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Gallbladder cancer, drug resistance, chemotherapy

Gallbladder cancer (GBC) is a highly aggressive malignancy, which poses significant challenges 
for timely diagnosis, resulting in a dismal prognosis. Chemotherapy serves as a primary treatment 
option in cases where surgery is not feasible. However, the emergence of chemoresistance poses a 
significant challenge to the effectiveness of chemotherapy, ultimately resulting in a poor prognosis. 
Despite extensive research on mechanisms of chemotherapeutic resistance in oncology, the underlying 
mechanisms of chemoresistance in GBC remain poorly understood. In this review, we present the 
findings from the last decade on the molecular mechanisms of chemotherapeutic resistance in GBC. 
We hope that these insights may provide novel therapeutic and experimental targets for further 
investigations into this lethal disease.

1. Introduction

Gallbladder cancer (GBC) is a rare malignant 
neoplasm (1). The worldwide incidence of GBC 
is less than 2/100,000 individuals (2). The highest 
morbidity rates are found in Latin America, the 
Ganges Valley in Asia, and Poland, with incidence 
rates among females of 27.3/100,000, 21.5/100,000, 
and 14/100,000, respectively. The mortality rate of 
GBC has decreased worldwide but rising in Shanghai, 
China (3). Unfortunately, there has been no significant 
improvement in the effectiveness of treatment, and the 
five-year survival rate remains less than 5% (4). This 
is likely due to the difficulty in early detection and 
diagnosis, as there are no specific clinical symptoms. 
Moreover, the signs and symptoms that do occur are 
often masked by other conditions, such as cholecystitis 
or gallbladder stones. By the time most patients are 
diagnosed, the condition has progressed to a terminal 
stage (5), and radical surgical treatment, which is the 
only curative option, is no longer possible. Furthermore, 
patients who do receive surgery have a higher recurrence 
rate (6). Thus, adjuvant radiotherapy, chemotherapy, 
and immunotherapy play essential roles in improving 
the overall survival time of patients with GBC (7). 
Postoperative adjuvant radiotherapy has been shown to 

be therapeutic in improving patients' survival time (8). 
Chemotherapy is also critical, and the current regimen 
includes gemcitabine (GEM), 5-fluorouracil (5-FU) 
combined with cisplatin (DDP), and oxaliplatin (7). 
Recent advances in genome sequencing technology have 
led to the identification of potential genetic aberrations 
in patients with GBC, highlighting the increasing 
importance of targeted therapy in GBC treatment.
 Given that only a small proportion of GBC patients 
are eligible for surgery, chemotherapy is typically 
the primary option for patients with unresectable or 
metastatic disease. GEM has demonstrated efficacy 
as a chemotherapy drug for GBC (9), with reported 
tumor response rates ranging from 10% to 30% and a 
median survival time of 8.1 months. However, GBC 
cells exhibit significant resistance to this drug and 
present a significant challenge for effective treatment. 
What's more, rapid drug resistance development has 
also become a bottleneck for other chemotherapy drugs 
like DDP. What's worse, the emergence of multidrug 
resistance (MDR) is particularly concerning (10), as 
it causes over 90% of deaths in cancer patients treated 
with traditional or novel chemotherapeutic drugs (11). 
Hence, research efforts must focus on overcoming drug 
resistance in GBC.
 Tanweer Haider et al. provides a precise summary 
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of the mechanisms of chemotherapy resistance in 
tumors (12). The resistance was classified into intrinsic 
and extrinsic categories based on the involved factors. 
Intrinsic resistance refers to those specific elements 
present in the cancer cell or tissue itself before 
chemotherapy, which can reduce the effectiveness of 
chemotherapy drugs for particular cancers. Extrinsic 
drug resistance, also known as acquired drug resistance, 
is a complex mechanism involving the acquisition of 
gene mutations and activation of MDR-related signaling 
pathways. The mechanisms of drug resistance include 
various factors such as tumor microenvironmental (TME) 
factors, tumor heterogeneity, drug inactivation, reduced 
drug influx, increased drug outflow, changes in DNA 
repair and epigenetic effects, inhibition of apoptotic 
pathways and autophagy, epithelial-mesenchymal 
transformation (EMT), and changes in membrane lipids. 
The main causes of MDR include overexpression of 
ATP-binding cassette (ABC) superfamily membrane 
transporters such as p-glycoproteins (P-GP) and MDR-
related proteins, inactivation of pathways associated 
with apoptosis inhibition, and enhancement of DNA self-
repair ability. This review examines the mechanisms 
of chemotherapy resistance and summarizes the latest 
research advances in overcoming chemotherapy 
resistance in GBC over the past decade.

2.  Research progress  on the mechanism of 
chemotherapeutic resistance in GBC

2.1. TME

TME, consisting of multiple cell types (e.g., endothelial 
cells, fibroblasts, immune cells) and extracellular 
components (e.g., cytokines, growth factors, hormones, 
extracellular matrix), is a critical factor that affects the 
efficacy of chemotherapy (13). Changes in the TME 
could contribute to the development of drug resistance. 
Vascular endothelial growth factors (VEGFs) and 
fibroblast growth factors (FGFs) are key factors in TME 
that promote tumor growth and survival and have been 
implicated in chemotherapy resistance in cancer (14).
 Leptin is an adipose-tissue-derived hormone that is 
involved in regulating glycometabolism, lipometabolism, 
and energy metabolism (15). Through the signal 
transducer and activator of transcription 3 (STAT3)/
CCAAT/enhancer binding protein delta (CEBPD)/
myeloid cell leukemia-1 (MCL1) axis, leptin has been 
found to induce mitochondrial fusion and inhibit GBC 
cell apoptosis induced by gemcitabine (16). In this 
signaling pathway, STAT3 acts as a leptin-regulated 
transcriptional activator, while CEBPD, a transcription 
factor of the C/EBP family, is inactivated in various 
cancers (17). MCL1, a target gene of CEBPD that 
responds to leptin, is overexpressed in various tumors 
(18). Research has shown that leptin can induce the 
phosphorylation of STAT3 in GBC cells, leading to 

increased expression of CEBPD and promoting the 
transcription of the MCL1 gene (16). This, in turn, 
enhances the anti-apoptotic ability and chemotherapy 
resistance of GBC cells by enabling mitochondrial 
fusion and promoting mitochondrial function. Therefore, 
increasing leptin secretion and promoting the CEBPD/
MCL1 axis may enhance chemotherapy resistance in 
GBC (Figure 1). This study sheds light on the underlying 
mechanisms contributing to the poor prognosis of obese 
patients.

2.2. Anti-apoptosis effects

Apoptosis is a form of programmed cell death that plays 
a critical role in chemotherapy response (19). Resistance 
to chemotherapy can result from various factors that 
affect the expression of apoptotic cytokines (11). The 
caspase family and the B-cell lymphoma-2 (Bcl-2) 
family are the two factors typically involved in apoptosis. 
The caspase family is regarded as the primary mediator 
of apoptotic cell death, while the Bcl-2 family serves 
as a crucial regulatory component of the intracellular 
apoptotic pathway with varying effects on apoptosis (20). 
Bax, one of the pro-apoptotic Bcl-2 proteins, is a negative 
regulator of cell survival, while Bcl-2 proteins, also in 
the Bcl-2 family, play an inhibitory role in apoptosis. 
Numerous factors can affect apoptosis by regulating the 
expression of these molecules. For instance, estrogen can 
stimulate the expression of BCL-2, thereby promoting 
drug resistance in breast cancer (21).
 Olfactomedin-4 (OLFM4) is a glycoprotein 
belonging to the OLFM family and is known to exhibit 
anti-apoptotic properties (22,23). Studies have revealed 
that OLFM4 expression is significantly increased during 
the progression of chronic cholecystitis to atypical 
hyperplasia and ultimately to GBC (24). Furthermore, 
genetic knockout of OLFM4 has been shown to result in 
a marked decrease in tumor proliferation and invasion 
(25). Additionally, cells cultured in the absence of 
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Figure 1. High expression of leptin promotes chemoresistance of 
GBC cells to GEM by activating the STAT3/CEBPD/MCL1 axis.
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DDP-induced apoptosis (37). Therefore, the reduced 
expression of miR-31 leads to increased resistance to 
chemotherapy in GBC cells.
 The acquisition of drug resistance in GBC is 
closely associated with anti-apoptotic effects (Figure 
2). Studies investigating the mechanisms of apoptotic 
resistance have predominantly focused on traditional 
apoptotic pathways, such as Bax/Caspase3. However, 
these studies typically only describe a linear relationship 
between a gene and a downstream target protein. 
Apoptotic pathways are interconnected and form a 
complex network of structures. Thus, it is imperative 
that researchers integrate their studied genes into this 
intricate network of apoptotic pathways in order to more 
systematically explain how a series of linkage changes 
culminate in the development of apoptosis resistance 
in gallbladder cancer cells. Furthermore, imbalances 
in microRNA expression frequently arise during GBC 
development, which can influence cancer cell phenotype 
and elucidate the mechanism behind drug resistance. 
However, reversing these expression suppressions in vivo 
remains a significant challenge.

2.3. Autophagy effect

Recent studies have demonstrated that autophagy 
plays a dual role in tumor chemotherapy resistance 
and sensitization. Moderate autophagy can increase 
resistance to chemotherapeutic drugs, while excessive 
autophagy can prevent the formation of drug resistance, 
leading to accelerated cell death (38). Many factors are 
involved in cellular autophagy, including recombinant 
phosphoglycerate kinase 1 (PGK1), a critical enzyme 
that catalyzes glycolysis, and its activity has been linked 
to autophagy activation (39).
 Long non-coding RNAs (lncRNAs) are a class 
of transcripts that are longer than 200 bases and lack 
protein-coding potential. These transcripts play vital roles 
in multiple biological processes of cancer progression, 
such as proliferation, apoptosis, epithelial-mesenchymal 
transition, and autophagy (40). Among the upregulated 
lncRNAs, lncRNA ENST00000425894, termed 
gallbladder cancer drug resistance-associated lncRNA1 
(GBCDRlnc1), participates in the chemoresistance of 
gallbladder cancer cells (41). GBCDRlnc1 expression is 
increased in GBC tissues and can interact directly with 
PGK1, upregulating its protein level by inhibiting PGK1 
ubiquitination in GBC cells in vitro, thereby inducing 
autophagy-related chemical resistance in GBC cells (41).
 Although the mechanisms of autophagy are rarely 
studied in GBC, cellular autophagy plays a vital role in 
the development of drug resistance. For instance, GEM 
can cause protective autophagy by inhibiting the Akt/
mTOR signaling pathway in various tumors, including 
GBC, resulting in tumor chemotherapy resistance (42). 
Moreover, enhanced autophagy activity in Doxorubicin 
(DOX)-resistant gallbladder carcinoma cells promotes 

OLFM4 have been observed to exhibit reduced levels 
of ADP-ribosylation factor-like 6 interacting protein 
1 (ARL6IP1), another anti-apoptotic cytokine. This 
implies that the OLFM4-ARL6IP1-caspase 3 axis plays 
a significant role in regulating chemotherapy resistance. 
Notably, the downregulation of OLFM4 has been found 
to increase the expression of caspase 3 and sensitize cells 
to chemotherapy with DDP, both in vitro and in vivo. 
Calreticulin (CRT), located in the endoplasmic reticulum, 
is another factor that activates anti-apoptotic effects (26). 
CRT is involved in various cellular metabolic processes, 
including calcium handling, cell adhesion, and migration 
(27). Upregulation of CRT has been observed in several 
cancers, including lung cancer, pancreatic cancer, and 
GBC, and it positively correlates with tumor size. 
Inhibition of CRT has been shown to induce apoptosis 
and suppress the activation of p-Akt, which enhances 
the anti-cancer efficacy of GEM (28). The PI3K/Akt 
pathway has previously been reported to increase cancer 
cell chemoresistance (29). Therefore, inhibiting OLFM4 
and CRT may increase chemotherapeutic sensitivity and 
improve treatment efficacy.
 MicroRNAs (miRNAs) are small, 20-22 nucleotide 
molecules that act as post-transcriptional regulators, 
playing a significant role in cancer development, 
including GBC (30). Among them, miR-125b-5p is a 
down-regulated miRNA in drug-resistant GBC cells. 
Recent research has revealed that miR-125b-5p down-
regulates the expression of Bcl2, promoting apoptosis 
and enhancing the chemotherapy sensitivity of GBC 
cells to DDP (31). Hence, the downregulation of miR-
125b-5p expression in GBC cells leads to chemotherapy 
resistance.
 MiR-205-5p is another type of miRNA with potential 
as a diagnostic biomarker of cancer, capable of reducing 
tumor chemoresistance. Peripheral blood samples from 
GBC patients show reduced expression of miR-205-
5p. Protein kinase C (PRKCE) is associated with tumor 
invasiveness and is upregulated in various cancers, 
including GBC. MiR-205-5p inhibits the expression 
of PRKCE, and its overexpression can promote GEM-
induced apoptosis by increasing the sensitivity of GBC 
cells to GEM (32). Furthermore, increased expression of 
miR-205-5p and silencing of PRKCE can promote the 
expression of Bax and activate caspase 3. Therefore, the 
decreased expression of miR-205-5p leads to increased 
chemotherapy resistance in GBC cells (33,34).
 MiR-31 is a miRNA that is down-regulated in DDP-
resistant GBC cells. Src is a proto-oncogene (35) and a 
direct target of miR-31, whose expression is inhibited 
by miR-31. Akt, as one of the downstream kinases 
of Src, is implicated in the anti-apoptotic effect by 
disrupting the balance of Bcl-2 family proteins (36). 
The downregulation of miR-31 expression promotes 
the expression of activated p-Src and further increases 
the level of activated p-Akt. Ultimately, a decrease 
in Bax and an increase in Bcl-2 expression attenuate 
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drug resistance. Therefore, further research on cellular 
autophagy is necessary to develop strategies to combat 
drug resistance in GBC.

2.4. Drug efflux

The overexpression of membrane efflux pumps, such 
as P-GP, plays a crucial role in MDR, primarily through 
increased drug efflux (43). P-GP, a transmembrane 
transporter encoded by the multi-drug resistance gene 1 
(MDR1), uses ATP-dependent mechanisms to transport 
drugs out of cells, thereby conferring resistance to cancer 
cells (44).
 One miRNA that is significantly downregulated in 
GBC is miR-218-5p. It inhibits the activation of MDR1/
P-GP by downregulating the expression of PRKCE. 
Therefore, decreased expression of miR-218-5p relieves 
the inhibitory effect on PRKCE, resulting in increased 
levels of MDR1/P-GP and drug outflow, ultimately 
promoting resistance of GBC cells to GEM and DDP.
 Another downregulated miRNA in drug-resistant 
GBC cells is miR-145. MRP1, a critical component in 
developing chemoresistance, is a target of miR-145 (45). 
MiR-145 reduces the expression level of MDR1/P-GP 
by promoting the direct degradation of MRP1 mRNA, 
leading to increased drug efflux (46). Consequently, 

decreased expression of miR-145 leads to increased 
levels of MDR1/P-GP and enhanced resistance of 
GBC cells to GEM and DDP. Therefore, miRNAs play 
multiple roles in the development of gallbladder cancer, 
and it is important to investigate and reveal the functions 
of additional miRNAs in the mechanisms underlying 
GBC.
 The deregulation of the mammalian target of 
rapamycin (mTOR), an atypical serine/threonine kinase, 
is implicated in the pathogenesis of GBC. mTOR plays 
a critical role in regulating cell proliferation, growth, 
differentiation, migration, and survival by modulating 
numerous cellular signaling pathways (47). Inhibition 
of the mTOR signaling pathway has been shown to 
suppress the synthesis of MDR1 induced by 5-FU and 
ultimately promote the chemosensitivity of GBC cells to 
5-FU (48).
 NADPH oxidase 1 (NOX1), a membrane-bound 
enzyme that is up-regulated in GBC, is a significant 
source of reactive oxygen species (ROS). Hypoxia-
inducible factor 1a (HIF1a) is a master regulator of 
cellular responses to ROS and plays an essential role 
in tumorigenesis (49). Studies have demonstrated that 
increased expression of NOX1 can enhance intracellular 
ROS levels, which then activate the HIF-1A/MDR1 
pathway. This leads to increased drug efflux and cisplatin 

Figure 2. Molecular pathway diagram associated with apoptosis. (i) OLFM4 exerts its effect on cell apoptosis through the OLFM4-ARL6IP1-
caspase 3 axis. (ii) CRT influences the apoptosis through the PI3K/AKT pathway. (iii) miR-125b-5p promotes cell apoptosis by affecting the 
expression of Bcl-2. (iv) miR-205-5p affects cell apoptosis through the PRKCE/Bax/caspase 3 pathway. (v) miR-31 influences cell apoptosis 
through the Src/Akt pathway.
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resistance in GBC cells (50).
 This suggests that overexpression of P-GP plays a 
pivotal role in the acquisition of multidrug resistance 
in GBC (Figure 3). However, the regulation of P-GP 
expression is a complex and multifaceted process. 
Thus, developing a single agent that can effectively 
downregulate P-GP expression in vivo presents a 
significant challenge. Nonetheless, such an agent 
would be valuable in enhancing the efficacy of multiple 
chemotherapeutic agents used in combination therapy for 
GBC.

