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Kampo medicine in the management of menopausal symptoms: A 
narrative review of therapeutic potential

Yuanzheng Liu1, Susumu Kobayashi2, Ling Wang3, Yanming Ren1,*, Peipei Song2,*

1 Department of Tranditional Chinese Medicine, Medical College, Qinghai University, Xining, China;
2 Center for Clinical Sciences, Japan Institute for Health Security, Tokyo, Japan;
3 Department of Obstetrics and Reproductive Immunology, Shanghai East Hospital, Tongji University School of Medicine, Shanghai, China.

1. Introduction

Menopausal symptoms arise as a consequence of ovarian 
dysfunction and reduced estrogen secretion, leading to 
autonomic and neuropsychiatric disturbances. These 
symptoms include hot flushes, night sweats, dizziness, 
palpitations, sleep disturbances, mood changes, 
headaches, musculoskeletal pain, atrophic vaginitis, 
bladder irritability, and general malaise (1-3). Moreover, 
menopause has been linked to an increased risk of 
osteopenia, osteoporosis, and ischemic heart disease (4).
	 Menopausal symptoms can last for 4–5 years, with 
9% of women still experiencing symptoms at the age 
of 72 (5). Hormone therapy is widely recognized as the 
most effective treatment for menopausal symptoms. 
However, extensive research has documented its 
potential risks, including increased incidences of breast, 
ovarian, and endometrial cancer, as well as a heightened 

risk of stroke and thromboembolism, particularly with 
prolonged use (6-10). Since the early 2000s, the use of 
menopausal hormone therapy has exhibited a substantial 
decline, particularly among women aged 52 to 65, 
largely attributable to safety concerns following the 
initial results of the Women's Health Initiative trial (6). 
Consequently, both patients and healthcare professionals 
are increasingly seeking alternative therapeutic options 
that demonstrate efficacy while minimizing adverse 
effects. In the United States, 82% of physicians advocate 
for herbal therapies as a complementary approach for 
managing menopausal symptoms (11). Traditional 
Chinese herbal medicine, known for its relatively mild 
side effects, is a natural therapeutic approach that has 
been widely utilized in some Asian countries, such as 
China and Japan. Its popularity is attributable in part to 
the relatively mild side effects associated with its use.
	 In Japan, Kampo medicine has been officially 

DOI: 10.5582/ddt.2025.01039Review

(136)

SUMMARY: Menopausal symptoms primarily result from ovarian dysfunction and declining estrogen levels, 
leading to multisystem disorders. Although hormone therapy remains the most effective treatment, its long-term use 
is associated with significant risks, prompting interest in alternative options. Kampo medicine, a traditional Japanese 
system derived from Chinese herbal medicine, has gained renewed attention as a complementary and personalized 
therapeutic approach to menopausal health. This review aims to systematically summarize the current application 
and clinical evidence of Kampo medicine in the management of menopausal symptoms across multiple domains, 
including vasomotor, neuropsychiatric, musculoskeletal, skeletal, and genitourinary systems. Furthermore, the review 
seeks to further validate its efficacy through the mechanistic actions of its key ingredients. While the therapeutic 
effects of Kampo medicine on hot flashes have been inconsistent, it has demonstrated significant efficacy in improving 
emotional disturbances, sleep disorders, and somatic symptoms, particularly among individuals whose conditions are 
not driven solely by hormonal imbalances. In the management of osteoporosis, the integration of Kampo medicine with 
conventional Western treatments not only enhances overall therapeutic outcomes but also contributes to the reduction 
of adverse effects. One limitation of current research is the lack of randomized controlled trials (RCTs) evaluating the 
efficacy of Kampo medicine in managing Genitourinary Syndrome of Menopause (GSM), highlighting the need for 
further investigation in this area. The integration of Kampo medicine into menopausal symptom management may 
contribute to a more holistic, patient-centered approach that offers both traditional and Western medical options. This 
integrative model has the potential to support shared decision-making and improve personalized care for menopausal 
women.

Keywords: menopausal symptoms, Kampo, traditional herbal medicine, key ingredients
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incorporated into the National Health Insurance 
System, enabling patients to freely choose between 
Western and Kampo treatments at an affordable cost. 
Kampo formulations have become the most widely 
used form of Complementary and Alternative Medicine 
recommended by physicians in Japan (12). The market 
size for prescribed Kampo formulations has steadily 
grown, reaching approximately 162 billion yen per 
year by 2020 (13). Given this growing interest in safer 
and evidence-based alternatives, Kampo medicine 
has attracted increasing attention for its therapeutic 
potential in menopausal care. This narrative review aims 
to systematically summarize the current applications 
and clinical evidence of Kampo medicine in managing 
menopausal symptoms across multiple domains, 
including vasomotor, neuropsychiatric, musculoskeletal, 
skeletal, and genitourinary systems.

2. Kampo's basic concepts

Kampo medicine is based on a diagnostic framework 
that integrates three fundamental dichotomies: Yin-
You (yin-yang), Kyo-Jitsu (deficiency-excess), and 
Netsu-Kan (heat-cold), and three essential physiological 
substances: Ki (Qi), Ketsu (blood), and Sui (fluid) (14-
16). According to the principles of Kampo medicine, 
the onset of menopausal disorders is attributed to 
imbalances in Ki (Qi), Ketsu, and Sui. These elements 
have historically been referred to as "Blood Path 
Syndrome", which is characterized by blood stasis and 
microcirculatory dysfunction. Ketsu stagnation was 
identified as the most prevalent pathological condition 
among menopausal women, with a prevalence of 36.5% 
among cases. This was followed by Ki regurgitation 
(25.9%) and Ki stagnation (24.8%) as relatively 
frequent patterns. Among women whose primary 
menopausal symptoms were headache, hot flushes, and 
dizziness, the most commonly associated patterns were 
Sui metabolism disorders (48.8%), Ketsu stagnation 
(48.1%), and again Sui metabolism disorders (48.0%), 
respectively (17).
	 According to Kampo theory, the optimal formula 
should be selected individually based on four traditional 
diagnostic methods: i) visual inspection, ii) auscultation, 
iii) palpation and olfaction, and iv) inquiry into the 
patient's subjective symptoms. These methods enable 
practitioners to ascertain not only the imbalanced 
substance (Ki, Ketsu, or Sui), but also the predominant 
pattern among the dichotomies (yin–yang, deficiency–
excess, heat–cold), thereby guiding treatment selection. 
In accordance with these diagnostic principles, 25 
commonly used Kampo formulations (Table 1) have been 
officially standardized for the treatment of menopausal 
symptoms, as listed in the official compendium of 
Kampo medicines and their constituent crude drugs 
published by the Ministry of Health, Labour and Welfare 
of Japan (18).

3. Kampo for menopausal symptoms

A growing body of research supports the efficacy and 
safety of Kampo medicine in managing a wide range of 
menopausal symptoms. The following section will review 
its studies across five key symptom domains. Table 1 and 
Table 2 summarize Kampo formulations with existing 
research evidence for each symptom domain, including 
their herbal components and mechanisms of action from 
both traditional and modern medical perspectives.

3.1. Kampo for hot flushes

Approximately 60–80% of menopausal women 
experience hot flushes and sweating, symptoms that 
typically peak during the late menopausal transition 
and the initial phase of menopause (19). Menopausal 
hot flashes are primarily attributed to dysregulation of 
the hypothalamic thermoregulatory center triggered 
by fluctuating or declining estrogen levels (20). This 
hormonal disturbance is believed to enhance the activity 
of neuropeptides such as calcitonin gene-related peptide 
(CGRP), a potent vasodilator (21). Elevated CGRP 
levels increase skin temperature and promote sweating, 
contributing directly to the onset of hot flashes (22). 
Keishibukuryogan may alleviate vasomotor symptoms 
by improving peripheral blood flow and lowering plasma 
CGRP concentrations, thereby modulating the underlying 
mechanisms of hot flashes (23). Notably, in one clinical 
study, Keishibukuryogan significantly increased blood 
flow in the toes, which associated with a reduction in 
upper body hot flashes and a relief of cold sensations 
in the lower extremities of postmenopausal women, 
whereas hormone replacement therapy (HRT) reduced 
peripheral blood flow (24). Similarly, Unkeito has been 
shown to relieve hot flashes and coldness in the lower 
limbs by improving poor circulation and modulating 
excessive peripheral blood flow (25). EH0202, a herbal 
supplement, significantly reduces facial flushing by 
decreasing facial skin surface blood flow, while also 
exerting lipid-lowering effects (26).
	 In addition to improving peripheral circulation, some 
Kampo formulations also appear to alleviate hot flashes 
by modulating inflammation-related thermoregulatory 
pathways. Both Keishibukuryogan and Kamishoyosan 
significantly reduce IL-8 levels, a key cytokine involved 
in thermoregulation (27). In addition, keishibukuryogan 
decreases circulating monocyte chemotactic protein-1 
level in postmenopausal women, which is the primary 
chemokine responsible for the recruitment of monocytes 
to sites of active inflammation (27,28).
	 Although several Kampo formulations have 
demonstrated pharmacological activity and some efficacy 
in alleviating hot flashes and night sweats, current studies 
still reveal inconsistent therapeutic outcomes (29,30).

3.2. Kampo for emotional and sleep disorders

(137)
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The menopausal transition is associated with an elevated 
risk of mood disorders (31), with the incidence of first-
onset depression being approximately twice as high as 
in premenopausal women (32). Epidemiological surveys 
indicate that the incidence of anxiety and depression 
among perimenopausal women ranges between 21% 
and 25% (33). There is a bidirectional relationship 
between mood and sleep, and sleep disturbances 
are increasingly recognized as a core component of 
menopausal psychological symptoms rather than a 
secondary complaint. Anxiety and depression frequently 
coexist with insomnia, and all three are influenced 
by overlapping neuroendocrine and neurotransmitter 
mechanisms during the menopausal transition.
	 Higuchi et al. demonstrated that peri-menopausal 
women with nonspecific symptoms who were 
treated with Kamishoyosan exhibited significantly 
lower Hamilton anxiety scores compared to those 
receiving HRT (34). Beyond endocrine mechanisms, 
immune factors are also involved in the development 
and aggravation of menopausal symptoms (35). 
Kamishoyosan has been shown to alleviate these 
symptoms while reducing serum levels of IL-6 and 
sIL-6R (36). It also increases TNF-α concentrations, 
suggesting that cytokines may influence mood 
regulation via the central nervous system and can be 
modulated by herbal interventions (37). In addition, 
research has shown that Japanese Kampo formulations, 
such as Tokishakuyakusan, Kamishoyosan, and 
Keishibukuryogan, are effective in alleviating sleep 
disturbances in perimenopausal women, improving 
sleep onset, reducing sleep interruptions, and enhancing 
restorative sleep (38). Furthermore, the combined use 
of Unkeito and HRT has been found to significantly 
reduce scores on the Self-Rating Depression Scale and 
alleviate both depressive symptoms and anxiety levels, 
as measured by the State-Trait Anxiety Inventory (39).
	 The Japanese Kampo Medicine Clinical Practice 
Guidelines recommend Yokukansan for treating 
menopausal insomnia (40). Studies also have shown 
that it can reduce anxiety and improve sleep quality, 
likely through modulation of central neurotransmitter 
systems (41). Yokukansan has been shown to enhance 
the anxiolytic effect of fluvoxamine by downregulating 
5-HT2A receptor expression in the prefrontal cortex, 
suggesting that their combination may provide a 
synergistic approach for the treatment of anxiety 
disorders (42). YokuKansan-ka-chimpihange is a 
Kampo compound formula derived from the classical 
prescription Yokukansan, with the addition of Citrus 
reticulata and Pinellia. One polysomnographic study has 
shown that YokuKansan-ka-chimpihange significantly 
increases total sleep time in healthy adults and 
demonstrates a tendency to improve sleep efficiency and 
reduceP sleep latency (43).
	 Oral administration of porcine placental extract 
(PPE) over a 24-week period significantly reduced 

scores on the Simplified Menopausal Index, Zung's Self-
Rating Depression Scale, and the State-Trait Anxiety 
Inventory, indicating notable improvements in anxiety 
and depressive symptoms (44). Nyoshinsan, one of the 
commonly used Kampo formulations for managing 
menopausal symptoms, has demonstrated clinical 
efficacy in alleviating psychiatric manifestations such 
as nocturnal awakening and depressive mood. Notably, 
its therapeutic effects appear to be more pronounced in 
women with a higher body mass index (45).
	 While HRT is effective in relieving vasomotor 
symptoms, its effects on psychiatric symptoms such as 
insomnia, anxiety, depression, dizziness, and irritability 
are limited (46,47). Not all climacteric symptoms can be 
explained by ovarian hypofunction alone (48,49), and 
estrogen therapy has significant limitations in addressing 
psychological manifestations.

3.3. Kampo for osteoporosis

Osteoporosis is a metabolic bone disease characterized by 
degenerative changes in bone microarchitecture, leading 
to increased bone fragility and a higher risk of fractures. 
It affects more than 200 million people worldwide 
(50), with postmenopausal women being particularly 
vulnerable due to estrogen deficiency. Estrogen 
deficiency accelerates trabecular bone loss and induces 
the production of proinflammatory cytokines such as IL-
6, which enhance osteoclast activity and contribute to 
the development of postmenopausal osteoporosis (51). 
Currently, clinical management of osteoporosis primarily 
relies on two therapeutic strategies: anti-resorptive agents 
and bone anabolic agents. However, long-term use of 
anti-resorptive agents such as bisphosphonates may lead 
to complications like osteonecrosis of the jaw (52) or 
atypical fractures (53), while HRT also carries potential 
side effects.
	 Compared to synthetic drugs, Kampo medicines 
are known for their fewer adverse effects, making 
them more suitable for long-term use. Hachimi-jio-gan 
(HJG) has been shown to enhance calcium metabolism 
(54) and demonstrate efficacy in osteoporosis 
prevention and treatment (55). Furthermore, a study 
in ovariectomized rats found that HJG inhibited 
bone resorption without significantly affecting bone 
formation. Notably, combining HJG with alendronate 
significantly improved trabecular bone mass and 
microstructure compared to either treatment alone (56). 
Similarly, Unkeito (57) has been reported to suppress 
RANKL-induced osteoclastogenesis, promote osteoclast 
apoptosis, and prevent bone loss in ovariectomized 
mice, highlighting its potential as a therapeutic agent 
for postmenopausal osteoporosis. Kamikihito has been 
shown to effectively increase bone mass, improve 
anemia, and reduce menopausal symptom severity 
in women with osteoporosis (58). In an randomized 
controlled trial (RCT) involving women who had 
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undergone oophorectomy and entered surgically induced 
menopause, the combination of Keishibukuryogan and 
vitamin D3 significantly increased bone mineral content, 
as well as serum calcium and alkaline phosphatase levels, 
which shows a therapeutic effect on osteopenia caused 
by estrogen deficiency (59). Saikokaryukotsuboreito can 
prevent loss of bone volume and suppress serum IL-6 
level in a postmenopausal model (60).
	 Kampo medicine offers a promising therapeutic 
approach for the treatment of postmenopausal 
osteoporosis, particularly for patients who are intolerant 
to conventional medications or unwilling to undergo 
hormone therapy.

3.4. Kampo for somatic symptoms

Some of the most common climacteric symptoms are 
somatic symptoms, such as muscle and joint pain, which 
cause limitations in performing daily tasks. Several 
evidence suggest that changes in or loss of sex hormones 
may enhance susceptibility to musculoskeletal pain and 
influence disease progression (3,61). These findings 
indicate a correlation between menopause and the 
increased incidence of joint pain and osteoarthritis (OA) 
(62).
	 Approximately 50% of menopausal women report 
arthralgia (63). Traditional herbal medicine has been 
utilized for centuries to treat various musculoskeletal 
pain conditions. Keishikaryoujutsubuto and Boiogito 
have been reported to alleviate menopausal hand joint 
pain, muscle pain, and stiffness, thereby significantly 
improving quality of life (64). A randomized, placebo-
controlled clinical trial has demonstrated the efficacy 
and safety of Keishikaryoujutsubuto in managing pain 
associated with knee OA (65). Additionally, an RCT 
investigating the therapeutic effects of Boiogito on knee 
OA with joint effusion demonstrated that patients in the 
Boiogito group exhibited significant improvements in 
stair-climbing ability, as measured by the Knee Society 
Scoring System functional score (66). Sinomenium 
acutum, a substitute for Fangji in Japan due to concerns 
about aristolochic acid toxicity. Sinomenium acutum has 
long been used in traditional Chinese medicine to treat 
rheumatic diseases (67), and its main active compound, 
sinomenine, has demonstrated anti-inflammatory and 
analgesic effects in both animal and human models of 
OA (66,68,69).
	 In traditional Chinese medicine, the placenta is 
known as Ziheche (processed human placenta) and has 
been used for centuries in Asian countries to alleviate 
menopausal symptoms. In Japan, a commonly used 
pharmaceutical preparation derived from hydrolyzed 
human placenta is commercially available under the 
name Laennec (70). Recently, PPE has been developed 
as an oral supplement for therapeutic purposes similar 
to human placental extract. Oral administration of PPE, 
especially in combination with menopausal hormone 

therapy, has shown efficacy in relieving chronic shoulder 
stiffness and knee pain in postmenopausal women (71).
	 Low back pain is one of the most common 
pain conditions and tends to worsen during the 
perimenopausal and postmenopausal periods (72). Its 
causes are multifactorial, including hormonal decline, 
bone loss, muscle atrophy, and psychological stress. 
Although hormone therapy is effective for alleviating 
hot flashes, menopausal hormone therapy and oral 
contraceptives have been linked to an increased risk 
of Low back pain (73). Kampo medicine offers a 
unique advantage in that it can be modified based 
on an individual 's  menopausal constitution to 
simultaneously address systemic menopausal symptoms 
and musculoskeletal complaints. An RCT found that 
Keishibukuryogan combined with bushi (Aconiti tuber) 
was more effective than Keishibukuryogan alone in 
relieving nonspecific lumbago in menopausal women, 
with higher symptom relief rates (74).
	 Kampo formulations has demonstrated clinical 
efficacy in alleviating menopausal musculoskeletal 
symptoms. In addition, bioactive components from 
traditional remedies, such as Sinomenium acutum 
and PPE, show promise for pain relief and functional 
improvement.

3.5. Genitourinary Syndrome of Menopause (GSM)

GSM is a clinical condition resulting from decreased 
estrogen levels following menopause, affecting the 
genital and lower urinary tract. Common symptoms 
include vaginal dryness, burning sensations, dyspareunia, 
urinary frequency, and urgency (75). The prevalence of 
GSM has been documented to be approximately 64.7% 
one year after menopause, increasing to 84.2% after six 
years (76). Due to the intimate nature of its symptoms, 
many women may be reluctant to seek medical attention, 
leading to underreporting and undertreatment of this 
condition. MHT remains the primary treatment for GSM 
(77). Conversely, Kampo medicine's current scope is 
confined to the provision of symptomatic relief, and 
there is an absence of substantial clinical evidence, such 
as RCTs, specifically addressing GSM. Consequently, 
further research is warranted to explore Kampo's 
potential role in the comprehensive management of 
GSM.

4. Concise overview of key ingredients in the Kampo 
formulations discussed

In the management of menopausal syndrome, Kampo 
medicines have demonstrated promising clinical 
potential due to their multi-component and multi-target 
characteristics. In this review, we provide a concise 
overview of the key ingredients identified in the Kampo 
formulations discussed (Figure 1).
	 Glycyrrhizae radix and cinnamomi cortex exhibited 
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Estrogen Receptor β-dependent estrogenic activity, and 
unkeito, kamishoyosan, and nyoshinsan demonstrated 
estrogenic effects, potentially useful for treating menopausal 
syndrome (78). Cinnamaldehyde, a pivotal active 
constituent of Keishibukuryogan, has been demonstrated 
in earlier studies to activate the transient receptor 
potential ankyrin 1 channel (79), thereby promoting 
thermoregulatory responses such as increased brown 
adipose tissue activity and elevated rectal temperature. 
Moreover, cinnamaldehyde exerts anti-inflammatory 
effects in chondrocytes by inhibiting lipopolysaccharide 
-induced inflammation and attenuating cartilage 
degeneration through the suppression of the NF-kappaB 
signaling pathway (80). Glycyrrhizin and geissoschizine 
methyl ether are two active components of Yokukansan. 
Geissoschizine methyl ether acts as a partial agonist at 
serotonin 5-HT1A receptors and an antagonist at 5-HT7 
receptors, primarily targeting neurons in the prefrontal 
cortex, thereby modulating emotional and anxiety-
related behaviors (81-84). The glycyrrhizin metabolite, 
18β-glycyrrhetinic acid, enhances glutamate uptake 
in the hippocampus by activating astrocytic glutamate 
transporters, which may contribute to alleviating 
depressive symptoms and improving sleep quality (85). 
Liquiritigenin, another active compound of Glycyrrhiza, 
exhibits estrogenic agonist activity by stimulating the 
expression of estrogen-regulated genes, indicating that it 
possesses characteristics of a selective estrogen receptor 
modulator (86). The lignan components contained in 
EH0202, such as secoiso and lariciresinol (87), exhibit 
phytoestrogenic activity and may contribute to the 
regulation of the central thermoregulatory system.
	 Paeoniflorin and paeonol, bioactive components 

derived from peony, demonstrate significant therapeutic 
potential in alleviating menopausal symptoms through 
multiple mechanisms. Paeoniflorin, an active compound 
in traditional Kampo formulations such as Unkeito, 
Tokishakuyakusan, Kamikihito, Keishibukuryogan, 
and Hachimijiogan, has multiple biological effects. 
It promotes non-rapid eye movement sleep via 
the adenosine A1 receptor (88) and helps improve 
osteoporosis caused by high-fat, high-carbohydrate 
diet-induced hyperlipidemia (89). Paeoniflorin also 
directly stimulates 3T3-L1 adipocytes to secrete 
estradiol, suggesting potential roles in managing ovarian 
dysfunction in postmenopausal women (90). Paeonol 
alleviates postmenopausal cognitive impairment, 
anxiety, and depression by upregulating G protein-
coupled receptor 30 expression and activating the 
PI3K/Akt/mTOR signaling pathway with increased 
hippocampal brain-derived neurotrophic factor levels 
(91). Additionally, it prevents bone loss by suppressing 
RANKL-induced osteoclastogenesis via inhibition of 
ERK, p38, and NF-kappaB pathways (92).
	 The efficacy of Hachimijiogan in combating 
osteoporosis is attributable to the synergistic actions 
of its core components, including catalpol, loganin, 
and morroniside. Catalpol (93) has been shown 
to support bone formation while limiting bone 
breakdown. Loganin (94) has been demonstrated to 
promote osteogenesis and balance bone remodeling. 
Morroniside (95) has been shown to protect against 
inflammation-driven bone loss by modulating key 
signaling pathways, such as NF-kappaB and MAPK. 
Saikokaryukotsuboreito is traditionally employed in 
the treatment of Menopausal symptoms. Among its 

Figure 1. Kampo formulations and key ingredients for menopausal symptoms.
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constituents, saikosaponin A, baicalein, and calcium 
carbonate are considered key contributors to its 
effects on bone health. Saikosaponin A (96) has been 
shown to mitigate bone loss by inducing ferroptosis in 
osteoclasts and inhibiting osteoclastogenesis. Baicalein 
(97) inhibits osteoclast differentiation and promotes 
apoptosis in mature osteoclasts, thereby reducing bone 
resorption. The use of oyster shell–fortified foods 
(98) has demonstrated efficacy in the prevention and 
treatment of osteoporosis by enhancing calcium intake 
and supporting bone mineralization. It is noteworthy 
that the oyster shell composition is predominantly 
calcium carbonate, constituting a bioavailable calcium 
source. Keishikaryoujutsubuto and Keishibukuryogan 
combined with bushi (Aconiti tuber) contain aconitine 
alkaloids, which are believed to improve peripheral 
circulation and reduce pain and stiffness (99). 
Boiogito includes sinomenium (100) and astragalus 
polysaccharides (101), which exhibit anti-inflammatory 
and immunomodulatory effects, aiding in the relief of 
musculoskeletal discomfort.
	 The efficacy of Kampo medicine in managing 
menopausal syndrome is substantiated by both 
formula-level clinical observations and component-
level mechanistic evidence. These findings suggest 
that the therapeutic effects of Kampo formulations 
are attributable to their multi-component, multi-target 
actions, offering pharmacological plausibility for their 
traditional use.

5. Conclusion

Kampo medicine has experienced a resurgence in 
Japan following its official approval by the Ministry of 
Health and Welfare in 1976. Today, it is recognized as a 
principal therapeutic option for managing menopausal 
symptoms, alongside hormone therapy. Among the 
approximately 150 Kampo formulations currently 
in clinical use, Tokishakuyakusan, Kamishoyosan, 
and Keishibukuryogan are regarded as the most 
representative and frequently prescribed formulations for 
alleviating menopausal complaints in women (38).
	 Kampo medicine fundamentally differs from 
Western medicine in its underlying etiological concepts, 
diagnostic criteria, patient evaluation methods, and 
treatment selection strategies. Each system possesses 
distinct philosophical foundations and clinical 
approaches, and rather than being mutually exclusive, 
they may be considered complementary. In the treatment 
of hot flash and GSM, HRT remains the first-line 
approach. However, Kampo medicine has demonstrated 
significant effectiveness in managing emotional and 
sleep disturbances as well as various somatic symptoms. 
This may be attributed to Kampo's ability to interpret 
and treat the multifaceted physical and psychological 
manifestations of menopause as an integrated syndrome. 
By selecting from a small number of formulations 

tailored to the individual's overall symptom pattern, 
Kampo aligns closely with the heterogeneous and 
systemic nature of menopausal disorders.
	 Given the unique diagnostic and therapeutic 
principles of Kampo, future clinical research should not 
only pursue high-quality RCTs but also explore ways to 
incorporate Kampo-specific diagnostic frameworks into 
study designs. Instead of treating Western and Kampo 
medicine as opposing paradigms, a patient-centered 
model that presents both options clearly, along with 
their respective benefits and potential risks, should be 
encouraged. This integrative approach has the potential 
to empower women to make informed decisions and may 
lead to more personalized and effective management of 
menopausal health.
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1. Introduction

Recurrent pregnancy loss (RPL) is defined as the 
occurrence of two or more consecutive fetal losses with 
the same sexual partner before 28 weeks of gestation. 
With the increasing trend of women delaying childbirth 
and the implementation of policies such as China's 
"comprehensive two-child" and "three-child" policies, 
the incidence of RPL has been rising each year (1). It 
has become a significant health issue both nationally 
and globally. Globally, RPL affects 1–5% of couples, 
with rising incidence linked to delayed childbearing. The 
etiology of RPL is complex and diverse, and its clinical 
manifestations are nonspecific, making the diagnosis 
and treatment challenging. The treatment of RPL 
mainly focuses on addressing the causative factors and 

managing symptoms. The routine use of low molecular 
weight heparin, either alone or in combination with low-
dose aspirin, may be prescribed during early pregnancy 
for RPL patients with positive thrombophilia screening 
(PTS), aiming to improve pregnancy outcomes. Assisted 
reproductive technology can also be utilized to address 
fertility issues caused by chromosomal abnormalities in 
RPL patients, among other treatments. However, some of 
these treatments can be costly and may result in adverse 
effects such as bleeding, gastrointestinal reactions, 
liver function abnormalities, and allergies. Moreover, 
the overall efficacy of these treatments is not always 
satisfactory. It is important to continue researching and 
exploring more effective and safer treatment options for 
RPL to improve patient outcomes and reduce the burden 
of this condition.

