



4.1.5. Myeloid derived suppressor cells
Myeloid derived suppressor cells (MDSC), in particular polymorphonuclear myeloid derived suppressor cells (PMNMDSC), play a 

significant role in maintaining the maternal-fetal tolerance and preventing the invasion of the normal human cytotrophoblast cells 
[60]. PMN-MDSCs can mediate immune tolerance by inhibiting NK cytotoxicity, inducing Treg cell proliferation and polarizing CD4+

T cells into Th2 cells. Though there is still a lack of evidence linking BA and MDSC of decidua or trophoblastic tissue, in recent years it 
has been suggested that treatment with BA could ameliorate Lesional tissue immunosuppressive environment by downregulation of 
PD-L1 expression and proportion of MDSCs and upregulation of percent of CD4+ and CD8+ T cells in lesional tissue [61]. Therefore, 
this category of cells also deserves attention.

4.2. Regulation of cell proliferation and cell invasion

Early embryonic development is very similar to tumor development. Trophoblast cell proliferation is often accompanied by in-
vasion; this process refers to the ability of cells to migrate from one region to another through the extracellular matrix [62]. Cell 
invasiveness often predicts the ability of embryo implantation and the function of endometrium decidualization.

BA is significantly more effective than water extracts of BA at the same dose with regards to promoting trophoblast cell proliferation 
[50]. BA can significantly inhibit the expression of Mir-30d and up-regulate GM-1 protein to promote the proliferation and invasion of 
placental trophoblast cells in rats with preeclampsia [32]. BE can promote the migration and invasion of HTR-8/SVneo cells through 
the NF-κB pathway, which is very important for successful pregnancy [39].

4.3. Regulation of programmed cell death (PCD)

PCD is a physiological and active “suicide” phenomenon in which cells die at particular points during the development process. 
PCD has since been recognized and accepted as a distinctive and important mode of cell death, which involves the genetically 
determined elimination of specific cells [63]. During embryo implantation, PCD is conductive to the invasion of trophoblast cells into 
the endometrial cells and decidualization, However, overactivated PCD during pregnancy is not conducive to the survival of the 
embryo. Therefore, homeostasis is critical during PCD [64].There are many types of PCD which can manifest as apoptosis, 
autophagy-dependent death, pyroptosis, ferroptosis, and programmed cell necrosis at the maternal-fetal interface [65]. BA has obvious 
advantages in the regulation of PCD. As detailed below, it is believed that the mechanism of BA is mainly regulated from three types, 
including apoptosis, autophagy and pyroptosis.

4.3.1. Apoptosis
Apoptosis refers to the spontaneous and orderly death of cells controlled by genes in order to maintain a stable internal envi-

ronment. The process can be divided into four steps: reception of apoptosis signal, interaction between apoptosis-regulating molecules, 
activation of proteolytic enzyme (Caspase) and continuous reaction of death. BA can reverse the mitochondrial pathway of excessive 
cell apoptosis [45] and cell autophagy [31]. In vitro studies have shown that BA can regulate Gap junction alpha-1 (Gja1), E-cadherin 
(Cdh1), b-cell lymphoma-2(bcl-2) and heatshockprotein70 (HSP70) to inhibit cell apoptosis to improve the development ability of 
mouse embryos cultured in vitro [28,37,46]. BA can also play an anti-apoptotic effect on gestational diabetes mellitus (GDM) by 
regulating the mirNA-17-5p-Mfn1/2-Nf-κb pathway [29].

4.3.2. Autophagy
Autophagy refers to the process by which lysosomes or vacuole intima directly encase and degrade substrates. Three main forms of 

autophagy: micro-autophagy, macro-autophagy, and Chaperone-mediated autophagy (CMA) have been observed. Autophagy regu-
lates the crosstalk between these cells at the maternal-fetal interface as well. Aberrant autophagy is found in villi, decidual stromal 
cells, peripheral blood mononuclear cells in SAB/RPL patients, although the findings are inconsistent among different studies [66]. In 
vivo studies show that BA could inhibit X-1inked inhibitor of apoptosis protein (XIAP), microtubule associated protein 1 light chain 
(LC3-II) and cysteine containing aspartation-9 (Caspase-9) in the placental trophoblast cells of preeclampsia animal models [31].

4.3.3. Pyroptosis
Pyroptosis, also known as inflammatory necrosis of cells, is a programmed cell death, which is manifested by the continuous 

expansion of cells until the membrane bursts, resulting in the release of cell contents and the activation of a strong inflammatory 
response. It is involved in the regulation of host defense against pathogens and immune inflammatory processes, and is crucial in 
maintaining the balance of immune inflammation in the body. Activation of inflammasome can mediate the formation of Gasdermin 
shear body and participate in pyroptosis. Recently, increasing evidence suggests that pyroptosis and inflammasome are key to the 
physiological processes of pregnancy and the occurrence and development of many pregnancy diseases. Although there are no reports 
of the effects of BA on pyroptosis of basic cells in pregnancy, most studies suggest that BA reduces pyroptosis by inhibiting the PERK/ 
TXNIP/NLRP3 axis, and therefore may be a new host-directed therapy (HDT) drug [67].