2.5. DNA repair alteration (DDR)

DDR is a critical mechanism for repairing direct or 
indirect DNA damage induced by chemotherapy. DDR 
can be activated to restore the dysfunctional pathway, 
thus increasing DNA repair activity and drug resistance 
(51). The robustness of the intracellular DDR is a critical 
determinant of chemotherapy sensitivity.
 Long non-coding RNA myosin light chain kinase 
antisense RNA 1 (MYLK-AS1), which is upregulated in 
GBC (52), acts as a regulator in this process. Its target 
is the polycomb group (PcG) family member, zeste 
homologous enhancer 2 (EZH2). EZH2 is a critical 
regulator of cell cycle progression, autophagy, and 
apoptosis, promoting DNA repair and inhibiting cell 
senescence, thereby increasing the DNA repair capacity 
of cancer cells (53). Thus, overexpression of MYLK-
AS1 targets miR-217, which increases the expression of 
EZH2, leading to increased DNA repair in GBC cells and 
ultimately promoting resistance to chemotherapy drugs.

2.6. EMT

The EMT is a physiological process in which epithelial 
cells undergo transdifferentiation to form motile 
mesenchymal cells, playing an essential role in wound 
healing and cancer progression (54). Methyl-CpG 
binding domain protein 1 (MBD1), a transcriptional 
repressor that mediates DNA methylation, has also been 
implicated in tumor development and progression (55). 
Downregulation of MBD1 expression significantly 
increased the Gem sensitivity of gallbladder carcinoma 
cells (56). Furthermore, E-cadherin expression, 
an epithelial marker, was increased upon MBD1 
knockdown, suggesting that MBD1 may promote EMT 
in GBC cells by suppressing e-cadherin expression. 
Hence, MBD1-mediated EMT may contribute to the 
development of chemotherapy resistance in GBC.
 In conclusion,  research on drug resistance 
mechanisms in gallbladder cancer was limited until 
2010 due to the rarity of the disease and low diagnosis 
rates. However, with increased health awareness and 
clinical diagnoses, more patients with GBC receive 
chemotherapy, drawing attention to chemotherapy 
resistance in this malignancy. Among the various 
mechanisms studied, apoptosis and exocytosis are the 
primary focuses of research, providing insights for future 
clinical treatments. Additionally, investigating changes 
in the tumor microenvironment, cellular autophagy, 
and DNA repair mechanisms could enhance our 
understanding of chemotherapy resistance in GBC and 
lead to more effective treatment strategies.

3. Study of new agents and drugs against drug 
resistance

3.1. Agents at the basic experimental stage

Bufalin, a cardiotonic steroid (CTS) derived from 
traditional Chinese medicine toad venom, has 
been shown to exhibit multiple pharmacological 
activities including anti-tumor effects (57). One study 
demonstrated that bufalin can effectively downregulate 
Mcl-1, an important anti-apoptotic protein of the Bcl-2 
protein family that helps cancer cells evade drug attacks. 
This downregulation leads to increased apoptosis of 
GBC cells and improved sensitivity of gallbladder cancer 
cells to chemotherapy drugs (58). Additionally, bufalin 
can suppress the proliferation and metastasis of tumor 
cells by impeding the MEK/ERK signaling pathway, 
reduce self-renewal and drug resistance of tumor stem 
cells by inhibiting the PI3K/Akt pathway, thus making 
it a promising candidate for treating patients with GBC 
resistant to conventional chemotherapy.
 Maslinic acid (MA), a pentacyclic triterpene acid, has 
been shown to inhibit nuclear factor-κB (NF-κB) survival 
signaling pathways (59). By inhibiting NF-κB, MA is 
able to modulate the expression of regulatory factors for 

Figure 3. Diagram of cellular efflux mechanisms. (i) miR-218-
5p inhibits the activation of MDR1/P-GP by downregulating the 
expression of PRKCE. (ii) miR-145 reduces the expression levels 
of MDR1/P-GP by directly degrading MRP1 mRNA. (iii) mTOR 
inhibits the synthesis of MDR1 induced by 5-FU. (iv) NOX1 
increases intracellular ROS levels, thereby activating the HIF-1A/
MDR1 pathway.
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cell proliferation (cyclin D1), apoptosis (Bax and Bcl-
2), and metastasis (MMP-2 and MMP-9). Compared to 
treatment with GEM alone, the combination of MA and 
GEM resulted in significant downregulation of Cyclin 
D1 and Bcl-2 expression, while Bax expression was 
significantly increased, indicating that MA can inhibit 
cell proliferation, promote apoptosis, and enhance the 
sensitivity of GBC cells to chemotherapy (60).
 Hispidulin, a flavonoid naturally occurring in the 
traditional Chinese medicinal herb Salvia involucrate, 
has been shown to increase caspase-3 activity and 
decrease BCL-2 expression while increasing Bax 
expression in GBC cells. Moreover, hispidulin can 
inhibit the HIF-1A/MDR1 pathway via AMPK signaling, 
resulting in decreased expression of P-GP and promoting 
the chemotherapy sensitivity of GBC cells (61).
 Chloroquine, an autophagy inhibitor, has been found 
to enhance the induction of apoptosis and cell cycle 
arrest of GBC cells in vitro when used in combination 
with GEM. Furthermore, chloroquine can reduce the 
resistance of GBC cells to GEM by inhibiting autophagy 
and has also demonstrated enhanced tumor inhibition in 
vivo (62).
 Cordycepin, a bioactive compound found in species 
of the genus Cordyceps, has shown promising results in 
promoting the sensitivity of GBC cells to chemotherapy 
drugs such as GEM and 5-FU by inhibiting the activation 
of mTORC1 and down-regulating the expression of 
MDR/HIF-1α via the AMPK signaling pathway (63).
 Verapamil, a classical chemical sensitizer, has been 
shown to inhibit the transport function of P-GP by 
inhibiting the expression of MRP1. When combined 
with platinum-based therapy, cryotherapy with verapamil 
significantly increases the chemical sensitivity of GBC 
cells (64).
 Tamoxifen is a commonly used anti-tumor drug with 
various beneficial effects. Research has demonstrated 
that tamoxifen can enhance the inhibition of cell activity 
and apoptosis induced by DDP (65). One crucial 
factor that determines GBC chemical resistance is the 
intracellular ROS level. Tamoxifen has been shown to 
induce ROS production and promote GBC apoptosis by 
inactivating the Nrf2 signal and increasing the expression 
of CYP.
 Osi-027 is a novel ATP competitive inhibitor of 
mTORC1 and mTORC2 that can effectively inhibit the 
synthesis of MDR1, down-regulate the expression of 
MDR1 induced by 5-FU, and enhance the sensitivity of 
GBC cells to 5-Fu (48).
 In general, most of these new agents are drugs that 
have shown antitumor effects in other cancer studies. 
The research results are only the antitumor phenomena 
observed in basic experiments and the superficial 
exploration of the anti-tumor mechanism. Few are 
used in clinical trials. What's more, the appropriate 
concentration, specificity, and toxicity of these small 
molecule drugs to normal tissues remain unknown. Only 

few agents are actually developed to combat resistance 
or have the significance to provide guidance for clinical 
drug use. The ultimate goal of scientific research is 
to use it to cure patients and benefit people's health. 
Therefore, there is a need to accelerate the pace of new 
drug development research.

3.2. The improvement of traditional chemotherapy drugs

NUC-1031 is a promising chemotherapy drug for the 
treatment of GBC, which has been developed through 
the application of ProTide technology to transform GEM 
into a phosphoramidate (66). Like GEM, NUC-1031's 
cytotoxic effect on cancer cells is largely attributed 
to the generation of the triphosphate form of the 
nucleotide analog (di-fluoro-deoxycytidine triphosphate 
[dFdCTP]). However, NUC-1031 can generate and 
maintain higher concentrations of dFdCTP inside the 
tumor cell than GEM due to its unique properties. 
Firstly, the phosphoramidate moiety enables NUC-1031 
to enter the cancer cell, independent of the presence of 
nucleoside transporters. Secondly, once NUC-1031 has 
entered the cell, the protective group is cleaved off and 
releases an activated, monophosphorylated form of GEM 
(dFdCMP). This delivery of dFdCMP obviates the need 
for the activating enzyme, deoxycytidine kinase, which 
drives the rate-limiting phosphorylation of gemcitabine. 
dFdCMP is rapidly converted to di-fluoro-deoxycytidine 
diphosphate and then the key anticancer metabolite, 
dFdCTP. Thirdly, NUC-1031 is not subject to breakdown 
by cytidine deaminase (CDA), which is a key resistance 
mechanism in GBC. Due to its ability to overcome all 
three key resistance mechanisms, NUC-1031 achieves 
much higher levels of the active anticancer metabolite, 
dFdCTP, than GEM. This mechanism of action has been 
illustrated in previous publications on NUC-1031 (67). 
Furthermore, the agent has demonstrated safety and 
tolerability in phase 1 clinical trials and is currently being 
prepared for later clinical trials.
 Capecitabine is an oral prodrug of 5-FU, which exerts 
its cytotoxic effects by inhibiting DNA synthesis, RNA 
processing, and protein synthesis. S-1 is another oral 
anticancer drug that consists of a combination of tegafur 
(a 5-FU prodrug), gimeracil, and oteracil potassium. 
Gimeracil acts as an inhibitor of dihydropyrimidine 
dehydrogenase, thereby increasing the concentration 
of fluorouracil in the blood and tumor tissue. Oteracil 
potassium reduces gastrointestinal toxicity by suppressing 
the phosphorylation of fluorouracil in the gastrointestinal 
tract. The BILCAP (compare capecitabine with 
observation following resection of biliary tract cancer) 
phase 3 trial conducted in the UK in 2019 demonstrated 
that capecitabine can improve overall survival after 
resection of biliary tract cancer when used as adjuvant 
chemotherapy following surgery (68). A phase 3 clinical 
trial (JCOG1202, ASCOT) was conducted in Japan in 
2023, which compared adjuvant S-1 with observation in 
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resected biliary tract cancer. This study showed that S-1 
as adjuvant therapy had a comparable survival effect to 
capecitabine but with fewer side effects for GBC (69).
 These improvements to traditional chemotherapeutics 
are expected to be used in clinical applications and bring 
benefits to patients soon.

3.3. Molecular targeted therapy

Molecular targeted therapy represents a critical adjunct to 
conventional chemotherapy for advanced, chemotherapy-
resistant GBC. Regorafenib is a multikinase inhibitor 
that targets several pathways, including angiogenesis 
via vascular endothelial growth factor receptors 1-3 
and TIE2, oncogenesis by inhibiting the downstream 
pathways of KIT, RET, RAF1, and BRAF, modulation 
of the tumor microenvironment by blocking the activity 
of intracellular domains of platelet-derived growth 
factor receptor and fibroblast growth factor receptor, and 
activation of tumor immunity through colony-stimulating 
factor 1 receptor. In phase II trials (70-72), regorafenib 
was found to be active and significantly increased 
the median progression-free survival in patients with 
locally advanced/metastatic GBC that progressed after 
GEM/DDP-based chemotherapy. Additionally, other 
agents such as varlitinib, trastuzumab, surufatinib, 
lenvatinib, and others have also undergone phase 2 trials 
and demonstrated promising results in prolonging the 
survival time of GBC patients.

4. Conclusion and prospects

Patients diagnosed with GBC often miss the opportunity 
for surgery due to late detection, and thus chemotherapy 
becomes a crucial treatment option to prolong patient 
survival. The initial use of commonly used clinical 
chemotherapeutic agents such as gemcitabine and 
cisplatin has shown promising therapeutic effects. 
However, the development of chemoresistance has 
diminished the effectiveness of these agents and hindered 
their ability to provide long-term support for patients. 
Therefore, addressing chemotherapy resistance has 
become an important issue in extending patients' lives.
 In the past decade, drug resistance in GBC has gained 
unprecedented attention, and researchers are addressing 
this challenge on two fronts. Firstly, efforts have focused 
on understanding the mechanisms underlying resistance. 
Alterations in apoptotic pathways and increased 
extracellular derivation have been identified as key 
contributors to drug resistance, while changes in miRNA 
expression seem to play a crucial role in the development 
of resistance. Secondly, researchers are investigating 
the development of new drugs that can overcome 
resistance in GBC cells, which arise when conventional 
chemotherapeutic agents are used.
 To date, significant efforts have been dedicated to 
eliminating drug resistance as a therapeutic strategy 

and improving its efficacy. While studies have reported 
findings on various mechanisms that contribute to the 
development of drug resistance, there are limited in-
depth and continuous studies available to systematically 
explain the mechanism of drug resistance in gallbladder 
cancer. Additionally, validation in large multicenter 
clinical trials is still challenging as gallbladder cancer is 
relatively rare and the number of patients with the disease 
per hospital is small. With regards to new small molecule 
drugs, although they have shown remarkable inhibitory 
effects on tumor cells in basic experiments, it is still a 
long road ahead before they can be clinically tested to 
benefit tumor patients. As such, further research and 
development are necessary to improve the understanding 
and management of drug resistance in gallbladder cancer.
 In the future, further attention should be given to the 
following aspects: In basic research, emphasis should be 
placed on the mechanisms of drug efflux and apoptosis, 
with a particular focus on changes in various pathways 
during drug resistance, and systematic studies should be 
conducted to identify the key points of drug resistance. 
At present, correlation studies on MDR are too lacking 
to form a systematic study. Since the generation of 
MDRs is responsible for almost 90 percent, it should be 
the most important point for future basic research. The 
elucidations of the mechanisms and pathways of MDR 
can lead to the design of new drugs, targeted drugs and 
the most efficient way to benefit patients.
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The supraclavicular block (SCB) and the infraclavicular block (ICB) are introduced to meet upper 
extremity surgery, where the transducer or the insertion point is placed superiorly and inferiorly at 
the approximate midpoint of the clavicle, respectively. These two approaches are highly appealing 
since they clearly exhibited each cord and its associated anatomy. In addition, it directed the needle 
accurately with real-time imaging by ultrasound guidance. Therefore, it brought higher success 
rates and fewer complications. Numerous trials have recently been conducted to examine the SCB 
and ICB regarding the new approach, injection techniques, block dynamics, and complication of 
hemidiaphragmatic paresis. It was found that both approaches could improve block effectiveness 
and postoperative analgesia for upper extremity surgery, according to recent studies at the level of 
the clavicular brachial plexus block. However, there is still a lack of work comparing the clinical 
performance and effectiveness of both approaches with ultrasonography. This review aims to outline 
the current available data from clinical trials along with case reports about these two approaches and to 
describe the findings published in the literature during the previous 5 years. Based on these findings, 
we attempt to determine whether there exists a one-size-fits-all approach that has the potential to meet 
upper extremity surgery.

1. Introduction

High-resolution ultrasound has been proven to identify 
the brachial plexus clearly, direct the needle to the 
target nerves precisely and visualize the pattern of local 
anaesthetic spread in real time (1,2). Various approaches 
to brachial plexus block with ultrasound guidance have 
been described elaborately, particularly recent well-
recommended approaches of supraclavicular block 
(SCB) and infraclavicular block (ICB) at the level of the 
clavicle (3,4). Many trials have confirmed that SCB and 
ICB can be applied for upper extremity surgery (5-8). 
Compared with axillary block (AB) and/or interscalene 
block (ISB), SCB and ICB show faster onset times, 
higher block success rates and lower complication risks 
(9,10). However, how to flexibly choose and apply 
SCB and ICB in the clinical practice of upper extremity 
nerve block according to their respective advantages and 
disadvantages is still controversial (11-15). Recently, 
novel approaches have been reported around the clavicle 

to overcome these limitations, for example, the "corner 
pocket" approach in SCB and the costoclavicular 
approach in ICB (1,16). The performance of SCB and 
ICB may be accompanied with the risk of pneumothorax, 
yet it distinctly decreased when ultrasound was utilized 
(3,4).
 Koscielniak-Nielsen ZJ et al. considered that ICB 
had a faster onset, better surgical effectiveness and fewer 
adverse events (11), but some recent trials indicated 
that similar block characteristics were both achieved 
in SCB and ICB, while adverse events were lower in 
ICB than in SCB (12,13). A systematic review indicated 
that the higher success rate of ICB may contribute 
to the double or triple injection technique, which 
accelerates anaesthetic spread (17). However, some trials 
demonstrated that there was no significant difference in 
the success rate by single or multiple injections, whether 
in SCB or ICB (18,19). Although multiple injections 
are safely and widely used to expand the block and 
shorten the onset time under ultrasound guidance, some 
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confusion still exists in these techniques (15).
 Focusing on providing equivalent analgesia and 
reducing complications by the SCB, many studies have 
been performed to compare the effect of postoperative 
analgesia of SCB with ISB in patients undergoing 
shoulder surgery. It showed that SCB might achieve 
comparable analgesia without increasing the risk 
of hemidiaphragmatic paresis (HDP), a common 
complication of brachial plexus block (20,21). It was 
reported that the costoclavicular block (CCB), a kind 
of ICB current common clinically applied, could also 
provide effective postoperative analgesia for shoulder 
surgery and prevent the occurrence of HDP (22). Since 
the shoulder area is innervated by cervical nerves, where 
the SCB and ICB are not able to cover, SCB and ICB 
may be appropriate for postoperative analgesia but not 
for surgical anesthesia (3,4).
 In general, current clinical trials at the level of 
the clavicular brachial plexus demonstrate that both 
approaches of SCB and ICB can achieve better block 
effectiveness anesthesia and postoperative analgesia for 
upper extremity surgery (3,4). The multiple injection 
technique is commonly used for its advantage of shorter 
onset time (18,19). CCB can perfectly circumvent the 
risk of HDP (22). We will introduce the new approaches, 
injection techniques, block dynamics, and HDP 
complications in the SCB and ICB (as shown in Tables 1 
and 2).