DOI: 10.5582/ddt.2025.01059Review
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SUMMARY: In recent years, there has been an escalating incidence of recurrent pregnancy loss (RPL), imposing 
substantial psychosocial and economic burdens on families. Despite extensive investigations, approximately 50% 
of cases remain idiopathic, underscoring the intricate nature of potential pathogenic mechanisms. Quercetin (QUE), 
a prevalent flavonoid compound, exhibits potential in the therapeutic modulation of RPL by influencing endocrine, 
coagulation, oxidative stress, inflammation, and immune responses. This review aims to elucidate the potential role 
of QUE in RPL, explore its molecular mechanisms, and delineate its therapeutic significance. Herein, we synthesize 
existing evidence on the impact of QUE in RPL, particularly in traditional Chinese medicine, accentuating areas 
necessitating further exploration. QUE demonstrates regulatory prowess over RPL by modulating endocrine functions, 
encompassing thyroid functionality, diabetes, polycystic ovary syndrome, and luteal phase defects. It exhibits anti-
inflammatory and antioxidant properties, influences coagulation functions, and affects immune cells such as T cells, 
T helper cells, macrophages, and natural killer cells. QUE also interacts with maternal-fetal interface cells, including 
myeloid-derived suppressor cells, stromal cells, and extravillous trophoblast cells, highlighting its multifaceted role in 
the modulation of RPL. Despite promising preclinical data, clinical trials directly targeting RPL remain limited. We 
emphasize the need for rigorous human studies to validate QUE's efficacy and safety in pregnancy. By elucidating the 
mechanistic underpinnings of QUE in treating RPL, this research may contribute to developing targeted interventions 
for RPL and other adverse pregnancy conditions, ultimately ameliorating reproductive health and well-being for 
affected individuals and families.

Keywords: endocrine, coagulation, inflammation, oxidative stress, maternal-fetal interface
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	 Traditional Chinese medicine (TCM) has a long 
history and extensive experience in treating RPL. 
Quercetin (QUE) is a flavonoid compound in everyday 
vegetables and fruits such as red onions, apples, broccoli, 
red grapes, and citrus. It is also present in various TCMs 
like santolina, scutellaria baicalensis, and acacia (2). 
Chemically, it is known as 3,3',4',5,7-pentahydroxyfla
vonoids, with a molecular formula of C15H10O7. Figure 
1 depicts its structural formula. QUE exhibits favorable 
therapeutic efficacy, low toxicity, and multiple biological 
functions. It acts as an antioxidant, anti-inflammatory 
agent, chelator of iron, and regulator of lipid metabolism 
(3,4). In addition, QUE has been shown to have 
relatively few toxic side effects. However, in terms of 
treating RPL, despite the promising research prospects 
of QUE, clinical trial data directly targeting RPL remains 
scarce. To address this gap, we can draw inspiration from 
the ancient and rich repository of TCM. Many of these 
formulas contain herbs rich in QUE, such as Cuscuta 
sinensis and Sambucus nigra (5,6). These herbs have 
a long history of tonifying the kidneys, securing the 
fetus, and regulating reproductive health, contributing 
to improved pregnancy outcomes (7). In conclusion, 
investigating the potential role of QUE in RPL and 
understanding its associated mechanisms could offer 
new insights into this condition's clinical prevention and 
treatment.

2. Clinical treatment containing QUE

In modern clinical practice, TCMs frequently used to 
prevent miscarriage include Yi Qi Bu Shen Fang (8) and 
Shou Tai Wan (9). Zi Shen Yu Tai pill employs Cuscuta 
chinensis to fortify the kidneys and secure the fetus, 
with additional herbs like Taxillus chinensis, Dipsacus 
asperoides, and Eucommia ulmoides to bolster kidney 
Yang and Qi. Codonopsis pilosula and Atractylodes 
macrocephala augment Qi and strengthen the Pi, while 
Rehmannia glutinosa and Lycium barbarum nourish 
the blood and calm the fetus. This formula has been 
shown to effectively alleviate traditional Chinese 
medical symptoms during pregnancy and elevate 
serum progesterone levels (10,11). Similarly, Jia Wei 
Shou Tai pill prominently features Cuscuta chinensis, 
complemented by Dipsacus asperoides, Taxillus 
chinensis, and donkey-hide gelatin, to improve levels 
of progesterone and human chorionic gonadotropin 
during pregnancy (12). In these miscarriage-preventing 
formulas, Cuscuta chinensis and Taxillus chinensis 
often play a crucial role, with QUE identified as a 
significant active component in these kidney-tonifying 
herbs through liquid chromatography-mass spectrometry 
(13,14), sparking interest in their potential to enhance 
pregnancy outcomes.
	 Innovations upon traditional prescriptions for 
treating RPL have led scholars to develop the "Bushen-
Yiqi-Lixue-Yangtai" (BYLY) compounds used to 

prevent and treat RPL (15). A clinical trial with 480 
patients revealed that the combination of Duphaston 
and BYLY markedly reduced early miscarriage rates 
compared to BYLY or Duphaston alone, suggesting 
significant benefits and improved pregnancy outcomes. 
This regimen incorporates various herbs rich in QUE, 
such as Paeonia lactiflora Pall. and Cuscuta chinensis. 
The mass spectrometry analysis verified that the key 
component of the compound above is QUE. Besides, 
network pharmacology studies further identified QUE as 
a key molecule in BYLY's treatment of RPL, and cellular 
experiments showed that QUE enhanced the biological 
function of trophoblast cells under hypoxic conditions. 
This clinical evidence from widely used herbal medicines 
underscores QUE's potential as a therapeutic agent for 
RPL. Table 1 summarises clinical trials involving QUE 
for the treatment of RPL, where the key component 
of the primary drugs used in the clinical trials is QUE 
(10,15-20). These clinical studies have limited sample 
sizes and exhibit heterogeneity in herbal formulations, 
indicating that QUE's therapeutic use requires more 
direct clinical validation (21).

3. QUE improves endocrine function

Endocrine dysfunction plays a significant role in the 
occurrence of RPL, with approximately 8% to 12% 
of endocrine alterations associated with RPL (22,23). 
Although various endocrine factors can cause RPL, 
many underlying mechanisms remain unclear. Several 
endocrine disorders have been identified as possible 
contributors to RPL, including thyroid dysfunction, 
diabetes, polycystic ovary syndrome (PCOS), and luteal 
insufficiency. These conditions can adversely affect 
oocyte quality and endometrial tolerance, increasing 
the risk of RPL. Additionally, they may induce a 
prothrombotic state, further elevating the likelihood of 
experiencing recurrent miscarriage.

3.1. QUE regulates thyroid function

Maternal influences on the production, secretion, and 
metabolism of thyroid hormone (TH) during pregnancy 
can significantly increase the incidence of thyroid disease 
(24). Abnormal thyroid function has been found to affect 
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Figure 1. The structural formula of quercetin.
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pregnancy outcomes at both endocrine and immune 
levels and is considered a risk factor for RPL (25).

3.1.1. Hyperthyroidism
	
Hyperthyroidism increases the risk of RPL. Excessive TH 
in the bloodstream can lead to increased neuromuscular 
excitability, elevated secretion of norepinephrine and 
angiotensin, vasospasms, and contractions, ultimately 
resulting in miscarriage (26). QUE has been found 
to directly inhibit hyperthyroidism by activating the 
Nrf2 signaling pathway. Furthermore, QUE exhibits 
antihypertensive effects and acts as an effective 
angiotensin-converting enzyme inhibitor (ACEI), 
further mitigating vascular and contractile complications 
associated with hyperthyroidism. Besides, QUE also 
influences TH metabolism by inhibiting deiodinases, 
enzymes critical for TH activation (27). These findings 
highlight the potential therapeutic benefits of QUE in 
addressing thyroid-related reproductive complications.

3.1.2. Hypothyroidism
	
Hypothyroidism is often associated with hypoprolactinemia, 
which can lead to follicular hypoplasia and luteal 
insufficiency (28). This results in inadequate production 
of steroid hormones, which are necessary to maintain 
the endometrium during the secretory phase. Insufficient 
hormonal support can lead to early miscarriage. Studies 
have shown that QUE exhibits an anti-thyroid effect 
by inhibiting thyroid cell growth and suppressing the 
expression of key thyroid-related proteins, including 
the sodium/iodide symporter, thyroglobulin, thyroid 
peroxidase, and thyroid-stimulating hormone receptor 
(29). Although no studies have specifically investigated 
QUE's effects in hypothyroidism models, it  is 
hypothesized that QUE may exacerbate hypothyroidism. 
Therefore, the severity of hypothyroidism should be 
carefully evaluated when considering QUE in clinical 
applications.

3.2. Diabetes

Diabetes, whether in the form of pre-existing diabetes 
combined with gestational syndrome or gestational 
diabetes mellitus, is a common metabolic disorder that 
can have significant impacts on pregnancy outcomes. 
Insulin resistance (IR) is a characteristic feature 
of diabetes where the body's response to insulin is 
reduced, leading to elevated blood glucose levels and 
compensatory hyperinsulinemia (30). Poor control of 
blood glucose during pregnancy increases the risk and 
incidence of RPL, as well as adverse clinical outcomes 
for both the mother and infant (31). QUE has been 
extensively studied for its potential therapeutic effects on 
diabetes. Numerous studies have reported its antidiabetic 
activity (32-35), primarily due to its ability to improve 

IR. QUE has shown efficacy in significantly improving 
insulin sensitivity and glucose uptake. Additionally, QUE 
has been found to enhance oocyte and embryo quality 
in diabetic mouse models (36) and improve endometrial 
tolerance (37) in the diabetes animal model.

3.3. Polycystic ovarian syndrome (PCOS)

PCOS is an endocrine disorder that serves as a risk 
factor for RPL. Hyperinsulinemia/IR, high androgen 
levels, and obesity are the main factors contributing to 
RPL in individuals with PCOS. Studies have shown 
the therapeutic effects of QUE in animal models of 
PCOS (38,39). QUE has demonstrated significant 
attenuation of PCOS-induced IR, sex hormone 
disorders, and ovulatory abnormalities. In addition 
to hyperinsulinemia/IR, high androgen levels, and 
obesity, other factors such as elevated luteinizing 
hormone (LH) levels, hyperhomocysteinemia, and 
a prethrombotic state complement reinforce the 
development of RPL in PCOS. QUE has been found to 
possess inhibitory effects on LH levels (40). Although 
there are no specific reports on the association between 
QUE and hyperhomocysteinemia, some studies have 
indicated that QUE protects against homocysteinemia-
induced oxidative stress in rats (41). These findings 
suggest a potential positive role for QUE in managing 
hyperhomocysteinemia.

3.4. Potential effects of QUE in luteal phase defect (LPD)

LPD is closely associated with miscarriage and is 
characterized by reduced endometrial secretory 
responsiveness caused by issues such as post-ovulatory 
luteal dysplasia, insufficient progesterone secretion, 
or premature degeneration of the corpus luteum (42). 
LPD leads to a decreased ability of the endometrium to 
support implantation and maintain pregnancy. Although 
there are limited reports on the association between QUE 
and LPD, researchers have conducted studies using a Bu-
shen-zhu-yun decoction in rats, significantly improving 
LPD. It is worth noting that the serum level of QUE was 
elevated in the treatment group compared to the rats in 
the control group (43), suggesting that QUE may have 
beneficial effects in improving LPD and potentially 
reducing the risk of RPL by addressing the underlying 
factors contributing to LPD.

3.5. Potential effects of QUE in hormone supplementation

The researchers discovered that supplementation of 
progesterone, progestogen, and human chorionic 
gonadotropin can reduce the abortion rate in patients 
with RPL and increase the live birth rate (44,45). QUE 
has been shown to upregulate steroid hormone levels and 
improve ovarian function (46), indicating its potential 
role in hormone modulation. Notably, reports indicate 
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that QUE can promote the release of progesterone 
and progestogen from ovarian granulosa cells (47,48) 
and stimulate progesterone release from preovulatory 
follicles (49). These findings highlight the promising 
role of QUE in hormonal regulation and its potential as a 
therapeutic approach for individuals with RPL.
	 Individuals with a history of RPL undergo 
comprehensive endocrine evaluations to identify any 
underlying hormonal abnormalities and address them 
accordingly. Based on the existing research foundation, it 
can be speculated that QUE may help regulate endocrine 
function and reduce the risk of complications associated 
with RPL (Figure 2).

4. QUE improves coagulation

PTS, characterized by increased blood coagulation 
and a higher risk of thrombus formation, has gained 
significant attention in its association with RPL. 
While there is currently a lack of specific reports on 
the relationship between QUE and the prethrombotic 
state, a review of the literature reveals that QUE has 
demonstrated the ability to inhibit the mRNA level 
of plasminogen activator inhibitor 1, a key substance 
involved in the prethrombotic state. This inhibitory 
effect has been observed in a dose- and time-dependent 
manner (50,51), suggesting a potential role for QUE 
in inhibiting the process of thrombus formation. In 
addition, some studies have reported the regulatory 
role of QUE in coagulation function. For example, in 
treating patients with COVID-19, QUE can reduce 
coagulation abnormalities and inhibit thrombosis by 
inhibiting blood protein disulfide isomerase (52). In a 
neonatal asthma rat model, QUE can protect neonatal 

asthma by reducing coagulation time and coagulation 
factor activity (53). These findings highlight the 
potential of QUE as both a preventive and therapeutic 
agent in modulating coagulation processes and 
mitigating complications associated with PTS and 
related conditions.

5. QUE's antioxidant properties

QUE is a potent free radical scavenger among flavonoids. 
Due to the presence of phenolic hydroxyl groups and 
double bonds, it exhibits significant antioxidant activity 
(54). The catechol group on the B ring and the hydroxyl 
group at position three on the A ring collectively 
contribute to QUE's antioxidant characteristics (55). 
The hydroxyl groups in QUE's structure deactivate free 
radicals by donating active hydrogen, thereby oxidizing 
and stabilizing them, preventing unsaturated fatty acid 
oxidation (56). Due to its chemical structure, QUE can 
scavenge various free radicals, including ROS, RNS, 
H2O2, superoxide, and hydroxyl radicals (57). Oxidative 
stress levels are elevated in the plasma and placentas 
of patients with RPL (58), and researchers speculate 
that oxidative damage caused by increased production 
of oxidative substances and weakened antioxidant 
defenses might contribute to RPL (59). Compared to 
the control group, women with recurrent miscarriages 
show increased spontaneous chemiluminescence in 
granulocytes, confirming heightened leukocyte free 
radical production (60). Plasma samples from patients 
with RPL also show a marked increase in superoxide 
anion radicals and H2O2 (61). These findings suggest 
that QUE may potentially ameliorate oxidative stress in 
patients with RPL.

Figure 2. Mechanisms of quercetin in improving endocrine function in various conditions relevant to recurrent pregnancy loss. QUE: 
quercetin; Nrf2: nuclear factor erythroid 2-related factor 2; ACEI: angiotensin-converting enzyme inhibitor; PCOS: polycystic ovary syndrome; LPD: 
luteal phase defect; IR: insulin resistance.
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6. QUE regulates gut microbiota

Dysbiosis of the gut microbiota is increasingly 
recognized as a potential risk factor for inflammation and 
the development of autoimmune and immune-mediated 
diseases. In patients who have experienced miscarriage, 
serum levels of interleukin 2 (IL2), IL17A, IL17F, tumor 
necrosis factor alpha (TNF alpha), and interferon gamma 
(IFN gamma) are significantly elevated, indicating 
a predisposition toward inflammation through Th1 
and Th17-mediated immunity (62). A randomized 
controlled study analyzing fecal microbiota revealed a 
marked reduction in microbial diversity and the relative 
abundance of Prevotella_1, Prevotellaceae_UCG_003, 
and Selenomonas_1 in RPL cases, which leads to a 
decrease in inducible Tregs and the activation of pro-
inflammatory cells. This research further suggests a 
correlation between reduced gut microbial diversity and 
increased pro-inflammatory cytokines in miscarriage 
patients (63).
	 QUE has been reported to enhance gut microbial 
diversity and restore microbial symbiosis, thereby 
alleviating colitis in mouse models of Citrobacter 
rodentium infection and dextran sulfate sodium 
salt-induced colitis (64,65). Specifically, QUE 
supplementation promotes the enrichment of Bacteroides, 
Bifidobacterium, Lactobacillus, and Clostridium, while 
significantly reducing the abundance of Fusobacterium 
and Enterococcus, indicating a profound impact on the 
composition of the gut microbiota (66).
	 Although no studies have directly investigated the 
effects of QUE on the gut microbiota of RPL patients, 
given its ability to restore gut microbial balance and 
the crucial role of gut microbiota in shaping and 
regulating the immune system and immune responses, 
QUE may potentially alleviate RPL by modulating the 
gut microbiota. While QUE restores gut microbiota 
in colitis models, its role in RSA-related dysbiosis 
remains speculative. Future studies should profile fecal 
microbiota in RSA patients pre/post-QUE intervention.

7. QUE regulates inflammatory responses and 
immune cells

7.1. QUE's anti-inflammatory properties

Chronic endometritis (CE) is a persistent, mild 
inflammation of the endometrium. Although a subtle 
condition, the prevalence of CE is notably higher in 
women with infertility, implantation failure, and RPL 
(67,68). Women with a history of RPL and untreated 
CE show a very low live birth rate (7%). However, after 
treatment and resolution of CE, the sustained pregnancy 
rate significantly improves (69).
	 Various studies on cell and animal models have 
demonstrated that QUE possesses anti-inflammatory 
properties. In vitro research on guinea pig epithelial 

cells revealed that QUE inhibits the production of pro-
inflammatory enzymes, such as cyclooxygenase and 
lipoxygenase (70). The anti-inflammatory activity of 
QUE is primarily attributed to its ability to suppress pro-
inflammatory cytokines, such as nuclear factor kappa 
B, TNF alpha, IL 6, and IL1 beta, and inflammatory 
mediators like catalase and nitric oxide (71). In cases 
of CE, the overexpression of IL1 beta, IFN gamma, 
and TNF alpha suggests that QUE may alleviate CE 
by inhibiting the expression of these pro-inflammatory 
factors, ultimately improving sustained pregnancy rates.
	 In vitro studies indicate that QUE exhibits both anti-
inflammatory and immune-enhancing effects. However, 
a double-blind, placebo-controlled, randomized trial 
revealed that, although daily supplementation with 
500 or 1000 mg of QUE for 12 weeks significantly 
increased plasma QUE levels in adult women in the 
UK community, it had no impact on innate immune 
function or inflammatory markers. Further validation is 
needed to confirm QUE's role as an immune modulator 
in humans (72).

7.2 QUE regulates immune cells
	
The immune system plays a crucial role in maternal-fetal 
immune tolerance, which is necessary for a successful 
pregnancy. Abnormalities in immune cells, specifically 
T cells, dendritic cells (DCs), macrophages, and natural 
killer (NK) cells, have been implicated in RPL (Figure 3).

7.2.1. T cells

T-cell receptors stimulate the differentiation of primitive 
CD4+ T cells into specific subsets, such as T helper 
1 (Th1), Th2, Th7, Th17, Th22, and follicular Th 
cells, each playing a distinct role in pregnancy (73). 
Imbalances in the Th1/Th2 ratio, with an increase in 
Th1 cells and a decrease in Th2 cells, may contribute to 
recurrent miscarriage. Th1 cells release pro-inflammatory 
factors like IFN gamma and TNF beta, promoting 
inflammation at the maternal-fetal interface (74). 
Maintaining a standard Th17/Treg ratio is essential for 
a healthy pregnancy. Imbalances in this ratio have been 
associated with early recurrent miscarriages (75,76). Treg 
cells exhibit anti-inflammatory and immunosuppressive 
effects through cytokine secretion and contact-dependent 
inhibition, while Th17 cells release pro-inflammatory 
factors like IL17, IL6, IL22, and TNF alpha. Existing 
studies suggest that QUE can improve the balance of 
Th1/Th2 (77,78) and Th17/Treg (79,80) ratios in various 
allergic diseases, indicating its potential benefit in RPL 
by modulating T cell function.
7.2.2. DCs

DCs, accounting for approximately 1% to 2% of 
immune cells in the metaphase, serve a dual role as 
powerful antigen-presenting cells and activators of 
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effector T cells to mediate cellular immune responses. 
Immature DCs can promote immune tolerance by 
inducing the generation of differentiated Tregs. Research 
has confirmed the significant role of DCs in maternal 
recognition of paternal antigens (81). In response to 
specific cytokines like GM-CSF, IL-4, IL-10, TGF beta, 
and IDO, decidual DCs acquire a tolerogenic phenotype 
known as tolerogenic DCs. These tDCs are capable of 
driving Th0 cell differentiation into Tregs. Additionally, 
DCs have been shown to promote the differentiation and 
proliferation of endometrial mesenchymal stromal cells 
and local angiogenesis (82). In the relevant literature, 
QUE has been reported to possess inhibitory effects on the 
activation and maturation of DCs, thereby exhibiting anti-
inflammatory properties and preventing the progression of 
atherosclerosis (83). Based on these existing reports, it can 
be hypothesized that QUE may inhibit the inflammatory 
response in RPL by directly acting on DCs. Furthermore, 
QUE might benefit RPL by influencing T cells through 
DCs, promoting their differentiation into Tregs, and 
improving the Th17/Treg ratio.

7.2.3. Macrophages

Macrophages can be categorized into M1 and M2 
subtypes, with M1 promoting inflammation and M2 
supporting normal pregnancy. The balance between 
M1 and M2 macrophages is crucial for maintaining 
pregnancy (84). At the maternal-fetal interface, the 
ratio of M1/M2 macrophages changes during different 
stages of pregnancy. Initially, M1-type macrophages 
predominate in the periamputation period, then transition 
to a mixed population of M1 and M2 macrophages. After 
the establishment of the placenta, M2-type macrophages 
become dominant (85). An imbalance, with a significant 
increase in M1-type macrophages or a decrease in M2-
type macrophages, can lead to RPL (86). QUE has been 

reported to inhibit M1-type macrophage polarization and 
promote M2-type macrophage polarization, suggesting 
its therapeutic potential in inflammatory disorder-related 
diseases (87).

7.2.4. NK cells

NK cells are present in various sites within the female 
reproductive system, including cNK cells in peripheral 
blood, trNK cells in tissues, and uNK cells in the uterus, 
primary immune cells at the maternal-fetal interface, and 
crucial for early embryonic development. Abnormalities 
such as excessive aggregation of uNK cells in early 
pregnancy, abnormal cytotoxicity, or decreased secretion 
of growth-promoting factors by cNK and metaphase NK 
cells can contribute to RPL (88-90). Although specific 
reports on the relationship between QUE and NK 
cells at different sites are limited, existing studies have 
indicated that QUE can enhance NK cell function (91,92). 
This suggests the potential therapeutic role of QUE in 
regulating NK cell function and its potential benefit in 
RPL.
	 While the existing literature supports the notion that 
QUE may modulate the function of immune cells, further 
research is needed to fully understand the mechanisms 
and evaluate the efficacy of QUE in managing immune 
cell abnormalities associated with RPL.

8. QUE regulates other cells at the maternal-fetal 
interface

8.1. Decidual myeloid-derived suppressor cells (MDSCs)
Myeloid-derived suppressor cells are a novel, 
heterogeneous group of immunosuppressive cells 
originating from myeloid progenitors and can be 
subdivided into monocytic and granulocytic subtypes. 
In the murine decidua, they are second in abundance 

Figure 3. Immunomodulatory effects of QUE on key immune cells in recurrent pregnancy loss. QUE: quercetin; DCs: dendritic cells; NK: 
natural killer; Th: T helper.
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only to uterine NK cells (93). Various factors, such 
as estrogen, progesterone, hypoxic conditions, the 
HLA-G/ILT4 signaling axis, as well as the STAT3 
and CXCR2 signaling pathways, collectively promote 
the differentiation and accumulation of MDSCs at the 
maternal-fetal interface (94). MDSCs maintain immune 
tolerance at this interface by inhibiting the proliferation 
of DCs and T cells and by promoting the generation of 
Tregs (95). Research also indicates that QUE can enhance 
the survival of MDSCs and stimulate the secretion of 
T cell inhibitory factors in vitro, thereby negatively 
regulating immune responses (96). Additionally, the 
Bushen Antai recipe has been shown to mobilize MDSCs 
in miscarriage-prone mice, enhancing immune tolerance 
and angiogenesis at the maternal-fetal interface, thereby 
alleviating miscarriage-related issues (97).

8.2. Decidual stromal cells (DSCs)

DSCs are a significant component of the decidua at the 
maternal-fetal interface, playing a crucial role in immune 
regulation through the secretion of various cytokines 
(98). Compared to patients with normal pregnancies, 
DSCs in RPL patients exhibit accelerated senescence, 
increased oxidative stress, and inhibited proliferation 
(99). The timely clearance of senescent DSCs is essential 
for maintaining immune balance at the maternal-fetal 
interface, as the accumulation of these cells may trigger 
inflammatory responses and propagate senescence 
signals, potentially leading to recurrent miscarriage (100). 
Studies have shown that QUE reduces the expression of 
senescence-associated beta-galactosidase-positive cells 
and senescence markers in DSCs, thereby facilitating 
the proper progression of decidualization (101). 
Furthermore, QUE partly regulates the expression of Bcl-
2/Bax proteins, inhibiting apoptosis in endometrial cells, 
which supports successful embryo implantation (102). 
Interestingly, QUE can also activate p53, promoting 
apoptosis in stromal cells exhibiting a senescent-like 
phenotype (103). However, some studies in rats have 
indicated that subcutaneous administration of QUE at a 
dose of 50 mg/kg/day during the peri-implantation period 
may negatively impact uterine fluid volume and the 
development of receptivity, thereby potentially impairing 
embryo implantation (104).

8.3. Decidual extravillous trophoblast cells

DSCs regulate the function of extravillous trophoblast 
cells through various factors (105). Extravillous 
embryonic trophoblast cells play a vital role at the 
maternal-fetal interface by facilitating embryo anchoring 
to the maternal decidua, vascular remodeling, and immune 
modulation (106). Insufficient proliferation and invasion 
of extravillous trophoblast cells into the endometrium are 
major defects associated with pregnancy complications 
such as recurrent miscarriage (107).

	 Research has demonstrated that under hypoxia/
reoxygenation (H/R) conditions, human trophoblast 
cell line HTR-8/SVneo experiences oxidative stress, 
accompanied by a reduction in glutathione levels and 
a significant decline in trophoblast invasiveness. The 
addition of QUE notably reduces oxidative stress, 
inhibits the activation of pro-apoptotic kinases induced 
by phosphorylation during H/R, and enhances spheroid 
stem cell formation in HTR-8/SVneo cells, promoting 
their invasive capacity (108). Besides, the pretreatment 
with QUE has been shown to prevent H/R-induced 
oxidative stress in trophoblast cell lines (109). Oxidative 
stress induced by placental hypoxia is closely linked 
to mitochondrial metabolic dysfunction, and QUE can 
improve mitochondrial function under hypoxic conditions, 
thereby promoting trophoblast cell fusion (110,111).