4.4. Regulation of inflammation and immune homeostasis

A balance between pro-inflammatory and anti-inflammatory cytokines is key to embryo implantation and immune tolerance [68]. 
However, the innate immunity system and specific immune systems can create an imbalance in the inflammatory environment after 
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stimulation by pathological factors. This imbalance can change the quantity of decidual immune cytokines and induce temporal-spatial 
development disorders and disturb maternal-embryo interface communication, thus leading to SAB [69,70]. BA has significant 
pharmacological effects in regulating inflammation. Firstly, BA can inhibit the levels of interferon (IFN)-γ and interleukin (IL)-2 in the 
uterine tissue through the PI3K/AKT signaling pathway, and can also activate Th2 cells to secrete IL-4, IL-10 and reduce the activity of 
NOS. BA can also promote the Th1/Th2 balance to influence the development of the Th2 type and effectively reduce the CD4+/CD8+

ratio [26,36,41]. Secondly, BA can also inhibit macrophage polarization through the TLR4/Nf-κb signaling pathway [35] and improve 
the inflammatory microenvironment at the maternal-fetal interface. Last but not least, it has been found that conventional dendritic 
cells can be reversed into plasmacytoid dendritic cells and that functional molecule expression can be inhibited by inhibition of the 
STAT5-Id2 pathway, thereby reducing embryonic resorption in RSA mice [27].

In addition, we focused on the effects of the arachidonic acid metabolic system on the reproductive system and the maternal fetal 
interface through NP. Researchers have suggested that the three metabolic pathways importantly on female pathological pregnancy. 
As early as 20 years ago, some scholars proposed that BA is an inhibitor of arachidonic acid (AA) metabolic pathway lipoxyase (LO), 
which has a significant protective effect on mouse inflammatory models such as liver injury caused by bacterial lipopolysaccharide. At 
present, a large number of reports suggest that baicalin has obvious curative effect on LPS-induced abortion mice, and its mechanism is 
also related to the regulation of arachidonic acid.

4.5. Regulation of oxidative stress

In physiological states, there is an oxidation/antioxidation balance in the body that can provide a low-stress environment for the 
placenta. In pathological states, when the body is stimulated by various internal and external factors, excessive mitochondrial reactive 
oxygen species (ROS) are produced and the oxidative/antioxidant balance in the body is impaired. As a result, oxidative stress is 
initiated, which in turn causes cellular damage. There is a large body of evidence that an abnormal increase or rapid fluctuation of ROS 
has a deleterious effect on the trophoblast function, leading to a variety of adverse pregnancies [71,72]. Oxidative stress can lead to 
spontaneous abortion by reducing the oocytes and compromising sperm DNA [73]. In the fetus, oxidative stress can affect fetal growth 
and development by impairing placental function, leading to inflammatory responses and vascular dysfunction in the placenta. In 
addition, oxidative stress can directly damage fetal DNA, proteins, and lipids and increase the risk of pregnancy disorders in the fetus. 

Fig. 6. Antitoxic and embryotoxic potential effects of BA. (A) Administration routes of BA commonly used in the clinic. (B) Protective and ther-
apeutic effects of BA on natural toxicity and physical hazards. (C) Potential embryotoxicity of BA. (D) Problems related to BA injection.
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Dysregulation of signaling pathways of cellular antioxidant defense mechanisms has been reported to be associated with adverse birth 
outcomes such as miscarriage, pre-eclampsia and intrauterine fetal growth retardation [74].

BA contains two phenolic hydroxyl groups that act as hydrogen or electron donors, and has potent antioxidant and anti- 
inflammatory effects. Studies have shown that BA can play a protective role by reducing damage to cells and tissues caused by 
oxidative stress. BA scavenges free radicals in the body, regulates the activity of antioxidant enzyme systems and reduces the pro-
duction of oxidative substances, thereby alleviating the adverse effects of oxidative stress on pregnancy. It was found that the in-
flammatory response and oxidative stress were alleviated, protease expression was reduced and MMP expression was downregulated 
in infected premature rats after baicalein intervention, indicating that BA can effectively improve the degree of infection, reduce the 
infiltration of inflammatory cells into the placenta, and improve the adverse pregnancy outcomes [75,76].