2. Supraclavicular block

2.1. Clinical characteristics of different approaches

The SCB is a popular approach that has been approved 
for the brachial plexus for its greater safety due 

to real-time ultrasound guidance and better block 
dynamics known as the "spinal anesthesia of the 
arm" (4,23). Kapral et al. (24) first described the 
"proximal" approach with ultrasound guidance located 
approximately 3 cm superior at the midpoint of the 
clavicle, in which three trunks of the brachial plexus 
were clearly visualized, and complete block was 
achieved with a reduction in relative complications 
compared with axillary block (Table 1, online data, 
https://www.ddtjournal.com/supplementaldata/150). 
Targeting the neural cluster (confluence of trunks and 
divisions) in a transverse sectional view with a "distal" 
approach, the ultrasound probe was placed in the 
coronal oblique plane just above the supraclavicular 
fossa, where the cluster lateral to the subclavian artery 
lies on the top of the first rib (25). The success rate of 
this approach achieved 95% without pneumothorax 
using 20 mL of lidocaine 2% and 20 mL of bupivacaine 
0.5% (Table 1, online data, https://www.ddtjournal.com/
supplementaldata/150). For ultrasound-guided SCB 
in the distal approach (1), the needle tip advances to 
the corner bordered by the subclavian artery medially, 
the first rib inferiorly, and the divisions of the brachial 
plexus superior laterally, named the "corner pocket" 
technique, and is described as the optimal position for 
local anesthetic distribution, which provides a dense and 
complete block for the entire upper extremity within 
minutes. The authors found that this technique produced 
excellent success in achieving surgical anesthesia for 
the forearm and hand when administrating only as little 
as 15 mL of local anesthetic with ultrasound guidance 
(Table 1, online data, https://www.ddtjournal.com/
supplementaldata/150).
 Additionally, a new technique was named the 
intertruncal approach and claimed that it offers an 
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Table 2. Evidence of the risk of HDP in SCB and CCB

Article

Aliste J20

Karaman T21

Tran DQ31

Aliste J22

SivashanmugamT40

Note: Table 2 shows some evidence of the occurrence of HDP regarding SCB and CCB. Abbreviations: SCB, supraclavicular block; ISB, 
interscalene block; CCB, costoclavicular block.

Method

20 mL of 0.5% levobupivacaine

20 mL of 0.25% bupivacaine

Investigation using a modified 
"3+3" dose escalation design 
for exploring the dose-response 
relationship, 2:1 mixture of 
1.5% mepivacaine and 0.5% 
bupivacaine. 

20 mL of levobupivacaine 0.5%.

20 mL of  mixture  of  0 .5% 
bupivacaine and 2% lidocaine. 

Approach

ISB and SCB

ISB and SCB

SCB

ISB and CCB

CCB and SCB

Analgesia effect

Both groups displayed equivalent 
postoperative pain scores at 0.5, 1, 2, 
3, 6, 12, and 24 hours.
No significant differences were 
found between the two groups for 
pain scores (p = 0.34). 

/

CCB could provide comparable 
analgesia effect and shorter onset 
time (14.0 (5.0) vs. 21.6 (6.4) 
minutes, p < 0.001). 

/

HDP

ISB:SCB = 95% vs. 9%, p < 0.001. 

/

All subjects demonstrated HDP at 
15-20 min, and even with the lowest 
dose of 5ml, one of the three subjects 
occurred HDP at 15 min (33% 
incidence),suggesting that there is 
no clinically relevant dose at which 
HDP can be avoid. 
Avoiding the risk of HDP (CCB 
0%:ISB 100%). 

CCB group is 5%, while in SCB 
group is 45%.
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number of needle passes, and thus the total anesthesia-
related times were similar (Table 1, online data, https://
www.ddtjournal.com/supplementaldata/150). The 
double injection also resulted in a faster onset for sensory 
blockade of the musculocutaneous and radial nerves, a 
quicker motor block of the musculocutaneous nerve at 
the first 30 min and a higher rate of ulnar motor block at 
10 min (Table 1, online data, https://www.ddtjournal.
com/supplementaldata/150) (28). However, there were 
no differences in the success rate, procedural pain or 
adverse events between the groups. Further trials have 
been performed regarding the comparison between 
single injection and double or even triple injection using 
the corner pocket technique for ultrasound-guided SCB, 
but they presented similar overall success rates and 
offered no benefit over a single injection, which may 
be attributed to the higher volume of local anesthetics 
administered in their studies (6,18,29). A trial (29) 
showed a similar rate of complete sensory block at 15 
min and similar surgical block success using 30 mL of 
mepivacaine 1.5% (Table 1, online data, https://www.
ddtjournal.com/supplementaldata/150). Another trial (6) 
showed that the combined success of the sensory block 
was 20%~31% higher in the triple-injection group than 
in the single-injection group at 10, 15, and 20 min after 
injecting 30 mL of 1.5% lidocaine with epinephrine, 
but the overall success of surgical anesthesia did not 
differ significantly (Table 1, online data, https://
www.ddtjournal.com/supplementaldata/150). Nitin 
Choudhary et al. (18) proposed that we should take full 
advantage of site-specific deposition of local anesthetic 
solution with the use of ultrasound in SCB to reduce the 
overall dose of the drugs and its overall adverse effects. 
In their trials, they limited their drug volume to 20 mL 
based on some proven studies and concluded that the 
double-injection group achieved a higher success rate 
with faster sensory and motor onset and a longer duration 
of sensory and motor block than the single-injection 
group (Table 1, online data, https://www.ddtjournal.
com/supplementaldata/150) (18). Ten milliliters of 
0.5% bupivacaine was injected into the superior cluster, 
and another 10 mL was injected into the corner pocket 
with the help of hydrodissection to ensure the correct 
direction in the double-injection group, while 20 mL was 
injected into the superior cluster in the single-injection 
group. Furthermore, Techasuk W et al. (30) compared 
the clinical outcomes of single and double injections 
in a novel targeted intracluster injection technique 
(TII), whereby 16 mL of lidocaine 1.5% was injected 
inside the main neural cluster and every single satellite 
(confluences of trunks and divisions of the brachial 
plexus). It demonstrated that the TII technique results 
in a shorter total anesthesia-related time due to quick 
onset (Table 1, online data, https://www.ddtjournal.com/
supplementaldata/150) (30), but their sample size was 
too small to assess the safety of needle tip placement 
inside the neural cluster, though no neurological deficit 

advantage over the "intracluster" approach (26), as it 
purposefully avoids intraneural injection. It also offers 
advantages over the "corner pocket" approach, as it may 
help to avoid pneumothorax, by which local anesthetic 
is deposited in the two adipose tissue planes between 
the upper and middle trunks and the middle and lower 
trunks. It produced a shorter performing time within 
a few minutes and a rapid onset of action, similar to 
other injection techniques. Recently, a newest technique 
named "selective trunk block (SeTB)" (27) was 
performed as a "two-injection" peri-plexus technique 
with the first injection targeting the superior and middle 
trunk at the interscalene groove and the second injection 
targeting the inferior trunk at the corner pocket of the 
supraclavicular fossa. It has been demonstrated that 
nerve block with SeTB produces surgical anesthesia for 
the whole upper extremity undergoing intramedullary 
nailing of the humerus for a pathological fracture, except 
for the intercostobrachial nerve territory (the medial 
aspect of the upper arm) (27). The volume of local 
anesthetics (1:1 mixture of lidocaine 2% with 1:200,000 
epinephrine and levobupivacaine 0.5%), targeting the 
superior and middle trunks, 8 mL and 7 mL, respectively, 
was administered at the interscalene groove, while 10 
mL was injected into the inferior trunk at the corner 
pocket of the supraclavicular fossa (Table 1, online data, 
https://www.ddtjournal.com/supplementaldata/150) 
(27). The patient remained comfortable and required no 
additional analgesics during the perioperative period and 
first requested postoperative analgesics approximately 
7 h after the block. There was no residual neurological 
deficit on postoperative day 1. The "SeTB" technique 
can produce sensory-motor blockade of the whole upper 
extremity, including the shoulder and arm. However, 
this is only a case report, and further study should be 
performed to evaluate the safety and efficacy in cohorts 
of patients with well-designed clinical trials.

2.2. Clinical characteristics of different injection points

The brachial plexus could be localized accurately with 
ultrasound guidance, and the needle was repositioned 
with a focus on local anesthetic spreading around the 
target nerves, intentionally making a second injection, 
but it remained unclear whether the double injection is 
necessary to guarantee complete anesthesia (25). A trial 
compared the clinical outcomes of single and double 
injections for upper extremity surgery with ultrasound-
guided SCB (28). In the single-injection group, 35 
mL of lidocaine 1.5% with epinephrine 5 μg/mL was 
administered at the junction of the first rib and subclavian 
artery (the "corner pocket"). In the double-injection 
group using the same mixture of local anesthetic, 25 
mL was initially injected at the "corner pocket" site, 
and another 15 mL was injected superolateral to the 
subclavian artery. The double-injection technique resulted 
in a shorter onset time, but this group required a higher 
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occurred in a month.

2.3. Complications

Since the development of the ultrasound-guided SCB 
technique, various approaches (13,26,27), including 
the intertruncal approach and the selective trunk block, 
have been introduced. The authors made many efforts to 
visualize accurately and inject exactly to the individual 
three cords (superior, middle and inferior) that were 
enough to produce complete sensorimotor blockage 
of the entire upper extremity (shoulder, arm, elbow, 
forearm and hand), except for the medial aspect of the 
upper arm (27). Further research is needed to confirm 
the application of these approaches for shoulder surgery. 
A trial (20) administered 20 mL of levobupivacaine 
0.5% mixed with epinephrine and primarily examined 
the effect of analgesia and the incidence of HDP after 
arthroscopic shoulder surgery under ultrasound-guided 
ISB and SCB. Although the ISB resulted in a shorter 
onset time and a higher minimal composite score of 
6 points at 30 min, it was definitely accompanied by 
a higher incidence of HDP than SCB (Table 2) (20). 
However, there are no intergroup differences in terms 
of performance time or intraoperative/postoperative 
opioid consumption, showing that small-volume SCB 
might achieve comparable anesthesia/analgesia without 
increasing the risk of HDP (20). Another trial (21) 
presented similar results that pain scores and analgesia 
requirements were not significantly different between 
SCB and ISB with 20 mL of 0.25% bupivacaine, 
concluding that SCB can be an alternative approach 
to ISB for postoperative pain management in shoulder 
surgery. Despite the lower incidence of HDP with the 
supraclavicular approach, the risk of this common 
adverse event should not be underestimated. The volume 
of local administration during SCB was determined 
to be essential for the occurrence of HDP following 
upper extremity surgery. The authors (31) conducted an 
investigation using a modified "3+3" dose escalation 
design for exploring the dose-response relationship and 
ipsilateral HDP in subjects undergoing ultrasound-guided 
SCB for surgeries on the right upper extremity. Dosing 
levels of 5, 10, 15, 20, 25, 30, 35 and 40 mL of the local 
anesthetic mixture (2:1 mixture of mepivacaine 1.5% and 
bupivacaine 0.5%) were administered in cohorts of three 
subjects per dose. Due to the 100% incidence of HDP 
at the starting dose of 35 mL, the dose of 40 mL was 
excluded. All subjects demonstrated HDP at 15-20 min, 
and even with the lowest dose of 5 mL, one of the three 
subjects experienced HDP at 15 min (33% incidence). It 
concluded that HDP occurred to some extent at all dose 
levels administered, suggesting that there is no clinically 
relevant dose at which HDP can be avoided, most likely 
due to the investment of the phrenic nerve and brachial 
plexus within the same prevertebral fascial sheath. It 
must be remembered that the optimal volume of local 

anesthetics has not yet been determined to decrease the 
complications without compromising the success rate of 
the brachial plexus block by various approaches.

3. Infraclavicular block

3.1. Clinical characteristics of different approach

Various ultrasound-guided ICB approaches have been 
reported. A trial (32) reported an approach as the lateral 
infraclavicular with the ultrasound transducer in the 
sagittal plane adducting the arm 90° inferiorly to the 
coracoid process. It showed excellent success without 
any supplemental anesthetics in 90.4% of the patients. 
However, all three cords are not always identifiable and 
close together lying deep to the pectoralis minor muscle. 
Another trial (33) compared the quality of surgical 
anesthesia in the lateral infraclavicular approach with the 
medial infraclavicular approach, which was performed 
at the apex of the delto-pectoral groove in the sagittal 
plane with the arm abducted 110°, where the cords are 
grouped close together, superior to the axillary artery. It 
demonstrated that the medial infraclavicular approach 
had better outcomes of onset time, ready imaging, 
closer to the surface and tolerance of tourniquet when 
compared with the lateral infraclavicular approach 
(Table 1, online data, https://www.ddtjournal.com/
supplementaldata/150) (33). A novel approach, described 
by Karmakar (16), was named the costoclavicular 
approach and has been introduced. It was demonstrated 
that the costoclavicular space lying deep and posterior 
to the midpoint of the clavicle was bounded anteriorly 
by the subclavius and clavicular head of the pectoralis 
major muscle and posteriorly by the anterior chest wall, 
where the cords are relatively superficial, clustered 
together and share a consistent triangular relationship 
with one another laterally to the axillary artery. Their 
primary trial demonstrated that ultrasound-guided CCB 
using 20 mL local anesthetic produced a very rapid onset 
but decreased the risk of inadvertent vascular or pleural 
puncture, thereby concluding that CCB is a beneficial 
approach to ICB (16). There are significant variations in 
the position of the individual cords between the lateral 
approach and the costoclavicular approach (34). The 
former lying deep to the pectoral muscles (3-6 cm) 
around the second part of the axillary artery are rarely 
visualized in a single ultrasound window, while the latter 
lying between the posterior surface of the clavicle and 
the second rib around the first part of the axillary artery 
are clearly imaged laterally to the artery in a dense and 
consistent triangular arrangement. A study performed by 
Songthamwat et al. (35) demonstrated that ultrasound-
guided CCB with 25 mL ropivacaine 0.5% could produce 
a faster overall sensory onset time, lower overall sensory 
score at 5 and 20 min, lower overall motor score at 10 
min, complete sensory-motor blockade at 20 min, and 
faster ready time for surgery than the lateral approach 
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(Table 1, online data, https://www.ddtjournal.com/
supplementaldata/150) (35). They concluded that the 
CCB had a promising future for upper extremity surgery 
with ultrasound guidance. Further research should be 
performed to ensure its safety, efficacy and reliability.

3.2. Clinical characteristics of different injection points

A trial (36) compared a single local anesthetic injection 
placed at the very posterior aspect of the axillary artery 
using 30 mL of mepivacaine 1.5% to triple injections 
placed at the posterior, lateral and medial sides of 
the artery during ultrasound-guided ICB. The rate of 
complete sensory block was comparable at 15 min and 
at each time interval up to 30 min, concluding that the 
success rate and the onset of complete sensory block are 
not enhanced by a triple injection (Table 1, online data, 
https://www.ddtjournal.com/supplementaldata/150) 
(36).  Another similar trial (19) confirmed the 
effectiveness of a single injection at the optimal site 
posterior to the axillary versus triple injection ultrasound-
guided ICB by the medial approach. Lidocaine 2% 30 
mL was injected posteriorly to the artery in the single-
injection group and in each brachial plexus spinal cord 
in the three-injection group. The single group produced 
a reduction in procedural time, a superior blockade at 
20 min, and a higher success rate at 20 min for each 
individual nerve, especially for the ulna and radial 
nerves (Table 1, online data, https://www.ddtjournal.
com/supplementaldata/150) (19). They concluded that 
the single injection technique demonstrated superiority 
and provided brachial plexus block as well as a triple 
injection. Tran et al. (37) also demonstrated a similar 
outcome: double injection provided no significant 
advantage compared with single injection, in which 
35 mL of lidocaine 1.5% was injected at the 6-o'clock 
position of the axillary artery in the single group, while 
15 mL and 20 mL were deposited at the 9-o'clock and 
6-o'clock positions of the artery, respectively. There were 
no differences in imaging, needling, performance, onset 
and total anesthesia-related times or the rate of surgical 
anesthesia between the two groups (Table 1, online data, 
https://www.ddtjournal.com/supplementaldata/150) 
(37). Although the number of needle passes was also 
similar, the double-injection technique resulted in slightly 
less procedural discomfort (Table 1, online data, https://
www.ddtjournal.com/supplementaldata/150) (37). 
However, there was a similarity among the above three 
trials (19,36,37) in that efforts were not made to identify 
the 3 cords of the brachial plexus around the artery. Since 
the costoclavicular space was discovered (16), CCB 
is thought to be a beneficial approach for ultrasound-
guided ICB because all three cords of the brachial 
plexus are clustered together lateral to the axillary 
artery and are visualized clearly. A study (38) compared 
ultrasound-guided costoclavicular with lateral sagittal 
infraclavicular brachial plexus blocks and showed that 

sensorimotor onset was faster in the CC group, but 
there was no difference in the block performance times 
(Table 1, online data, https://www.ddtjournal.com/
supplementaldata/150). Another trial (39) compared 
single and double injections using 35 mL of lidocaine 
1%-bupivacaine 0.25% with epinephrine 5 µg/mL for 
ultrasound-guided CCB, by which the total volume of 
local anesthetic was injected between three cords of the 
brachial plexus in the single-injection group, while the 
first half of the volume was injected in this location, and 
the second half was deposited at the medial cord and 
the axillary artery in the double-injection group. It was 
proven that double injection provided a faster onset time 
and total anesthesia-related time but a similar success 
rate compared with single injection (Table 1, online data, 
https://www.ddtjournal.com/supplementaldata/150) 
(39). Luo et al. (15) confirmed that CCB and SCB 
resulted in similar block dynamics when the procedures 
were guided by ultrasound and verified by a nerve 
stimulator with 23 mL of local anesthetic. They proposed 
that the single-injection technique used commonly for the 
costoclavicular approach, with or without a peripheral 
nerve stimulator, has a high success rate (97%), which 
might be partially explained by the large LA volume used 
for the procedure (up to 35 mL). Studies on ultrasound 
guidance, whether in SCB or CCB, suggest that a single 
local anesthetic injection at the "corner pocket" or at the 
costoclavicular space as described above can provide 
sufficient and effective brachial plexus blockade and can 
become an alternative option.