9. Conclusion

In conclusion, RPL is a common complication of clinical 
pregnancy with a complex etiology, often involving 
multiple causative factors. As a natural antioxidant 
and anti-inflammatory flavonol, QUE is widely found 
in herbal medicines, fruits, and vegetables. Current 
literature suggests that QUE may have therapeutic effects 
on RPL by regulating endocrine, coagulation, oxidation, 
inflammation, immune responses, and maternal-fetal 
interface. However, the specific molecular mechanisms 
of QUE remain unclear. For instance, while various 
studies on cellular and animal models have demonstrated 
the anti-inflammatory properties of QUE, an RCT 
observed no significant impact of QUE supplementation 
on innate immune function or inflammatory markers. 
Thus, further validation is required to determine whether 
QUE mitigates RPL by inhibiting the suppression 
of inflammation. Similarly, although QUE has been 
shown to regulate gut microbiota balance, the primary 
microbiota influenced by QUE does not align with 
the significant microbial alterations observed in RPL 
patients. This raises the question of whether QUE affects 
RPL by modulating gut microbiota, warranting further 
investigation. Additionally, while QUE can promote 
the clearance of senescent stromal cells and facilitate 
decidualization, other studies suggest that subcutaneous 
injection of QUE during the peri-implantation period 
may negatively impact embryo implantation. This 
highlights the need to consider the timing of QUE 
administration when treating RPL carefully. Due to 
pharmacokinetic differences, QUE's efficacy in animal 
models may not translate directly to humans. Dose 
optimization and placental barrier penetration require 
further exploration. To confirm the precise role of QUE 
in the treatment of RPL patients, more extensive and 
high-quality prospective trials are needed, particularly 
those focusing on the effects of QUE on endocrine, 
coagulation, oxidation, inflammation, immune response, 
and maternal-fetal interface-related reproductive 
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abnormalities. In the future, more clinical trials will 
likely explore the application of QUE in RPL patients.
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1. Introduction

Immune-related inflammatory disorders impose 
significant challenges on pregnant populations. In 2019, 
the age-standardized rates of autoimmune diseases were 
89.51 (95% CI: 71.94 to 110.35) per 100,000 women of 
childbearing age and 85.78 (95% CI: 68.72 to 106.37) 
per 100,000 in sexually mature adults (1). Biologic 
therapies, including anti-tumor necrosis factor (anti-
TNF) agents and anti-interleukin (IL)-12/23 or IL-4/
IL-13 antibodies, are widely used to treat immune-
mediated inflammatory diseases. Biologics targeting 
tumor necrosis factor (TNF), such as adalimumab and 
etanercept, have shown significant promise in managing 
autoimmune inflammatory diseases (2). Patients with 
spontaneous abortion and preeclampsia/eclampsia exhibit 
markedly elevated levels of inflammatory cytokines like 
TNF-α and IL-4 (3). These immune-related inflammatory 

diseases upregulate immunomodulatory and anti-
inflammatory factors, which can disrupt syncytialization, 
adhesion, and hormonal functions of the trophectoderm 
(4). Since the embryo functions as a semi-allograft to 
the mother, maternal immune tolerance is crucial for 
sustaining pregnancy. Among the various factors, the 
balance between Th1 and Th2 cytokines plays a critical 
role in maintaining immune equilibrium at the maternal-
fetal interface (5-7). This raises the question of whether 
biologics targeting T Helper Cells 1 (Th1) (TNF, IL-
12/23, IFN-γ) or T Helper Cells 2 (Th2) (IL-4, IL-13, IL-
5) cytokines affect the immune balance at this interface 
during pregnancy. These biologics, which vary in their 
ability to cross the placental barrier (8), may have distinct 
impacts on pregnancy outcomes, warranting further 
investigation.
	 Intrauterine growth restriction, spontaneous abortion, 
and preterm birth are common adverse outcomes 
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SUMMARY: Biologics are essential for managing immune-related inflammatory diseases during pregnancy to prevent 
disease progression and adverse pregnancy outcomes. However, data on the safety of biologics in a broader population 
are limited. This study aims to evaluate abortion-related adverse events (AEs) associated with adalimumab, etanercept, 
ustekinumab, and dupilumab, using data from the FDA Adverse Event Reporting System (FAERS) database. 
A disproportionality analysis was performed using the Reporting Odds Ratio (ROR) and Bayesian Confidence 
Propagation Neural Network (BCPNN) to identify signals of abortion-related AEs. The time-to-onset profiles were 
assessed by analyzing the description and Weibull shape parameters (WSPs) for these events. Sensitivity analyses were 
also conducted, including drug–drug interaction studies, logistic regression, and a similar retrospective analysis using 
data from the Japanese Adverse Drug Event Report (JADER) database. Disproportionality analysis revealed specific 
signals for abortion-related AEs associated with adalimumab, etanercept, and ustekinumab. The drug–drug interaction 
analysis indicated that these biologics, particularly without methotrexate or prednisolone, increase the risk of abortion-
related AEs. Logistic regression identified several factors influencing outcomes. The time-to-onset analysis revealed 
that dupilumab had an earlier onset of 62.5 days, while etanercept had a later onset at 184 days. WSPs analysis revealed 
that signals for adalimumab, ustekinumab, and dupilumab exhibited early failure-type features, indicating a decreasing 
risk of abortion-related AEs over time. In conclusion, adalimumab, etanercept, and ustekinumab are associated with 
an increased risk of abortion-related adverse pregnancy outcomes, though the signals remain relatively weak. Further 
large-scale studies are needed to provide more definitive evidence.
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associated with anti-TNF-α drugs during pregnancy (9). 
Until 2007, the use of etanercept was advised against 
during pregnancy (10); however, its use has since been 
approved up to gestational weeks 30-32 and throughout 
pregnancy from 2016 onward (11). A recent systematic 
review of 13 clinical studies involving 68 pregnant 
patients indicated that dupilumab has demonstrated 
efficacy in treating atopic dermatitis without clear 
evidence of adverse pregnancy or neonatal outcomes 
(12). Ustekinumab, which crosses the placental barrier 
in mid to late pregnancy (13), has fetal concentrations 
higher than maternal levels. However, there is currently 
no definitive evidence linking ustekinumab to increased 
risks of adverse pregnancy or neonatal outcomes 
(13,14). Continued use of biologics during pregnancy 
is recommended for patients with inflammatory 
bowel disease (IBD) or inflammatory rheumatic 
diseases to prevent relapse, control symptoms, and 
minimize complications and disease progression (15). 
Discontinuation of ustekinumab or vedolizumab in these 
patients may lead to IBD relapse (16).
	 The long-term safety of biotherapy remains a topic 
of ongoing debate. Antibodies do not cross the placental 
barrier until mid-gestation (17). However, medication 
withdrawal typically occurs during the first trimester or 
as soon as pregnancy is confirmed. Pregnant patients 
with immune-mediated chronic inflammatory diseases 
face the dilemma of whether the benefits of biological 
therapy outweigh potential harms to pregnancy 
outcomes.
	 The FAERS database contains spontaneous adverse 
event reports submitted to the FDA, supporting post-
marketing safety monitoring and providing insights 
into the real-world usage of drugs and biologics (18). 
Currently, there is a lack of extensive, comprehensive, 
and systematic research on the association between 
biologics and miscarriage, largely due to the high-
r isk nature  of  pregnant  women.  Therefore ,  a 
pharmacovigilance study was conducted to examine 
the relationship between various biological agents and 
pregnancy loss by analyzing real-world data from the 
FDA's FAERS. Specifically, this study focused on 
pregnant women using different biologics, systematically 
evaluating adverse event signals through descriptive 
statistics, disproportionality analysis, adverse reaction 
induction time, logistic regression, and other methods. In 
summary, this study provides further evidence for the use 
of biologics in pregnant women with chronic immune-
inflammatory diseases, aiming to control disease 
progression and improve pregnancy outcomes.

2. Materials and Methods

2.1. Data sources

FAERS (the FDA Adverse Event Reporting System) 
is a database maintained by the FDA that collects 

and analyzes reports of adverse events associated 
with drugs and therapeutic biologics. Data for several 
biologics (adalimumab, etanercept, ustekinumab, and 
dupilumab) were extracted from the FAERS database 
for the period from January 2004 to December 2024. 
This retrospective pharmacovigilance study utilized 
disproportionality analysis to assess adverse events 
related to these biologics. Each reported adverse event 
in the database was mapped to a Preferred Term (PT). 
The PTs associated with abortion or pregnancy loss were 
identified from the following categories: "Termination 
of pregnancy and risk of abortion" (SMQ, Standardized 
MedDRA Query), "Pregnancy, puerperium and perinatal 
conditions" (SOC, System Organ Class), "Abortions 
and stillbirth" (HLGT, High-Level Group Term), and 
"Abortion-related conditions and complications" (HLT, 
High-Level Term), based on the Medical Dictionary 
for Regulatory Activities (MedDRA/J 26.1) English 
version. Initially, all drugs linked to these adverse 
events were identified, with several biologics, excluding 
contraceptive medications or devices, ranking among 
the top. Following this, abortion-related adverse events 
(AEs) caused by TNF inhibitors, IL12/23 inhibitors, or 
IL4 inhibitors were analyzed within a specific population 
(pregnant women (19) aged 15-55 years) from the 
FAERS database.

2.2. Analysis procedures

The sample range was determined based on relevant 
literature (20,21), with the age range (15-55 years) 
selected to focus on the reproductive age group of 
pregnant women. Only drugs identified as "PS" 
(Primary Suspect Drug) were included in the analysis. 
Disproportionality analysis, a validated method in 
pharmacovigilance databases, was employed for this 
research (22). The primary statistical tools used for signal 
detection were the Reporting Odds Ratio (ROR) (23) 
and Bayesian Confidence Propagation Neural Network 
(BCPNN) (24), with Information Component (IC) values 
to identify adverse reaction signals. A signal was deemed 
present if the number of AEs exceeded three and the 
lower boundary of the 95% Confidence Interval (CI) 
for the ROR (ROR025) was > 1 or the lower boundary 
of the 95% CI for the IC (IC025) was > 0 (25). The 
equations and parameters are listed in Table S1 (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=264).
	 Time to onset was defined as the period between the 
start of treatment and the occurrence of abortion events 
(Event onset date (EVENT_DT) – Therapy start date 
(START_DT)). To prevent distortion of results, list-wise 
deletion was applied to missing data and instances where 
the treatment start date exceeded the AE onset date. The 
analysis of time-to-onset data included the use of median 
duration, quartiles, and Weibull shape parameters (WSPs) 
(26). The differences in time to onset for abortion-related 
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ustekinumab, and dupilumab identified as the "primary 
suspect" (PS) in 151, 225, 3, and 6 cases, respectively. 
Descriptive statistics regarding age, weight, reporting 
country, and outcomes of these cases are provided in 
Table 1. The number of reported cases for adalimumab 
(39.2%) and etanercept (58.4%) was significantly 
higher. This can be attributed to the time of their 
market approval: Adalimumab was approved in the US 
in 2002, and etanercept in 1998, while ustekinumab 
and dupilumab were launched in 2009 and 2017, 
respectively. Most of patients with abortion-related AEs 
were between 25 and 45 years old: Adalimumab (89.4%), 
etanercept (88%), ustekinumab (100%), and dupilumab 
(66.6%). The majority of patients had a weight between 
45 and 65 kg: Adalimumab (23.1%), etanercept (12.4%), 
ustekinumab (66.7%), and dupilumab (16.7%). The top 
three reporting countries were the US, France, the UK, 
and Germany. In terms of outcomes, aside from other 
outcomes (OT), hospitalization (HO) was the most 
common, with rates of adalimumab (8.6%), etanercept 
(4.4%), and dupilumab (66.6%). Excluding "NA" values, 
the top 20 diseases treated with these drugs are presented 
in Figure 2.

3.2. Disproportionality analysis for biologics-related 
abortion AEs

The total number of abortion-related AEs involving 
adalimumab and etanercept was the highest, with 
adalimumab (1,077 cases), etanercept (455 cases), 
ustekinumab (91 cases), and dupilumab (131 cases). The 
signal values and associations between each drug and 
abortion-related AEs are shown in Figure 3: Adalimumab 
(ROR (95% CI) = 1.32 (1.24–1.42), IC (IC025) = 0.37 
(0.28)), etanercept (ROR (95% CI) = 1.13 (1.03–1.24), 
IC (IC025) = 0.17 (0.03)), and ustekinumab (ROR (95% 
CI) = 1.29 (1.05–1.60), IC (IC025) = 0.35 (0.04)) exhibited 
positive signal values, while dupilumab (ROR (95% 
CI) = 1.13 (0.95–1.35), IC (IC025) = – 0.08) displayed a 
negative signal. At the PT level, all drugs showed positive 
signal values for the term "Abortion spontaneous": 
Adalimumab (ROR (95% CI) = 1.49 (1.39–1.59), IC 
(IC025) = 0.53 (0.43)), etanercept (ROR (95% CI) = 1.32 
(1.19–1.46), IC (IC025) = 0.38 (0.23)), ustekinumab (ROR 
(95% CI) = 1.54 (1.23–1.92), IC (IC025) = 0.59 (0.27)), 
and dupilumab (ROR (95% CI) = 1.35 (1.12–1.62), IC 
(IC025) = 0.41 (0.14)). Furthermore, adalimumab showed 
positive signals for several additional abortion-related 
AEs: Abortion (ROR (95% CI) = 1.46 (1.14–1.88), IC 
(IC025) = 0.53 (0.16)), Hemorrhage in pregnancy (ROR 
(95% CI) = 1.73 (1.31–2.29), IC (IC025) = 0.76 (0.35)), 
and Post-abortion hemorrhage (ROR (95% CI) = 2.28 
(1.11–4.69), IC (IC025) = 1.13 (0.13)). These results 
suggest that different biologics are associated with 
positive signals for a limited number of AEs, as depicted 
in Figures 4A and 4B.
	 Pregnancy loss is closely related to abnormal 

AEs compared to non-abortion-related AEs for each 
biologic were assessed simultaneously.

2.3. Sensitivity analysis

To account for potential confounding factors, adjustments 
were made for age, weight, time-to-onset, and different 
medications in both univariate and multivariate logistic 
regression analyses. Potential covariates were screened 
as well. Additionally, drug-drug interactions (DDI) 
between methotrexate and biologics were used as a 
positive control, while DDI between prednisolone and 
biologics served as a negative control, to mitigate signal 
bias caused by polypharmacy. The Ω-shrinkage model, 
in combination with the BCPNN method, was employed 
to analyze DDI signals (27). The Japanese Adverse Drug 
Event Report (JADER) database, a pharmacovigilance 
database managed by the Pharmaceuticals and Medical 
Devices Agency (PMDA) of Japan, has been publicly 
accessible since 2012. It is used to collect and analyze 
AEs occurring in clinical settings post-marketing of 
drugs (28). To further validate the reliability of the 
findings, the same analysis was performed using the 
JADER database for verification purposes.

2.4. Ethical approval of studies and informed consent

Ethical review is not required as the study analyzed de-
identified and publicly available FAERS or JADER data. 
These databases serve as the primary global system for 
spontaneous reporting of adverse drug events and are 
freely accessible to the public. The study conformed to 
the provisions of the Declaration of Helsinki (as revised 
in 2013, https://wma.net/what-we-do/medical-ethics/
declaration-of-helsinki).

2.5. Statistical analysis

Statistical analyses were conducted using Microsoft Excel 
2019 and R statistical software version 4.3.0. The Mann-
Whitney U test was employed to compare AEs related to 
miscarriage with other AEs caused by biologics. Logistic 
regression was used for sensitivity analyses.

3. Results

3.1. Clinical characteristics

From Q1 2004 to Q4 2024, after data cleaning and 
deduplication in the FAERS database, a total of 
18,627,667 cases were included (Figure 1). Among 
these, 124,927 cases occurred in pregnant women of 
childbearing age. Among biologics targeting Th1 or 
Th2 type cytokines, positive signals for abortion-related 
AEs were observed with adalimumab, etanercept, 
ustekinumab, and dupilumab. A total of 5,076 abortion-
related AEs were reported, with adalimumab, etanercept, 
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embryonic development, with the elimination of such 
embryos often manifesting as miscarriage. While this 
study focused on miscarriage-related AEs, the top 
10 most frequently reported adverse reactions during 
pregnancy were also examined for the biologics in 
question. These included: Spontaneous abortion 
(1,519 cases), live birth (531 cases), pregnancy (456 
cases), fetal death (332 cases), premature delivery 
(206 cases), preeclampsia (174 cases), premature labor 
(158 cases), gestational diabetes (149 cases), normal 
newborn (145 cases), and ectopic pregnancy (128 
cases) (Figure 5A). Etanercept had the highest number 
and proportion of reports for abortion-related AEs (225 
cases, 14.11%), followed by adalimumab (151 cases, 
4.87%), dupilumab (6 cases, 0.51%), and ustekinumab 
(3 cases, 0.7%) (Figure 5B). This distribution may be 
influenced by the differing market availability timelines 
of the drugs, which could affect the baseline number 
of reports. The number of AEs caused by biologics in 
women of childbearing age during pregnancy, with a 
focus on death as the outcome indicator, is shown in 
Figure 5C. The proportion of death with the outcome 
of "live birth" was the highest, at 6.59%, while the 
proportion of death with the outcome of "abortion 
spontaneous" was 0.13%. The pregnancy process 
inherently carries risks to both the mother and fetus. 
Although the likelihood of maternal death due to 
abortion-related AEs is low, it highlights the potential 
risks of embryonic loss, endometrial dysfunction, and 
broader maternal health complications.

3.3. Time to onset of abortion-related adverse event

The time to onset of abortion-related AEs induced by 
these biologics was analyzed and presented in Figure 6. 
It was found that dupilumab had the earliest median time 
for inducing abortion-related AEs, whereas etanercept 
had the latest median time, with the broadest range. 
The median time to onset and interquartile range were 
as follows: Adalimumab: 460 days (146–1,150 days), 
etanercept: 558 days (184–1,432 days), ustekinumab: 
281 days (120–953 days), and dupilumab: 185 days 
(62.5–324 days).
	 The WSP analysis was conducted to assess the 
change ratio in the incidence rate of AEs. As shown 
in Table 2, based on the shape parameter values, 
the Weibull distribution types for each drug were as 
follows: Adalimumab, ustekinumab, and dupilumab 
were categorized as "Early failure," indicating that 
the incidence rate of abortion-related AEs induced by 
these drugs decreases over time. In contrast, etanercept 
had a shape parameter β of 0.93, which, although 
classified within the "Random failure" model, still 
showed tendencies towards the "Early failure" pattern. 
A comparative analysis of the time to onset of abortion-
related and non-abortion-related AEs induced by these 
biologics revealed that the time to onset of abortion-
related AEs induced by adalimumab was significantly 
longer than that for non-abortion-related AEs, with a 
significant difference (p = 0.009). Conversely, the time to 
onset of abortion-related AEs induced by etanercept was 

Figure 1. The flow chart of the study.
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significantly shorter than for non-abortion-related AEs (p 
< 0.01). For the other two biologics, the differences were 
not statistically significant.

3.4. Sensitivity analysis

To mitigate potential confounding factors, logistic 
regression analyses were performed, with age, weight, 
time to onset, and each drug as independent variables 
and the occurrence of the target AEs as the dependent 
variable. The variables were categorized as follows: 
AGE (age) into four groups: < 23 years, 23-35 years, 
35-45 years, and > 45 years; WT (weight) into three 
groups: < 50 kg, 50-80 kg, and > 80 kg; TIME (time 
of onset) into three groups: < 1 year, 1-2 years, and 
> 2 years; and each drug: Adalimumab, etanercept, 
ustekinumab, and dupilumab. Using the "< 23 years 
old" group as the reference for age, the risk of abortion-

related AEs was significantly increased in the 23-35 
years old group (OR = 1.62 [1.12-2.38, p = 0.012]), 
increased but not significantly in the 35-45 years old 
group (OR = 1.28 [0.87-1.92, p = 0.228]), and decreased 
but not significantly in the > 45 years old group (OR 
= 0.49 [0.11-1.51, p = 0.269]). For time to onset, the 
risk of abortion was significantly increased in the 1-2 
years group (OR = 1.65 [1.24-2.18, p < 0.001]) and 
even more so in the > 2 years group (OR = 2.26 [1.84-
2.77, p < 0.001]). Compared to the adalimumab group 
(reference), the risk of abortion was significantly lower 
in the ustekinumab group (OR = 0.73 [0.57-0.92, p = 
0.010]), while no significant differences were observed 
in the other two groups (Figure 7A). After adjusting 
for other risk factors (Figure 7B), the risk of abortion 
in the 23-35 years age group was significantly higher 
than in the reference group (< 23 years old) (OR = 0.73 
[0.57-0.92, p = 0.010]), while no significant differences 

FAERS: FDA Adverse Event Reporting System, JADER: Japanese Adverse Drug Event Report, OT: Other, HO: Hospitalization - Initial or 
prolonged, CA: Congenital Anomaly, DS: Disability, LT: Life - Threatening.

Table 1. Characteristics of abortion-related AEs associated with biologics

Characteristic

Total cases
Gender
     Female
Age
     ≥15&<25
     ≥25&<45
     ≥45&≤55
Reported countries (Top3)
     1
     2
     3
Outcomes
     OT
     HO
     CA
     DS
     LT
Weight
     <45
     ≥45&<65
     ≥65&<80
     ≥80

Adalimumab

       151 (39.2%)

       151 (100%)

         15 (10%)
       135 (89.4%)
           1 (0.6%)

   US 33 (21.8%)
GER 12 (7.9%)
  UK 10 (6.6%)

       137 (90.7%)
         13 (8.6%)

           2 (1.3%)
         35 (23.1%)
         17 (11.3%)
         10 (6.6%)

Etanercept

       225 (58.4%)

       225 (100%)

         23 (10.2%)
       198 (88%)
           4 (1.8%)

 US 102 (45.3%)
  UK 21 (9.3%)
GER 15 (6.6%)

       208 (92.4%)
         10 (4.4%)
           4 (1.7%)
           1 (0.4%)
           1 (0.4%)

           1 (0.4%)
         28 (12.4%)
           9 (4%)
           9 (4%)

Ustekinumab

        3 (0.8%)

        3 (100%)

        0
        3 (100%)
        0

FRA 2 (66.6%)
  US 1 (33.3%)
        -

        3 (100%)
        -

        0
        2 (66.7%)
        1 (33.3%)
        0

Dupilumab

        6 (1.6%)

        6 (100%)

        1 (16.7%)
        4 (66.6%)
        1 (16.7%)

  US 2 (33.3%)
FRA 1 (16.6%)
GER 1 (16.6%)

        4 (66.6%)
        2 (33.3%)
        -

        0
        1 (16.7%)
        0
        1 (16.7%)

Cases, N (%)FAERS

Characteristic

Total cases
Gender/Female
Reported person
     Physician
     consumer
     pharmacist
     Medical professionals
Outcomes
     recovery
     sequela
     unknow

Adalimumab

           9 (32.1%)
           9 (100%)

           5 (55.6%)
           1 (11.1%)
           2 (22.2%)
           1 (11.1%)

           4 (44.4%)
           0
           5 (55.6%)

Etanercept

         13 (46.4%)
         13 (100%)

         10 (76.9%)
           0
           0
           3 (33.1%)

           4 (30.8%)

           9 (69.2%)

Ustekinumab

        5 (17.9%)
        5 (100%)

        3
        0
        2
        0

        1 (20.0%)
        2 (40.0%)
        2 (40.0%)

Dupilumab

        1 (3.6%)
        1 (100%)
        -

Cases, N (%)JADER
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were observed in the 35-45 and > 45 years age groups 
compared to the reference group. Weight differences 
did not significantly influence the outcome. The risk of 
abortion was significantly higher in the 1-2 years group 
(OR = 1.65 [1.24-2.19, p = 0.001]) and even more so in 
the > 2 years group (OR = 2.30 [1.86-2.83, p < 0.001]). 
Compared to the adalimumab group, the risk of abortion 
was significantly lower in the ustekinumab group (OR = 
0.72 [0.56-0.92, p = 0.011]) and significantly higher in 
the dupilumab group (OR = 1.97 [1.23-3.13, p = 0.004]). 
The covariates selected by on the stepwise method 
are presented in Table S2 (https://www.ddtjournal.
com/action/getSupplementalData.php?ID=264). The 
covariates that have a notably influence on the model 
include AGE ≥ 23 years and < 35 years, time to onset ≥ 1 

year, and the two drugs ustekinumab and dupilumab.
	 Methotrexate and prednisolone are commonly used to 
treat autoimmune inflammatory diseases. Methotrexate 
is associated with pregnancy loss and teratogenicity 
(29), while prednisolone is used to support pregnancy, 
particularly in patients with recurrent miscarriages 
(30). A sensitivity analysis was conducted to assess 
the combination of biologics with methotrexate or 
prednisolone. The association between the combination 
of adalimumab and methotrexate and abortion was 
statistically significant, with the combination potentially 
reducing the risk of abortion (IC: -2.65 (-2.97 to -2.30), Ω: 
0.02) (Table 3). Adalimumab alone was associated with 
an increased risk of abortion (IC: 0.74 (0.65 to 0.84)). 
Methotrexate alone may reduce the risk of abortion (IC: 

Figure 2. Top 20 diseases treated with these biologics as reported in the FAERS database.

Figure 3. Abortion-related AEs among different biologics.

https://www.ddtjournal.com/action/getSupplementalData.php?ID=264
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-1.01 (-1.29 to -0.71)), though not to the extent observed 
with the combination of both drugs. A disproportionality 
analysis of methotrexate in the FAERS database at the PT 
level for pregnant women is shown in Table S3 (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=264). Among the AEs related to abortion, 
"INDUCED ABORTION FAILED" was the only positive 
event (ROR: 13.67 (7.92 to 23.61)). Given its known 
teratogenic risks, the use of methotrexate in pregnant 
populations is highly cautioned. Even so, the analysis 
in the FAERS database is inconsistent with existing 
literature. In summary, adalimumab is significantly 
associated with abortion-related AEs. The combination 
of adalimumab and prednisolone may reduce the risk of 
abortion (IC: -2.51 (-2.89 to -2.07), Ω: 0.02), whereas 
the use of prednisolone alone is associated with abortion-
related AEs (IC: 0.79 (0.69 to 0.88)). For other biologics, 
the risk of abortion is higher in non-combined use with 
prednisolone compared to combination therapy, except 
for dupilumab. Additionally, there is insufficient data 
on the combination of ustekinumab and dupilumab with 
prednisolone and methotrexate. These findings support 

the reliability of the association between the studied 
biologics and abortion-related AEs.
	 A similar investigation was conducted on abortion-
related AEs reports in pregnant women of childbearing 
age from the post-marketing period of these drugs 
through Q2 2024 in the JADER database (Figure 7C). 
The number of cases involved was relatively small, 
including adalimumab (9 cases), etanercept (13 cases), 
ustekinumab (5 cases), and dupilumab (1 case). The 
risk assessment results were as follows: Adalimumab: 
ROR (95% CI) = 2.48 (1.28–4.79), IC (IC025) = 1.29 (– 
0.38); Etanercept: ROR (95% CI) = 2.22 (1.28–3.85), IC 
(IC025) = 1.14 (– 0.53); Ustekinumab: ROR (95% CI) = 
10.09 (4.14–24.58), IC (IC025) = 3.29 (1.61). The signal 
values for adalimumab, etanercept, and ustekinumab 
were positive. However, only adalimumab and etanercept 
had sufficient sample sizes for further analysis. Positive 
signal values for the PT "Abortion spontaneous " were 
observed: Adalimumab: ROR (95% CI) = 4.7 (2.09–
10.57), IC (IC025) = 2.2 (0.52); Etanercept: ROR (95% 
CI) = 3.98 (1.97–8.05), IC (IC025) = 1.96 (0.28). These 
results are generally consistent with the findings from the 

Figure 4. The associations between Abortion-related AEs and different biologics. (A) Forest plots of RORs of different biologics. (B) 
Heatmap showing the associations between biologics and abortion-related AEs. ADA, Adalimumab; ETN, Etanercept; UST, Ustekinumab; DUP, 
Dupilumab.

https://www.ddtjournal.com/action/getSupplementalData.php?ID=264
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FAERS database study.