4.6. Regulation of angiogenesis and vascular remodeling

Angiogenesis refers to the development and formation of new blood vessels from existing capillaries or postcapillary veins, mainly 
including the degradation of vascular basement membrane and the activation, proliferation and migration of vascular endothelial cells 
in the activation phase [77]. Angiogenesis is regulated by the balance of pro-angiogenic factors, hypoxia-inducible factors, trans-
forming growth factors and their inhibin networks at the maternal-fetal interface. There are important pathological changes such as 
vascular reduction and vascular endothelial cell structure destruction in the decidual tissue during SAB/RPL [78,79].

Vascular endothelial growth factor (VEGF) contributes to the process of embryo implantation by enhancing embryo development, 
improving endometrial receptivity, and facilitating the interactions between the developing embryo and the endometrium. There is a 
correlation between the alteration of VEGF expression and reproductive failure, including recurrent implantation failure (RIF) and RPL 
[78]. Studies have found that, VEGF mRNA was decreased in the decidua and villi of RSA. BA has long been confirmed to increase 
VEGF expression and angiogenesis by activating the ERRα/PGC-1α pathway [80]. BA can inhibit the interaction between Mir-205-5p 
and MMP9 or VEGF by up-regulating lncRNA NEAT1, which can in turn reduce vascular endothelial injury [33].

5. Toxicological effects and safety evaluation

BA is considered a safe, natural and effective culinary herbal medication, but it is essential to pay attention to the dosage and 
duration of treatment. The chemical drug instructions published by the National Medical Products Administration in 2002 pointed out 
that BA capsules should be 250mg/tablet, 2 tablets/time and, 3 times/day when taken for oral administration; 60–120 mg/time, once a 
day for intramuscular injection; and 300–600 mg added to 250 mL of 10 % glucose solution for intravenous injection [81,82](Fig. 6A). 
A study investigated the pharmacokinetics, safety and tolerability of BA after a multiple-ascending-dose protocol in healthy Chinese 
volunteers, and found that in dose range of 200–800 mg, multiple-dose oral BA administration was safe and well tolerated [83] 
(Fig. 6B). However, dose proportionality was inconclusive.

The injection of BA has become a significant focus of research due to the high efficacy of this route of administration. However, 
adverse reactions caused by injections of Chinese herbs containing BA often involve multiple systems, organs and tissues. For example, 
Shuanghuanglian, a Chinses herb formular contains BA, is known to cause an BA-induced allergenic effect [83]. BA can also activate 
mast cells and increase the levels of IgE and IgG antibodies [84]. In addition, particles in the injection, non-standard instructions, 
overdose and other factors can also lead to the aggravation of adverse reactions. Considering safety and efficacy, the application and 
promotion of BA-containing injections have been questioned and continue to be investigated. Moreover, clinical reports on BA focus 
more on the treatment of hepatitis and pneumoniac [85–88].

For the embryotoxicity, the flavonoids of SBG were detected in pregnant rats at different stages, except for those in middle 
pregnancy, thus indicating potential in utero exposure in case of oral SBG administration [87]. Studies have shown that BA, wogonoside 
and wogonin could penetrate the placental barrier in 5 min, while BE and oroxylin A could penetrate in 20 min [89,90]. Excessive 
levels of BA are toxic and can downregulate the expression levels of miR-290 clusters thereafter to inhibit the proliferation of mouse D3 
embryonic stem cells (ESCs) [91,92].Researchers have assessed the embryotoxicity of baicalin using embryonic stem (ES) cell tests in 
vitro and find that the ability of ES cells to differentiate into myocardial cells gradually decreases with 40 mg/L of BA and that the rate 
of inhibition was 69 %. According to estimations of embryo toxicity, BA exhibited only weak levels of embryotoxicity [93]. However, 
the cut-off dosage for BA needs to be further explored (Fig. 6C).

Moreover, a report investigated the use of BA capsules when combined with labetalol hydrochloride injection and show that thus 
combination had a significant effect in the treatment of severe preeclampsia by improving renal function and blood fluidity [94] 
(Fig. 6D).

6. Outlook on the research of BA in preventing SAB/RPL

Although clinical evidence supports the efficacy of BA in preventing SAB/RPL, the current understanding of the mechanism and 
transformation of BA in SAB/RPL is still far from complete. We believe that there are still a lot of application potential and related 
directions in BA delivery system, organoid research, uterine flora research and spatiotemporal omics research.

6.1. Optimization of the BA delivery system

The administration of BA is inefficient due to its low bioavailability. Multiple delivery strategies for BA have been invented, 
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including nanoscale techniques, phospholipid complexes, solid dispersions, inclusion complexes and micelles [95–99]. Compared with 
BA alone, the modification of BA can improve its solubility and solubility, which in turn can further improve its targeting ability and 
therapeutic effect [100].