3.3. Complications

A trial (40) aimed to compare the incidence of HDP 
between CCB and SCB using 20 mL of an equal mixture 
of bupivacaine 0.5% and lidocaine 2% with 5 μg/mL 
epinephrine. The authors found that the rate of HDP was 
5% in the CCB group and 45% in the SCB group. When 
CCB is applied postoperatively for shoulder surgery 
compared with ISB with 20 mL of levobupivacaine 0.5% 
and epinephrine 5 µg/mL, it demonstrated that CCB 
could provide comparable analgesia effects at 0.5, 1, 2, 
3, 6, 12, and 24 h, as well as avoiding the risk of HDP 
and a shorter onset time (Table 2) (22). There were no 
intergroup differences in the minimal composite scores 
of 6 points at 30 min, intraoperative/postoperative opioid 
consumption, side effects, or patient satisfaction at 24 
h. The above trials seem to prove that CCB is a better 
choice for surgical anesthesia and analgesia with a 
reduction in the occurrence of HDP.

4. Cadaver evidence

Although the intracluster injection technique with 
ultrasound-guided SCB has been introduced for the 
advantage of faster onset time, one patient experienced 
numbness during the procedure and after surgery. It 



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):230-237.235

spontaneously resolved in the follow-up 1 month; thus, 
the significance and safety of needle tip placement inside 
the neural clusters deserves special mention (30). One 
study performed by Susanne Retter (41) assessed the 
rate of subperineural needle placement with a single 
intracluster on ultrasound-guided SCB among 21 human 
cadavers using 0.2 mL black India ink. It demonstrated 
that Ink was extra-epineural in 13/41 (32%), sub-
epineural but outside perineurium in 18/41 (44%), and 
sub-perineural in 10/41 sections (24%), which presented 
a high rate of sub-perineural injection with a single 
intracluster injection. Although an injection deep to the 
epineurium generally leads to reversible anesthesia, 
subperineural injections are associated with long-term 
nerve injury. An editorial (42) concerning the targeted 
intracluster for ultrasound guided SCB, which is too close 
for comfort. It mentioned that it is prudent to place the 
needle in the same interfascial plane toward the nerves, 
although it seems not to actually touch nerves with the 
widespread use of ultrasound guidance. Meanwhile, the 
occurrence of paraesthesias due to needle-nerve contact 
is accompanied by an increased risk for neurologic 
complications. The imaging of the compact region with 
the individual nerves under ultrasound revealed no 
advantages under this condition because there were no 
differences in the nerve elements, and it was difficult to 
identify separation among the epineurium when local 
anesthetic was injected into the intra- or intercluster. 
They concluded that it may not prevent injury even if 
each nerve fascicle is reliably identified. It aroused an 
awareness that is it worthy to achieve latency advantage 
but bring axonal disruption. Therefore, great efforts 
should be made to avoid subperineural placement of the 
needle and injection of local anesthetic.

5. Conclusion

During ultrasound-guided SCB, multiple injection 
techniques can achieve a faster onset time than single 
injection, but not the success rate. We might attribute 
this improvement to the discovery of the optimal 
injection site "corner pocket" with the large volume 
of local anesthetic. Compared with ISB, SCB could 
achieve equivalent surgical anesthesia and postoperative 
analgesia for shoulder surgery, but the rate of HDP 
should not be ignored or overestimated. Further study 
should focus on the optimal selection between various 
techniques with decreasing the volume of solution and 
the relative complication. Since the costoclavicular space 
has been discovered, in which the 3 cords tightly bundle 
together in a superficial location around the axillary 
artery and can be seen clearly, ultrasound-guided CCB 
would provide a better success rate even in a single 
injection. Compared with SCB and ISB, CCB seems 
to have great potential advantages in proving a better 
dynamic block effect, reducing relative complications, 
and performing more flexibility. However, there is no 

exact trial to prove that CCB alone is appropriate for 
shoulder surgery, despite better postoperative analgesia. 
Ultrasound-guided brachial plexus block at the level of 
the clavicle has recently been advocated for proximal 
extremity surgery, and SCB and CCB definitely 
demonstrate greater beneficial effects than ISB and 
axillary block. Although the incidence of postoperative 
nerve deficit is very low and major neurological 
complications are rare, continual caution should be made 
regarding the issue of intra-epineurial injection. Since the 
novel technique, selective trunk block, was introduced, 
many researchers have highly praised that this hybrid 
approach has great potential to meet upper extremity 
surgery. Numerous trials are needed to identify the safety 
and efficacy. Hence, all the approaches mentioned above 
could be an alternative for the clinical setting, but recent 
evidence did not determine which was the best or one-
size-fits-all approach, and further research is required.
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Synthesis of nanoparticles using natural organic substances has attracted more attention due to 
avoiding inorganic toxicity. This work aimed to synthesize copper oxide nanoparticles (CuONPs) 
using Caesalpinia sappan heartwood extract as a reducing agent. The effects of pH of synthesis 
reaction were investigated. The obtained CuONPs were characterized using UV-visible spectroscopy, 
Fourier transform infrared spectroscopy, scanning electron microscopy, and energy dispersive X-ray 
spectroscopy. Their particle size, size distribution, and zeta potential were determined using photon 
correlation spectrophotometry. Candida albicans is a major cause of chronic fungal infections due to 
its biofilms leading to severe drug resistance problems. In this study, in vitro antifungal and antibiofilm 
activities as well as killing kinetics of the synthesized CuONPs against C. albicans were investigated. 
Additionally, fungal biofilm was observed by using confocal laser scanning microscopy. The results 
showed that the pH of the synthesis reaction played an important role in the physicochemical properties 
and antifungal activities of the obtained CuONPs. CuONPs synthesized at pH 10 and 12 showed the 
relatively small and narrow size distribution with high negative zeta potential and time-dependent 
killing kinetics. Confocal laser scanning microscopy confirms obvious fungal biofilm reduction 
and increased fungal cell death after exposure to CuONPs. These findings suggest the optimal pH 
of CuONPs synthesis using C. sappan extract as a reducing agent. The results on antifungal and 
antibiofilm activities indicate that the obtained CuONPs can be a promising agent for treating fungal 
infection.

1. Introduction

Candida albicans is a normal flora microorganism in 
humans. However, certain factors, e.g., diet, medications, 
pH, and the human immune system, can modulate 
favorable conditions for its overgrowth and turn C. 
albicans into an insidious species and being the main 
cause of many fungal infections in humans and animals 
(1). Moreover, C. albicans can form biofilms that 
protect them from harmful substances and thus survive 
in various conditions and become resistant to antifungal 
drugs. Biofilm formation of C. albicans begins with 
the adherence of cells to a solid surface. The biofilms 
then develop from cell proliferation and early-stage 
filamentation of the adhered cells, resulting in a complex 

network of many layers. The developed biofilms consist 
of several types of cells encased in an extracellular matrix 
(2). Finally, the biofilms appear thick appearance to 
protect the microorganisms inside and make the treatment 
of these infections difficult (3). In the oral cavity, C. 
albicans biofilms formed on implanted medical devices 
can act as a reservoir for pathogenic cells (4). In denture-
wearing patients, C. albicans is associated with denture 
acrylic surfaces to form biofilms (5). These biofilms can 
cause antimicrobial resistance and bloodstream infection 
leading to invasive systemic infections (candidemia). 
These infections have increased in modern clinical 
practice, especially in immunocompromised patients 
such as human immunodeficiency virus-infected patients 
and cancer patients who receive chemotherapy (6). 
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For this reason, the biofilm formation of C. albicans 
is a serious clinical effect as they can cause significant 
resistance to antifungal therapy by limiting the 
penetration of antibiotics and host immune response (7).
 Nanotechnology is an important field of modern 
scientific research due to its wide range of applications. 
In the medical field, nanotechnology has been applied 
to the production and application of nanosized particles 
(nanoparticles) for diagnosis and therapeutics. Novel 
techniques and methods are continuously studied 
to produce different types of nanoparticles. Metal 
nanoparticles are one of those nanoparticles that are 
increasingly used in the biomedical field. (8). Among 
metal nanoparticles, copper oxide nanoparticles 
(CuONPs) have received great interest for many 
applications, including in the medical field due to their 
cost-effectiveness, economical attractiveness, promising 
nontoxicity, and easy preparation. They are used to 
manufacture electrical and electronic devices, catalysts 
in various chemical processes, cancer cell treatment 
applications and antimicrobial formulations (9–12). 
Furthermore, they show antimicrobial activity against 
various fungi, which are pathogenic for both agriculture 
and humans. Colonization of Candida spp. has been 
reported in many studies and some of them are resistant 
to antifungal agents (13). Interestingly, CuONPs have 
been reported to have a high potential to inhibit several 
strains of oral bacteria and fungi, especially C. albicans 
(14). Therefore, CuONPs can be a good candidate in 
various applications for health and safety issues.
 The significant properties required for nanoparticles 
to be used in biological applications are high 
biocompatibility, bioactivity, bioavailability, and less 
toxicity as well as cost-effectiveness (15). However, these 
properties are rare in metal nanoparticles prepared from 
inorganic chemical-mediated synthesis. Therefore, there is 
a need for an environmentally and economically feasible 
way to synthesize these metal nanoparticles. Biosynthesis 
with the help of plant extracts, microorganisms, and algae, 
has attracted much attention (16–18). Among them, plant 
extracts have gained more selection than others for the 
biosynthesis of metal nanoparticles due to biocompatibility 
with biomedical applications, easy handling, accessibility, 
simplicity, environmentally friendly and nontoxic 
(19,20). In addition, phytochemical assisted synthesis of 
metal nanoparticles is an inexpensive and cost-effective 
approach (21). Different plant extracts have been used 
to prepare CuONPs (22,23). However, biosynthesis of 
CuONPs using C. Sappan extract has not been reported 
elsewhere.
 C. Sappan is a plant of the Leguminosae family 
and distributed in Southeast Asia. The heartwood 
of C. Sappan is used as a coloring agent in food, 
beverages, cosmetics, and curative agents for treating 
arthritis, antidiabetic and skin infections (24). In many 
studies, the extract of C. sappan showed important 
biological activities such as antimicrobial (25), anti-

inflammatory (26) and antioxidant activities (27). 
The heartwood of C. sappan consists of several 
phenolic components, including xanthone, coumarin, 
flavones, homoisoflavonoids, and brazilin (28). It has 
been reported that different phytochemicals in plant 
extracts play a significant role in the reduction process 
and capping of the synthesized metal nanoparticles 
(29). Since different plant extract consists of different 
phytochemicals, thus the physicochemical properties 
and activities of CuONPs obtained from different plant 
extract are different. In addition, synthesis-related factors 
such as pH and temperature also play an important role in 
controlling the quality and quantity of the nanoparticles 
(18,30). Therefore, it is challenging to investigate the 
physicochemical properties and antifungal activities 
against C. albicans of CuONPs synthesized using C. 
sappan extract as a reducing agent in various pH media.

2. Materials and Methods

2.1. Materials

C. albicans DMST 5815 was purchased from the 
National Institute of Health, Department of Medical 
Sciences, Ministry of Public Health, Thailand. Copper (II) 
sulfate pentahydrate salt (CuSO4·5H2O) was purchased 
from Merck (Darmstadt, Germany). Sodium hydroxide 
(NaOH) and hydrochloric acid (HCl) were from RCI 
Labscan (Bangkok, Thailand). Sabouraud dextrose 
broth (SDB) and sabouraud dextrose agar (SDA) were 
purchased from Hime-dialabs (Mumbai, India). Tystatin 
(Nystatin) was from T.O. Pharma Co., LTD (Bangkok, 
Thailand). Other chemicals and solvents are of analytical 
grade.

2.2. Preparation of the extract

C. sappan was collected from the northern area of 
Thailand in January 2021. It was identified by a botanist 
in the botanical herbarium of the Faculty of Pharmacy, 
Chiang Mai University to obtain the reference voucher 
specimen (No. 002276). The heartwood of C. sappan 
was dried in an oven and ground to become a fine 
powder. To prepare a C. sappan aqueous extract, 5 g 
of the heartwood powder was mixed with 50 mL of 
water. Subsequently, the mixture was stirred at 500 
rpm overnight. The extract was then filtered through 
Whatman's No.1 filter paper. The filtrate was centrifuged 
at 3000× g for 10 min to eliminate precipitations.

2.3. CuONPs synthesis

CuONPs were synthesized at 70°C using 1 mL aqueous 
extract of C. sappan and 19 mL of 10 mM CuSO4·5H2O 
solution under constant stirring at 500 rpm. To obtain 
suitable nanoparticles, an aqueous extract of C. sappan 
was added dropwise to the CuSO4·5H2O solution. After 
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dried powder of CuONPs was mounted on a copper 
stub covered with carbon tape and sputter-coated with 
gold. The magnification was set at 30,000×. The shape 
and surface morphology of the particles were analyzed 
by secondary electron mode with an accelerating 
voltage of 0.3-30 kV. An energy-dispersive X-ray 
spectrophotometer (EDX) connected to the FE-SEM 
operated with a Si(Li) detector was used to analyze the 
CuONP composition and confirm the presence of copper.

2.5. Pathogenic strains and growth condition

In this study, C. albicans DMST 5815 was used as a 
pathogenic fungal strain. The strain was cultured in SDB 
at 37°C for 24-48 h. Fungal suspensions were prepared, 
and the cell concentration was adjusted to a turbidity of 
0.5 McFarland standard using a McFarland densitometer 
(DEN-1 Biosan, Riga, Latvia).

2.6. Antifungal activity

The investigation of the antifungal activity of the 
synthesized CuONPs was performed by determining the 
minimum inhibitory concentration (MIC) and minimum 
fungicidal concentration (MFC) of the samples as 
follows. Stock dispersion of the synthesized CuONPs 
was prepared by dispersing dried powder of CuONPs 
in Milli-Q water to have a concentration of 12 mg/mL. 
Two-fold serial dilutions were prepared from the stock 
dispersion and 100 µL of each dilution was added to a 
96-well microplate. Then, each well was added with 100 
µL of C. albicans suspension in SDB at a concentration 
of 1 × 105 CFU/mL. Therefore, each well contained C. 
albicans at 0.5 × 105 CFU/mL and CuONPs at 6, 3, 1.5, 
0.75, 0.375 and 0.187 mg/mL as final concentrations. 
The plate was incubated at 37°C for 24 h. The MIC 
is defined as the lowest concentration of CuONPs at 
which the microorganisms do not demonstrate visible 
growth. The turbidity in the well indicated the presence 
of microorganism growth. To determine MFC, the 
mixture in each well was streaked on each entire surface 
of SDA. Then, the agar plates were incubated in the 
same conditions as in the determination of MIC. After 
incubation, the lowest concentration of samples showing 
complete inhibition of C. albicans was recorded as MFC. 
All experiments were performed in triplicate. Nystatin 
solutions at concentrations of 0.012 × 10–4 - 2.5 × 10–3 
mg/mL were used as positive controls.

2.7. Killing kinetics study

The study of killing kinetics of the synthesized CuONPs 
against C. albicans was conducted by adding 100 µL 
of CuONPs to a 96-well plate, followed by 100 µL of 
C. albicans suspension to obtain a final concentration 
of CuONPs at the lowest MFC and that of C. albicans 
concentration of 0.5 × 105 CFU/mL. The plates were 

30 min, the mixture was adjusted with 1 M NaOH or 
HCl to obtain pH 3, 6, 8, 10 and 12. Subsequently, the 
mixture was continuously reacted at 70°C for 2 h. The 
mixture was washed with Milli-Q water and any residual 
biological extract was removed by centrifugation 
at 8000× g for 30 min (three times). The obtained 
precipitate was dispersed in 10 mL of absolute ethanol 
and dried at 60°C for 8 h.