4. Discussion

The pregnancy represents a high-risk period for 
pharmacological treatments, particularly for women with 
chronic inflammatory rheumatic, gastroenterological, 

or  dermatological  diseases.  During this  t ime, 
pharmacokinetics and pharmacodynamics undergo 
significant alterations, presenting potential risks to fetal 
development. This poses a crucial concern in treatment 
decisions. Pregnant women often face the challenge of 
balancing the benefits and risks of pharmacotherapy, 
which necessitates collaborative decision-making with 

Figure 5. Comparison and outcomes of Abortion-related AEs caused by biologics versus other adverse events. (A) The number of reported 
cases of the first ten types of these biologics related abortion- AEs. (B) The bar chart shows the percentage and number of different biologics 
abortion AEs and non-abortion-related AEs of different biologics in the FAERS database from Q1 2004 to Q4 2024.  (C) Death cases and their 
proportion in biologics concomitantly with abortion AEs. ADA, Adalimumab; ETN, Etanercept; UST, Ustekinumab; DUP, Dupilumab. The 
vertical axis represents PT. PT, preferred term.

Figure 6. Time to onset of abortion-related AEs. ADA, Adalimumab; ETN, Etanercept; UST, Ustekinumab; DUP, Dupilumab.
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physicians and pharmacists(31). This study employed 
the ROR and BPCNN methods to investigate abortion-
related adverse signals linked to adalimumab, etanercept, 
ustekinumab, and dupilumab in pregnant populations, 
utilizing data from the FAERS and JADER databases. 
Among the reported conditions, rheumatoid arthritis (RA, 
26.92%), Crohn's disease (6.77%), psoriasis (4.46%), 
psoriatic arthropathy (2.81%), ulcerative colitis (2.76%), 
atopic dermatitis (2.44%), ankylosing spondylitis (1.6%), 
and asthma (0.97%) comprised nearly half of the cases. 
Notably, "Abortion spontaneous" was the most frequently 
reported AE across all AEs in pregnant women using 
these biologics.
	 Adalimumab and  etanercept had a higher number 
of reported cases due to their earlier release compared 
to other biologics. Studies have shown that 88.3% of 
patients with RA are aged between 25 and 45 years, 
which aligns with the typical childbearing age. Women 
are more likely to develop RA than men, with conditions 
such as menopause, postpartum status, and anti-estrogen 
therapy potentially increasing the risk for RA (32). RA 
also tends to peak between the ages of 50 and 54 years 
(33). The age distribution for IBDs like Crohn's disease 
and ulcerative colitis follows a bimodal pattern, peaking 
around ages 20-30 and 50-70 (34,35). Atopic dermatitis 
typically begins in early childhood (36) and has a higher 
incidence in women (10.2%) than men (5.8%) (37). The 
onset of psoriasis is concentrated in two age brackets: 
30-39 and 60-69 years, with women tending to develop 
it slightly earlier than men (38). Ankylosing spondylitis 
is more common in men, particularly between the ages 
of 18 and 35 (39), though it often experiences diagnostic 
delays in women. The age distribution of these immune-
related inflammatory disorders aligns with the age group 
of women under study. In the sensitivity analysis, both 
univariate and multivariate logistic regression revealed 
that compared to the < 23 age group, the signals for 
abortion-related AEs were more pronounced in the 23-
35 age group. Women aged 25 to 45 years, a group 
with higher fertility demands, may be more exposed 
to biological treatments, which raises the question of 
whether the age distribution of cases correlates with 
active drug interventions in women with strong fertility 
desires. Factors such as the sensitivity of the reproductive 
system, the placental barrier's permeability to drugs, and 
the combined effects of drugs and diseases on pregnancy 
were considered in relation to the age distribution of 
cases (40).
	 Pregnant women with chronic autoimmune 
inflammatory diseases may face significant challenges 
in controlling active disease, ensuring endometrial 
receptivity, and weighing the benefits and risks of 
pharmacological treatment. The impact of diseases such 
as RA and Crohn's disease on pregnancy outcomes 
is largely determined by the loss of disease control, a 
concern also applicable to atopic diseases (32,40,41). 
Adequate disease control before and during pregnancy is 
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crucial. Inflammatory responses undergo distinct phases 
during pregnancy (42). Early pregnancy inflammation, 
at mild levels, supports endometrial decidualization, 
trophoblast invasion, and the formation of placental 
and embryonic structures (43,44). However, chronic 
autoimmune inflammatory diseases like RA, IBD, 
psoriasis, and ankylosing spondylitis can disrupt cytokine 
and chemokine signaling in embryonic trophoblast cells. 
Adalimumab, ustekinumab, and dupilumab are fully 
human monoclonal antibodies that exert their effects 
by neutralizing tumor necrosis factor-alpha (TNF-α), 
blocking the signaling of IL-12 and IL-23, and dual-
blocking the signaling of IL-4 and IL-13, respectively 
(16,40). Etanercept, a fusion protein, inhibits TNF-α 
activity and signaling by preventing its interaction with 
natural receptors (4). These biologics target different 

cytokines or receptors to modulate inflammatory 
responses and treat a variety of autoimmune and 
inflammatory diseases. In the preliminary screening 
results of biologics associated with abortion-related AEs, 
these drugs ranked among the top, but relevant research 
on their safety during pregnancy remains limited.
	 As research advances, the use of biologics during 
pregnancy has shifted from cautious hesitation (45) 
to more optimistic support (16). This is based on the 
conclusions derived from subsequent research that 
reported the safety and lower risk of spontaneous 
abortion associated with the use of the evoked above 
biologics during pregnancy. Respectively, a case studies 
have supported the therapeutic benefits of adalimumab 
in patients with potential spontaneous abortions (46); 
During pregnancy, the use of etanercept relatively safe 

(169)

Figure 7. Logistic regression model for detecting influences on the results of outcomes and analysis of JADER databases. (A) Univariate 
logistic regression for age, weight, time-to-onset, and the effects of different drugs on AEs. (B) Multivariate logistic regression for age, weight, 
time-to-onset, and the effects of different drugs on abortion-related AEs. WT, weight; ADA, Adalimumab; ETN, Etanercept; UST, Ustekinumab; 
DUP, Dupilumab. (C) Abortion-related AEs among different biologics in the JADER database.
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(47); it has also identified that the safety of ustekinumab 
during pregnancy is higher than that of TNF-α inhibitors 
(48). A review and meta-analysis estimated that among 
patients with psoriasis using adalimumab, etanercept, 
ustekinumab, and other biologics during early 
pregnancy, the prevalence of abortion was 15.3%, and 
the rate of congenital malformations in live births was 
approximately 3.0%. This suggests that the pregnancy 
risks associated with biologic treatment in patients with 
psoriasis are not significant (49). However, spontaneous 
abortion remains one of the most common adverse 
pregnancy outcomes associated with TNF-α inhibitors 
(9). Additionally, there have been recommendations to 
prohibit the clinical use of etanercept and adalimumab 
from the mid-pregnancy period to the end of pregnancy 
(15). A multicenter retrospective cohort study indicated 
that exposure to dupilumab during 2–24 weeks of 
gestation may be linked to an increased risk of adverse 
pregnancy outcomes, including abortion or embryonic 
abnormalities, although no statistically significant 
effects were found. Dupilumab use during pregnancy 
was also associated with improved atopic dermatitis and 
a very low risk of adverse pregnancy outcomes (50). 
Fully human monoclonal antibodies like adalimumab, 
dupilumab, and ustekinumab have half-lives ranging 
from 9 to 23 days, while Fc fusion proteins such as 
etanercept have shorter half-lives of 4 to 13 days (11). 
These biologics cross the placenta, with transfer rates 
gradually increasing from mid-pregnancy through 
to after 30 weeks of gestation, when fetal or cord 
serum levels may match or exceed maternal levels (4). 
Previous studies may generate bias in their results due 
to different kinds of Immune-related inflammatory 
diseases, limitations in sample size, and variations in 
administration methods. The present study selectively 
included women of childbearing age who were pregnant, 
excluding those with abortion-related AEs. The overall 
signal for all abortion-related AEs induced by each 
drug, along with signals for individual PTs, was within 
the positive range. However, the ROR and IC values 
indicated a weak association between the drugs and 
abortion-related AEs. These findings are consistent 
with previous research. Despite this, the unique 
characteristics of the pregnant population necessitate 
a thorough assessment, rational medication use, and 
vigilant monitoring. Forest plots and heatmaps were 
employed to depict the degree of association between 
the drugs and abortion-related AEs. Both "abortion" 
and "Abortion spontaneous" were observed with each 
drug. Ustekinumab and dupilumab showed relatively 
stronger associations with "biochemical pregnancy," 
whereas etanercept and adalimumab were more strongly 
associated with "abortion complicated" or "abortion 
complete". While the overall number of abortion-
related AEs was highest in the pregnant population, 
severe outcomes such as death were rare. Time-to-
onset analysis revealed that adalimumab and etanercept 
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had relatively longer durations, while ustekinumab and 
dupilumab had shorter ones. Weibull analysis indicated 
that the incidence of abortion-related AEs generally 
declined over time, suggesting that prolonged treatment 
may correlate with reduced risk. Logistic regression 
in the sensitivity analysis revealed that the risk of AEs 
increased for events occurring between 1 and 2 years, 
or after 2 years, compared to those occurring within 1 
year. Long-term drug use may lead to cumulative effects, 
heightening the risk of AEs. These findings offer insights 
into the latency period of drug-induced AEs in clinical 
practice, but further long-term prospective observational 
data are needed for confirmation.
	 The positive signal strength of abortion-related 
AEs associated with the same biologics in women of 
childbearing age, as observed in the JADER database, 
aligns closely with findings from the FAERS database 
and prior literature. However, small sample sizes 
continue to introduce significant confounding factors 
and biases. Treatment guidelines for RA caution against 
the use of methotrexate during pregnancy, regardless of 
dose, recommending its discontinuation at least three 
months prior to conception (15). The therapeutic benefits 
of prednisolone in recurrent miscarriages or spontaneous 
abortions primarily pertain to antiphospholipid syndrome 
treatment, and its effects on pregnancy outcomes and 
embryonic development are complex and not universally 
applicable (51,52). During the data mining process, 
these drugs are often administered in combination. The 
signal for abortion-related AEs from methotrexate in the 
FAERS database does not align with literature findings, 
likely due to the explicit prohibition of its use in 
pregnant populations. However, adalimumab, etanercept, 
ustekinumab, and dupilumab still exhibit a positive 
association with abortion-related AEs, independent of 
their use alongside methotrexate or prednisolone.
	 Several limitations are inherent in this retrospective 
database study. Both the FAERS and Open FDA 
databases are subject to natural reporting bias, with 
significant information loss in spontaneous anonymous 
reporting systems. As such, causality between biologics 
and pregnancy loss cannot be definitively established 
through pharmacovigilance studies alone (53). 
Furthermore, most of the studies referenced in this 
analysis were conducted in the US and Europe, while 
the JADER database has a limited sample size and 
lacks global representation. With the limitations of the 
database information exceptions, clinical studies on the 
association between biologics and spontaneous abortions 
are extremely rare currently. Most of existing research 
has expressed doubts and uncertainties regarding their 
safety during pregnancy. However, in recent years, their 
reputation has improved somewhat. The last limitation is 
whether the biologics or the disease itself is the "culprit" 
of spontaneous abortion. Clinical research on different 
biologics for treating various diseases has yielded 
different conclusions. For example, some studies have 

found that conditions such as RA (4,54), psoriasis (55,56), 
ankylosing spondylitis (57), and atopic dermatitis (58) 
basically do not increase the risk of miscarriage. The 
positive results of another study on psoriasis may be 
related to the older age of the sample population (59). 
However, Crohn's disease and ulcerative colitis may 
increase the risk of miscarriage (60,61). In summary, 
this overview is consistent with the findings of a recent 
registry linkage study in Norway (62). Therefore, the 
key issue we need to address in subsequent research 
is to further clarify the complex interactions between 
drugs, diseases during pregnancy. Larger, prospective, 
randomized clinical trials are necessary to validate these 
findings and support these hypotheses. In clinical studies, 
efforts should be made to standardize disease activity 
and treatment duration as much as possible, while also 
establishing comprehensive control groups.
	 I n  c o n c l u s i o n ,  t h e  s t u d y  p e r f o r m e d  a 
disproportionality analysis of four biologics used 
during pregnancy and their association with abortion-
related AEs. The results are consistent with existing 
literature: biologics are linked to an increased risk 
of adverse pregnancy outcomes such as miscarriage, 
although the association remains relatively weak. This 
conclusion necessitates confirmation through large-scale, 
prospective studies.
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1. Introduction

Invasive fungal infections lead to over 2.5 million 
deaths worldwide each year, posing a major public 
health challenge further aggravated by the scarcity 
of effective therapeutic options (1,2). Despite the 
existence of antifungal drugs, their clinical efficacy is 
often hampered by severe side effects, emerging drug 
resistance, and limited efficacy (3), which underscores 
a pressing need for improved therapeutic strategies. 
Nanoparticles (NPs) as drug delivery systems 
(DDS) offer a promising solution by enhancing local 
drug concentration, improving bioavailability, and 
reducing toxicity (4). Among NPs, nanoparticulate 
hydrogels, commonly referred to as nanogels (NGs), 
are particularly appealing as DDS due to their 
unique combination of high water content, excellent 
biocompatibility, versatile chemical properties, and 

ability to provide controlled drug release (5).
	 Recent advances in NG research have shown potential 
in delivering antifungal drugs effectively. Our initial 
research demonstrated that redox-sensitive poly(glycidol) 
(PG)-based NGs could effectively deliver the model 
antifungal drug itraconazole (NG-ITZ) to the human 
fungal pathogen Aspergillus fumigatus in vitro under 
protein-free conditions (6). More recently, we found that 
phosphate functionalization of NGs through quenching 
with phosphoric acid 2-hydroxyethyl acrylate (PHA), 
facilitated their interaction with A. fumigatus under 
protein-rich conditions (7), likely due to the interaction 
between the phosphate functional group with chitosan in 
the fungal cell wall (8,9). Furthermore, NG×PHA loaded 
with itraconazole (NG×PHA-ITZ) exhibited superior 
therapeutic effects in a silkworm (Bombyx mori) model 
of A. fumigatus infection compared to the free drug (7). 
These results suggest NG×PHA's potential for systemic 
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SUMMARY: Phosphate functionalization of nanogels (NGs), originally designed to enhance interactions with 
fungal pathogens, also significantly influences their immune interactions and systemic behaviour. In this study, we 
investigated how phosphate-modified NGs perform as antifungal carriers in vivo using the silkworm model. We found 
that phosphate functionalization promotes faster internalization by granulocytes—immune cells functionally similar 
to mammalian neutrophils—highlighting a trade-off between antifungal activity and immune uptake. In parallel, 
phosphate-functionalized NGs exhibited prolonged circulation, more consistent biodistribution patterns, and reduced 
batch variability compared to unmodified NGs. These features contributed to superior and more reproducible in vivo 
antifungal efficacy when delivering itraconazole. Importantly, the biodistribution profiles observed in silkworms 
aligned well with previous mammalian data, further validating silkworms as an efficient, cost-effective model for early-
stage evaluation of nanocarrier systems. Our findings underscore the importance of tuning surface functionalization 
to balance immune interaction and therapeutic performance, providing valuable insights for optimizing systemic 
antifungal nanotherapies.
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antifungal delivery.
	 While these findings are promising, they raise 
additional questions regarding the interactions of NGs 
with mammalian cells, especially regarding potential 
cytotoxicity. Although empty NGs and NG×PHA are 
non-cytotoxic, NG-ITZ and NG×PHA-ITZ exhibit weak 
cytotoxicity in mammalian cell lines (6,7), suggesting 
that host cells may internalize the drug-loaded NGs—
an observation that warrants further investigation. 
Understanding these interactions is crucial, as the 
biodistribution of NP-based drug carriers is a key 
factor influencing their safety and efficacy for clinical 
applications (10). To facilitate systemic antifungal 
delivery, it is also important to study the biodistribution 
patterns of NG×PHA within an in vivo context.
	 Conventional preclinical biodistribution studies 
typically rely on mammalian models, such as mice 
(11-14). However, these mammalian models face 
significant obstacles, including increasing ethical 
and regulatory scrutiny and substantial costs. To 
overcome these challenges during the early stages of 
nanocarrier development, we utilized the silkworm as 
an alternative model for preliminary in vivo evaluation 
of antifungal drug-loaded NG×PHA (7). The silkworm 
model delivers several key advantages for preliminary 
studies, such as minimizing ethical concerns, lowering 
costs (15) and demonstrating effectiveness in the early-
stage discovery and development of antimicrobial 
agents (16,17). Furthermore, our previous work 
demonstrated that the silkworm model can reliably 
assess the biodistribution and elimination of surface-
functionalized gold nanoparticles (AuNPs), providing 
valuable insights into how surface modifications 
influence in vivo behaviour (18).
	 In this study, we expanded the use of silkworms to 
compare the cellular interactions and biodistribution of 
unmodified NGs with NG×PHA, focusing on the impact 
of phosphate functionalization. We hypothesized that 
this animal model not only supports the preliminary in 
vivo evaluation of therapeutic effects but also uncovers 
potential benefits or risks associated with candidate 
nanocarriers during early development. By using this 
model, we aim to gain insights into how phosphate 
functionalization affects NG interactions with host 
cells and biodistribution, potentially guiding further 
refinements in NG design for antifungal therapy.

2. Methods

2.1. Synthesis of linear poly(glycidol)

The synthesis of linear poly(glycidol) (PG) with 60 
repeating units was carried out following established 
protocols and characterized accordingly (7,19,20). 
Briefly, the monomer ethoxy ethyl glycidyl ether (EEGE) 
was synthesized from ethyl vinyl ether and glycidol (19). 
Under inert conditions, the polymerization of EEGE was 

performed in bulk at 60°C overnight using potassium 
tert-butoxide as an initiator. The reaction was terminated 
by the addition of methanol. Subsequently, the obtained 
poly(EEGE) was deprotected under acidic conditions 
in tetrahydrofuran (THF), followed by dialysis (for 3 
days with 4 water changes per day, using a molecular 
weight cut-off [MWCO] of 3.5 kDa) and lyophilization, 
resulting in the formation of linear PG.

2.2. Thiol functionalization of linear PG

Thiol functionalization of linear PG was performed 
using STEGLICH esterification according to a 
published method (21). Briefly, PG was dissolved in 
anhydrous N,N-dimethylformamide (DMF), and 1.1 
equivalents of N,N'-dicyclohexylcarbodiimide (DCC) 
and 4-dimethylamino pyridine (DMAP) were added. 
Subsequently, 0.5 equivalents of 3,3´-dithiodipropionic 
acid (DTPA) in degassed DMF were introduced to the 
reaction mixture at 0°C. The mixture was stirred at 
room temperature (RT) overnight. After the formation 
of the hydrogel, it was washed sequentially with DMF, 
CHCl3, tetrahydrofuran (THF), EtOH, and water. Then, 
0.5 equivalents of tris-(2-carboxyethyl)-phosphine 
hydrochloride (TCEP·HCl) were added, and the pH 
of the solution was adjusted to 6-7 with triethylamine 
(TEA). The reduction was completed after stirring at RT 
for 4 h. Finally, the thiol-functionalized linear PG (PG-
SH) was dialyzed (for 3 days with 4 water changes per 
day, MWCO = 3.5 kDa) and lyophilized.

2.3. Fluorescence labeling of PG-SH

Fluorescence labeling of PH-SH was performed 
according to a published method (6,22). PG-SH was 
dissolved in 1× PBS buffer (9 mg/mL). After adding 
900 mg of TCEP·HCl, the pH was adjusted to 6 with 
TEA and the solution was degassed with Argon for 
20 min. The labeling reaction was initiated by adding 
2 mg of Rhodamine Red C2 maleimide (dissolved in 
anhydrous DMF at 10 mg/mL). Following an additional 
10 min of Argon degassing and overnight stirring at RT, 
the labeled PG-SH was purified via dialysis (3 days, 
with 4 water changes per day, MWCO = 3.5 kDa) and 
then lyophilized.

2.4. Synthesis of nanogels via nanoprecipitation

Nanogels (NGs) were prepared using a nanoprecipitation 
technique involving linear PG-SH (with or without 
fluorescent labeling) in acetone, as previously described 
(6,7). Briefly, 6 mg of the respective polymer was 
dissolved in water (6 mg/90 µL) and precipitated in 48 mL 
of acetone with an automatic pipette (Eppendorf®-Xplorer). 
After 30 min, 30 µL of alloxan monohydrate solution in 
water (32 mg/mL) was added. The oxidation was halted 
by adding 4 mL of Milli-Q water after another 30 min. 
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collected from silkworms as described earlier. PTU was 
added, and 250 µL of hemolymph was immediately 
transferred into a glass-bottom dish (ø 35 mm [dish]; 
ø 14 mm [cover slip; poly-lysine coated]; Matsunami, 
Osaka, Japan), and the cells were allowed to settle 
for 30 min at RT. Subsequently, the hemolymph was 
removed, and the cells were washed twice with TC-
100 insect medium containing 8% heat-inactivated 
fetal bovine serum (FBS), 40 IU/mL of penicillin-
streptomycin, and 0.1% w/v PTU (250 µL medium 
per wash). The adherent hemocytes, consisting of 
granulocytes and plasmatocytes, were obtained (24).
	 Following the second wash, fresh TC-100 medium 
containing 4 × 109 particles of the desired NG type 
was added to each dish (250 µL/dish). The samples 
were co-incubated at 27°C for 1, 3, 6, or 24 h. After 
co-incubation, the samples were washed five times 
with 300 µL of Dulbecco's phosphate-buffered saline 
(DPBS[-]) per wash. Calcein-AM staining was then 
performed according to the manufacturer's protocol, 
using a 1 mM stock solution in 100% DMSO with a 
final concentration of 0.667 µM in 300 µL DPBS(-) per 
dish. Staining was done in the dark at 27°C for 15 min, 
followed by three washes as described above. Finally, 
100 µL of DPBS(-) was added to each sample, which 
was then subjected to microscopic examination using a 
Leica DMI 6000 B fluorescence microscope.

2.9. Biodistribution experiments

To study the biodistribution of NG or the free dye 
RhoRC2 in silkworms following systemic administration 
(i.e., intra-hemolymph injection), seven time points were 
selected: immediately post-injection (0 h), 15 min, 1 h, 
3 h, 6 h, 15 h, and 24 h post-injection. For the later time 
points (15 h and 24 h), silkworms were fed for two days 
and injected on the third day of the fifth instar. For the 
other time points, silkworms were fed for two days and 
fasted for one day prior to the injection. The body weight 
of individual silkworms (2.1 ± 0.1 g) was recorded prior 
to injection. Hemolymph and tissue collection occurred 
on the fourth day of the fifth instar for all seven time 
points.
	 A total of 8 × 109 particles of the desired NG batch (or 
1.2 µg of the free dye RhoRC2) in 50 µL of DPBS(-) were 
injected into the hemolymph of individual silkworms 
as previously described (25). The silkworms were 
incubated at 27°C until dissection. Hemolymph and 
tissue collection (midgut, Malpighian tubules, hindgut, 
and fat body) was performed as described earlier and in 
the Appendix A. Supplementary information (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257) (see section "Standard curves of each 
fluorescently labeled NG batch and the free dye 
RhoRC2 in distinct silkworm tissues"), respectively. 
To obtain sufficient tissue homogenates for measuring 
fluorescent intensity in technical triplicates, hemolymph 

The nanogels were separated from the precipitation 
solution by centrifugation at 4000× g, at RT for 60 
min. The samples were washed five times with water by 
centrifugation (16162× g, RT, 5 min [3×], 2.5 min [2×]). 
The particle size, zeta-potential, and particle concentration 
of the NGs were then measured.

2.5. Phosphate functionalization of nanogels

NGs were functionalized by incorporating a quenching 
step into the previously described synthesis procedure 
(7). After the oxidation step, the pH of the solution was 
adjusted to 8-9 using TEA. Subsequently, 50 µL of 
quencher (PHA in acetone at 0.283 mg/mL, 3.49 mmol) 
was added. Quenching was conducted at RT for 30 min. 
Following this step, the washing and characterization 
procedures were carried out as described earlier.

2.6. Rearing of silkworms (Bombyx mori)

Silkworm eggs (strain: Kinsyu × Showa) were purchased 
from Ehime-Sanshu (Ehime, Japan). After hatching, 
the larvae were reared at 27°C and nourished with an 
artificial diet (Silkmate 2S, Nosan Corporation, Japan) 
until the fourth instar. Upon reaching the fifth instar, the 
larvae were switched to an antibiotic-free diet (Artificial 
diet for silkworm larvae, Type A, Sysmex Corporation, 
Japan) for two days (1 g diet/silkworm/day). On the 
third day of the fifth instar, silkworms were used for 
experiments unless otherwise specified.

2.7. Collection of hemolymph from silkworms

On the third day of the fifth instar, hemolymph was 
collected from silkworms under sterile conditions. For 
surface disinfection, silkworms were soaked in 70% 
EtOH for 10 min at RT, followed by a brief air-drying 
period. Hemolymph was then collected by cutting 
one of the abdominal legs. To prevent melanization, 
N-phenylthiourea (PTU; 0.1 M in 100% DMSO) 
was immediately added to the collected hemolymph 
to achieve a final concentration of 1 mM (23). The 
hemolymph was then centrifuged at 16162 × g, for 1 min 
at 4°C to pellet the hemocytes. The supernatant was used 
as a culture medium (i.e., cell-free hemolymph) on the 
same day of collection or stored at -20°C for further use.
	 For MIC (minimal inhibitory concentration) 
determination or characterization of protein corona 
formation, a larger volume of cell-free hemolymph was 
required. In this case, silkworms were fed for four days, 
and hemolymph was collected on the fifth day of the 
fifth instar.