6.2. BA-based organoid studies

Organoids are three-dimensional (3D) cell cultures that contain some of the key properties of their representative organs，share a 
similar spatial organization with the corresponding organ, and reproduce some functions of the corresponding organ. Organoids could 
provide a highly physiologically relevant system [101]. Advances in human stem cell and organoid technology have been applied to 
extra-embryonic tissues to develop trophoblast cell lines that can grow in two dimensions (2D) and 3D and differentiate into EVTs, 
meaning that the currently used “trophoblast” cell lines should soon become new research trends [102]. Therefore, the development of 
an organoid research system will be of great significance for investigating the pathogenesis of BA on preeclampsia, fetal growth re-
striction, stillbirth and recurrent miscarriage.

6.3. Potential effect of BA on uterine flora

The relationship between endometrial microbiota and implantation attracted professional focus. Amplification and Sequencing of 

Fig. 7. Overview of spatiotemporal biological network analysis patterns. (A) Future cross-integration patterns of clinical medicine and multidis-
ciplinary analysis. (B) Schematic representation of the pharmacological study of spatiotemporal networks for BA. (C) Technology schematic diagram 
of three major single-cell omics technologies: single-cell RNA sequencing, spatially resolved transcriptomics and single-cell multimodal omics.
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the bacteria-specific 16S ribosome gene (16S rRNA) using technologies such as Next Generation Sequencing (NGS) has confirmed the 
presence of the uterine microbiome. The potential mechanism of microbiota affecting implantation is unknown. The takeaway from 
the gut microbiome is that the uterine microbiome may regulate the subpopulations of immune cells needed for implantation. The 
differentially abundant microbiome may be attributed to the immune tolerance through binding to the NOD-like receptor [103]. 
Studies suggest that BA and its metabolites also inhibite the expression of pro-inflammatory cytokines, TNF-α and IL-1β, and the 
activation of NF-κB in LPS-stimulated peritoneal macrophages [104]. However, the regulation of uterine flora by BA is unclear and still 
worthy of further investigation.

6.4. Temporal and spatial genomics of bioactive components

The “disease-gene-target-drug” network pharmacological patterns shown in many biological research studies and CAM network 
biology research is usually static, thus meaning that these outcomes do not conform to the occurrence and development of disease. 
During the peri-implantation period, there are multiple biological process balance transitions at the maternal-fetal interface. During 
the localization, adhesion and invasion of blastocyst cells, with associated changes in pro-inflammatory and anti-inflammatory states 
of the decidua, the involved subsets of cells and related genes show dynamic network changes at each time point [105].

Routine sequencing obtains the “average value” of the overall tissue expression, and the effect of CAM components or metabolic 
factors at the spatiotemporal level may lead to negative results by NP. The incorporation of single-cell RNA sequencing, spatially 
resolved transcriptomics and single-cell multimodal omics (including the physiological characteristics of the skin-mucosal barrier, 
blood-brain barrier and placental barrier) can helps to study the pharmacological mechanism of BA from macro to organism, from 
microscopic to cellular, integrating multi-scale observation and identification, to carry out spatio-temporal genomics research, and to 
establish a three-dimensional sequencing system for biologically active ingredients. It has great potential for application in the dis-
covery of pharmacodynamic substances, construction of action networks and elucidation of integrated regulatory mechanisms [106,
107] (Fig. 7A–C).

7. Conclusion

In summary, fertility preservation is a common global issue that determines human reproduction and prosperity. Based on the 
biological activity, specific pharmacokinetics, network analysis and related experimental studies of BA, we conclude that BA is 
effective in the prevention and treatment of SAB and RPL with the following potential mechanisms: (i) the promotion of trophoblast 
cell proliferation and invasion, (ii) reduced cell apoptosis at the maternal-fetal interface, (iii) the maintenance of inflammatory im-
mune homeostasis, and (iv) the promotion of decidual angiogenesis, ultimately facilitating the continuous process of decidualization. 
This suggests that BA exerts its fetal-sparing effects through multiple pathways and targets, and the key molecular mechanisms of its 
action can be further verified by animal or cellular experiments. In fact, although clinicians have recognized the efficacy of BA in 
preserving fertility, there are still few high-quality clinical reports on BA, and clinicians and reproductive medicine practitioners in the 
relevant fields can conduct large-sample, multicentre clinical trials to confirm its safety and efficacy and provide high-quality guidance 
for the clinic.

In addition, due to the low bioavailability of BA, there are few clinical toxicology studies and the current study design is not 
rigorous enough. We can optimise our research protocols to improve the bioavailability of the active ingredients of SBG through the 
aforementioned stereo-sequencing system of bioactive components based on the dynamic pattern of pathology, starting from spatio- 
temporal genomic analysis, to provide a more rigorous and objective view of the efficacy of BA for fertility preservation, and further 
promote the application of BA in clinical practice. Therefore, our work constructs a research blueprint for the in-depth study of the 
efficacy of BA for fertility preservation and its mechanism, and provides some scientific basis for the development of new effective 
fertility-preserving drugs in the future.
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