2.4. Characterizations of CuONPs

2.4.1. UV-visible spectroscopy

The dried powder of CuONPs was dispersed in Milli-Q 
water to obtain the concentration of 10 mg/mL. Then, 
400 µL of this dispersion was diluted by adding 4 
mL of Milli-Q water. The absorbance of this dilution 
was recorded from 200 to 800 nm using a UV-visible 
spectrophotometer (UV-2450 Shimadzu, Kyoto, Japan) 
to confirm the metal nanoparticles. Milli-Q water was 
used as a blank.

2.4.2. Fourier transform infrared (FTIR) spectroscopy

To explore the FTIR spectra of CuONPs, the dried 
powder of CuONPs was palletized with KBr. The 
obtained mixture was subjected to an FT-IR spectrometer 
(Thermo Nicolet/470FT-IR spectrometer, Nicolet Nexus, 
Madison, USA) in the range from 4000 to 500 cm-1 at a 
resolution of 16 cm-1.

2.4.3. Particle size and zeta potential analysis

The particle size, size distribution and the zeta potential 
of the synthesized CuONPs were measured via photon 
correlation spectroscopy (PCS) analysis using a 
Zetasizer Nano ZS (Malvern Instruments Company, 
Worcestershire, UK). The dispersion of CuONPs in 
Milli-Q water was prepared to a concentration of 1 mg/
mL. The dispersion was diluted up to 10 times with 
Milli-Q water and subjected to sonication for 30 min 
before measurement. The hydrodynamic size and size 
distribution of the synthesized CuONPs were measured 
at a fixed angle of 173. The particle size was expressed 
as the average diameter in nm, whereas the particle size 
distribution was expressed as the polydispersity index 
(PdI). The zeta potential of the synthesized CuONPs 
was analyzed and automatically calculated based on 
the Smoluchowski equation (31) using the Zetasizer 
(Malvern Instruments Company) software version 7.1. 
All experiments were performed in triplicate.

2.4.4. Morphology and element composition

The morphology of CuONPs was investigated using 
a field emission scanning electron microscope (FE-
SEM) (JSM 6335 F, JEOL Ltd, Tokyo, Japan). The 
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incubated at 37°C for 8 h. At time intervals of 0, 30 min, 
1, 2, 4, and 8 h, the mixtures were withdrawn, and viable 
cell counts were determined by plating 20 µL of known 
dilutions of the culture samples on the entire surface of 
SDA. The cell count plates were subsequently incubated 
at 37°C for 24 h. The plates with 30 to 300 colonies were 
used for CFU counts. Log CFU/mL was plotted against 
time for constructing the killing kinetics curves. Nystatin 
at MFC concentration was used as a positive control. All 
assays were analyzed in triplicate.

2.8. Antibiofilm assay

2.8.1. Biofilm formation inhibition

The effect of CuONPs on the biofilm formation of 
C. albicans was investigated as follows. CuONPs 
dispersions in Milli-Q water were prepared for various 
concentrations of CuONPs. Aliquots of 100 µL of these 
dispersions were added into 96-well plates, followed 
by adding 100 µL of the culture suspension to obtain 
the final CuONPs concentrations of 1/4 MFC, 1/2 
MFC, and MFC and that of C. albicans of 0.5 × 106 
CFU/mL. Nystatin solution in Milli-Q water at a final 
concentration of 1/4 MFC, 1/2 MFC, and MFC was used 
as a positive control, whereas the well without a sample 
was a negative control. After incubation at 37°C for 24 h, 
the supernatants were discarded and washed three times 
with phosphate buffer solution pH 7.4 (PBS) to remove 
non-adherent planktonic cells. The formed biofilm was 
stained with 200 µL of 0.1% (w/v) crystal violet in a 
plate at room temperature for 30 min. Then, the plate 
was washed three times with PBS in each well. Then the 
plate was added with 100 µL of 30% (v/v) acetic acid to 
dissolve the dye and further incubated for 15 min at room 
temperature. The adherence biofilm was quantified by 
measuring the OD at 595 nm using a microplate reader 
(Model 680, Bio-Rad, Hercules, California, USA). All 
experiments were done in triplicate. The percentage of 
biofilm inhibition of CuONPs was calculated by the 
following equation. Inhibition of biofilm formation (%) 
= 1 –(ODsample/ODcontrol) × 100.

2.8.2. Eradication effect

The eradication effect of CuONPs on the formed biofilm 
was examined as follows. Suspension of C. albicans 
was prepared, and 100 µL of the culture suspension 
was added to a 96-well plate, followed by 100 µL of 
SDB to obtain the final culture concentration of 0.5 × 
106 CFU/mL. After incubation for 24 h, the medium in 
each well was discarded. Then, 100 µL of SDB and 100 
µL of CuONPs dispersion in Milli-Q water were added 
to obtain the final CuONPs concentration of MFC, 2 
MFC and 4 MFC mg/mL. Nystatin in Milli-Q water at 
the same concentrations was used as a positive control, 
whereas the well without sample solution was a negative 

control. The plates were further incubated at 37°C for 
24 h. After incubation, the adherent candida cells were 
washed three times with PBS. The formed biofilm was 
stained with 200 µL of 0.1% (w/v) crystal violet for 30 
min at room temperature. The plate was washed three 
times with PBS in each well. Then the plates were added 
100 µL of 30% (v/v) acetic acid to dissolve the dye and 
incubated for 15 min at room temperature. The adherence 
biofilm was measured at 595 nm using a microplate 
reader (Model 680, Bio-Rad). The percentage of biofilm 
eradication was calculated by the following equation. 
Biofilm eradication (%) = 1 – (ODsample/ODcontrol) × 100.

2.9. Confocal laser scanning microscopy (CLSM) 
analysis

The viable and dead cells in the biofilms were confirmed 
by CLSM (TCS SP8, Leica, Berlin, Germany). The 
suspension was prepared by mixing 1 mL of culture 
suspensions (1 × 106 CFU/mL) and 1 mL of SDB. 
The mixtures were added to six-well plates containing 
coverslips. The plates were incubated at 37°C for 48 
h to allow the cells to form biofilms on the coverslips. 
After biofilm formation, the wells were rinsed with PBS. 
Then, 1 mL of SDB and 1 mL of CuONPs dispersion at 
the MFC concentration were added and the plates were 
further incubated at 37°C for 24 h. Nystatin in Milli-Q 
water at the MFC concentration was used as a positive 
control, whereas the well without sample was used as a 
negative control. After incubation, each well was washed 
3 times with PBS to remove non-adherent C. albicans. 
Biofilm cell viability on the coverslips of each well was 
examined by a combination of fluorescent dyes mixed 
in a 1:1 volume ratio of 1.5 µM SYTO 9 for viable cells 
and 10 µM propidium iodide (PI) for dead cells. After 
incubation with the dye for 1 h, the coverslip was rinsed 
with PBS. The stained cell samples were examined with 
CLSM using λ ex/em = 488/543 nm for SYTO 9 and λ 
ex/em = 522/590 nm for PI.

2.10. Statistical analysis

Results were expressed as mean ± SDs. Data from the 
biofilm assay were statistically analyzed using ANOVA 
followed by Ducan's post hoc test. A p-value < 0.05 was 
considered statistically significant.

3. Results

3.1. Synthesis of CuONPs

To study the effects of pH on CuONPs synthesis, the 
proportion of the aqueous extract of C. sappan and 
copper sulfate solution was fixed at 1:19 (v/v). The 
reaction temperature and duration were fixed at 70°C and 
2.5 h, respectively. The reaction pHs of 3, 6, 8, 10 and 12 
were studied. It was noted that the color of the aqueous 
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extract of C. sappan was orange, whereas that of copper 
sulfate solution was colorless. After adding the extract to 
the copper sulfate solution, the color of mixtures changed 
to gray. However, after adjusting the pH to 6, 8, 10, and 
12, the mixtures changed to light purple, purple, light 
blue-green, and brownish black, respectively, as shown 
in Figure 1.

3.2. UV absorption and FTIR analysis

In the UV-visible spectroscopy analysis, the CuONPs 
synthesized at pH 6, 8, 10 and 12 exhibited a maximum 
absorbance peak of about 255 nm, as shown in Figure 2. 
It was found that the peak intensity increased while the 
pH increased. The CuONPs synthesized at pH 3 showed 
the small absorbance band at 224 nm. The FTIR spectra 
of the aqueous extract of C. sappan and the synthesized 
CuONPs are illustrated in Figure 3. The extract showed 
a broad peak at wave number region 3,500-3,300 cm–1, 
which can be considered as OH stretching. Moreover, 
it showed the band in the region of 1,600-1,400 cm–1 
which corresponds to C=O stretching of the carboxylic 
groups and the peak at 1,317 cm–1 which is due to C-O 
stretching. The FTIR spectra of the CuONPs synthesized 
at different pH showed different peak positions but 
in similar areas. The peaks at 3,479-3,387 cm–1 are 
considered for O-H stretching, the vibrations around 
1,622-1,570 cm–1 are considered for C=O stretching, 
and around 1,131-1,121 cm–1 are for C-O vibration. In 
addition, the peaks at approximately 880-867 cm–1 are 
observed in the spectra of the CuONPs synthesized at pH 
8, 10, and 12. These peaks are considered for aromatic 
Cu-O-H bonds. The peaks in the range of 520-623 cm˗1 
are considered for the expected cupric oxide and cuprous 
oxide vibrations.

3.3. Particle size and zeta potential analysis

The particle size of CuONPs synthesized at pH 6, 8, 10, 
and 12 was found in the range from approximately 255 to 
458 nm with PdI range from 0.3 to 0.4, except for those 
synthesized at pH 3 that the obtained particles showed 
extremely large size and wide size distribution as shown 
in Table 1. The zeta potential of the synthesized particles 
at all pH values ranged from -13.93 to -25.0 mV, with 
pH 3 being the lowest and pH 10 and 12 being the 
highest values. It was noticed that the particle size and 
size distribution of CuONPs synthesized at pH 10 and 12 

were significantly smaller and narrower than others.

3.4. SEM and EDX

The morphology and chemical compositions of the 

Figure 1. Photographs of CuONPs synthesized using C. sappan 
extract at different pH.

Figure 2. UV-visible spectra of CuONPs synthesized using C. 
sappan extract at different pH.

Figure 3. FTIR spectra of C. sappan extract and CuONPs 
synthesized using C. sappan extract at different pH.

Table 1. Particle size, size distribution, and zeta potential 
of the CuONPs synthesized at different pH of synthesis 
reaction

pH of synthesis 
reaction

pH 3
pH 6
pH 8
pH 10
pH 12

Particle size 
(nm)

1322.3 ± 94.2d

458.5 ± 6.9c

369.4 ± 8.2b

257.3 ± 8.4a

255.6 ± 9.5a

Different letters indicate significant differences (p < 0.05) for particle 
size, PdI and zeta potential.

PdI

0.65 ± 0.11b

0.38 ± 0.05a

0.42 ± 0.02a

0.32 ± 0.01a

0.36 ± 0.06a

Zeta potential 
(mV)

-13.9 ± 0.2c

-15.7 ± 0.3b

-16.5 ± 0.1b

-24.8 ± 1.1a

-25.0 ± 0.2a
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synthesized CuONPs investigated using SEM and EDX 
are shown in Figure 4. In the SEM images (Figure 
4A), particle aggregation was observed in the CuONPs 
synthesized at pH 3, leading to extremely large particle 
sizes. Conversely, CuONPs synthesized at pH 6, 8, 10 
and 12 had a spherical shape and overlapping of smaller 
particles. The EDX results (Figure 4B) of the CuONPs 
synthesized at all pH studied showed strong signals from 
elemental copper along with weak signals from other 
elements, such as oxygen and carbon.

3.5. Antifungal activity

The result of the antifungal test using the dilution method 
demonstrated that the CuONPs synthesized at various pH 
had antifungal activity but at different levels. As shown 
in Table 2, their MIC values ranged from 0.75-3 mg/mL, 
and MFC values were from 0.75 to more than 6 mg/mL. 
In the result, the MIC and MFC values of the CuONPs 
synthesized at pH 3 were the highest concentration, 
indicating the least antifungal effect on the pathogen. 
The MIC of the CuONPs synthesized at pH 8,10 and 
12 against the pathogen was the same value of 0.75 mg/
mL. However, the MFC of the CuONPs synthesized at 
pH 8 was significantly higher than those synthesized at 
pH 10 and 12. This result suggested that the CuONPs 
synthesized at pH 10 and 12 were the most effective 
against C. albicans. Nystatin showed antifungal activity 
with MIC and MFC values of 4.9 × 10-3 and 19.5 × 10-3 

mg/mL, respectively.

3.6. Killing kinetics study

The microbial killing kinetics study measures the change 
in the C. albicans population within the time of specific 
exposure to the synthesized CuONPs. The growth 
curves of the samples compared to a negative control 
are presented in Figure 5. It was found that the growth 
curves of the pathogens after exposure to the CuONPs 
synthesized at pH 3, 6, and 8 were similar to that of the 
negative control. The reduction of viable cells could be 
found within 1-2 h, but after that the pathogen growth 
was significantly increased, whereas that synthesized 
at pH 10 and 12 could completely kill C. albicans. 
Interestingly, the CuONPs synthesized at pH 10 showed 
the completed killing of C. albicans within 1 h. The 
killing rate of these particles is as fast as that of nystatin, 
the positive control, and significantly faster than that 
synthesized at pH 12.

3.7. Antibiofilm assay

The result showed that the CuONPs synthesized in 
different pH could inhibit and eradicate biofilms of C. 
albicans, but at different levels, as shown in Figure 6. 
Furthermore, it was found that these effects depend on 
CuONPs concentration. For example, in Figure 6A, 
the inhibition effects of CuONPs synthesized at pH 3, 
6, 8, 10, and 12 at 1/4 MFC were 8.95 ± 5.21%, 12.54 
± 9.93%, 27.55 ± 4.92%, 38.05 ± 0.87% and 40.15 
± 4.49%, respectively, while that of 1/2 MFC were 
20.24 ± 0.36%, 48.46 ± 2.21%, 48.26 ± 3.11%, 69.99 
± 3.16% and 43.05 ± 5.93%, respectively. It was found 
that CuONPs synthesized at pH 6, 8, 10, and 12 at the 
MFC were able to inhibit biofilm formation by more 
than 70%. Interestingly, at this concentration, CuONPs 
synthesized at pH 10 and 12 showed the biofilm 
inhibition effect of 86.10 ± 1.10% and 87.68 ± 0.47%, 
respectively, significantly higher than that of nystatin 
at its MFC. In Figure 6B, the effects of the synthesized 
CuONPs on biofilm eradication are shown. The results 
showed that after exposure to the synthesized CuONPs, 
the formed biofilm of C. albicans was approximately 
27.05 ± 4.25% to 79.28 ± 2.28% eliminated. The 
efficiency of the CuONPs synthesized at all tested pHs, 

Figure 4. FESEM images (A) and EDX spectra (B) of CuONPs 
synthesized using C. sappan extract at different pH.

Table 2. Antifungal activity of the CuONPs synthesized at 
different pH of synthesis reaction

pH of synthesis reaction

pH 3
pH 6
pH 8
pH 10
pH 12
Nystatin

MIC (mg/mL)

3.00
1.50
0.75
0.75
0.75

4.9 × 10-3

MFC (mg/mL)

> 6.00
   3.00
 1.5

   0.75
   0.75

   19.5 × 10-3
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at MFC was less than 50%, while at 2 MFC, the biofilm 
eradication efficiency of the CuONPs synthesized at pH 
10 and 12 was above 50% (53.88 ± 5.79% and 52.52 ± 
8.63%, respectively). At the highest test concentration 
(4 MFC), the CuONPs synthesized at pH 6, 8, 10 and 12 
showed a greater than 50% reduction in biofilm, whereas 
those synthesized at pH 3 showed only 46.03 ± 1.47% 
reduction. Based on these results, CuONPs synthesized 
at pH 10 and 12 were considered to have significantly 
higher potential for inhibition and removal of C. albicans 
biofilm than those synthesized at other pHs and nystatin.

3.8. CLSM analysis

CLSM images of C. albicans biofilms, as in Figure 7, 
showed the dead cells in red color and live cells in green 
color. The red cells stained with PI demonstrated that 
the number of cells after exposure to the synthesized 
CuONPs and the nystatin-positive control was higher 
than that of the negative control. After exposure to the 
CuONPs synthesized at all pH values and the nystatin-
positive control, few green spots of viable cells were 
detected. After treatment with the synthesized CuONPs, 
the viable cell population was obviously lower than 
that of the negative control group. The population of 
C. albicans cells in the biofilms after exposure to the 
CuONPs synthesized at pH 10 and 12 was less than the 
others suggesting that most cells were dead and washed 
off the films.

4. Discussion

Many millions of people are affected by antimicrobial 

Figure 6. Effects of CuONPs synthesized using C. sappan extract at 
different pH in comparison with nystatin on inhibition of biofilm 
formation (A) and biofilm eradication (B). Different letters indicate 
significantly different (p < 0.05) for quantitative percentage of biofilm 
inhibition and biofilm eradication in the same sample concentration.

Figure 5. Time-killing kinetics against C. 
albicans of CuONPs synthesized using C. 
sappan extract at different pH in comparison 
with nystatin.