2.8. Interaction of NGs with primary adherent hemocytes 
from silkworms

On the third day of the fifth instar, hemolymph was 

https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
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and respective tissues from 3-5 silkworms were pooled 
together (defined as 1 biological replicate). Unless 
otherwise specified, biological duplicates per NG batch 
were subjected to measurement. Tissue homogenization 
was carried out as described in the Appendix A. 
Supplementary information (https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257) (see 
section "Standard curves of each fluorescently labeled 
NG batch and the free dye RhoRC2 in distinct silkworm 
tissues"). 100 µL of hemolymph (containing hemocytes) 
or tissue homogenate was used for measuring fluorescent 
intensity in technical triplicates.
	 Using GraphPad Prism (v. 8.4.3), non-linear fitting 
was applied to model the retention kinetics and estimate 
Terminal half-lives (t1/2). A one-phase decay model was 
used for RhoRC2-NG and free RhoRC2 dye to represent 
a single, continuous decay process. In contrast, a two-
phase decay model was applied for RhoRC2-NG×PHA, 
reflecting both an initial rapid decline and a slower 
terminal phase in retention. To assess batch consistency 
within each NG type, an extra sum-of-squares F test was 
performed, comparing the decay rate parameters across 
the three batches. Data are presented as the mean ± SEM 
for each time point, based on all six replicates (biological 
duplicates x technical triplicates).
	 In general, the results on tissue retention are shown 
as percentages of initial dose (ID) injected per milligram 
of tissue (% of ID / mg tissue), calculated as follows:

where pID is 8 × 109 particles or 1.2 µg of the free dye 
(initial dose), p100μL is the number of particles or amount 
of the free dye (ng) in 100 µL of the tissue homogenate 
(estimated based on respective standard curves, see 
Appendix B (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=258). Summary of raw 
data and standard curves), %h is the percentage of tissue 
in the homogenate, calculated as follows:

where wtissue is the weight of the collected tissue, wsaline is 
the weight or volume of saline added for homogenization 
(density = 1 mg/µL). Data are summarized in the 
Appendix C (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=259). Summary of tissue 
retention data and collectively presented in Figure 4.

3. Results

3.1. Synthesis of phosphate-functionalized, fluorescently 
labelled NGs for cellular interaction and biodistribution 
studies

NGs were synthesized from thiol-functionalized 
poly(glycidol) (PG-SH) via nanoprecipitation (Figure 

1A) (6,7). To achieve phosphate functionalization, we 
added a quenching step with PHA into the synthesis to 
introduce a phosphoric acid functional group, resulting 
in NG×PHA (Figures 1A-1B) (7). For tracking cellular 
interactions and biodistribution, we pre-labeled PG-SH 
with the maleimide-functionalized dye Rhodamine Red 
C2 (RhoRC2) prior to NG synthesis (Figure 1C). For 
biodistribution experiments, we selected RhoRC2 due 
to its structural similarity to rhodamine B, which has 
been used for NP biodistribution research in mice (13) 
and for studying xenobiotics in silkworms (26). RhoRC2 
shares a comparable excitation/emission spectrum to 
rhodamine B (~560/580 nm) and forms covalent bonds 
with PG-SH. We synthesized and characterized three 
batches of RhoRC2-NG and RhoRC2-NG×PHA (Table 
S1, Appendix A. Supplementary information, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257).

3.2. Enhanced interaction of granulocytes with 
phosphate-functionalized NGs compared to unmodified 
NGs

First, we co-incubated both NG types with A. fumigatus 
in protein-rich (cell-free hemolymph collected from 
silkworms) and protein-free (RPMI-1640) media. 
In protein-rich conditions, only RhoRC2-NG×PHA 
interacted with the fungus, while both NG types adhered 
to the fungus in protein-free conditions (Figure S1, 
Appendix A. Supplementary information, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257), consistent with our previous findings (7).
	 After confirming the interaction between NG×PHA 
with A. fumigatus, we assessed how NGs interacted with 
host cells. To align with our subsequent biodistribution 
studies in the silkworm model, we selected primary 
adherent hemocytes isolated from silkworm hemolymph 
(24) as representative host cells. These hemocytes, which 
include granulocytes and plasmatocytes and constitute 
over 50% of circulating hemocytes (24,27), play a crucial 
role in the initial cellular response to foreign materials 
(28). Their key role in immune defence makes them 
well-suited for in vitro studies designed to mimic the in 
vivo environment following systemic NG administration.
	 To assess interactions with host cells, we incubated 
primary adherent hemocytes from hemolymph with 
both NG types and the free dye RhoRC2 for either 1, 
3, 6, or 24 h (Figure 2; Figures S2-S4, Appendix A. 
Supplementary information, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257). Cell 
viability, assessed with Calcein-AM staining post co-
incubation, remained unaffected. Free dye was primarily 
detected extracellularly, indicating that the intracellular 
RhoRC2 signal resulted from the cellular NG uptake. 
Round-shaped granulocytes internalized RhoRC2-
NG×PHA more rapidly than RhoRC2-NG, with marked 
uptake noted after 3 h of co-incubation (Figure 2). 

https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
https://www.ddtjournal.com/action/getSupplementalData.php?ID=258
https://www.ddtjournal.com/action/getSupplementalData.php?ID=259


Drug Discoveries & Therapeutics. 2025; 19(3):174-183.                                  www.ddtjournal.comDrug Discoveries & Therapeutics. 2025; 19(3):174-183.                                  www.ddtjournal.com

(178)

Discrete uptake of RhoRC2-NG by granulocytes was 
noted after 6 h (Figure S3, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257), which 
became more apparent after 24 h (Figure S4, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257). Plasmatocytes (elongated cells) exhibited 
minimal uptake in both cases.
	 Notably, both NG types are likely degraded within 
granulocytes due to ester hydrolysis under the acidic 
conditions (19), although RhoRC2 remains detectable 
due to its pH stability (29).

3.3. Prolonged circulation of phosphate-functionalized 
NGs in silkworm hemolymph

After completing the in vitro study, we conducted in 
vivo biodistribution experiments. We systemically 
administered RhoRC2-NG, RhoRC2-NG×PHA, or 
free dye RhoRC2 to silkworms At seven time points 
within 24 h – 0 h (immediately after injection), 15 min, 
1 h, 3 h, 6 h, 15 h, and 24 h – we collected hemolymph 

(the silkworm equivalent of vertebrate blood (30)) and 
four tissue types (midgut, Malpighian tubules, hindgut, 
and fat body).
	 To prevent NG pelleting, we analyzed hemolymph 
without centrifugation. Using RhoRC2 signals (Figure 
3), we estimated NG half-lives in hemolypmh, defined as 
the time for plasma concentration to drop by 50% during 
the terminal phase (31). Both the free dye RhoRC2 
(Figure 3C) and RhoRC2-NG (Figure 3A) followed 
a one-phase decay model, with half-lives of 3.5 h 
and 2.0-6.6 h, respectively, indicating relatively rapid 
clearance from the hemolymph. In contrast, RhoRC2-
NG×PHA (Figure 3B) exhibited a two-phase decay 
model, characterized by an initial rapid decline followed 
by a prolonged terminal phase with half-lives ranging 
from 9.5 to 19.9 h. This extended half-life of RhoRC2-
NG×PHA may result from faster uptake by granulocytes, 
as demonstrated in in vitro co-culture experiments 
where RhoRC2-NG×PHA showed more pronounced 
intracellular accumulation than RhoRC2-NG, persisting 
for at least 6 h (Figure 2, Figures S2-S3). Interestingly, 

Figure 1. (A) Scheme of nanogel (NG) synthesis via inverse nanoprecipitation, including functionalization via quenching and drug loading steps 
(image reproduced from Vogel et al. 2024 (7) under the Creative Commons CC-BY-NC license). (B) Detailed illustration of the quenching step 
(image adapted from Vogel et al. 2024 (7); icons were created with BioRender under a publication license). (C) Fluorescent labeling of PG-SH with 
Rhodamine Red C2 maleimide. PG-SH: thiol-functionalized poly(glycidol); PHA: phosphoric acid 2-hydroxyethyl acrylate; RT: room temperature; 
O/N: overnight.
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while the free dye stabilized at approximately 40% of 
its initial signal by 24 h post injection, both NG types 
decreased to approximately 10-20%. These findings 
suggest that, despite initial differences in retention, NGs 
undergo more efficient clearance from circulation than 
the free dye during the terminal phase.

3.4. Tissue-specific retention of NGs in silkworms

Tissue retention analysis revealed that both NG types 
(Figures 4A-4B) predominantly localized in the midgut 
(akin to the mammalian small intestine (32), which also 
metabolizes exogenous compounds like the liver (33)) 
and the hindgut (comparable to the mammalian large 
intestine (34)). Smaller amounts accumulated in the fat 
body (responsible for energy storage, metabolism, and 
partial detoxification, often likened to the mammalian 
liver (15)). The Malpighian tubules (similar to 
mammalian kidneys (15)) showed the least retention. 
In contrast, the free dye displayed a distinct retention 
pattern, with primary accumulation in the Malpighian 
tubules and minimal retention in the hindgut (Figure 4C).

	 Given the hemolymph retention profiles (Figure 3), 
we focused our tissue retention analysis on two time 
points: 3 h post-injection to capture early biodistribution, 
and 24 h to assess longer-term retention and potential 
tissue accumulation. At 3 h, RhoRC2-NG (Figure 4A) 
accumulated significantly more in the midgut than in the 
fat body and Malpighian tubules. Similarly, RhoRC2-
NG×PHA (Figure 4B) displayed greater retention in 
the midgut than in the fat body, Malpighian tubules, 
and hindgut. By 24 h, RhoRC2-NG continued to show 
higher retention in the midgut relative to the other 
two tissues. However, RhoRC2-NG×PHA no longer 
exhibited significant differences between the midgut and 
fat body or hindgut, although retention in the midgut 
remained higher than in the Malpighian tubules. The 
free dye (Figure 4C) displayed a distinct retention 
profile, with significantly higher accumulation in the 
Malpighian tubules compared to the midgut at 3 h. This 
difference disappeared by 24 h, indicating clearance 
over time. Overall, comparisons between tissue types at 
these time points revealed a clear trend: both NG types 
preferentially accumulated in the midgut early on, while 

Figure 2. Co-incubation of two distinct NG types with primary adherent hemocytes (granulocytes and plasmatocytes) collected from 
silkworms for 3 h at 27°C in 250 µL TC-100 medium containing 8% FBS. Two batches of each NG type, as indicated in Table S1 (Appendix A. 
Supplementary information, https://www.ddtjournal.com/action/getSupplementalData.php?ID=257), were used. A total of 4 × 109 particles from each 
batch were added to respective wells for co-incubation. Given the slightly variations in estimated RhoRC2 loading among the batches, the amount of 
RhoRC2 in each well was indicated in parentheses. Free dye was used as a control. Following co-incubation, hemocytes were stained with Calcein-
AM to confirm their viability. Scale bars = 50 µm.
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the free dye showed stronger retention in the Malpighian 
tubules.

3.5. Distinct protein corona profiles of phosphate-
functionalized and unmodified NGs

To investigate the prolonged retention of RhoRC2-
NG×PHA in hemolymph compared to RhoRC2-NG, 
likely due to enhanced granulocyte uptake, we incubated 

unlabeled NGs and NG×PHA in hemolymph for 24 h. 
After incubation, both types displayed similar particle 
sizes and zeta potentials after incubation (Table S2, 
Appendix A. Supplementary information, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257).
	 Next, we explored NG interactions with hemolymph 
proteins by analyzing the protein corona composition 
after a 24 h incubation of unlabeled NGs or NG×PHA. 
Liquid chromatography coupled with mass spectrometry 
(LC-MS/MS) identified proteins < 200 kDa, constituting 
96% of the corona for both NG types (Figure S5A, 
Appendix A. Supplementary information, https://

Figure 3. Retention of two distinct NG types in silkworm 
hemolymph post systemic administration. Three batches (B1, B2, 
B3) of RhoRC2-NG (A) and RhoRC2-NG×PHA (B) as well as the free 
dye RhoRC2 (C) were used. A total of 8 × 109 particles of each NG 
batch were injected into individual silkworms, followed by collection 
of hemolymph at indicated time points. Given the slight variations 
in estimated RhoRC2 loading among the NG batches, the amount of 
RhoRC2 injected into each silkworm is indicated in the parentheses 
in the legend. Fluorescence intensities were normalized to the initial 
time point (0 h) to adjust for loading variability, allowing comparison 
of relative retention profiles. Terminal half-lives (t1/2) in hemolymph 
(containing hemocytes) were estimated using a one-phase decay model 
for RhoRC2-NG (A) and free RhoRC2 (C), while a two-phase decay 
model was used for RhoRC2-NG×PHA (B); these values are shown 
in parentheses in the legend. Notably, based on the observed batch 
variations, the half-life of NGs appears to be positively related to the 
injected amount of RhoRC2. An extra sum-of-squares F test revealed 
no significant retention differences among batches within each NG 
type (p > 0.05). Measurements were performed in biological duplicates 
(pooled hemolymph from 3–5 silkworms per sample), with each 
sample measured in technical triplicates. Data represent the mean ± 
SEM for each time point, based on all six replicates.

Figure 4. Tissue retention of two distinct NG types in silkworms 
following systemic administration. Three batches of RhoRC2-NG 
(A) and RhoRC2-NG×PHA (B) were injected, along with a free dye 
control, RhoRC2 (C). Each silkworm received 8 × 10⁹ particles for NG 
or 1.2 µg of free dye, and tissues were collected at the specified time 
points. Data represent mean ± SD from biological duplicates (pooled 
tissues from 3–5 silkworms per sample) across all three batches (except 
for the free dye control), with each sample measured in technical 
triplicates. Abbreviations: MG (midgut), MT (Malpighian tubules), HG 
(hindgut), FB (fat body). Statistical comparisons were conducted at two 
key time points (3 h and 24 h post injection) using one-way ANOVA 
followed by Dunnett's multiple comparisons test, comparing MT, HG, 
and FB to MG at each respective time point. Significance indicators: 
*/#p < 0.05; **/##p < 0.01; ***/###p < 0.001; ****/####p < 0.0001; ns (not 
significant).
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www.ddtjournal.com/action/getSupplementalData.
php?ID=257); Appendix D (https://www.ddtjournal.
com/action/getSupplementalData.php?ID=260). 
Full list of hard corona proteins on NGs). As shown 
in Figure S5B (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=257), differences in the 
most abundant proteins included higher proportions 
of C-type lectin domain proteins on NGs, critical for 
innate immunity (35) (48.3% of total identified proteins 
on NGs vs. 26.3% on NG×PHA). Conversely, there 
were lower proportions of nutrient storage proteins on 
NGs, which are abundant in hemolymph (36) (24.8% 
on NGs and 41.4% on NG×PHA). Among them, lipid-
binding proteins, particularly apolipophorins and low 
molecular weight lipoproteins (36), accounted for 8.61% 
on NGs and 24.41% on NG×PHA (Table S3, Appendix 
A. Supplementary information, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257). Other 
proteins comprised 26.9% and 32.3% of total quantities, 
respectively.
	 We identified two low molecular weight lipoproteins 
(LPs), 30KP2 (BmLP7) and PBMHP-6 (BmLP1), among 
the lipid-binding proteins that might affect NG×PHA's 
interaction with granulocytes. BmLP7, which appeared 
only on NG×PHA (1.04%), can penetrate hemocytes, 
while BmLP1, more abundant on NG×PHA than NGs 
(13.62% vs. 5.52%), can recruit hemocytes to BmLP1-
coated substances (37). These differences likely facilitate 
NG×PHA's interaction with hemocytes in vivo.

3.6. Phosphate-functionalized NGs as reliable antifungal 
carriers with reduced batch variability and improved 
efficacy

In our initial study, itraconazole-loaded NGs (NG-ITZ) 
exhibited a lower minimal inhibitory concentration 
(MIC) against A. fumigatus in a protein-free medium 
compared to free itraconazole (ITZ) (6). Since NGs do 
not interact with the fungus in protein-rich conditions 
(Figure S1A, https://www.ddtjournal.com/action/
getSupplementalData.php?ID=257) (7), we did 
not expect any antifungal effects of NG-ITZ under 
such conditions. However, after observing similar 
biodistribution patterns between empty NGs and 
NG×PHA, we decided to reassess NG-ITZ.
	 We determined the MIC and median effective dose 
(ED50) of NG-ITZ against A. fumigatus, comparing these 
results with previous data on NG×PHA-ITZ and free 
ITZ (6, 7). NG-ITZ (two batches tested) exhibited ED50 
values of 1.9 and 2.1 mg/kg larva, slightly higher than those 
of NG×PHA-ITZ (two batches, both 1.3 mg/kg larva), 
and consistent with the corresponding MIC values 
in silkworm hemolymph (2-4 µg/mL for NG-ITZ vs. 
1 µg/mL for NG×PHA-ITZ (Table S4, Appendix A. 
Supplementary information, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257). The 
MIC values in RPMI was also in line with these trends 

(1 µg/mL for NG-ITZ vs. 0.5 µg/mL for NG×PHA-
ITZ). Importantly, NG-ITZ demonstrated better in vivo 
antifungal effect than free ITZ (ED50 > 4.7 mg/kg larva), 
though not as effective as NG×PHA-ITZ. Moreover, 
NG-ITZ exhibited greater batch variability in antifungal 
effects compared to NG×PHA-ITZ, underscoring 
NG×PHA's potential as a more consistent and reliable 
antifungal drug carrier, with enhanced fungal interaction 
and improved biodistribution.

4. Discussion

Phosphate functionalization of NGs enhances their 
interactions with fungi and promotes faster internalization 
by silkworm granulocytes, which are similar to 
mammalian neutrophils and play a key role in the initial 
recognition of foreign materials (38,39). This dual effect 
strikes a balance between improved antifungal activity 
and increased immune cell uptake, illustrating the trade-
off in systemic antifungal delivery strategies. Notably, 
both unmodified and phosphate-functionalized NGs 
selectively interact with granulocytes, rather than the 
plasmatocytes, emphasizing their potential for immune-
specific targeting. The accelerated internalization of 
phosphate-functionalized NGs further underscores their 
enhanced functionality, suggesting broad applications, 
including optimizing drug delivery to specific immune 
cell populations.
	 While the biodistribution patterns of PG-SH-based 
NGs in animal models remain limited, our findings 
(Figures 4A-4B) align with previous data on Cy7-labeled 
PG-SH-based NGs in mice (Cy7-NG×HEA quenched 
with 2-hydroxyethyl acrylate) (12). In vivo imaging in 
mice, particularly at 3 h post injection, revealed that 
Cy7-NG×HEA was primarily cleared via hepato-biliary 
excretion (liver and intestine) rather than renal clearance 
(kidneys and bladder), likely due to the NG's particle 
size (12). The similarity in biodistribution patterns 
between silkworms and mice reinforces the silkworms 
as a reliable and cost-effective tool for initial nanocarrier 
biodistribution studies.
	 Our findings further demonstrate that NG×PHA-
ITZ delivers superior in vivo antifungal effects with 
less variability compared to NG-ITZ (Table S4, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257), highlighting NG×PHA as a promising 
nanocarrier. However, additional optimization is 
necessary to achieve fungal-specific drug delivery, as 
phosphorylation alone may not suffice. Future research 
will focus on quantifying the degree of phosphorylation 
in NG×PHA, exploring its tunability, and examining 
its impact on biodistribution. This could offer valuable 
insights into how surface functionalization influences 
nanocarrier behaviour. While potential heterogeneity 
introduced by PHA byproducts with multiple acrylate 
groups is expected to be minimal based on the synthesis 
process (40), their role in structural homogeneity and 
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biodistribution remains an important consideration. 
Future studies will aim to characterize these byproducts 
in greater detail to better understand their impact on the 
system's overall performance.
	 Finally, the similar biodistribution patterns of NGs in 
silkworms and mammals further validate the silkworm 
model as an effective, cost-efficient platform for early 
in vivo evaluation of antimicrobial nanocarriers. This 
model provides critical insights into cellular interactions 
and biodistribution, informing the development of future 
antimicrobial therapies.
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1. Introduction

Photosensitivity is a condition that causes itching, 
redness, and rashes on the skin under exposure to 
sunlight, which may be manifested by ultraviolet (1) 
or visible light (2,3). Although cellular responses to 
high-energy ultraviolet light have long been reported, 
the photoresponsive mechanism occurring after skin 
exposure to visible light remains unclear.
	 The induction of inflammation in the skin following 
exposure to visible light occurs through the secretion of 
inflammatory cytokines. In keratinocytes, the activation 
of opsins promotes the secretion of inflammatory 
cytokines such as IL-3 and IL-6 (4,5), which is known to 
induce inflammation. Additionally, blue light is absorbed 
by intracellular chromophores, such as those found 
in mitochondria, leading to the generation of reactive 
oxygen species (ROS) (6). The ROS produced then 
induce the secretion of inflammatory cytokines (TNF-α, 
IL-1β, etc. (5-7)), thereby promoting inflammatory 
responses. These mechanisms are considered to be one of 
the causes of skin inflammation induced by visible light.
	 Mast cells are distributed in many tissues, and 
together with basophils constitute the main source 
of histamine (8). The mast cell surface expresses 

FcεRI, a receptor for IgE antibodies, which causes 
increased intracellular calcium ion concentrations, 
then degranulation and the release of histamine and 
other chemical transmitters from the granules to 
the extracellular environment (9). Histamine causes 
vasodilation, increased vascular permeability, and 
contraction of smooth muscle, leading to a variety of 
immediate allergic symptoms (10).
	 In recent years, the expression of photoreceptors 
in skin has been clarified and reported to show various 
responses to exposure to visible light and ultraviolet 
radiation (11-14). However, the effects of visible light 
on mast cells have not been reported so far. In this study, 
we therefore focused on opsin as a photoreceptor and 
explored its expression in mast cells. We also examined 
the effects of light exposure on degranulation, focusing 
on the induction of allergies, in which mast cells play a 
major role.

2. Materials and Methods

2.1. Cell culture

Cells of the mouse mast cell line P-815 (15) and rat 
basophilic leukemia and mast cell line RBL-2H3 
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SUMMARY: The human body is constantly exposed to light from the environment, and intense light is a source 
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(16,17), which are widely employed as models for 
immunologically induced mast cell degranulation, were 
supplied by Health Science Research Resources Bank 
(Osaka, Japan). Cells were cultured in DMEM (Nissui 
Pharmaceutical, Tokyo, Japan) supplemented with 
10% (v/v) fetal bovine serum (FBS, Moretate Biotech, 
Bulimba, Australia) in a humidified atmosphere of 5% 
CO2 and 95% air at 37°C.

2.2. Expression of opsins in mast cell lines

The expression of opsins was assessed using reverse 
transcription-polymerase chain reaction (RT-PCR). 
Total RNA was extracted from the P-815 cells and RBL-
2H3 cells using TriPure Isolation Reagent (Roche Life 
Science, Indianapolis, IN, USA), and genomic DNA was 
removed with DNase I. cDNA was synthesized using 
ReverTra Ace (Toyobo, Osaka, Japan) according to 
manufacturer instructions. The primers used are listed in 
Table 1. PCR amplification was performed using Quick 
Taq® HS DyeMix (Toyobo) following the manufacturer's 
instructions. The following PCR cycles were employed: 
initial denaturation at 95°C for 5 min, followed by 30 to 
40 cycles (depending on the primer) at 94°C for 1 min, 
60°C for 1 min, and 72°C for 1 min. PCR products were 
electrophoresed on ethidium bromide-containing 2% 
agarose gels and visualized under UV illumination.
	 For quantification of OPN3 expression, quantitative 
PCR was performed using a  StepOne system 
(Applied Biosystems, Foster City, CA, USA) with 
THUNDERBIRD® Next SYBR™ qPCR Mix (Toyobo). 
The primers used are listed in Table 1. Specificity of PCR 
products was verified by melt curve. The Ct values for 
the samples were normalized to that of β-actin, and the 
relative expression was calculated using the comparative 
Ct method.

2.3. β-Hexosaminidase assay

Cells were prepared in DMEM with 10% FBS at 5 

× 105 cells/mL and cultured in 96-well microplates 
at 200 μL per well. After 24 h incubation, DMEM 
with 10% FBS was removed, 100 μL of DMEM with 
1% FBS was added to each well, and the cells were 
irradiated with light for 15 min. The irradiation was 
performed using the Okazaki Large Spectrograph with 
wavelengths of 350 nm, 450 nm, 550 nm, 650 nm and 
750 nm. Each wavelength was regulated at 1.7-2.2 W/
m2. After irradiation, the supernatants were collected for 
measuring β-hexosaminidase activity. The supernatant of 
cells not exposed to light was used as a negative control, 
while total β-hexosaminidase extracted using 100 μL of 
Triton X-100 was used as a positive control. A moiety 
of 10 μL per prepared sample was transferred to a 96-
well microplate, and 100 μL of 2 mM p–nitrophenyl–
N–acetyl–β–D–glucosaminide solution was added and 
then incubated at 37°C for 30 min. After incubation, the 
amount of paranitrophenol produced by the reaction was 
determined based on absorbance at a wavelength of 410 
nm.

2.4. Western blotting analysis

Samples (20 μg) of the cell lysates were separated on 
a 12% (w/v) polyacrylamide gel (18). Proteins were 
blotted onto nitrocellulose membranes (Protran BA85; 
GE Healthcare, Chicago, IL, USA) in a semi-dry blotting 
system (NA-1513; Nihon Eidoh Co., Tokyo, Japan) (19). 
Nitrocellulose membranes were blocked with 2% (w/v) 
skim milk in Tris-buffered saline. Blocked membranes 
were incubated with rabbit anti-opsin 3 antibody (1:3,000; 
Genetex, Irvine, CA, USA), mouse anti-GAPDH 
antibody (1:10,000; Fujifilm Wako Pure Chemical, 
Osaka, Japan). This was followed by incubation with 
horseradish peroxidase-conjugated goat anti-rabbit 
immunoglobulin G (IgG) antibody (1:10,000; Seracare, 
Camarillo, CA, USA) or horseradish peroxidase-
conjugated goat anti-mouse IgG antibody (1:3,000; 
Seracare). The blots were subsequently developed 
using the ImmunoStar LD chemiluminescent reagent 

(185)

Table 1. Primers for RT-PCR

Target

rat OPN1-SW
rat OPN1-MW/LW
rat OPN2
rat OPN3
rat OPN4
rat OPN5
rat β-actin
mouse OPN1-SW
mouse OPN1-MW/LW
mouse OPN2
mouse OPN3
mouse OPN4
mouse OPN5
mouse β-actin

Sense primer

TCTTCACAGTCTTCATCGCCAG
AGCAGAGACCATTATTGCCAGC
CACCTCACTGCATGGCTACTT
GTCTGGGCGATCTGCTGGTA
TGGAACAGCACTCAGAACATC
AAGCCTGATTACCATGACTGC
AACCCTAAGGCCAACCGTGAAAAG
TGGGCTCTGTAGCAGGTCTA
AACTTGGCAGTTGCTGACCT
GGGCCCCAATTTTTATGTGCC
CATTACCACCCTCACTGTGCT
GTTCTGAGAGTGAAGTGGGCT
AACCACACTGCCCTACCTCA
TGACAGGATGCAGAAGGAGA

Antisense primer

CCAGGTATAGTGCTCGCTTC
GTCCATACAGCAGCCCAGAC
ATGGGGATGGTGAAGTGGAC
ATGCCAAAGAGTAGAGCCAGAT
AAAGACAGCCCCACAGAAGG
TGGCAATGATCTTCGCGTATG
CGACCAGAGGCATACAGGGACAAC
CAGGACCACCATCAGTGCAT
AGGCCTGTGATTCCACACAAT
ACAGGGCGATTTCACCTCCAA
GATCTTCAACACAGCGAAGCATT
AAGCTTCCAGGCTTGTGACAT
TCTCTTCAGCCAGACCCCATA
CATCTGCTGGAAGGTGGACA
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change in β-hexosaminidase release was observed with 
exposure to wavelengths longer than 650 nm. Next, to 
examine in more detail the wavelengths to which RBL-
2H3 cells respond, we measured β-hexosaminidase 
released from RBL-2H3 cells when exposed to various 
wavelengths at 20 nm intervals (Figure 2B). The 
results show that wavelengths in the ultraviolet region 
at 340 nm and around 460 nm induced the release of 
β-hexosaminidase.

3.3. Downregulation of OPN3 expression by siRNA and 
its effect on β-hexosaminidase release

We examined the release of β-hexosaminidase after light 
exposure in RBL-2H3 cells in which OPN3 expression 
was suppressed by siRNA. siRNA knockdown of 
OPN3 in RBL-2H3 cells reduced OPN3 expression to 
approximately 28% of the control level (Figure 3A). 
Western blotting further revealed that OPN3 expression 

(Fujifilm Wako Pure Chemical) and a LuminoGraph 
chemiluminescent imaging system (Atto Corporation, 
Tokyo, Japan).

2.5. RNAi-induced opsin 3 knockdown assay

INTERFERin (Polyplus-transfection, Il lkirch, 
France) was used to transfect rat opsin 3 siRNA 
(AGCAAUGGGCUAUGACACC(dTdT); Bioneer 
Corporation, Daejeon, Republic of Korea) into RBL-2H3 
cells. At 48 h after transfection, opsin 3 expression was 
measured through quantitative RT-PCR analysis.

2.6. Statistical analysis

Statistical analyses were performed using Student's t-tests 
implemented in SPSS Statistics (version 29.0.2.0; IBM, 
Chicago, Il, USA). A p-value < 0.05 was considered 
indicative of statistical significance.

3. Results

3.1. Expression of opsins in mast cells

We analyzed the expression of opsin in the mouse mast 
cell line P-815 and rat basophilic leukemia cell line 
RBL-2H3 using RT-PCR (Figure 1A). OPN2, OPN3 and 
OPN4 mRNA were expressed in P-815 cells. Expression 
of OPN1-MW/LW, OPN2 and OPN3 was observed in 
RBL-2H3 cells. OPN1-MW/LW and OPN2 in RBL-
2H3 cells demonstrated two different PCR products. 
The expression of OPN3 mRNA in RBL-2H3 cells was 
confirmed by Western blotting (Figure 1B). A band of 
approximately 40 kDa was detected in RBL-2H3 cells.

3.2. Effect of light exposure on β-hexosaminidase release

We evaluated whether l ight  exposure induces 
degranulation from mast cells, using β-hexosaminidase 
release as an indicator (Figure 2A). The results show 
that exposure to wavelengths between 350 and 550 nm 
increased β-hexosaminidase release. In contrast, no 

Figure 1. Expression of opsins in murine mast cell line P-815 
and rat mast cell line RBL-2H3. RT-PCR analysis of opsin mRNA 
expression in RBL-2H3 cells and P-815 cells (A). Western blotting 
for OPN3 using RBL-2H3 cells (B).

Figure 2. Wavelength dependency of degranulation in RBL-
2H3. The degranulation from mast cells was evaluated with 
β-hexosaminidase release as an indicator. Monochromatic light 
was separated using the Okazaki Large Spectrograph, and cellular 
responses were evaluated at intervals of 100 nm (A) or 20 nm (B).

Figure 3. Effect of blue light on degranulation in mast cells with 
OPN3 knockdown. Evaluation of the OPN3 knockdown efficiency in 
RBL-2H3 cells following siRNA treatment by quantitative RT-PCR (A) 
and western blotting (B). Quantitative RT-PCR results are presented as 
mean ± SD (n = 3). Statistical significance was determined by Student's 
t-tests compared to non-treated control cells (p < 0.05). Comparison of 
degranulation in response to blue light exposure between non-treated 
control cells and OPN3 knockdown (OPN3-KD) cells (C). Open bars 
represent the non-treated control cells, while filled bars indicate OPN3-
KD cells. Data are shown as mean ± SD (n = 8). *p < 0.05, determined 
by Student's t-tests compared to non-treated control cells.
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was reduced in cells treated with OPN3 siRNA (Figure 
3B). Next, the light response of RBL-2H3 cells with 
OPN3 expression reduced by siRNA was examined 
based on β-hexosaminidase release. As shown in 
Figure 3C, β-hexosaminidase release was significantly 
suppressed upon stimulation with light at wavelengths 
of 350 nm, 450 nm and 550 nm. Among these, the most 
pronounced suppression (approximately 49.8%) was 
observed at 450 nm, which is close to the peak response 
wavelength of OPN3, while the release observed at 350 
nm was less pronounced.

4. Discussion

In this study, we explored opsin expressed in non-visual 
cells using RBL-2H3 cells and P-815 cells as mast cell 
models and found that OPN3 is commonly expressed. 
Several groups have previously reported that opsin 
receptors are expressed in multiple cells in skin, a non-
visual tissue (11,12,20). It has been shown that 11-cis-
retinal is produced by all-trans-retinal in response to light 
and metabolism of retinal, which is required for opsin 
activity, and it has been reported that OPN expressed in 
skin is functional (21). The presence of a photoreceptor 
cycle in skin has suggests that opsins expressed on mast 
cells would also be functional.
	 To determine the wavelengths to which mast 
cells respond, spectrograms were used to evaluate 
β-hexosaminidase release as an indicator of spectral 
light response. β-hexosaminidase release was maximal 
at ~460 nm (22). Since the strongest response of the 
photoreceptor OPN3 was observed at this wavelength, 
the release of β-hexosaminidase is considered to be 
mediated by OPN3.
	 OPN3 has been reported to increase intracellular 
calcium ion concentrations. Increased intracellular 
calcium ion concentrations have been shown to trigger 
the release of intracellular secretory granules in various 
cells (23,24). Based on this observation, it was assumed 
that the activation of OPN3 is responsible for the elevated 
β-hexosaminidase release recorded at the 460 nm 
wavelength. Accordingly, when OPN3 expression was 
suppressed with siRNA, the release of β-hexosaminidase 
at ~450 nm was reduced. These findings indicate that 
exposure of mast cells to blue light increases the release 
of β-hexosaminidase via expressed OPN3.
	 Short wavelengths of light penetrate less deeply 
into the tissues of biological organisms than do long 
wavelengths. With a transmittance of ~30%, only a 
small proportion of blue light is able to reach the dermal 
layer, where mast cells are located (25). The observed 
phenomena may therefore constitute the response 
mechanism of the organism when blue light reaches the 
dermal layer due to exposure to intense light or damage 
to the epidermal layer. In general, the response to blue 
light varies between different skin cells. In keratinocytes, 
exposure to blue light decreases their migration 

ability (21). In melanocytes, melanin production is 
increased (26). In fibroblasts, the expression of matrix 
metalloproteinase, a collagen-degrading enzyme, is 
increased resulting in decreased skin elasticity (27).
	 Our results demonstrate that OPN3 is expressed 
in mast cells and that blue light induces mast cell 
degranulation via  OPN3. The enhancement of 
degranulation by blue light may be considered to be 
one of the defensive mechanisms involved in skin 
homeostasis.
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1. Introduction

The global Coronavirus Disease 2019 (COVID-19) 
pandemic, caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has posed a serious threat 
to public health security worldwide. Although various 
approved COVID-19 vaccines have played a critical 
role in controlling the pandemic (1), the continuous 
emergence of SARS-CoV-2 variants, such as the recently 
identified JN.1 (BA.2.86.1.1) and KP.2 (JN.1.11.1.2), 
threatens the efficacy of current vaccines (2). Moreover, 
vaccines are primarily used to prevent COVID-19, but 
for patients already infected with the virus, effective 
treatment options are still necessary. Therefore, the 
development of specific antiviral drugs targeting SARS-
CoV-2 remains an essential measure in addressing this 
ongoing threat.
	 Papain-like protease (PLpro), a viral cysteine 
protease essential for SARS-CoV-2 replication, cleaves 

polyproteins pp1a and pp1ab to generate non-structural 
proteins (nsp). In addition to processing viral proteins, 
PLpro also targets host proteins such as ubiquitin and 
interferon-stimulated gene 15 (ISG15), performing 
deubiquitinating and deISGylating activities that suppress 
the host's innate immune response (3). Consequently, 
PLpro inhibition holds promise for suppressing viral 
propagation and restoring host's immune function (4), 
making it a key target for antiviral drug development.
	 Since the outbreak of the COVID-19 pandemic, 
numerous inhibitors targeting PLpro have been 
discovered through structure-based drug design, virtual 
screening, and high-throughput screening methods (5). 
These inhibitors can be categorized into non-covalent 
and covalent inhibitors based on their binding modes 
as summarized in Figure 1. GRL0617, the first non-
covalent PLpro inhibitor (6), exhibited relatively low 
activity against SARS-CoV-2 in cell-based assays, 
despite the moderate enzymatic activity (IC50~1.39 
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SUMMARY: The papain-like protease (PLpro), a cysteine protease found in severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), plays a crucial role in viral replication by cleaving the viral polyproteins and interfering 
with the host's innate immune response through deubiquitination and deISGylation activities. Consequently, targeting 
PLpro has emerged as an appealing therapeutic strategy against SARS-CoV-2 infection. Despite considerable efforts in 
the development of PLpro inhibitors, there is currently no drug available on the market that specifically targets PLpro. 
Improving drug screening strategies and identifying additional candidate compounds could significantly contribute to 
the advancement of antiviral agents targeting PLpro. To address this pressing issue, our present study has developed a 
highly efficient compound screening strategy based on a supervised machine learning approach. Integrated with further 
molecular simulation approaches such as molecular docking, molecular dynamics simulations, and quantum chemical 
calculations, we have identified seven compounds with potent inhibitory activity against PLpro. Notably, two of these 
compounds exhibited superior activity compared to Jun12682, which is currently considered the best-performing 
inhibitor against PLpro. Furthermore, some crucial residues in SARS-CoV-2 PLpro were recognized as favorable 
contributors to the binding with inhibitor, which would provide valuable insights for the development of more potent 
and highly selective SARS-CoV-2 PLpro inhibitors. The compound screening strategy and potential PLpro inhibitor 
candidates revealed in the present study would hold promise for advancing the development of antiviral drugs targeting 
SARS-CoV-2 and its variants.

Keywords: SARS-CoV-2, papain-like protease inhibitor, machine learning, virtual screening, molecular simulation
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μM). Subsequently, Structural optimization led to more 
potent analogs such as XR8-23 (IC50~0.39 μM) (7) and 
Jun12682 (IC₅₀~106.8 ± 5.0 nM) (8), the latter showing 
strong activity against multiple variants. In addition, 
some non-GRL0617 analogs (such as chloroxine 
(9), SJB2-043 (10), HE9 (11), HBA (11) and YM155 
(12)) and several non-specific inhibitors, (including 
ebselen (13), disulfiram (14), schaftoside (15) and 
proanthocyanidi (16)) also exhibit promising antiviral 
activity. By contrast, covalent inhibitors targeting PLpro 
like LY1 (17) and peptide-based VIR250 and VIR251 
(18) have also been reported. However, most candidates 
face limitations such as insufficient antiviral activity, 
poor pharmacokinetics, or inadequate target selectivity, 
preventing clinical translation. So far, only HL-21 has 
entered Phase I trials, and there are currently no FDA-
approved drugs targeting PLpro. These challenges 
underscore the need for improved screening strategies 
and novel chemical scaffolds to accelerate PLpro-
targeted drug discovery.
	 In recent years, artificial intelligence (AI) has become 
an increasingly powerful tool in drug discovery (19). 
Notably, the 2024 Nobel Prizes in Physics and Chemistry 
has underscored the pivotal role of AI in advancing 
scientific research. Recently, some potent SARS-CoV-2 
Mpro inhibitors with strong cellular activity were 
discovered by a using machine learning approach (20), 
shortly thereafter, a lead compound (PF-07957472) 
targeting SARS-CoV-2 PLpro that showed high 
efficacy in mouse models was also identified by using 
AI technique (21). For the purpose of improving the 
drug screening efficiency and providing more candidate 
compounds to assist the development of anti-COVID-19 
drugs, an integrated screening strategy that combined 
machine learning and molecular simulation approaches 

(22,23) was developed and further utilized to perform the 
screening of SARS-CoV-2 PLpro inhibitor. As a result, 
the current study identified seven compounds (Cpd-1~4, 
Cpd-6, Cpd-8, and Cpd-14) that exhibited higher binding 
affinity on PLpro compared to GRL0617. Among them, 
two compounds, Cpd-1 and Cpd-3, showed more potent 
inhibitory activity than the currently best-performing 
compound, Jun12682. These compounds hold promise 
for advancing the development of a new generation of 
inhibitors targeting SARS-CoV-2 and its variants.

2. Methods

The screening strategy of SARS-CoV-2 papain-like 
protease inhibitors in the current study refers to machine 
learning-based classification, molecular simulation 
(molecular docking, molecular dynamics simulation, 
and quantum chemical calculation) based screening and 
verification. The workflow of the screening strategy is 
exhibited in Figure 2.

2.1. Data preparation

The initial database was constructed based on the 
inhibitory activity data for 3,935 FDA-approved drugs 
and clinical trial candidate compounds against SARS-
CoV-2 PLpro (24). To ensure data quality, the following 
preprocessing steps were performed before training 
the machine learning models: (1) Eliminating the 
compounds with invalid information, such as lacking 
structural information, containing ambiguous or even 
non-numeric data. Only compounds with structural 
information (in SMILES format) and inhibition 
rates against SARS-CoV-2 PLpro were retained. (2) 
Establishing an activity threshold of 60%, wherein 

(190)

Figure 1. Representation and classification of SARS-CoV-2 PLpro inhibitors.
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human pharmacokinetics significantly reduce both the 
development time and costs. Moreover, surveys by the 
National Cancer Institute have shown that three-quarters 
of all drugs used globally over the past half-century to 
treat various human diseases are derived from natural 
resources. Therefore, for the final screening of potential 
SARS-CoV-2 PLpro inhibitors, 3,815 compounds from 
FDA-approved drugs (previously unevaluated) and 
natural products curated from the ZINC database, as well 
as the COVID Moonshot platform were compiled as 
prediction dataset (Supplementary Materials 4).

2.2. Machine learning

Six molecular descriptors and fingerprints, including 
Morgan fingerprint (MorganFP), MACCS fingerprint 
(MACCSFP), E-state fingerprint (E-stateFP), Avalon 
fingerprint (AvalonFP), Atom-pairs fingerprint (Atom-
PairFP) and RDKit descriptors (RDKit-Des), were 
employed to describe the molecular structures when 
performing the machine learning. Further details 
regarding the molecular fingerprints and descriptors 

compounds with an inhibition rate of 60% or higher 
were defined as active, while those lower than 60% were 
labeled as inactive. As a result, a binary dataset of 3,428 
compounds consisting of 249 active and 3,179 inactive 
data was obtained (Supplementary Materials 1). (3) In 
view of the imbalance between active and inactive data, 
1,000 compounds randomly selected from the inactive 
data, together with all the active data, were collected to 
construct a combined dataset of 1,249 compounds with 
a 4:1 ratio of inactive to active data (Supplementary 
Materials 2). (4) Further splitting the combined dataset 
into an 8:2 ratio for machine learning model training 
and internal validation. To achieve more realistic model 
performance, a 5-fold cross-validation strategy was 
applied. Additionally, 79 active compounds obtained 
from SARS-CoV-2 PLpro patent literature and 341 
compounds randomly selected from the inactive data 
were collected for external validation (Supplementary 
Materials 3).
	 FDA-approved drugs (https://www.fda.gov/) 
are increasingly favored for new drug development 
because their well-documented toxicity profiles and 

Figure 2. Workflow of the screening strategy in the present study.
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can be found in Table S1 (https://www.ddtjournal.com/
action/getSupplementalData.php?ID=261). Meanwhile, 
14 algorithms, including decision trees, random forests, 
extreme gradient boosting (XGBoost), support vector 
machines (SVM), gradient boosting decision trees, 
gradient boosting machines (GBM), logistic regression, 
K-nearest neighbors (KNN), linear discriminant analysis 
(LDA), stochastic gradient descent, adaptive boosting, 
bootstrap aggregating, voting classifier, and multilayer 
perceptron classifier were adopted for machine learning 
model construction. Eventually, a total of 84 machine 
learning models were generated and further evaluated to 
establish the SARS-CoV-2 PLpro inhibitors screening 
models. In addition, RDKit was employed for the 
generation of all molecular features and fingerprints, 
and scikit-learn was employed to implement the model 
construction.
	 To evaluate the predictive ability and robustness of 
the constructed machine learning models, the following 
evaluation metrics were used in this study: area under 
the receiver operating characteristic curve (AUC), 
F1 score (F1), precision (Pre), sensitivity (Se), and 
specificity (Sp). The calculation methods of them are 
listed as follows:

Pre = TP ⁄ (TP + FP)
Se = TP ⁄ (TP + FN)
Sp = TN ⁄ (TN + FP)

F1 = 2 × (Pre × Se) ⁄ (Sp + Se)

Where, true positive (TP) refers to instances correctly 
classified as positive, while true negative (TN) denotes 
those correctly classified as negative. False positive (FP) 
represents instances incorrectly classified as positive, and 
false negative (FN) denotes those incorrectly classified 
as negative. The F1 score is a metric that provides a 
comprehensive evaluation of the model by considering 
both precision (Pre) and sensitivity (Se). A higher F1 
score (closer to 1) indicates a stronger generalization 
ability of the mode. AUC is a key indicator for evaluating 
the performance of classification models. The model 
performance will be better if the AUC value is closer to 1 
(25).

2.3. Molecular docking

The initial receptor model was constructed based on the 
crystal structure of the SARS-CoV-2 PLpro in complex 
with GRL0617 (PDB ID: 7CJM). Protein and ligand 
parts were extracted and processed for subsequent 
molecular docking experiments. Compounds screened 
by the machine learning model underwent further 
optimization using the OPLS4 force field. Protonated 
states of ionizable groups were defined at pH 7.0 ± 0.2, 
which simulated the slightly fluctuating pH conditions 
in the physiological environment. The protonated 
states of titratable residues in receptor structure were 

also calculated at the same pH for ligand preparation. 
Molecular docking analysis utilized AutoDock Vina (26), 
where the centroid of the ligand (GRL0617) was defined 
as the center of the docking grid, and the size of the grid 
was set to 25 × 25 × 25 Å3. Finally, flexible molecular 
docking based on induced fit theory was executed, and 
results (binding mode and docking score) with the best 
docking score were recorded.

2.4 Classical molecular dynamics simulation

The ligand-receptor complex models were obtained 
from molecular docking. All molecular dynamics (MD) 
simulations were performed using the pmemd module 
in the AMBER18 molecular simulation package. The 
Amber ff14SB force field (27) was employed for the 
protein, and the TIP3P model (28) was used for the 
solvent water molecules. The force field parameter of 
the ligand was generated from the general AMBER 
force field (GAFF), and the partial atomic charge was 
defined by the restrained electrostatic potential (RESP) 
(29) charge based on HF/6-31G* calculation with the 
Gaussian09 package.
	 The initial coordinates and topology files were 
generated by the tleap program with neutralization and 
solvation. The subsequent classical MD simulations 
were carried out by using the periodic boundary 
condition with the cubic model. After a series of energy 
minimization, programmed heating (0 to 300 K, NVT, 
100 ps), density equilibrium (300 K, 1.0 atm, NPT, 
100 ps), and preequilibrium (300 K, 1.0 atm, NPT, 
100 ps), a final 100 ns MD simulation with a 2 fs 
time step was performed under the NVT ensemble to 
generate trajectories. During the MD simulation, the 
high-frequency stretching vibration of all hydrogen-
containing bonds was constrained by using the 
SHAKE algorithm (30), and a 12 Å cutoff was applied 
to van der Waals (LJ-12 potential) and electrostatic 
interactions (PME strategy). Finally, cpptraj was used 
for trajectories analysis and PyMOL was used for 
visualization.
	 The binding free energy was calculated using the 
MM/GBSA method (31) via the MMPBSA.py module, 
based on 100 snapshots extracted from the stable phase 
of the MD trajectory. All energies were expressed in 
kcal/mol. The calculation method for binding free energy 
is listed as follows:

ΔGbind = Gcomplex - Greceptor + Gligand

Where, ΔGbind represents the total binding free energy 
between PLpro and its inhibitor. Gcomplex denotes 
the energy of the protein-inhibitor complex, while 
Greceptor and Gligand refer to the individual energies of 
the PLpro and the inhibitor, respectively. The free 
energy components in the MM/GBSA approach were 
determined as follows:

https://www.ddtjournal.com/action/getSupplementalData.php?ID=261
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         ΔGbind = ΔGgas + ΔGsolv - TΔS
                   = ΔEvdw + ΔEele + ΔGpolar + ΔGnonpola - TΔS
                   = ΔEvdw + ΔEele + ΔEGB + ΔESA - TΔS

Herein, ΔGgas and ΔGsolv denote the gas-phase and 
solvation energy components of the total free energy 
(ΔGbind), respectively. ΔGgas consists of van der Waals 
(ΔEvdw) and electrostatic (ΔEele) contributions. ΔGpolar and 
ΔGnonpolar refer to the polar and nonpolar components of 
the solvation free energy, respectively. The terms ΔEGB 
and ΔESA represent the polar and nonpolar contributions, 
respectively. The absolute temperature of the system 
is denoted by T, and the entropy related to the system 
is denoted as ΔS. The term TΔS represents the entropy 
contribution.

2.5 Electrostatic potential calculation

The Gaussian09 program (Revision D.01) was utilized 
to calculate the electrostatic potential surface of the 
screened molecules. The calculation was performed 
based on density functional theory (DFT) at the 
B3LYP/6-311+G(2d,p) level. The restrained electrostatic 
potential (RESP) charges were computed using 
Multiwfn. Finally, Visual Molecular Dynamics (VMD, 
version 1.9.4a53) was used to visualize the molecular 
surface electrostatic potential maps, providing a clear 
graphical representation of the charge distribution across 
the molecules.

3. Results

3.1. Reliability analysis of datasets
Reliable datasets that refer to the training and validating 
set are an important guarantee for the accurate 

construction of the machine learning models. Herein, 
we applied t-distributed stochastic neighbor embedding 
(t-SNE) analysis by using a Euclidean distance metric 
to evaluate the reliability of the datasets for machine 
learning. Figure 3 illustrates the chemical space 
distributions of the collected compounds in training, 
validation, and prediction datasets, as visualized by 
t-SNE. Results showed that the distribution of training 
and validating datasets overlapped sufficiently, 
indicating that the construction and evaluation of the 
machine learning models are reliable. Furthermore, the 
distribution of datasets for model application (prediction 
dataset) and model construction (training and validation 
datasets) also presented a rough overlap, demonstrating 
the reliability of the subsequent machine learning-based 
SARS-CoV-2 PLpro inhibitor screening.

3.2. Machine learning-based model construction and 
application

To construct an accurate SARS-CoV-2 PLpro inhibitor 
prediction strategy, we developed 84 classification 
models based on 14 machine learning algorithms 
combined with 6 molecular fingerprints. Figure 4 shows 
the performance of the constructed classification models, 
which were evaluated through AUC and F1 score.
	 The performance of these models exhibited significant 
variations. For the machine learning algorithms, the 
average AUC values for the Random Forest, XGBoost, 
SVM, and GBDT models were dramatically higher 
than those of other models, as summarized on the right 
sidebar of Figure 4A, demonstrating the excellent 
performance of these four algorithms. Among them, 
models constructed with the Random Forest algorithm 
exhibited the best performance (with most models' 
AUC values closer to 1). For molecular fingerprints and 

Figure 3. t-SNE of training, validation, and prediction datasets.
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descriptors, models employing MACCSFP, E-stateFP, 
AvalonFP, Atom-PairFP, and RDKit-Des achieved higher 
AUC values, especially for models with the four superior 
algorithms (Random Forest, XGBoost, SVM, and 
GBDT, where the AUC values exceeded 0.90 for most 
models). In contrast, models using MorganFP showed a 
lower performance (below 0.75). Additional assessment 
criteria (F1 score listed in Figure 4B) also highlighted the 
superior performance of models with the algorithms and 
descriptors aforementioned. Overall, models constructed 
by Random Forest algorithm with the five descriptors 
(MACCSFP, E-stateFP, AvalonFP, Atom-PairFP, and 
RDKit-Des) were level pegging in the internal validation 
(Figure 4A~B and Table S2, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=261). 
Furthermore, an external validation dataset containing 
79 active compounds and 341 inactive compounds was 
introduced to evaluate the generalization ability of the 
five models as shown in Figure 4C and Table S3 (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=261). Apparently, four models presented 
superior performance with AUC and F1 score about 
0.90, whereas the Random Forest-RDKit model was 
slightly inferior compared with other models, with both 
assessment criteria being lower than 0.90. Consequently, 
models based on Random Forest models with four 
molecular fingerprints (MACCSFP, E-stateFP, Atom-
PairFP, and AvalonFP) were selected for the subsequent 
screening of compounds with potential SARS-CoV-2 
PLpro inhibition activity.
	 In order to obtain the SARS-CoV-2 PLpro inhibitor 
more efficiently, we adopted a strategy of using 
multiple models to present the intersection of results 
to perform the machine learning-based compound 

screening. Herein, the Venn diagram obtained from the 
online data visualization tool Venn (http://www.ehbio.
com/test/venn) was employed. As shown in Figure 5, 
each of the four machine learning models was able 
to screen out approximately 100 compounds from 
the prediction database, among which 42 compounds 
listed in Table S4 (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=261) were obtained as the 
intersection of the four models eventually. In general, the 
42 compounds that have been identified simultaneously 
by the four different classification models tend to have a 
higher probability of being active against SARS-CoV-2 
PLpro. The current strategy that taking the intersection 
of multiple model predictions can reduce the probability 
of false positives, and further improve the efficiency of 
drug discovery.

3.3. Molecular simulation-based compound assessment

After screening out the compounds with potential 
inhibitory activity, molecular docking-based binding 
affinity evaluation was employed to obtain the 
compounds with high inhibitory activity targeting SARS-
CoV-2 PLpro. Reliability evaluation of the molecular 
docking protocol used in the present study was performed 
in the first instance. As displayed in Figure S1 (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=261), the redocked binding conformations 
of the two ligands (GRL0617 and Jun12682) were 
consistent with their original conformations in the 
co-crystal structures, namely, the molecular docking 
protocol adopted in the present study can describe the 
ligand-protein interactions precisely. Subsequently, 
binding affinities of the 42 compounds screened from 

Figure 4. Performance evaluation of the constructed machine learning models. Heatmap of AUC (A) and F1 score (B) in internal validation. 
(C) The AUC values and F1 scores in external validation of models constructed by Random Forest algorithm with MACCSFP, E-stateFP, Atom-
PairFP, AvalonFP, and RDKit-Des.
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the machined learning-based classification models 
were calculated through molecular docking. Fifteen 
compounds were identified with high inhibitory activity 
compared with GRL0617, however, no compound was 
found to be more potent than Jun12682 (binding affinity 
data were listed in Table S4 (https://www.ddtjournal.
com/action/getSupplementalData.php?ID=261), and 
the fifteen compounds were renamed as Cpd-1~15 for 
convenience in Figure S1 (https://www.ddtjournal.com/
action/getSupplementalData.php?ID=261).
	 Considering that the target binding affinity of 
some compounds (such as Cpd-1, -9.38 kcal/mol) 
was very close to that of Jun12682 (-9.57 kcal/mol), 
we further employed a dynamic evaluation method 
based on molecular dynamics (MD) simulation to 
provide more accurate assessments on the potential 
inhibitory activity of the fifteen compounds. A total of 
18 systems that contained Cpd-1~15, the two positive 
compounds GRL0617 and Jun12682, as well as the apo 
form of the target protein, were simulated through the 
MD simulation. Confirmed by the root mean square 
deviation (RMSD), all systems reached the equilibrium 
state within 100 ns MD simulation (Figure S2, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=261). The target binding free energies of 
Cpd-1~15, GRL0617, and Jun12682 were calculated 
based on the MM/GBSA method and demonstrated 
in Figure S3 (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=261). Under the more 
accurate evaluation method, only 7 compounds (Cpd-

1~4, Cpd-6, Cpd-8, Cpd-14) revealed superior target 
binding ability than GRL0617, which was significantly 
different from the result with a molecular docking-
based evaluation approach. Surprisingly, Cpd-1 and 
Cpd-3 exhibited dramatically high target binding ability, 
suggesting their potential as more potent inhibitors 
than the current best-performing SARS-CoV-2 PLpro 
inhibitor Jun12682.