Figure 7. CSLM images of C. albicans biofilm treated with 
CuONPs synthesized using C. sappan extract at different pH in 
comparison with nystatin.
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resistance pathogens and many of them die every year 
(32). C. albicans represents the predominant cause 
of fungal infections and has the ability to develop 
biofilms that protect the pathogenic cells inside and 
increase their resistance to antifungal drugs (1,2). The 
use of metal nanoparticles is an effective alternative 
against antimicrobial-resistant pathogenic strains. We 
are interested in CuONPs because of its wide range 
of applications. It also has high antimicrobial activity 
against C. albicans and other pathogens (33).
 Several methods such as electrochemical (34), 
radiation (35), photochemical (36), and by biological 
methods (37) have been used to synthesize metal 
nanoparticles. This study focuses on biological methods 
as it aims to reduce the use of inorganic substances. In 
this method, chemical reducing agents are replaced by 
high reducing power plant extract. C. sappan extract was 
used due to its high reducing activity (38). The different 
colors of the synthesized metal nanoparticles are due 
to the surface plasmon resonance excitation, a signal 
of nanoparticle formation (39). The surface plasmon 
resonance is due to the presence of free electrons, which 
is formed by conduction and valence bands, as they are 
close together in metals (40). Our results show different 
colors of the CuONPs system synthesized at different pH 
suggesting that pH affects the surface plasma resonance 
of the end products. Oligomeric clusters of copper 
can absorb at wavelength range 250-300 nm (41). Our 
results are in good agreement that the obtained CuONP 
particles absorb the wavelength range of 220-255 nm 
depending on the pH. The different absorption peaks of 
CuONPs synthesized at various pH values confirm the 
effect of pH on the surface plasma resonance absorbance 
of the obtained metal nanoparticles. It was found that 
the intensity of the absorbance peak of the obtained 
CuONP was increased by increasing the pH of the 
synthesis reaction. This might be related to the higher 
rate of formation of CuONPs in alkaline pH due to the 
ionization of the phenolic functional group present in 
the extract. The FTIR spectra of all CuONPs matched 
the FTIR spectra of the C. sappan extract. The obtained 
results reliably confirmed that the organic compounds of 
the C. sappan extract were responsible for the reduction 
of copper ions to CuONPs. The characteristic band at 
528 cm-1 present in the FTIR spectra of CuONPs was 
considered to be that of cupric oxide (42). The negative 
value of zeta potential of the obtained CuONPs was 
attributed to a group of negatively charged compounds in 
the C. sappan extract. Our results showed that the small-
size nanoparticles with high negative zeta potential could 
be synthesized only at pH 10 and 12. The size of the 
CuONPs synthesized at pH lower than 10 was large due 
to the low zeta potential, thus, leading to high particle 
aggregation. These can be confirmed by SEM images of 
CuONPs, showing minimal particle aggregation from 
the preparations at pH 10 and 12 and the highest particle 
aggregation from the preparation at pH 3. From the 

above findings, it can be concluded that the pH of the 
green synthesis reaction is an important factor for the 
characteristics of the obtained metal nanoparticles.
 For antifungal activity, the smaller particles of 
CuONPs showed higher activity against C. albicans 
than larger particles. It has been reported that CuONPs 
involved in inactivation of Escherichia coli through 
membrane damage, intracellular ROS generation, and 
inactivation of fumarase enzyme (43). For the inhibition 
of C. albicans, we consider that CuONPs can destroy 
fungal membranes by the released Cu ion from the 
nanoparticles. In general, antifungal agents are classified 
as fungicidal and fungistatic according to the ratio of 
MFC to MIC. If the MFC/MIC ratio is ≤ 4, the agent 
is considered to have fungicidal activity. If the MFC/
MIC ratio is > 4, the agent is fungistatic activity (44). 
From our results, the CuONPs synthesized at pH 6, 8, 10 
and 12 possess fungicidal activity while the antifungal 
activity of those synthesized at pH 3 is fungistatic. This 
is considered that the smaller particle size has a more 
powerful antifungal effect.
 The study of killing kinetics is to confirm the 
fungicidal activity of the agents and the results are 
more clinically useful than static MFC alone (45). 
It has been reported that fungicidal agent should be 
able to completely kill the test organisms within 24 h 
(46). In the present study, the CuONPs synthesized at 
different pH showed different killing efficiency. The 
CuONPs synthesized at pH 10 and 12 can completely 
kill C. albicans within less than 1 and 4 h, respectively, 
suggesting that these CuONPs are fungicidal agent.
 Biofilms of human pathogens have been found to be 
highly associated with patient morbidity and mortality. 
It has been reported that the Candida spp. can form 
polymeric biofilms that can enhance the adherence 
of the pathogens to the surface (47). In addition, the 
extracellular polymeric substances secreted by C. 
albicans can prevent the diffusion of any agents into 
the cells, leading to high resistance to many antifungal 
drugs (48). Therefore, the prevention and eradication 
of biofilms are of great importance in the treatment of 
fungal infections. In this study, CuONPs synthesized at 
all pH exhibited a dose-dependent effects of inhibition 
of biofilm formation and removal of the formed biofilms 
of C. albicans but different levels. CuONPs synthesized 
at pH 10 and 12 showed the highest efficiency in these 
activities. The antibiofilm activities can be confirmed by 
CLSM analysis using florescent stains. Red fluorescence 
of PI indicates cells with damaged membranes and stains 
DNA of the dead cells, whereas green fluorescence 
of SYTO 9 indicates cells with intact membranes of 
viable cells. Our results in CLSM images show several 
viable cells in the biofilm of the untreated group. 
While viable cells were dramatically reduced in the 
synthesized CuONPs-treated biofilms. This indicates 
that CuONPs can effectively destroy C. albicans. 
These results are consistent with previous study where 
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CuONPs synthesized using leaf extracts of Camellia 
japonica showed a reduction in the number of colonies 
of Pseudomonas aeruginosa and Klebsiella pneumoniae 
(49). Our study also shows that many dead cells remain 
and can be clearly seen in the CLSM image of CuONPs 
synthesized at pH 3. However, for those synthesized 
at higher pH, especially at pH 10 and 12, only a small 
number of dead cells can be seen. This assumes that most 
dead cells are easily washed away.
 In conclusion, the findings in this study confirmed 
that CuONPs biosynthesized using C. sappan extract at 
pH 10 and 12 possessed potent antifungal and antibiofilm 
activity. The results suggest that the obtained CuONPs 
may be a promising antifungal agent and are suitable for 
further study in animal models and clinical trials.
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Ferroptosis is a form of regulated cell death (RCD) triggered by iron-dependent lipid peroxidation 
and is closely associated with the occurrence and progression of hepatocellular carcinoma (HCC). 
The lncRNA SNHG1 (small nucleolar RNA host gene 1) has been shown to play an oncogenic role 
in HCC, but its function in RCD other than autophagy and apoptosis is still unknown. Here, we 
investigated the correlation between SNHG1 and 156 typical markers of five RCD types based on 
RNA sequencing data from The Cancer Genome Atlas database and showed the negative regulators of 
ferroptosis FANCD2 (Fanconi anemia complementation group D2) and G6PD (glucose-6-phosphate 
dehydrogenase) to be the most highly and fifth most highly correlating factors with SNHG1, 
respectively. A competitive endogenous RNA network of SNHG1 – miR-199a-5p/3p – FANCD2/
G6PD was constructed bioinformatically. In vitro experiments showed that overexpression of the miR-
199a precursor led to a decrease in expression of SNHG1, FANCD2, and G6PD, whereas knockdown 
of SNHG1 decreased expression of FANCD2 and G6PD but increased levels of miR-199a-5p and 
miR-199a-3p in HCC cells (Huh7 and HepG2). In addition, knockdown of SNHG1 increased erastin-
mediated ferroptosis, iron accumulation, and lipid peroxidation. These results suggest that SNHG1 
upregulates FANCD2 and G6PD by sponging miR-199a, thereby inhibiting ferroptosis in HCC. 
Moreover, a signature based on expression of SNHG1, FANCD2, and G6PD was identified as being 
associated with overall survival and the immunological microenvironment in HCC. Collectively, this 
study identified the SNHG1–miR-199a–FANCD2/G6PD axis in HCC, which is a potential marker for 
the prognosis and therapy of this tumor.

1. Introduction

Liver cancer is one of the most common and lethal 
types of cancers. According to global cancer statistics, 
the incidence and mortality of primary liver cancer 
ranked sixth and third, respectively, in 2020 (1). 
Hepatocellular carcinoma (HCC) and intrahepatic 
cholangiocarcinoma are the two major types of primary 
liver cancers, accounting for 75-85% and 10-15% 
of cases, respectively (1). Due to limited detection 
capabilities and the asymptomatic nature of HCC in 
early stages, most patients are diagnosed at a late stage 
and thus miss the chance of radical resection (2). The 
5-year overall survival (OS) rate of HCC patients is only 

19.5% (3). Hence, there is an urgent need to elucidate the 
molecular pathogenesis of HCC to improve the efficacy 
of diagnosis and treatment.
 Recently, regulated cell death (RCD) has gained 
increasing attention from cancer researchers. RCD, 
also called programmed cell death, refers to a type of 
cell death that is regulated by genes and differs from 
uncontrolled and random cell death (4,5). The major 
types of RCD include apoptosis, autophagy, pyroptosis, 
necroptosis,  PANoptosis, ferroptosis, and the newly 
discovered cuproptosis (6). Ferroptosis, a form of RCD 
induced by iron-dependent lipid peroxidation, was 
first discovered by Dixon et al. (7). Ferroptosis has 
been shown to be highly related to the occurrence and 
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progression of HCC and can be used as a therapeutic 
target and prognostic factor (8, 9).
 The lncRNA SNHG1 plays an important role in 
various cancers, including HCC (10). Our previous study 
showed that SNHG1 (small nucleolar RNA host gene 
1) acts as a competitive endogenous RNA (ceRNA) to 
regulate the cell cycle in HCC (11). However, its role 
in RCDs other than apoptosis and autophagy has not 
been investigated. In the present study, we performed 
coexpression analysis of SNHG1 and 156 RCD-related 
genes based on RNA sequencing (RNA-seq) data. 
According to the Pearson correlation coefficient, the 
ferroptosis-related genes FANCD2 (Fanconi anemia 
complementation group D2) and G6PD (glucose-6-
phosphate dehydrogenase) are the most highly and 
fifth most highly correlating factors with SNHG1, 
respectively. Therefore, we investigated the role and 
molecular mechanism of SNHG1 in ferroptosis and 
constructed a prognostic signature for predicting OS and 
response to immunotherapy in patients with HCC.

2. Materials and Methods

2.1. RNA-seq data acquisition

RNA-seq data and clinical information of patients with 
HCC were obtained from The Cancer Genome Atlas 
(TCGA) and International Cancer Genome Consortium 
(ICGC) databases. The TCGA cohort included 374 HCC 
tissues and 50 adjacent normal liver tissues. The ICGC 
cohort (LIRI-JP) included 243 HCC tissue samples and 
202 adjacent nontumor liver tissue samples. In addition, 
microRNA (miRNA) expression RNA-seq data (371 
HCC tissues and 49 adjacent normal liver tissues) were 
obtained from the TCGA database.

2.2. Cell lines, chemicals, and antibodies

The HCC cell lines HepG2 and Huh7 were obtained 
from American Type Culture Collection (ATCC) 
(Manassas, VA, USA) and cultured according to ATCC's 
instructions. All cell lines were free of mycoplasma and 
authenticated by Yubo Biological Technology (Shanghai, 
China) using short tandem repeat analysis. Erastin and 
FeRhoNox-1 (Fe2+ indicator) were purchased from 
Selleck (Houston, TX, USA) and MKBio (Shanghai, 
China), respectively. The antibodies used in this study 
were purchased from ABclonal (Wuhan, Hubei, China). 
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl 
tetrazolium bromide] was purchased from Beyotime 
(Shanghai, China).

2.3. Lentivirus infection

Lentiviruses expressing SNHG1 shRNA or the 
microRNA-199a (miR-199a) precursor (hsa-mir-199a-1) 
were purchased from GeneChem (Shanghai, China). The 

target sequence of the SNHG1 shRNA was validated 
in our previous study (11). Lentivirus particles were 
transduced into cells according to the manufacturer's 
instructions. At 72 hours after transduction, the cells were 
cultured in fresh medium with hygromycin B to generate 
stable cell lines.

2.4. Western blotting

As previously described (11), total cellular proteins were 
extracted, separated, and transferred to a polyvinylidene 
fluoride (PVDF) membrane. After blocking, the 
membranes were cut into pieces and incubated separately 
with antibodies. Protein bands were visualized using 
the ChemiLucent ECL Detection System (Millipore, 
Billerica, MA, USA).

2.5. RNA isolation and reverse-transcription quantitative 
PCR (RT-qPCR)

Total RNA was isolated from cell lines using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) and served as 
a template for the RT reaction. mRNAs were reverse-
transcribed into cDNA using a First-Strand cDNA 
Synthesis Kit (GeneCopoeia, Guangzhou, Guangdong, 
China). Primers for 18S rRNA and SNHG1 have 
been described previously (11). The primers used for 
FANCD2 and G6P were as follows: FANCD2, 5´- 
ACATACCTCGACTCATTGTCAGT-3´ (forward) and 
5´- TCGGAGGCTTGAAAGGACATC-3´ (reverse); 
G6PD, 5´- CGAGGCCGTCACCAAGAAC-3´ (forward) 
and 5´- GTAGTGGTCGATGCGGTAGA-3´ (reverse). 
For miRNA RT, miRNA was first polyA-tailed and 
reverse-transcribed using oligo-dT primers provided in 
miRNA First-Strand cDNA Synthesis Kit (GeneCopoeia). 
SYBR Green-based real-time PCR was performed using 
a qPCR kit (GeneCopoeia).

2.6. Analysis of erastin-mediated ferroptosis

Cells were plated in 96-well plates and treated with 
various concentrations of erastin for 48 h. Cell viability 
was determined by MTT assays as described previously 
(11).

2.7. Analysis of iron accumulation

Cells were seeded onto glass coverslips. After aspiration 
of the culture medium, the cells were washed twice 
with phosphate-buffered saline (PBS) and stained with 
FeRhoNox-1 (5 μmol/L) for 60 min at 37°C in a 5% 
CO2 incubator. The cells were then observed under a 
fluorescence microscope.

2.8. Malondialdehyde (MDA) assay

Cells were incubated with thiobarbituric acid (TBA) at 
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regression (13). In addition, we compared differential 
expression of immune checkpoint genes between 
the high- and low-risk groups. Response to immune 
checkpoint inhibitor (ICI) immunotherapy in HCC 
patients was predicted using Tumor Immune Dysfunction 
and Exclusion (TIDE) (http://tide.dfci.harvard.edu) (14) 
and IMvigor210 (15) algorithms.

2.13. Statistical analysis

All statistical analyses were performed using R language. 
One-way analysis of variance (ANOVA) was used to 
assess differences between groups. Pearson's correlation 
test was used for correlation analysis. The log-rank test 
was used to evaluate the significance of differences in 
survival curves. Statistical significance was set at p < 
0.05.

3. Results

3.1. SNHG1 correlates positively with the ferroptosis-
related genes FANCD2 and G6PD

We analyzed the coexpression relationship between 
SNHG1 and RCD markers based on RNA-seq data 
from TCGA (including 374 HCC tissue and 50 
adjacent normal liver tissue specimens). According 
to previous literature (6,12), 156 typical markers of 
five RCD types, including ferroptosis, pyroptosis, 
necroptosis, PANoptosis, and cuproptosis, were selected 
for coexpression analysis. The negative regulators of 
ferroptosis FANCD2 and G6PD were found to correlate 
highly with SNHG1, with the first and fifth highest 
correlation coefficients (cor): cor (FANCD2, SNHG1) = 
0.76, cor (G6PD, SNHG1) = 0.63 (Figure 1A). Similar 
to SNHG1(11), FANCD2 and G6PD were significantly 
overexpressed in HCC tissues (Figure 1B). These results 
suggest that SNHG1 is involved in ferroptosis.

3.2. Bioinformatic identification of a ceRNA network of 
SNHG1–miRNAs–FANCD2/G6PD

The above results showed that SNHG1 is coexpressed 
with FANCD2 and G6PD. According to the ceRNA 
hypothesis (16), SNHG1 is a potential ceRNA of 
FANCD2 and G6PD. Therefore, we constructed a 
ceRNA network of lncRNAs, miRNAs, and mRNAs. 
miRNAs targeting lncRNA SNHG1 and mRNA 
(FANCD2 and G6PD) were predicted using starBase and 
miRWalk software, respectively. A total of 87 common 
miRNAs targeting both lncRNA SNHG1 and mRNA 
(FANCD2 or G6PD) were identified (Figure 1C). In 
the ceRNA network, miRNAs correlate negatively with 
lncRNAs and mRNAs (16). Considering the lncRNA 
SNHG1 and mRNAs (FANCD2 or G6PD) to be 
overexpressed in HCC, we selected common miRNAs 
targeting both SNHG1 and FANCD2 (or G6PD) from 

95°C for 60 min and cooled in an ice bath for 10 min. 
The MDA concentration was quantified calorimetrically 
(OD = 532 nm).

2.9. Identification of SNHG1-associated typical RCD 
markers

Pearson correlation analysis was performed to investigate 
the coexpression relationship between SNHG1 and 156 
typical markers of RCD from previous studies (6,12).