3.4. Analysis of ligand-receptor interactions

Figure 6A displays the decomposition of the binding free 
energy of the seven highly active compounds and the two 
positive compounds to the target. Apparently, the gas-
phase energy component (ΔGgas) is the prime contributor 
to binding free energy (ΔGbind). Compounds with more 
tight binding to the target (Cpd-1~3 and Jun12682 with 
lower ΔGbind) possess significantly low ΔGgas (about -150 
kcal/mol for Cpd-1~3 vs. about -70 kcal/mol for others). 
According to the computational principle, ΔGgas consists 
of van der Waals (ΔEvdw) and electrostatic (ΔEele) terms. 
Values of the two terms for these compounds are both 
correlated with the trend of final ΔGbind. Nevertheless, 
the differences of ΔEele term for all the 9 compounds are 
apparently higher than those of ΔEvdw (-16.66~-117.34 
kcal/mol for ΔEele and -31.84~-54.60 kcal/mol for ΔEvdw), 
indicating that the electrostatic interactions are critical 
for the ligand binding to the target.
	 Further ligand-protein interaction analysis was 
performed to present more detailed descriptions of the 
binding pattern of the screened compounds with SARS-
CoV-2 PLpro. As shown in Figure 6B, all the nine 
compounds bind to the binding site through some polar 
interactions such as hydrogen bonds and π–π interactions. 
Especially, these interactions are extremely abundant 
in the binding pattern of highly active compounds to 
the target, which could be a reasonable explanation 
on the critical role of electrostatic interactions to the 
ligand binding. For the binding site in target protein, 
the aromatic side chain of Tyr268 provides CH–π or π–
π interactions with most compounds, and Asp164 and 
Gln269 are conserved in the hydrogen bond interactions 
of almost all compounds. Additional hydrogen bond 
occupancy analysis also suggested the pivotal role of 
these polar residues in ligand binding (Table S5, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=261). In particular, Asp302 shows the same 
binding area as Asp164 as revealed in Figure 6B, 
contributes a hydrogen bond occupancy of 104.98% in 
the binding pattern of Cpd-1, and Asp164 donates as 
high as 179.52% in the binding pattern of Cpd-3. The 
total hydrogen bond occupancy related to Cpd-1 and 
Cpd-3 was significantly higher than that of Jun12682 
and GRL0617, demonstrating again the superior target 
binding ability of Cpd-1 and Cpd-3.

3.5 Identification of key residues on ligand binding

Figure 5. Interactive Venn diagrams for the intersection of 
multiple model predictions.
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For a more detailed presentation, binding free energy 
contributions of some crucial residues in the four 
ligand-receptor binding systems were calculated and 
displayed in Figure 7A. Results indicate that most of 
these residues make favorable contributions to the ligand 
binding, among which Tyr268 makes significant and 

conserved contributions to the four compounds. Notably, 
the contribution of Asp164 on the binding of Cpd-3 
is dramatically high among all residues, and Asp302 
provides a remarkable contribution to the binding of 
Cpd-1. The residue binding free energy contributions 
are consistent with the distributions of hydrogen bond 

Figure 6. (A) Decomposition of binding free energy (kcal/mol) for the nine compounds. (B) Binding modes of the nine compounds in the 
binding site of SARS-CoV-2 PLpro. Ligands and key residues are shown with cyan and yellow stick models, respectively. Hydrogen bonds are 
represented by black dashed lines, π–π and CH–π interactions are represented by red dashed lines.

Figure 7. (A) Binding free energy contributions of some key residues in the four ligand-receptor binding systems. (B) Surface electrostatic 
potential maps of the four compounds in binding conformations. Electron-deficient and electron-rich regions are colored in blue and red, 
respectively. Some key residues around them are highlighted in circles.
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occupancy aforementioned, which highlights the 
significance of these polar residues in ligand binding, 
and also provides reasonable explanations for the high 
target binding free energy of Cpd-1 and Cpd-3.
	 Figure 7B illustrates the surface electrostatic 
potentials of the four compounds in the specific 
conformation when binding to SARS-CoV-2 PLpro. 
Apparently, some electronegative residues, like Asp164, 
Glu167, and Asp302, are situated around the electron-
deficient region of the ligand, and Gln269 is close to the 
electron-rich region. Such an electrical matching mode 
can disperse the charge and provide a favorable ligand-
protein binding pattern. In summary, the favorable 
electrostatic potential contributions of the key residues 
would provide valuable insights for the development of 
more potent and highly selective SARS-CoV-2 PLpro 
inhibitors.

4. Discussion

The current study highlights the significance of targeting 
the protease PLpro in the development of COVID-19 
therapeutics, given the rapid mutation and widespread 
transmission of SARS-CoV-2. While some candidates, 
such as GRL0617 and its analogs, have shown weak 
to moderate in vitro potency, they often suffer from 
limitations that hinder clinical translation, such as 
insufficient antiviral activity and metabolic stability in 
vitro and in vivo (32), poor pharmacokinetic performance 
(33), limited selectivity (34), or toxicity concerns (35). To 
overcome these limitations, we employed an integrated 
screening strategy combining machine learning and 
molecular simulation approaches, which led to the 
identification of seven promising PLpro inhibitors (Cpd-
1~4, Cpd-6, Cpd-8, and Cpd-14). Among them, Cpd-
1 and Cpd-3 exhibited the strongest binding affinities 
and inhibitory potential against PLpro, making them 
prime candidates for further experimental validation. In 
addition, we identified several key residues critical for 
ligand binding, which may inform future optimization 
efforts aimed at enhancing potency and selectivity.
	 Although the present findings are promising, 
they merely represent initial steps towards drug 
development. To verify the reliability and therapeutic 
potential of the identified compounds, extensive 
experimental validation is still required. In this 
study, we employed a series of molecular simulation 
techniques—including molecular docking and 
molecular dynamics simulations—to assess the binding 
stability of candidate inhibitors with SARS-CoV-2 
PLpro. While such computational strategies are highly 
valuable for identifying promising drug candidates (36), 
their outcomes must be substantiated by experimental 
data. Therefore, future research will focus on enzymatic 
assays and cell-based antiviral evaluations to confirm 
the inhibitory activity and antiviral efficacy of the 
screened compounds, thereby facilitating their further 

advancement toward clinical application.
	 In conclusion, our study contributes to overcoming 
the limitations that hinder clinical translation in two 
key ways. First, the integration of machine learning and 
molecular simulations offers an efficient framework 
for identifying structurally novel and potentially 
more drug-like inhibitors. Second, our residue-level 
interaction analysis provides mechanistic insights that 
may guide further lead optimization to improve target 
specificity and binding stability. While experimental 
validation is still required, our findings offer a solid 
foundation for the rational development of next-
generation PLpro inhibitors. The candidate compounds 
and structural insights reported here may help accelerate 
the development of effective antivirals targeting SARS-
CoV-2 and its evolving variants.

Supporting Information

Detailed information on molecular fingerprints (Table 
S1), performance of classification models in internal 
validation (Table S2) and external validation (Table 
S3). Molecular docking scores of the 42 compounds 
from intersection of the four optimal machine learning 
models (Table S4), hydrogen bond occupancy analysis 
of the polar residues involved in ligand binding (Table 
S5). Redock analysis and docking scores of the screened 
compounds (Figure S1), RMSD of the 18 MD simulated 
systems (Figure S2), and binding free energy of the top 
15 compounds (Figure S3). (https://www.ddtjournal.com/
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	 Lists of the initial database (Supplementary Materials 
1), training set (Supplementary Materials 2), external 
validation set (Supplementary Materials 3), and 
prediction dataset (Supplementary Materials 4) used in 
the machine learning models. (https://www.ddtjournal.
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1. Introduction

Colorectal cancer (CRC), a gastrointestinal malignant 
tumor, poses a severe threat to global human health. 
Epidemiological studies reveal CRC currently ranks 
as the third most commonly diagnosed cancer and 
the second leading cause of cancer-related mortality 
worldwide (1,2). According to the 2020 Global Cancer 
Statistics report, approximately 1.93 million new CRC 
cases and 0.94 million related deaths were recorded 
globally, accounting for nearly 10% and 9.4% of total 
cancer incidence and fatalities respectively (3,4). These 
epidemiological patterns underscore the critical need for 
elucidating the underlying pathogenesis of CRC, which 
holds paramount importance for developing effective 
prevention strategies and therapeutic interventions.
	 The pathogenesis of CRC stems from a complex 
interplay between genetic susceptibility, modifiable 
lifestyle factors (particularly alcohol use, red meat 
consumption, and obesity), and comorbidities including 
inflammatory bowel disease (IBD) and diabetes mellitus 
(3,5,6). Compelling epidemiological evidence indicates 

a particularly strong association between IBD and CRC 
susceptibility, with IBD patients (encompassing both 
ulcerative colitis and Crohn's disease) exhibiting 2-3-fold 
elevated CRC risk compared to the general population 
(7-9). Emerging evidence reveals that the persistent 
inflammatory milieu facilitates carcinogenesis through 
dysregulated activation of cytokine/chemokine networks 
and immune cell populations, collectively orchestrating 
tumor initiation, progression, and metastasis – a 
pathological continuum formally designated as the 
"inflammation-cancer transformation" (10). Systematic 
investigation into the molecular mechanisms underlying 
chronic inflammation-driven malignant transformation 
of colonic epithelial cells is imperative for advancing our 
understanding of CRC tumorigenesis and progression.
	 TRPA1 (transient receptor potential ankyrin 1), a 
pivotal member of the TRP cation channel superfamily, 
exhibits distinctive homotetrameric architecture with 
six transmembrane domains, enabling its remarkable 
capacity to integrate multimodal exogenous stimuli 
ranging from thermal fluctuations to chemical irritants 
and mechanical stress (11,12). This polymodal 
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SUMMARY: Chronic inflammation in the colon has been recognized as a key pathogenic mechanism driving 
colorectal cancer development. TRPA1 (transient receptor potential ankyrin 1), a key member of the TRP cation 
channel superfamily, is closely implicated in inflammatory processes and has emerged as a promising therapeutic 
target for anti-inflammatory drug development. However, the precise role of TRPA1 in colorectal carcinogenesis and 
its potential as a therapeutic target for colorectal cancer (CRC) remain incompletely understood. In this study, we 
demonstrate that Trpa1 knockout significantly exacerbates DSS-induced colitis-associated tumorigenesis in murine 
models, a phenomenon mechanistically linked to Trpa1 deficiency-mediated aggravation of inflammatory bowel 
pathology. RNAseq and gene knockout effect analysis revealed a consistently low expression pattern of TRPA1 across 
colorectal cancer cell lines (n = 58, median log2(TPM+1) = 0.025), with limited impact on cell viability upon TRPA1 
knockout. Notably, analysis of human clinical specimens revealed substantial downregulation of TRPA1 expression in 
CRC compared to adjacent normal tissues. Kaplan-Meier survival analysis further indicated that patients with TRPA1-
low tumors exhibited significantly poorer overall survival outcomes. These collective data suggest a tumor-suppressive 
role for TRPA1 in colorectal carcinogenesis, potentially through its immunomodulatory functions within the colitis-
cancer transformation axis.
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receptor demonstrates endogenous activation through 
inflammatory mediators such as bradykinin and 
trypsin (13). Mechanistically, TRPA1 drives calcium 
influx to potentiate the release of neuropeptides (e.g., 
substance P) and pro-inflammatory cytokines (e.g., IL-
6, TNF-α), thereby enhancing nociceptor sensitization 
through autocrine/paracrine signaling pathways (14). 
These pathophysiological insights not only underscore 
the central regulatory role of TRPA1 in inflammatory 
pain transduction but also identify it as a promising 
therapeutic target for the development of analgesic 
and anti-inflammatory drugs (15-17). However, the 
precise role of TRPA1 in colorectal carcinogenesis 
remains incompletely understood, and its potential as 
a therapeutic target for colon cancer requires further 
validation.
	 In this study, we utilized Trpa1 knockout (Trpa1⁻/⁻) 
mice to investigate the role of this molecule in 
inflammation-driven colorectal carcinogenesis and 
assessed the impact of TRPA1 genetic ablation on 
colorectal cancer cell survival. Additionally, by analyzing 
TRPA1 expression in human CRC tissues and its 
correlation with patient prognosis, we comprehensively 
analyzed the role of this molecule in the pathology of 
CRC.

2. Materials and Methods

2.1. Agents and animals

DSS (molecular weight: 40,000) and azoxymethane 
(AOM) were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). 
Trpa1+/− C57BL/6N mice were purchased from Cyagen 
Biosciences Co., Ltd. (Jiangsu, China). The Trpa1−/− and 
wild type C57BL/6N mice used in the experiment were 
bred from the above-mentioned heterozygous mice. 
All experimental animals were housed in a specific 
pathogen-free environment, and the mice had free access 
to water and food. All experimental procedures strictly 
adhered to international guidelines for the care and use of 
laboratory animals.

2.2. The model of inflammation-tumor transformation

Female wild-type and Trpa1−/− C57BL/6N mice 
(7-8-week-old) were utilized in this study. Animals 
were divided into three groups based on genotype and 
treatment protocols: (1) wild-type control group (NC 
group, n = 5), receiving intraperitoneal injection of an 
equivalent volume of saline; (2) wild-type DSS-treated 
group (WT+DSS group, n = 11); and (3) Trpa1−/− DSS-
treated group (Trpa1−/−+DSS group, n = 9). The latter 
two groups were intraperitoneally injected with 10 mg/
kg body weight of azoxymethane (AOM) for chemical 
induction on day 0 of the experiment. Starting from 
day 5, the WT+DSS and Trpa1−/−+DSS groups were 

subjected to cyclic intervention with 1% DSS solution 
and sterile drinking water (Figure 1A), establishing 
a chronic colitis model through intermittent DSS 
exposure. The NC group received sterile drinking water 
throughout the experimental period. Body weight was 
monitored every 3 days, and the characteristics of 
the feces and the presence of blood in the stool were 
recorded regularly.
	 At the experimental endpoint, mice were sacrificed, 
and colonic tissues were fully dissected. The length from 
the anorectal junction to the cecal base was measured, 
and macroscopic tumor nodules were counted under 
a dissecting microscope. Colon tissue samples were 
fixed in 4% paraformaldehyde, followed by paraffin 
embedding, sectioning, and hematoxylin-eosin (HE) 
staining for histopathological analysis.

2.3. The model of subacute colitis

This study utilized 7-8-week-old female C57BL/6N 
mice, including wild-type and Trpa1⁻/⁻ strains. Animals 
were divided into three groups based on genotype and 
treatment protocols: wild-type control group (NC group, 
n = 8), wild-type DSS-treated group (WT+DSS group, 
n = 8), and Trpa1⁻/⁻ DSS-treated group (Trpa1⁻/⁻+DSS 
group, n = 8). The experimental protocol comprised 
two phases: 1% DSS solution was administered via free 
drinking water from days 0-30, followed by 1.5% DSS 
solution from days 31-42. Control animals received 
sterile drinking water throughout the 42-day period.
	 Systematic monitoring was conducted every three 
days, encompassing body weight measurement and 
fecal consistency assessment, with disease severity 
quantified using the Disease Activity Index (DAI). 
Post-sacrificed, colonic specimens were collected. 
Colon length was measured from the anorectal junction 
to the cecal base, and histopathological analyses were 
performed on colonic tissues, including HE staining, 
Alcian blue (AB) staining, and periodic acid-Schiff 
(PAS) staining.

2.4. Histopathological analyses

Histochemical staining of murine colonic tissues, 
including HE, AB, and PAS, was performed using 
Solarbio (Beijing, China) kits. Tissue sections were 
dewaxed in xylene and rehydrated through a graded 
ethanol series (100%, 95%, 80%, 70%) prior to staining. 
For HE, sections were stained with Mayer's hematoxylin 
for 5 min, differentiated in 0.5% acid-alcohol for 2-5 sec, 
rinsed in running water for 20 min for nuclear bluing, 
and counterstained with 1% aqueous eosin Y for 1 min. 
AB staining involved 3% acetic acid pretreatment (3 
min), incubation with 1% Alcian blue 8GX (in 3% acetic 
acid) in a humid chamber (30 min, RT), followed by 
three 1-min distilled water rinses and Nuclear Fast Red 
counterstaining (5 min). PAS staining protocol comprised 
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analyze RNA-seq profiles and CRISPR-Cas9 knockout 
screening data targeting TRPA1, with cell viability 
metrics quantified from CRC cell lines (18). Utilizing 
Python (v3.12.2), data preprocessing and integration 
were performed with pandas, followed by matrix 
operations executed via numpy. Pearson correlation 
coefficients and their statistical significance between 
TRPA1 expression levels and post-knockout cell 
viability scores were calculated using scipy.stats. Data 
visualization was implemented through matplotlib.pyplot 
to generate scatter plots illustrating gene expression-
phenotypic effect correlations.

oxidation with 1% periodic acid (5-8 min), Schiff reagent 
incubation (15 min, dark), and Gill's hematoxylin nuclear 
staining (1-2 min) with acid-alcohol differentiation. 
All sections were dehydrated through an ethanol-
xylene gradient, mounted with neutral resin, air-dried, 
and digitally imaged using a 3DHISTECH (Hungary) 
panoramic scanner at 20× magnification.

2.5. Analysis of TRPA1 expression and gene knockout 
effects in CRC cells

This study leveraged the DepMap Public 24Q2 dataset to 

Figure 1. Trpa1 deficiency promotes colitis-associated tumorigenesis in mice. Colitis-associated tumorigenesis model was established by 
intraperitoneal injection of 10 mg/kg AOM followed by DSS induction. The NC group received saline injection and drank sterile drinking water, 
while the WT+DSS and Trpa1-/-+DSS groups were injected with AOM and alternately administered 1% DSS and drinking water. (A) Schematic 
diagram for the establishment of the AOM/DSS-induced colitis-associated tumorigenesis model. (B) Body weight changes of mice in each group 
during the experiment. (C) Comparison of body weight differences among groups before sacrifice. (D) Representative images of anal changes in 
mice from each group. (E and F) The number of colonic tumors in each group. (G) DAI scores of model mice. (H) HE staining of colonic tissues 
from the AOM/DSS-induced tumorigenesis model, with magnifications of 100×, 200×, and 400× from top to bottom. *p < 0.05, **p < 0.01.
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2.6. Analysis of TRPA1 expression in CRC tissues and 
prognosis of patients

TCGA database was utilized for RNA sequencing data 
and clinical information about CRC. R-4.4.3-win were 
employed for the following data analysis. Analysis 
was performed using the limma package to identify 
differential expression of TRPA1 between cancer tissues 
and matched adjacent normal tissues. Visualization 
of TRPA1 expression patterns was achieved through 
ggplot2 and ggpubr packages, generating scatter plots 
and paired boxplots comparing tumor-normal pairs. The 
CRC cohort was stratified into high- and low-expression 
subgroups based on median TRPA1 expression levels. 
Kaplan-Meier survival analysis with log-rank testing 
(implemented via survival and survvminer packages) 
evaluated the correlation between TRPA1 expression and 
overall survival (OS).

2.7. Statistical analyses

The animal experimental data were visualized using 
GraphPad Prism 8.0. Pathological section images 
were captured and exported via SlideViewer software 
after scanning with a panoramic tissue cell scanner, 
and colonic goblet cells were counted using ImageJ. 
Statistical differences were analyzed via One-way 
ANOVA or t-test in SPSS. Data are shown as the mean 
± standard error of the mean (Mean ± SEM). Statistical 
significance was defined as p < 0.05.

3. Results

3.1. Trpa1 knockout favors colorectal tumorigenesis in 
mice with colitis

As outlined in Figure 1A, we successfully established an 
AOM/DSS-induced mouse model of colitis-associated 
tumorigenesis. During the experimental period, both 
WT+DSS and Trpa1-/-+DSS groups exhibited body 
weight reduction compared to the control group, with 
Trpa1-knockout mice demonstrating a more pronounced 
weight loss trend (Figure 1B). Pre-sacrificed body 
weight measurements revealed that Trpa1-/-+DSS mice 
showed 12.1±2.3% reduction compared to the NC 
group (p < 0.05) and 8.5 ± 2.4% reduction relative to the 
WT+DSS group (Figures 1C). Notably, severe diarrhea 
was observed in the Trpa1-/-+DSS group as early as 
day 9 of the experiment, while only occasional soft 
stools were detected in WT+DSS group counterparts 
during the same period. Prolonged DSS intervention 
led to gradual manifestation of intestinal hemorrhage 
symptoms in both groups. By the experimental endpoint, 
rectal prolapse was observed in 22% of Trpa1-/-+DSS 
mice, a pathological phenotype completely absent in 
the WT+DSS group (Figure 1D). Anatomical analysis 
demonstrated a significantly increased tumor burden in 

Trpa1-deficient mice, with the mean tumor count (10.9 
± 1.0 vs 5.0 ± 0.8) being markedly higher than that in 
the wild-type model group (p < 0.01) (Figures 1E-1F). 
Additionally, these animals exhibited colonic dilation and 
cecal atrophy. Quantitative DAI assessment indicated 
significantly elevated scores in Trpa1-/-+DSS group 
throughout the induction period, suggesting intensified 
colonic inflammatory responses compared to WT+DSS 
group (Figure 1G).
	 Pathological evaluation through HE staining of 
colonic tissues from three experimental groups further 
validated differential progression in inflammation-
tumor transformation. NC group maintained intact 
mucosal architecture with orderly arranged crypts and no 
pathological alterations (Figure 1H). AOM/DSS model 
groups universally exhibited tumor characteristics, 
including crypt structural destruction, glandular 
structural disorganization, and substantial inflammatory 
cell infiltration. Notably, Trpa1-deficient mice displayed 
exacerbated pathological progression. Histological 
analysis revealed mucinous vacuole formation in 44.4% 
of Trpa1-/-+DSS specimens, suggesting the potential 
formation of mucinous adenocarcinoma (Figure 
1H). These pathological features indicate that Trpa1 
gene deletion accelerates malignant progression in 
inflammation-associated colorectal tumor.

3.2. TRPA1 is a non-essential gene for CRC cell survival

The above findings suggest that TRPA1 plays a critical 
role in tumor initiation suppression. Based on this 
phenotypic characteristic, we further investigated 
its regulatory effects on cancer cell-autonomous 
proliferation. Utilizing the DepMap database (2024Q2 
release), we identified 58 human colorectal cancer cell 
lines with both whole-transcriptome sequencing data and 
genome-wide CRISPR-Cas9 loss-of-function screening 
data. Results revealed a consistently low expression 
pattern of TRPA1 across colorectal cancer cell lines 
(median log2(TPM+1) = 0.025), with limited impact 
on cell viability upon TRPA1 knockout (CRISPR scores 
ranging from -0.3 to 0.3, Figure 2). Furthermore, no 

Figure 2. Correlation analysis between TRPA1 expression levels 
and CRISPR scores in colorectal cancer cells. Pearson correlation 
coefficients and their statistical significance between TRPA1 expression 
levels (log2(TPM+1)) and post-knockout cell viability scores were 
calculated.



Drug Discoveries & Therapeutics. 2025; 19(3):200-207.                                  www.ddtjournal.comDrug Discoveries & Therapeutics. 2025; 19(3):200-207.                                  www.ddtjournal.com

(204)

significant correlation was observed between TRPA1 
expression levels and knockout-mediated viability 
changes (r = 0.19, p = 0.15, Figure 2). These data 
indicate that TRPA1 is unlikely to function as a core 
essential gene for colorectal cancer cell survival, and 
its tumor-suppressing effects may arise through non-

cell-autonomous mechanisms, potentially involving the 
regulation of immune-epithelial interactions within the 
tumor microenvironment.

3.3. TRPA1 deficiency exacerbates DSS-induced colitis 
in mice

Figure 3. Trpa1 deficiency exacerbates colitis in mice. Colitis was induced by 1%-1.5% DSS. The NC group was allowed free access to 
sterile drinking water, while the WT+DSS and Trpa1-/-+DSS groups were given free access to 1%-1.5% DSS to induce colitis. (A) Schematic 
diagram of the DSS-induced subacute colitis model in mice. (B) Changes in body weight of mice in each group over time. (C) Comparison of 
body weight differences among groups before sacrifice. (D) Comparison of DAI scores among groups before sacrifice. (E and F) Representative 
images of colons in each group, as well as colon length measurement and comparison. (G) HE staining of colonic cross-sections from each 
group, with images shown at 100× and 400× magnification. (H) Histopathological scoring of HE-stained colonic tissues in each group. (I and 
J) Representative images of AB (I) and PAS (J) staining of colonic cross-sections from each group (100× and 400× magnification). (K and L) 
Quantification of goblet cells in colonic cross-sections stained with AB (K) and PAS (L) in each group. *p < 0.05, **p < 0.01.
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Our previous findings suggested a potential suppressive 
role of TRPA1 in colitis-associated tumorigenesis, 
while its lack of direct impact on CRC cell proliferation 
implies that its anti-tumorigenic effects may be 
mediated through inflammatory regulation. To elucidate 
the role of TRPA1 in colitis, we established a subacute 
colitis model using 1.0%-1.5% DSS-induced ulcerative 
colitis, following the protocol outlined by Li et al. (19) 
(Figure 3A). During the experimental period, NC group 
mice exhibited steady weight gain, normal feeding/
drinking behaviors, and maintained fecal consistency. 
In contrast, both WT+DSS and Trpa1-/-+DSS groups 
developed diarrhea by day 15, with Trpa1-deficient 
mice displaying earlier onset of hematochezia, reduced 
locomotor activity, and accelerated weight loss (Figure 
3B). Terminal measurements revealed significantly 
lower body weight (p < 0.05) and elevated DAI scores 
(p < 0.01) in Trpa1-/-+DSS mice compared to WT+DSS 
controls (Figures 3C-3D). Colonic length analysis 
demonstrated significant colon shortening in DSS-
treated groups (Figure 3E), with Trpa1-/-+DSS mice 
exhibiting a 8.3% greater reduction in colon length than 
WT+DSS counterparts (5.5±0.2 cm vs. 6.0±0.1 cm, p < 
0.05; Figure 3F).
	 Histopathological evaluation via HE staining 
(Figure 3G) revealed distinct mucosal stratification and 
intact crypt architecture in NC mice. DSS-challenged 
groups exhibited severe epithelial damage, including 
crypt distortion, marked goblet cell depletion, and 
dense submucosal lymphocytic infiltration. Notably, 
Trpa1-/-+DSS mice displayed exacerbated pathology 
characterized by near-complete epithelial denudation, 
lymphoid follicle formation, and a 1.2-fold increase 
in histological severity scores (p < 0.05; Figure 3H). 
AB/PAS staining (Figures 3I-3J) confirmed goblet cell 
loss across experimental groups, with Trpa1 deficiency 
amplifying DSS-induced depletion (Figures 3K-3L).
	 These collective findings demonstrate that Trpa1 
ablation significantly aggravates DSS-driven ulcerative 
colitis. The amplified inflammatory milieu in Trpa1-
deficient mice provides a mechanistic link between 
enhanced colitis severity and accelerated neoplastic 

transformation observed in prior experiments.