2.10. Construction of the ceRNA network

 The ceRNA network was constructed as previously 
described (11). Differential expression of RNAs 
between HCC tissue and adjacent normal liver tissue 
was identified using the 'limma' package of R software 
(https://www.r-project.org/). StarBase (https://starbase.
sysu.edu.cn/index.php) and the miRWalk database (http://
mirwalk.umm.uni-heidelberg.de/) were used to predict 
potential lncRNA‒miRNA and miRNA‒mRNA pairs, 
respectively. The ceRNA network was visualized using 
the R package "ggalluvial."

2.11. Construction and validation of a prognostic 
signature

 The TCGA cohort was used to construct a prognostic 
model, and the ICGC cohort was used to validate this 
model. Univariate and multivariate Cox regression 
analyses were performed to examine the correlation 
between gene expression with the R package "survival". 
The risk score for each patient was then calculated 
based on the coefficient of multivariate Cox regression 
analysis. A Kaplan–Meier (KM) survival curve was 
used to calculate survival difference between the high- 
and low-risk groups using the R packages "survival" 
and "survminer". Multivariate Cox regression analysis 
was performed to evaluate whether the risk score is an 
independent prognostic predictor of OS when other 
clinical factors (age, sex, stage, grade, T stage, N stage, 
and M stage) are considered. A receiver operating 
characteristic (ROC) curve was produced using the R 
package "timeROC" to evaluate the predictive power of 
the signature.

2.12. Comparison of immunity status between high- and 
low-risk groups

To evaluate the role of  the r isk model  in the 
immunological microenvironment, we compared the 
proportions of 22 different immune cell types between 
patients with high- or low-risk score using CIBERSORT. 
CIBERSORT is an algorithm that uses a set of reference 
gene expression matrices to evaluate the proportions of 
immune cell types from bulk tumor sample expression 
data based on the principle of linear support vector 
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the downregulated miRNAs (Figure 1C). As a result, 13 
downregulated miRNAs met the criteria and were used to 
construct the ceRNA network (Figure 1D). These results 
suggest that SNHG1 regulates FANCD2 and G6PD by 
sponging 13 miRNAs.

3.3. Experimental validation of the SNHG1–miR-199a–
FANCD2/G6PD axis

Interestingly, SNHG1, FANCD2, and G6PD were the 
common targets of miR-199a-5p and miR-199a-3p, 
which derive from the 5' and 3' arms of the same miRNA 
precursor, premiR-199a. Therefore, we transduced 
lentivirus particles expressing premiR-199a into HepG2 
and Huh7 cells. The results of qPCR and western 
blotting analyses showed that overexpression of premiR-

199a resulted in a decrease in expression of SNHG1, 
FANCD2, and G6PD (Figures 1E and 1F). This suggests 
that SNHG1, FANCD2, and G6PD are targets of miR-
199a. Moreover, knockdown of SNHG1 decreased 
expression of FANCD2 and G6PD (Figure 1G) but 
increased levels of miR-199a-5p and miR-199a-3p 
(Figure 1H). These results indicate that SNHG1 increases 
expression of FANCD2 and G6PD by sponging miR-
199a-5p/3p.

3.4. Suppression of SNHG1 promotes ferroptosis

The above results show that SNHG1 upregulates 
expression of FANCD2 and G6PD by sponging 
miR-199a-5p/3p, but FANCD2 and G6PD suppress 
ferroptosis (17,18). Therefore, we investigated whether 

Figure 1. SNHG1 upregulates FANCD2 and G6PD as a ceRNA. (A) The coexpression relationship between SNHG1 and RCD markers 
was determined based on RNA-seq data from TCGA, and the top 7 genes with the highest coefficient are shown. (B) Differential expression 
of FANCD2 and G6PD between HCC and noncancerous liver tissues in TCGA cohorts. (C) Venn diagram showing the number of predicted 
miRNAs targeting FANCD2, G6PD and SNHG1 and downregulated miRNAs. (D) A ceRNA network of SNHG1–miRNAs–FACD2/G6PD. (E-F) 
The effect of miR-199a on expression of SNHG1, FANCD2, and G6PD. At 72 hours after infection with lentivirus particles expressing scrambled 
miRNA (miRNC) or premiR-199a (miR199a), the RNA and protein levels of SNHG1, FANCD2, and G6PD were detected by RT-qPCR (E) 
and western blotting (F), respectively. (G-H) The effect of SNHG1 on expression of FANCD2, G6PD and miR-199a-5p/3p. At 72 hours after 
infection with lentivirus particles expressing empty vector (shNC) or SNHG1 (shSNHG1), levels of FANCD2 and G6PD proteins and levels of 
miR-199a-5p and miR-199a-3p were detected by western blotting (G) and RT-qPCR (H), respectively. *p < 0.05, **p < 0.01.
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SNHG1 inhibits erastin-induced ferroptosis. As expected, 
SNHG1 knockdown increased erastin-mediated 
cytotoxicity in both Huh7 and HepG2 cells (Figures 2A 
and 2B), suggesting that SNHG1 protects HCC cells 
from ferroptosis. Ferroptosis is characterized by iron 
accumulation and lipid peroxidation (19). The effect of 
SNHG1 on iron accumulation and lipid peroxidation 
was determined using an Fe2+ indicator and MDA assay, 
respectively. The product of lipid peroxidation (Figures 
2C and 2D) and the Fe2+ concentration (Figures 2E and 
2F) increased in SNHG1-deficient cells with or without 
erastin treatment, suggesting that SNHG1 decreases iron 
accumulation and lipid peroxidation.

3.5. The prognostic value of a signature based on 
expression of SNHG1, FANCD2 and G6PD

Our previous study showed SNHG1 expression to act 
as a prognostic factor for OS in patients with HCC (11). 
Univariate and multivariate Cox regression analyses 
were performed to assess correlations between gene 
expression and OS. Based on univariate Cox regression 
analysis, both FANCD2 and G6PD are risk factors for 

HCC, similar to SNHG1 (Figure 3A). A three-gene 
signature was generated based on the multivariate Cox 
regression coefficient (Figure 3B), and the risk score of 
each patient was calculated using the following formula: 
risk score = 0.29873 × G6PD + 0.01513 × SNHG1 + 
0.05200 × FANCD2.
 To assess the prognostic significance of the risk 
model, we investigated the correlation between the risk 
score and clinical parameters. The patients in the TCGA 
and ICGC cohorts were divided into high- and low-risk 
groups according to the median risk score (cutoff value: 
3.516333 in TCGA and 6.192844 in ICGC). Kaplan–
Meier analysis showed that patients in the high-risk 
group had significantly worse survival than patients in 
the low-risk group in the TCGA (Figure 3C) and ICGC 
cohorts (Figure 3D). Moreover, time-dependent ROC 
analyses showed that this signature has high predictive 
ability. The area under the curve (AUC) of 1-year, 3-year, 
and 5-year survival in TCGA was 0.765, 0.666, and 
0.633 (TCGA), respectively (Figure 3E). The AUCs of 
1-year, 2-year, and 3-year survival in the ICGC cohort 
were 0.657, 0.706, and 0.765, respectively (Figure 3F). 
Multivariate Cox regression analysis showed that the risk 

Figure 2. Suppression of SNHG1 promotes ferroptosis. Cells stably expressing empty vector (shNC) or SNHG1 (shSNHG1) were treated 
with different concentrations of erastin for 48 hours. (A-B) Cell viability was determined by MTT assays. (C-D) The MDA concentration was 
quantified by calorimetry. (E-F) The intracellular iron concentration was detected by the Fe2+ indicator FeRhoNox-1. *p < 0.05, **p < 0.01.
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score and G6PD can serve as independent prognostic 
factors for patients with HCC when other clinical factors 
(age, sex, stage, grade, T stage, N stage, and M stage) are 
considered (Figures 3G-3H).

3.6. The value of the signature in predicting response to 
immunotherapy

To evaluate the role of the risk model in the immune 
microenvironment of HCC, the CIBERSORT algorithm 
was used to compare the 22 different immune cell 
types in HCC to evaluate the role of the risk model 
in the immune microenvironment of HCC. We found 
that 10 of these immune cell types were differentially 
expressed between the two risk groups. In patients with 
high risk scores, M2 macrophages, resting CD4 T cells, 
and resting mast cells were downregulated, whereas 
resting dendritic cells, M0 macrophages, activated CD4 
T cells, and Treg cells were upregulated (Figure 4A). In 
addition, we determined whether there is a correlation 
between expression of inhibitory immune checkpoints 
and the risk score. Interestingly, expression levels of 

almost all checkpoints were significantly upregulated 
in the high-risk group (Figure 4B). Moreover, the high-
risk group had a higher TIDE score than the low-risk 
group (Figure 4C). These results suggest that the risk 
score is associated with immune suppression. However, 
according to IMvigor210 analysis, the high-risk group 
had higher rates of complete response (CR) and partial 
response (PR) to ICI immunotherapy than the low-risk 
group (Figure 4D). This suggests that patients with high 
risk scores benefit more from ICI treatment.

4. Discussion

In the present study, we investigated the correlation 
between SNHG1 and typical markers of five RCD 
(ferroptosis, pyroptosis, necroptosis, PANoptosis, and 
cuproptosis). We found that SNHG1 correlated most 
strongly with the ferroptosis markers FANCD2 and 
G6PD. SNHG1 normally functions as a ceRNA for 
miRNAs in cancer (10,11). In the present study, a ceRNA 
network of SNHG1–miRNAs–FANCD2/G6PD was 
bioinformatically constructed, and the regulatory axis of 

Figure 3. Construction and validation of a prognostic signature based on expression of SNHG1, FANCD2, and G6PD. (A-B) Univariate 
(A) and multivariate Cox regression (B) analyses were performed to assess the correlation between gene expression and overall survival. (C-D) 
Kaplan‒Meier survival curves for low- and high-risk groups in TCGA (C) and ICGC cohorts (D). (E-F) Time-dependent ROC curve analyses of 
prediction models for survival in TCGA (E) and ICGC cohorts (F). (G-H) Multivariate analyses of factors associated with overall survival.
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SNHG1–miR-199a–FANCD2/G6PD was experimentally 
validated. FANCD2 and G6PD are negative regulators of 
ferroptosis. FANCD2 inhibits ferroptosis by suppressing 
iron accumulation and lipid peroxidation (17). The 
repressive role of G6PD in ferroptosis is associated with 
the P450 metabolic pathway (18). We demonstrated that 
knockdown of SNHG1 or overexpression of premiR-
199a decreased expression of FANCD2 and G6PD and 
that knockdown of SNHG1 enhanced erastin-induced 
ferroptosis in HCC cells. These results indicate that 
SNHG1 upregulates FANCD2 and G6PD by sponging 
miR-199a-5p/3p, thereby inhibiting ferroptosis. To our 
knowledge, this is the first report on involvement of 
SNHG1 in ferroptosis.
 According to the miRBase database (https://www.
mirbase.org), there are two miR-199a precursors: 
premir-199a-1 on chromosome 19 and premir-199a-2 on 
chromosome 1. Both precursors can be processed into 
mature miR-199a-5p and miR-199a-3p. Both miR-199a-
5p and miR-199a-3p are known tumor suppressors in 
HCC (20-22). They regulate several cellular processes 
in cancer, including proliferation, apoptosis, migration, 

and invasion (20-22). Only two groups have reported the 
effects of miR-199a on ferroptosis; however, the results 
are conflicting. Lin et al. (23) reported that miR-199a-
3p suppresses endothelial cell ferroptosis by targeting 
SP1. However, according to a study by Zhang et al., 
miR-199a-5p stimulates ferroptosis-induced death of 
cardiomyocytes during ischemic/hypoxic injury by 
inhibiting the Akt/eNOS signaling pathway (24). It 
is possible that miR-199a exerts different effects by 
targeting different targets. However, it is unknown 
whether miR-199a regulates ferroptosis in cancer 
cells. Here, we report that overexpression of premiR-
199a decreases expression of the negative regulators 
of ferroptosis FANCD2 and G6PD. This suggests that 
miR-199a exerts its antitumor activity by promoting 
ferroptosis.
 Ferroptosis is a type of cell death induced by iron-
dependent lipid peroxidation (19), and hepatocytes 
are the main cells involved in iron storage (25). 
Accumulating evidence has demonstrated that HCC 
cells can inactivate ferroptosis through multiple 
mechanisms and that activating ferroptosis is a 

Figure 4. The gene signature based on expression of SNHG1, FANCD2, and G6PD is associated with the immune microenvironment. 
(A) The difference in the degree of immune infiltration of 22 immune cell types between the high- and low-risk groups, as assessed by the 
CIBERSORT algorithm. (B) The difference in expression of immune checkpoints between high- and low-risk groups. (C-D) Response to 
immunotherapy in HCC patients was estimated using TIDE (C) and IMvigor210 (D) algorithms. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001.
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potential strategy for HCC cancer treatment (26). In 
addition, activation of ferroptosis can regulate the 
tumor immune microenvironment and sensitize cancer 
cells to immunotherapy (27). In the present study, we 
demonstrated that SNHG1, FANCD2 and G6PD are 
inhibitors of ferroptosis and constructed a signature 
based on SNHG1, FANCD2 and G6PD expression. 
The risk score calculated using this signature was an 
independent prognostic factor for OS in patients with 
HCC. Moreover, this risk score was associated with 
infiltration of immune cells and expression of immune 
checkpoints.
 In conclusion, the present study demonstrates that 
SNHG1 upregulates FANCD2 and G6PD by sponging 
miR-199a-5p and miR-199a-3p, thereby inhibiting 
ferroptosis in HCC. Furthermore, a signature based 
on expression of SNHG1, FANCD2, and G6PD was 
identified as an independent prognostic marker for OS 
and associated with the proportion of infiltrating immune 
cell types, immune checkpoint expression, and response 
to immunotherapy. These findings are useful to further 
elucidate the pathogenesis of HCC and develop new 
strategies for clinical treatment and diagnosis.
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Kunling Pill, endometrial receptivity, implantation, apoptosis

Although pregnancy success rates are raised with assisted reproductive technology, it still cannot 
meet clinical demands. Kunling Pill (KLP), a traditional Chinese medicine, is widely used in various 
gynecological disorders, particularly in improving fertility and pregnancy rates. However, the 
underlying mechanism of how KLP affects pregnancy outcomes remains unclear. This study aimed to 
explore the effects and mechanisms of KLP on endometrial receptivity. Firstly, a retrospective trial was 
conducted to validate the efficacy of KLP on repeated implantation failure (RIF) patients. The result 
indicated a significant increase in the proportion of live birth in KLP group (30.56%) compared to the 
control group (16.89%). Secondly, network pharmacology methods predicted the active components 
and network targets of KLP. Endometrial receptivity is closely associated with the activation of 
inflammatory factors, predicting the function of KLP on the immune system. The estrogen and 
apoptotic signaling pathways were also highlighted in the gene ontology enrichment analysis. Thirdly, 
a decreased endometrial receptivity model was established by controlled ovarian hyperstimulation 
(COH) in female C57BL/6 mice, divided into the COH and KLP groups. Normal female mice are 
as control group. In vivo, KLP administration could increase endometrial thickness and the number 
of endometrial glands and pinopodes. In the endometrium, KLP supplementation upregulated the 
expressions of estrogen receptor α, progesterone receptor, endothelial nitric oxide synthase, and 
integrin αVβ3 in the murine uterus and reduced serum levels of estrogen and progesterone. KLP 
regulated the uterine immune cells and inhibited cell apoptosis in the ovary via Bcl-2/Bax/caspase-3 
pathway. In conclusion, KLP administration raised the live birth rate in RIF patients to optimize 
medication regimens, mainly because KLP ameliorated impaired endometrial receptivity.

1. Introduction

The success of in vitro fertilization (IVF) has increased 
dramatically (1); however, failures have become 
inadmissible for both providers and patients. Growing 
evidence highlights the importance of receptive 
endometrium in IVF and impaired endometrial 
receptivity is one of the key factors in low pregnancy 
rates and repeated implantation failure (RIF) (2-4). 
Moreover, as controlled ovarian hyperstimulation (COH) 
is commonly used in assisted reproductive technology 
(ART) nowadays, the adverse impact of COH on 

endometrial receptivity has become a major issue for 
patients. Small and undifferentiated endometrial glands 
were found in patients undergoing minimal stimulation 
with clomiphene citrate (5). Thus, the management of 
endometrial receptivity is a difficult and critical issue.
 Receptive endometrium depends on the endocrine 
milieu, maternal immune system, hematologic factors, 
anatomic factors, etc. (6). Firstly, the proliferation and 
differentiation of the endometrium are regulated by 
steroid hormones, such as estrogen and progesterone, 
which are produced mainly by ovaries. Sex steroids 
act via their receptors to initiate the specific genes 



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):257-269.

and mediators' expression in the endometrium at the 
molecular level. Supraphysiologic estrogenic milieu 
during COH could result in desynchrony in the 
development of different cells and aberrations in the 
transcriptome of the endometrium, finally impairing 
endometrial receptivity (7-8). Secondly, there is a 
large amount of immune cell infiltration in the human 
endometrium at the window of implantation (WOI), 
including macrophages, T cells, and natural killer 
cells (9). Single-cell RNA sequencing confirms that 
endometrial immune profile disorders are associated 
with RIF at WOI (3), providing a deeper insight into 
the endometrial microenvironment disorder of RIF. 
Successful embryonic implantation requires a normal 
microenvironment. Integrin αVβ3 and endothelial nitric 
oxide synthase (eNOS) are of vital predictive values 
for endometrial receptivity in women with unexplained 
infertility, correlating to implantation failure (10-11). 
Although research has focused on improving endometrial 
receptivity, further research is needed to improve 
pregnancy outcomes for subfertile couples (1,12).
 Traditional Chinese medicine (TCM) prescriptions 
have been widely accepted, and research has focused 
on their applications and mechanisms for treating 
infertility and gynecopathy in recent years in China (13-
15). Kunling Pill (KLP), a Chinese patent medicine, is 
available to treat women with infertility and recurrent 
spontaneous abortion. KLP is composed of 31 kinds of 
Chinese herbs, and a total of 169 active ingredients were 
identified (16). KLP can help promote angiogenesis, 
regulate the balance of serum hormones, improve oocyte 

quality and diminished ovary reserve, and enhance 
endometrial receptivity (16-18). However, the underlying 
mechanism of how KLP affects RIF patients remains 
unclear.
 This study was performed to determine the effect and 
possible mechanism of KLP on RIF. The effect of KLP 
on RIF patients was analyzed based on a retrospective 
study. Next, network pharmacology and a COH 
animal model were conducted to determine its possible 
mechanisms.