3.4. Clinical relevance of TRPA1 expression in CRC 
patients

To establish the clinical significance of TRPA1 in human 
colorectal carcinogenesis, we systematically analyzed 
its expression patterns and prognostic value using the 
TCGA-COAD/READ cohort (n = 647 tumor tissues 
vs. n = 51 matched adjacent normal tissues). RNA 
sequencing data revealed significant downregulation 
of TRPA1 in malignant tissues compared to non-tumor 
counterparts (p < 0.001; Figures 4A-4B). Stratification 
of patients by median TRPA1 expression demonstrated 
striking survival disparities. Kaplan-Meier analysis 
showed that the high-TRPA1 subgroup (n = 324) had 
significantly prolonged overall survival compared to the 
low-expression cohort (n = 323) (p = 0.008; Figure 4C).
	 These findings align with our preclinical models, 
collectively indicating that TRPA1 functions as a tumor 
suppressor in colorectal cancer pathogenesis, with its 
loss correlating with aggressive disease progression and 
poor clinical outcomes.

4. Discussion

The role of TRPA1 in CRC remains controversial. Some 
studies propose that TRPA1 promotes colon cancer cell 
proliferation by coupling with the Na⁺/Ca²⁺ exchanger 
1 (NCX1) to maintain calcium homeostasis (20). 
However, other research suggests that TRPA1 activation-
induced Ca²⁺ influx may trigger apoptosis under specific 
conditions. For instance, in metastatic colorectal cancer 
cells, oxidative stress-activated TRPA1 mediates 
mitochondrial dysfunction and apoptosis (21). Our 
study investigated the role of TRPA1 in tumor initiation 
and progression from the perspective of inflammation-
cancer transformation. Our findings demonstrated that 
Trpa1 knockout exacerbated colon tumor development, 
with both tumor number and size increased compared 
to wild-type mice. Despite the limited impact of TRPA1 
deletion on colorectal cancer survival, we hypothesize 

Figure 4. Clinical relevance of TRPA1 expression in CRC patients Differential expression analysis of TRPA1 in unpaired (A) and paired (B) 
samples from the TCGA-COAD/READ cohort. (C) Overall survival analysis between high- and low-TRPA1 expression groups. ***p < 0.001.
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that TRPA1 may indirectly suppress tumorigenesis by 
mitigating inflammatory responses.
	 The role of TRPA1 in inflammatory processes is 
complex. While TRPA1 is generally considered pro-
inflammatory in acute settings—where its knockout or 
inhibition attenuates inflammation—our observations 
in a three-month chronic inflammation-tumor 
transformation model indicated more severe colonic 
inflammation in Trpa1-knockout mice compared 
to wild-type counterparts. This suggests a potential 
dichotomy in TRPA1 functionality between acute and 
chronic inflammatory contexts. To further clarify, we 
established a subacute colitis model and confirmed 
that TRPA1 retains its anti-inflammatory role in this 
system. Our previous data indicated that Trpa1 knockout 
increased the proportion of Th1 cells in subacute colitis 
mice, thereby exacerbating inflammatory progression 
(data not shown). Consistent with our findings, Samuel 
Bertin et al. demonstrated that dual knockout of IL-10 
and Trpa1 in mice resulted in significantly aggravated 
spontaneous colitis compared to single IL-10 knockout 
controls, a phenomenon mechanistically linked to Trpa1 
deletion-driven enhancement of Th1 cell differentiation 
(22). Thus, TRPA1 may exert opposing roles in acute 
versus chronic colitis pathology. The tumor-promoting 
effects of TRPA1 deficiency likely operate indirectly 
by amplifying pro-inflammatory pathways that 
facilitate inflammation-tumor transformation in colonic 
epithelium.
	 Previous studies suggest that TRPA1 exerts a direct 
tumor-suppressive role in colon cancer cells, wherein its 
activation promotes Ca²⁺ influx, leading to tumor cell 
death via mitochondrial dysfunction and apoptosis (21). 
Thus, an alternative explanation proposes that Trpa1 
knockout exacerbates inflammatory responses (which 
drive inflammation-to-tumor transformation) while 
simultaneously eliminating TRPA1-mediated tumor 
cell cytotoxicity, collectively promoting colorectal 
tumorigenesis. However, our study revealed notably low 
TRPA1 expression in CRC cells, implying that its direct 
tumor-suppressive effects may be minimal. Instead, 
TRPA1 likely suppresses tumorigenesis primarily 
through attenuating chronic colonic inflammation.
	 These collective data suggest a tumor-suppressive 
role for TRPA1 in colorectal tumorigenesis, potentially 
through its immunomodulatory functions within 
the colitis-tumor transformation axis. The inverse 
relationship between TRPA1 expression and malignant 
features across experimental systems underscores 
its potential as both a prognostic biomarker and a 
therapeutic target for inflammation-associated colorectal 
malignancies.
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Alzheimer's disease (AD) is a central nervous system 
degenerative disease that typically manifests with 
an insidious onset and is characterized by a slow 
progression, representing the most common dementia 
subtype (1). Clinically, the disease presents with memory 
impairment and cognitive decline, accompanied by 
behavioral and psychiatric alterations. These symptoms 
progressively compromise patients' ability to perform 
everyday activities and ultimately severely impact their 
quality of life and impose a substantial caregiving burden 
on their families. According to statistics from the World 
Health Organization, the global population living with 
dementia is projected to increase from 55 million in 
2019 to 139 million by 2050, with AD accounting for 
approximately 60-70% of these cases (2). Currently, the 
treatment options for AD are limited, and their efficacy 
is not satisfactory (3-5). As the population continues 
age, the number of AD cases will continue to increase, 
creating one of the most serious global health crises.
	 AD exhibits a continuum of pathogenesis, with 
pathological alterations potentially occurring decades 
prior to the manifestation of clinical symptoms. Early 
diagnosis and timely intervention are therefore critical to 
delaying or even halting disease progression (3,6). The 

current gold standard for AD biomarker diagnosis relies 
on positron emission tomography (PET) brain scans 
demonstrating β-amyloid or Tau positivity, coupled with 
cerebrospinal fluid (CSF) analysis revealing decreased 
Aβ1-42 levels alongside elevated levels of total Tau and 
phosphorylated Tau (pTau) protein. These diagnostic 
modalities have demonstrated substantial reliability, but 
they also have significant limitations: CSF biomarker 
collection involves considerable invasiveness and patient 
discomfort, while PET imaging remains prohibitively 
expensive. These constraints restrict their widespread 
clinical implementation, thereby impeding early 
screening and diagnosis of AD. Blood-based biomarker 
detection has emerged as a promising focus of research 
to overcome these limitations. Nevertheless, challenges 
in analytical sensitivity and specificity have historically 
prevented blood tests from replacing cerebral PET 
imaging and CSF biomarker analysis as the clinical 
diagnostic standard for AD.
	 On May 16,  2025,  the  US Food and Drug 
Administration (FDA) granted its first clearance for 
an in vitro blood-based diagnostic test for AD (7). 
This test aids in AD diagnosis by detecting the plasma 
ratio of pTau217 to Aβ1-42 and is intended for early 
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SUMMARY: As the most prevalent form of dementia, Alzheimer's disease (AD) represents a major public health 
challenge. Early diagnosis is crucial to delaying disease progression, and yet the gold standard for detection of 
biomarkers — cerebral positron emission tomography (PET) imaging and cerebrospinal fluid biomarker analysis 
— is constrained by invasiveness, high costs, and limited accessibility. On May 16, 2025, the FDA granted its 
first clearance to the Lumipulse G blood test, which utilizes the plasma pTau217/Aβ1-42 ratio, for the diagnosis of 
amyloid plaques in symptomatic patients age 55 or older. In clinical validation, concordance rates with amyloid 
PET brain scans/the results of cerebrospinal fluid biomarker detection were 91.7% (positive) and 97.3% (negative). 
Similar blood-based assays have previously been approved in Japan (HISCL™ Aβ42/40), the United Kingdom 
(PrecivityAD2™), and China. While concerns regarding false-positive/false-negative rates necessitate continued 
attention and their role as adjunctive diagnostic tools requires integration with comprehensive clinical assessment 
and other tests, the rapid development and regulatory clearance of these blood-based biomarker assays undeniably 
offer promising prospects for transforming the diagnostic and therapeutic paradigm for AD. 

Keywords: β Amyloid 1-42, Lumipulse G, Alzheimer's disease, PrecivityAD2, Aβ42/40



Drug Discoveries & Therapeutics. 2025; 19(3):208-209.                                  www.ddtjournal.comDrug Discoveries & Therapeutics. 2025; 19(3):208-209.                                  www.ddtjournal.com

identification of amyloid plaques associated with AD 
in the brains of adult patients age 55 and older who 
exhibit AD-related symptoms. Unlike invasive lumbar 
puncture for CSF collection, this technique requires 
only peripheral blood sampling, offering a less invasive 
and more patient-friendly approach. The blood test is 
considered substantially equivalent to the previously 
approved Lumipulse G assay for the Aβ1-42/Aβ1-40 ratio 
in CSF samples. The clearance was based on a prior 
clinical study involving 499 plasma samples from adults 
with cognitive impairment (7). The study utilized the 
Lumipulse G assay to measure the plasma pTau217/
Aβ1-42 ratio and compared results with amyloid PET 
scans or CSF testing. Clinical data showed that 91.7% 
of individuals with positive Lumipulse G results were 
confirmed to be amyloid-positive by PET or CSF testing, 
while 97.3% of those with negative Lumipulse G results 
had negative amyloid PET or CSF outcomes (7). Fewer 
than 20% of the 499 tested patients had indeterminate 
Lumipulse G results. The primary risks of the Lumipulse 
G pTau217/Aβ1-42 plasma ratio test include the potential 
for false-positive and false-negative results. A critical 
point worth mentioning is that this test is not intended 
for screening purposes and should not serve as the 
sole diagnostic criterion. Treatment decisions must 
incorporate comprehensive clinical evaluation and/or 
supplementary test results for integrated assessment. 
	 Blood biomarker diagnostic tests for AD have 
previously been cleared in other countries. HISCL™ 
β Amyloid 1-42 and HISCL™ β Amyloid 1-40 assay 
kits, which aid in identifying brain Aβ deposition by 
calculating the plasma Aβ42/Aβ40 ratio, have been 
cleared in Japan. Clinical studies demonstrate that this 
test has good sensitivity and specificity, with an area 
under the curve of 0.895, comparable to PET scans and 
CSF testing results (8). Another AD blood biomarker 
test, the PrecivityAD2™ test, received medical device 
certification from the Medicines and Healthcare products 
Regulatory Agency in the United Kingdom in February 
2025 (9). Clinical research has shown that this test has a 
negative predictive value (NPV) of 92% and a positive 
predictive value (PPV) of 91%, positioning it as a 
potential alternative to CSF testing and PET scans (10). 
In addition, several blood biomarker-based AD diagnostic 
kits have also received marketing approval in China.
	 The recent FDA clearance of the Lumipulse G 
pTau217/Aβ1-42 plasma ratio assay, alongside the 
progressive regulatory clearance of similar blood-
based biomarker tests in countries including Japan, the 
United Kingdom, and China, represents a significant 
advancement in the area of non-invasive blood 
diagnostics for AD. While concerns regarding false-
positive/false-negative rates necessitate continued 
attention and their established role as adjunctive 
diagnostic tools requires integration with comprehensive 
clinical assessment and other tests, the rapid development 

and regulatory clearance of these blood-based biomarker 
assays undeniably offer promising prospects for 
transforming the diagnostic and therapeutic paradigm for 
AD. 
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Dry eye disease (DED) is a multifactorial ocular surface 
disease that is marked by a loss of tear film homeostasis 
and that is accompanied by ocular symptoms. The 
etiologies of DED include tear film instability and 
hyperosmolarity, inflammation of and damage to the 
ocular surface, and neurosensory abnormalities (1). 
DED is characterized by insufficient tear production 
and/or excessive tear evaporation that leads to a series 
of symptoms including discomfort, in forms such as 
redness, burning, itching, or a gritty sensation, and 
impaired vision. This disease predominantly occurs 
in females and individuals over the age of 50 and it 
adversely affects a patient’s quality of life (QoL) and 
daily activities (2,3). Conventional treatments for DED 
include lubricants (artificial tears, gels, ointments, and 
autologous serum), corticosteroids, immunosuppressants 
(cyclosporine, tacrolimus, and lifitegrast), and a 
cholinergic agonist (a nasal spray formulation of 
varenicline) (4,5). However, the problems with current 
conventional treatments mainly include their modest 
efficacy, unpleasant adverse reactions, and slow onset of 
action (6-8). Thus, development of innovative therapies 
for the treatment of DED is critical.
	 Acoltremon (brand name: Tryptyr) is a first-in-
class transient receptor potential melastatin 8 (TRPM8) 
agonist developed by Alcon Laboratories. It was 
approved by the US Food and Drug Administration 
on May 28, 2025 for treatment of the signs and 

symptoms of DED (9). TRPM8, a polymodal, calcium-
permeable nonselective cation channel, is recognized 
as a physiological sensor of environmental cold. It 
is expressed on neurons of the ophthalmic division 
of the trigeminal nerve in the cornea and eyelid (10-
12). Studies have demonstrated that TRPM8 plays 
an important role in regulating tear production and 
blink rate (12). As a cold thermoreceptor modulator, 
acoltremon activates TRPM8 receptors, thereby 
increasing tear production and providing a cooling 
sensation for symptom relief (10,11). In addition, due 
to its cooling stimulation, acoltremon may also benefit 
patients suffering from neuropathic ocular pain, for 
which treatment options are currently scarce (13,14). 
Therefore, acoltremon as a TRMP8 agonist has a dual 
role of both increasing tear production and decreasing 
ocular discomfort in the treatment of DED (15).
	 Multiple clinical trials have revealed the efficacy 
and safety of acoltremon for the treatment of DED. 
A randomized, vehicle-controlled, phase 2b study 
(COMET-1) evaluated the efficacy of acoltremon 
(0.0014% and 0.003%, twice a day for 84 days) 
compared to a vehicle (15). Results indicated that 
0.003% acoltremon significantly alleviated signs and 
multiple symptoms of dry eye versus the vehicle. In 
COMET-2 and COMET-3 (two pivotal phase 3 clinical 
trials), patients were randomly assigned in equal 
proportions to receive 0.003% acoltremon or a vehicle 
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SUMMARY: Dry eye disease (DED) is a common ocular surface disorder that markedly affects the quality of life (QoL) 
of patients. Conventional treatments for DED were unable to meet current medical needs. Acoltremon, a transient 
receptor potential melastatin 8 (TRPM8) agonist, was first approved by the US Food and Drug Administration on May 
28, 2025 for treatment of the signs and symptoms of DED. Acoltremon activates TRPM8 receptors, thereby increasing 
tear production and providing a cooling sensation for symptom relief. Results of clinical trials demonstrated that 
0.003% acoltremon markedly alleviated signs and symptoms of DED. Adverse events associated with acoltremon were 
primarily instillation site pain, and no serious ocular adverse events were noted. Acoltremon has multiple advantages: 
rapid onset of action, significant alleviation of dry eye signs and symptoms, and favorable safety and tolerability. In 
summary, the approval of acoltremon represents a new therapeutic perspective on the management of DED.
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administered twice a day as one drop per eye for 90 
days. The primary endpoint of phase 3 clinical trials 
was the proportion of patients in which an increase 
in tear production  ≥ 10 mm was achieved from pre-
drop at the baseline to post-drop on Day 14 according 
to an unanesthetized Schirmer score. In COMET-2, 
an increase in tear production ≥ 10 mm from the 
baseline was achieved in 42.6% of patients treated with 
acoltremon by Day 14, compared to 8.2% in patients 
treated with the vehicle (16). In COMET-3, an increase 
in tear production ≥10 mm from the baseline was 
achieved in  53.2% of patients given acoltremon by 
Day 14, versus 14.4% in those treated with the vehicle 
(16). The results of clinical studies demonstrated that 
acoltremon significantly improved tear production in 
patients with DED (p < 0.01) (16). Additional data from 
secondary endpoints showed that acoltremon rapidly 
increased and consistently maintained tear production 
compared to the vehicle, beginning on Day 1 and 
persisting to Day 90 (17). In terms of safety, the most 
frequently noted ocular adverse event in clinical trials 
with acoltremon was instillation site pain (50%), and no 
serious adverse events were observed (16,17).
	 Acoltremon is the first TRPM8 agonist approved 
for the treatment of DED, and it offers clinical 
advantages because of its rapid onset of action, 
significant alleviation of dry eye signs and symptoms, 
and favorable safety and tolerability. Further clinical 
research needs to be conducted to confirm its real-world 
efficacy and safety, but the approval of acoltremon 
offers an innovative and effective approach for treating 
the signs and symptoms of DED. Overall, the successful 
development of acoltremon, with its novel mechanisms, 
is expected to lead to new perspectives on and advances 
in the management of DED.

Funding: This manuscript was supported by Qingdao 
Key Medical and Health Discipline Project.

Conflict of Interest: The authors have no conflicts of 
interest to disclose.

References

1.	 Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, 
Joo C, Liu Z, Nelson JD, Nichols JJ, Tsubota K, Stapleton 
F. TFOS DEWS II Definition and Classification report. 
Ocul Surf. 2017; 15:276-283.

2.	 Hakim FE, Farooq AV. Dry eye disease: An update in 
2022. JAMA. 2022; 327:478-479.

3.	 Wan KH, Chen LJ, Young AL. Depression and anxiety in 
dry eye disease: A systematic review and meta-analysis. 
Eye (Lond). 2016; 30:1558-1567.

4.	 Safir M, Twig G, Mimouni M. Dry eye disease 

management. BMJ. 2024; 384:e77344.
5.	 Zhuang-Yan A, Syed YY. Perfluorohexyloctane 

ophthalmic solution: A review in dry eye disease. Drugs. 
2024; 84:441-448.

6.	 O'Neil EC, Henderson M, Massaro-Giordano M, Bunya 
VY. Advances in dry eye disease treatment. Curr Opin 
Ophthalmol. 2019; 30:166-178.

7.	 Jones L, Downie LE, Korb D, et al. TFOS DEWS II 
management and therapy report. Ocul Surf. 2017; 15:575-
628.

8.	 Clayton JA. Dry eye. N Engl J Med. 2018; 378:2212-
2223.

9.	 US FDA. FDA-approved Drugs. https://www.accessdata.
fda.gov/drugsatfda_docs/appletter/2025/217370Orig1s00
0ltr.pdf (accessed June 1, 2025).

10.	 Yang JM, Li F, Liu Q, Ruedi M, Wei ET, Lentsman M, 
Lee HS, Choi W, Kim SJ, Yoon KC. A novel TRPM8 
agonist relieves dry eye discomfort. BMC Ophthalmol. 
2017; 17:101.

11.	 Yang JM, Wei ET, Kim SJ, Yoon KC. TRPM8 channels 
and dry eye. Pharmaceuticals (Basel). 2018; 11:125. 

12.	 Parra A, Madrid R, Echevarr ia D, Del Olmo S, 
Morenilla-Palao C, Acosta MC, Gallar J, Dhaka A, Viana 
F, Belmonte C. Ocular surface wetness is regulated by 
TRPM8-dependent cold thermoreceptors of the cornea. 
Nat Med. 2010; 16:1396-1399.

13.	 Yoon HJ, Kim J, Yang JM, Wei ET, Kim SJ, Yoon KC. 
Topical TRPM8 agonist for relieving neuropathic ocular 
pain in patients with dry eye: A pilot study. J Clin Med. 
2021; 10:250.

14.	 Valdes-Arias D, Locatelli EVT, Sepulveda-Beltran PA, 
Mangwani-Mordani S, Navia JC, Galor A. Recent United 
States developments in the pharmacological treatment of 
dry eye disease. Drugs. 2024; 84:549-563.

15.	 Wirta DL, Senchyna M, Lewis AE, Evans DG, McLaurin 
EB, Ousler GW, Hollander DA. A randomized, vehicle-
controlled, Phase 2b study of two concentrations of the 
TRPM8 receptor agonist AR-15512 in the treatment of 
dry eye disease (COMET-1). Ocul Surf. 2022; 26:166-
173.

16.	 TRYPTYR (aco l t remon) ophtha lmic so lu t ion . 
https://www.accessdata.fda.gov/drugsatfda_docs/
label/2025/217370s000lbl.pdf (accessed June 16, 2025).

17.	 Alcon Inc. Alcon Announces Positive Topline Results 
From Phase 3 COMET Trials of AR-15512, a Novel 
Topical Drug Candidate for Dry Eye. https://alcon.widen.
net/s/gvp6nqtpql/ar-15512_global-press-release_final 
(accessed June 1, 2025).

Received June 3, 2025; Revised June 20, 2025; Accepted June 
22, 2025.

*Address correspondence to:
Fusheng Sun, Department of Pharmacy, Qingdao Municipal 
Hospital, University of Health and Rehabilitation Sciences, 
Qingdao, Shandong, China.
E-mail: clinphar_slyy@163.com

Released online in J-STAGE as advance publication June 27, 
2025.

(211)



Drug Discoveries & Therapeutics. 2025; 19(3):212-213.                                  www.ddtjournal.comDrug Discoveries & Therapeutics. 2025; 19(3):212-213.                                  www.ddtjournal.com

Primary cutaneous lymphoma is a microsatellite stable tumor: An 
analysis of microsatellite instability 

Saki Maeda-Otsuka§, Myangat Tselmeg Mijiddorj§, Ikko Kajihara*, Soichiro Sawamura, 
Katsunari Makino, Shinichi Masuguchi, and Satoshi Fukushima

Department of Dermatology and Plastic Surgery, Faculty of Life Sciences, Kumamoto University, Kumamoto, Japan. 

Letter to the Editor: 
	 A deficiency in DNA mismatch repair (MMR) 
leads to microsatellite instability (MSI) and indicates a 
favorable therapeutic response to immune checkpoint 
inhibitors (ICIs). The Promega panel (Promega, 
Madison, WA, USA) is approved as a companion 
diagnostic tool to guide ICI administration. According 
to previous reports on malignant lymphoma, MSI has 
been detected in 27% of mycosis fungoides (1), 41% 
of adult T-cell leukemia/lymphoma (not only primary 
cutaneous lymphoma [PCL]) (2), and 13% of diffuse 
large B-cell lymphoma (3). However, there have been 
no reports of using the Promega panel for MSI analysis 
in PCL. Therefore, we investigated the MMR status in 
patients with PCLs diagnosed at our hospital. 
	 A total of 29 paraffin-embedded sections were 
collected from patients diagnosed with PCLs at our 
hospital between 2016 and 2024. The age, sex, and 
pathological diagnoses are summarized in Table 1. 
Genomic DNA isolation, capillary electrophoresis, 
and MMR evaluation were conducted as previously 
described (4). Five mononucleotide markers (BAT‐25, 
BAT‐26, MONO‐27, NR‐21, and NR‐24) were used to 
determine the MMR status of each sample. Institutional 
Review Board approval and written informed consent 
were obtained in accordance with the principles of the 
Declaration of Helsinki.
	 MSI was found in 1 of the 29 patients (3.4%) 

(Table 1, case 29), an 87-year-old man diagnosed 
with subcutaneous panniculitis-like T-cell lymphoma. 
Only the NR‐21 marker was present in both tumor and 
normal tissue in Supplementary Figure S1 (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=263), indicating that the MMR status was 
MSI-low, and he had a germline mutation of SLC7A8. 
	 Our study is the first, to our knowledge, to 
investigate the occurrence rate of MSI in patients 
with PCL, and we identified two findings. First, the 
occurrence rate of MSI is < 5% among skin tumors (5), 
and our results are similar to those of several previous 
studies. However, they differ in that our rate is lower 
than that reported for MSI in malignant lymphoma (1-
3). These differences may be owing to our analysis of 
various types of PCLs and our method of analysis using 
the Promega panel. Second, no significant correlations 
were found between MSI and other clinical features, as 
demonstrated in Table 1. The absence of MSI in PCL 
suggests that the pathogenesis of PCL may not involve 
MSI.
	 However, our study has several limitations. This was 
a single-center study, and the evaluation was conducted 
using only one Promega Panel as our primary goal was 
to explore the potential therapeutic indications of ICIs 
based on MSI frequency. Additionally, the number of 
samples analyzed was small, as PCL is a rare malignant 
tumor.

DOI: 10.5582/ddt.2025.01042Letter to the Editor

(212)

SUMMARY: A deficiency in DNA mismatch repair (MMR) leads to microsatellite instability (MSI), which is 
associated with a favorable response to immune checkpoint inhibitors (ICIs), and the Promega MSI Analysis System 
is approved as a companion diagnostic tool for it. In this study, we investigated the MMR status in patients with 
primary cutaneous lymphoma (PCL) diagnosed at our hospital. MSI was found in 1 of the 29 patients (3.4%), an 
87-year-old man diagnosed with subcutaneous panniculitis-like T-cell lymphoma. Only the NR‐21 marker was present 
in both tumor and normal tissue, indicating that the MMR status was MSI-low, and he had a germline mutation of 
SLC7A8. Our study showed that most PCLs are microsatellite stable tumors. This study is a single-center small-sample 
investigation and requires validation in larger cohorts.

Keywords: DNA mismatch repair (MMR), Promega panel, mononucleotide markers
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	 In conclusion, our study showed that most PCLs 
are microsatellite stable tumors, which warrants further 
validation in larger cohorts in the future. 
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Table 1. Representative results of capillary electrophoresis for microsatellite instability in primary cutaneous lymphoma

Patients

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Age, year

64
87
65
42
50
78
82
66
67
89
86
62
72
83
85
65
78
34
66
61
60
56
76
84
80
94
70
67
87

Pathological diagnosis

Adult T-cell leukemia/lymphoma
Primary cutaneous diffuse large B-cell lymphoma
Mycosis fungoides
Primary cutaneous anaplastic large cell lymphoma
Mycosis fungoides
Mycosis fungoides
Adult T-cell leukemia/lymphoma
Adult T-cell leukemia/lymphoma
Adult T-cell leukemia/lymphoma
Primary cutaneous diffuse large B-cell lymphoma
Adult T-cell leukemia/lymphoma
Mycosis fungoides
Mycosis fungoides
Primary cutaneous follicle center cell lymphoma
Primary cutaneous diffuse large B-cell lymphoma
Mycosis fungoides
Primary cutaneous CD4+ small/medium T-cell lymphoma
Mycosis fungoides
Mycosis fungoides
Adult T-cell leukemia/lymphoma
Primary cutaneous marginal zone lymphoma
Mycosis fungoides
Mycosis fungoides
Mycosis fungoides
Mycosis fungoides
Primary cutaneous diffuse large B-cell lymphoma
Primary cutaneous peripheral T-cell lymphoma, not otherwise specified
Mycosis fungoides
Subcutaneous panniculitis-like T-cell lymphoma

Sex

Male
Female
Male
Male
Male
Female
Female
Male
Male
Male
Male
Male
Male
Female
Male
Female
Male
Female
Female
Male
Female
Female
Male
Male
Male
Female
Female
Female
Male

MSI

stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
stable
low
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