2. Materials and Methods

2.1. A clinical trial

2.1.1. Population

A retrospective study was carried out to evaluate the 
effect of KLP on patients with RIF at the Obstetrics 
and Gynecology Hospital of Fudan University between 
January 2021 and October 2022. The study received 
approval from the hospital's Ethics Committee (No. 
2021-154-X1) and was conducted according to the 
Declaration of Helsinki 2002. The flowchart indicates 
the recruitment of patients (Figure 1).
 RIF patients were selected following inclusion 
criteria: 1) at least three previous failures of IVF-
ET therapy; 2) age 20 - 40 years old; 3) regular 
menstrual cycle; 4) negative autoimmune antibodies; 
5) hysteroscopy or hysterosalpingogram indicating 
patency of at least one fallopian tube and normal cavity 
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Figure 1. Flowchart of patients included in this study
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conditions to collect the relevant compound components 
for preliminary screening. The potential targets of 
different compounds were further obtained and collated 
in the TCMSP database.
 The UniProt database (https://www.uniprot.org/) was 
searched to obtain the validated human protein targets 
using "Homo sapiens" and "Reviewed" as screening 
criteria. Gene targets of each compound in the TCMSP 
database were matched with protein targets in the 
UniProt database to obtain the target information. The 
compound-target relationship network was analyzed by 
Cytoscape 3.8.2 (http://cytoscape.org/).

2.2.2. Target prediction and protein-protein interaction 
(PPI) network

"Endometrial receptivity" related disease targets were 
collected from GeneCards (https://www.genecards.org/) 
database. The intersection between KLP and endometrial 
receptivity targets was further imported into the String 
database (http://string-db.org/). Screening conditions of 
"Homo sapiens" and "confidence level > 0.4" were used 
to construct the PPI network. Cytoscape software was 
applied for re-editing the network in a color-based mode. 
The core 20 target genes were screened by the cytohuba 
plugin of Cytoscape after that.

2.2.3. Functional enrichment analysis and biological 
network construction

The obtained top 20 target genes were enriched for gene 
ontology (GO) and kyoto encyclopedia of genes and 
genomes (KEGG) pathway analysis by the Metascape 
platform (https://metascape.org/gp/index.html). 
KEGG enrichment analysis was used to identify core 
signaling pathways in endometrial receptivity regulated 
by KLP. GO enrichment analysis includes molecular 
function (MF), cellular component (CC), and biological 
process (BP) analysis. The pathways were regarded to 
be significantly enriched when p < 0.05. The Hiplot 
platform (https://hiplot.com.cn/) and Oebiotech platform 
(https://cloud.oebiotech.cn/task/) were adopted to 
visualize GO and KEGG pathway analysis in this study.

2.3. Reagents

Pregnant mare serum gonadotropin (PMSG) and hCG 
were purchased from ProSpec Technogene (Ness-Ziona, 
Central District, Israel) for COH treatment. KLP was 
obtained from Tasly Pharmaceutical Co., Ltd. and was 
dissolved in saline. DNase I, collagenase type IV, and 
Chicago sky blue dye were bought from Sigma-Aldrich, 
Inc. (St. Louis, MO, USA). Estradiol (E2) (Senxiong 
Biotech, Shanghai, China) and progesterone (P) 
(BioVendor, Brno, Moravian, Czech Republic) enzyme-
linked immunosorbent assay (ELISA) kit were used for 
serum hormone measurement. Tissue RNA Purification 

morphology; 6) normal semen quality of male partner; 
7) normal chromosomal karyotype of the couple; 8) 
voluntary participation in the study, willingness to take 
medication and follow up according to the treatment 
protocol. The exclusion criteria were: 1) congenital 
uterine anomalies; 2) moderate or severe endometriosis, 
adenomyosis; 3) endocrine metabolic abnormalities, such 
as polycystic ovary syndrome, diabetes mellitus, insulin 
resistance and hypothyroidism; 4) autoimmune diseases 
such as systemic lupus erythematosus, antiphospholipid 
syndrome, dry syndrome and scleroderma; 5) positive for 
embolism; 6) use of donor sperm.

2.1.2. Design and treatment

Patients were randomized into the control and KLP 
groups for embryo transfer in IVF cycles. For the control 
group, once the ovulation was confirmed by ultrasound 
and serum progesterone was examined, patients were 
given a trimodality therapy including estradiol valerate 
(DELPHARM Lille S.A.S., Lille, Lys-Lez-Lannoy 
Cedex, France) 1 mg bid po + progesterone injection 
(Zhejiang Xianju Pharmaceutical Co., Ltd., Xianju, 
Zhejiang, China) 60 mg qd im + dydrogesterone (Abbott 
Biologicals B.V., Veerweg, Zuid-Holland, Netherlands) 
10 mg tid po. For the KLP group, patients were given 
KLP (Tasly Pharmaceutical Co., Ltd., Tianjin, China) 
15 pills bid po from day 2 or day 3 of the menstrual 
cycle. Once the ovulation was confirmed, the following 
procedure was the same as the control group except 
for KLP supplementation. The embryo transfer of the 
two groups was conducted on day 4 of the trimodality 
therapy; KLP was stopped on the day before embryo 
transfer.

2.1.3. Outcome

The primary outcome measure of live birth was defined 
as the delivery of newborns ≥ 20 weeks of gestation. 
Positive pregnancy test (positive for urine human 
chorionic gonadotrophin (hCG) test), clinical pregnancy 
(presence of gestational sac on ultrasound at 6 weeks of 
gestation), and ongoing pregnancy (heartbeat activity 
confirmed by ultrasound at 8 weeks of gestation) were 
considered as secondary outcomes.

2.2. Network pharmacology

2.2.1. S e l e c t i o n  o f  a c t i v e  i n g r e d i e n t s  b y 
pharmacokinetic absorption, distribution, metabolism, 
and excretion prediction

Relevant components contained in KLP were collected 
on the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform (TCMSP) 
(https://tcmsp-e.com/). We introduced drug likeness (DL) 
≥ 0.18 and oral bioavailability (OB) ≥ 30%  as screening 
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Kit and Color Reverse Transcription Kit were purchased 
from EZBioscience (Roseville, MN, USA). Hieff qPCR 
SYBR Green Master Mix was bought from Yeasen 
(Shanghai, China). Antibodies of estrogen receptor 
α (ERα) (Santa Cruz Biotechnology, Dallas, Texas, 
USA), eNOS (Abcam, Cambridge, Cambridgeshire, 
UK), integrin αVβ3 (Novus Biologicals, Centennial, 
CO, USA), and progesterone receptor (PR) (Santa Cruz 
Biotechnology) were used for immunohistochemistry 
(IHC). Live/Dead Cell Stain Kit and RPMI 1640 were 
purchased from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). BV605-conjugated anti-mouse CD3e or 
Gr1, PE-conjugated anti-mouse CD8, APC-conjugated 
anti-mouse CD62L or F4/80, APC-Cy7-conjugated anti-
mouse CD45, FITC-conjugated anti-mouse CD4 or 
CD11b, PerCP-Cy5.5-conjugated anti-mouse CD44, PE-
Cy5.5-conjugated anti-mouse CD3 antibodies, and Fc 
receptor blocker were purchased from Biolegend (San 
Diego, CA, USA), Thermo Fisher Scientific, or BD 
Pharmingen (San Diego, CA, USA).

2.4. Animals and treatments

8-week-old female and male C57BL/6 mice were 
purchased from the Laboratory Animal Facility of the 
Chinese Academy of Sciences (Shanghai, China). Mice 
were habituated to housing conditions for seven days on 
a 12 h light and dark cycle following the Chinese Council 
for Animal Care guidelines. The animal experiments 
were approved by the experimental animal ethics 
committee of Fudan University (No. 202210034S).
 Mice were divided into three groups: control (Ctrl), 
COH, and KLP; n =15 for each group. In the KLP group, 
mice were intragastrically administered 0.91 g/kg body 
weight (BW) KLP daily from the day of oestrus (18). 
Mice in control and COH groups received equivalent 
volumes of saline. After seven days of gavage and before 
mating, mice in COH and KLP groups were first treated 
with 5 IU/mouse PMSG by intraperitoneal injection 
and were injected with 5 IU/mouse hCG 48 h later. 
Mice in the Ctrl group accepted an equivalent volume 
of saline injection. After the final injection, all female 
and male mice were mated at a ratio of 2:1 overnight. 
The next morning vaginal plugs were examined to 
indicate successful mating (day 0.5 of pregnancy, PD 
0.5). Pregnant female mice were sacrificed on PD 4.5 for 
sample collection.

2.5. Analysis of embryo implantation

Chicago sky blue dye solution (0.1 g/kg-BW) 
was intravenously injected on PD 4.5 to visualize 
implantation sites. Mice were sacrificed 10 minutes later, 
and the intact uterus was separated to evaluate the blue 
and enclosed implantation sites within the uterine wall.

2.6. Histology and immunostaining

Ovarian and uterine t issues were fixed in 4% 
formaldehyde for 24 h and embedded in paraffin. 
Sections (4 μm thick) were deparaffinized, ehydrated, 
and stained with hematoxylin and eosin (H&E). For 
immunostaining, sections were brought to boil using a 
microwave for antigen retrieval and quenched using 3% 
hydrogen peroxide (H2O2). Specimens were blocked 
for 30 min and then incubated overnight at 4℃ with 
eNOS, ERα, PR, and integrin αVβ3 primary antibodies, 
respectively. The next day, samples were incubated with 
a biotinylated secondary antibody for 50 min after being 
rinsed in buffer and followed by 3,3'-diamino-benzidine 
staining. The slides were then photographed under a 
light microscope (Nikon Instruments, Inc., Shanghai, 
China). The quantitative analysis of eNOS, ERα, PR, and 
αVβ3 was determined using Image-Pro Plus 6.0 software 
(Media Cybernetics, Bethesda, MD, USA).

2.7. Scanning electron microscopy

Uterine samples were fixed in 2.5% glutaraldehyde and 
post-fixed with 1% osmium tetroxide. After several 
washes in the buffer, tissues were dehydrated and 
subjected to critical point drying (Quorum, Laughton, 
East Sussex, UK). The samples were then mounted on 
the specimen holder, sputter coated with palladium gold 
using an ion sputter coater (Hitachi, Tokyo, Japan). 
Endometrial pinopodes were finally visualized under a 
scanning electron microscope (Hitachi).

2.8. Measurement of hormone concentration

Blood samples were quickly collected by cardiac 
puncture after isoflurane anesthesia and solidified at room 
temperature. Serum was prepared to determine hormone 
concentration by centrifugation at 3,000 rpm for ten min. 
According to the manufacturer's protocol, serum E2 and P 
concentrations were examined using ELISA kits.

2.9. RT-qPCR

Total tissue RNA was isolated from pregnant mice 
using Tissue RNA Purification Kit following the 
manufacturer's instructions. Total RNA was used to 
synthesize cDNA using the Color Reverse Transcription 
Kit. Quantitative real-time PCR was performed with 
qPCR SYBR Green Master Mix on a QuantStudio 6-Flex 
(Applied Biosystems, Waltham, MA, USA). The relative 
gene expression was compared to β-actin and calculated 
using 2-∆∆Ct methods. The primers were synthesized 
by Sangon (Shanghai, China), and the sequences are 
shown in Table S1 (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=151).

2.10. Flow cytometric profiling of immune cells

Mice uterine fragments were prepared for single-cell 

http://www.ddtjournal.com/action/getSupplementalData.php?ID=151
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suspensions followed by continuous digestion in RPMI 
1640 containing collagenase type IV (Sigma-Aldrich, 
Inc.) and DNase I (Sigma-Aldrich, Inc.) at 37°C in a 
gentle shaker. Once the fragments were dissociated (30 
min), the cell suspension samples were passed through 
a 70 μm filter mesh and then resuspended in phosphate 
buffer solution (PBS) to count for further procedure. 
Single-cell suspensions were stained for 30 min at room 
temperature in the dark using a Live/Dead Cell Stain Kit 
and blocked with anti-CD16/CD32 mAb. Then the cell 
suspensions were stained with PE-anti-CD8, PE-Cy5.5-
anti-CD3, PerCP-Cy5.5-anti-CD44, BV605-anti-CD3e, 
BV605-anti-Gr1, FITC-anti-CD4, FITC-anti-CD11b, 
APC-anti-CD62L, APC-anti-F4/80, APC-Cy7-anti-
CD45. Flow cytometry was performed on CytoFLEX 
(Beckman Coulter, Brea, CA, USA), and data were 
analyzed with FlowJo software (Tree Star, Ashland, OR, 
USA).

2.11. TUNEL staining

Apoptosis in ovarian sections was detected by TUNEL 
Cell Apoptosis Detection Kit (Servicebio, Wuhan, Hubei, 
China). Paraffin sections were deparaffinized with xylene 
and rehydrated in graded alcohol series. The samples 
were washed in PBS and incubated with prepared 
Proteinase K working solution for 30 min at 37℃. After 
being quenched with 3% H2O2 for 20 min to inactivate 
the endogenous peroxidases, the samples were incubated 
with 50 μL Equilibration Buffer for 10 min and 56 μL 
TdT buffer at 37°C for 1 h, respectively. The slides were 
then rinsed with PBS and incubated with Streptavidin–
HRP conjugate at 37°C for 30 min. Finally, samples 
were stained with diaminobenzidine and counterstained 
with hematoxylin. The slides were finally photographed 
and analyzed using Image-Pro Plus 6.0 software (Media 
Cybernetics).

2.12. Statistical analysis

Continuous variables were presented as mean ± standard 
deviation (SD), and the differences were compared by 
t-test or one-way ANOVA if normally distributed. Data 
that did not conform to normality were subjected to the 
Mann-Whitney or Kruskal-Wallis test. All the above 
analyses were two-sided, and a p value < 0.05 was 
considered statistically significant. All statistical analyses 
were conducted using GraphPad software (San Diego, 
CA, USA).

3. Results

3.1. KLP improved the pregnancy outcomes of RIF 
patients

A total of 247 patients were included, of whom 192 
met the eligibility criteria, and 149 completed the 

follow-up. The demographic baseline characteristics 
of these individuals are presented in Table 1. Baseline 
characteristics of the Ctrl and KLP groups included age, 
body mass index (BMI), and the number of embryos 
previously transferred. No difference in baseline 
characteristics was found between the two groups. Both 
positive pregnancy test rates and clinical pregnancies 
had been improved in the KLP group versus the Ctrl 
group. We noted that all patients who achieved ongoing 
pregnancies resulted in live births. The KLP group 
showed ~2-fold higher ongoing pregnancy and live birth 
rates compared to the Ctrl group (Table 2).

3.2. Targets prediction and components identification of 
KLP

We use TCMSP to analyze the components of KLP. 
Two hundred and seventy-three active ingredients 
were predicted with the standard DL ≥ 0.18 and OB 
≥ 30% in KLP. The most common active ingredients 
include β-sitosterol (in 14 herbs), stigmasterol (in 11 
herbs), quercetin (in 10 herbs), and kaempferol (in 6 
herbs). All the active ingredients were further screened 
for the corresponding targets in the TCMSP database 
and matched with 295 targets of the UniProt database. 
The target genes associated with the active compounds 
in KLP were analyzed by Cytoscape software. The 
compound-target network of KLP contains 273 
compounds and 295 targets.

3.3. Network target analysis of KLP on endometrial 
receptivity

Based on the GeneCards and OMIM databases, 339 out 
of 678 target genes related to endometrial receptivity 
were collected and screened. Matching the 295 candidate 
targets of KLP on endometrial receptivity, 68 overlapping 
genes were considered hub targets in the drug-disease 
network. To further reveal the protein-protein interaction 

Table 1. Descriptive baseline characteristics of patients 
with RIF

Age (years old)
BMI (kg/m2)
No. of embryos previously transferred

Control group
(n = 77)

33.4 ± 3.8
21.2 ± 3.1
  4.3 ± 2.8

KLP: Kunling Pill; BMI; body mass index.

KLP group
(n = 72)

32.2 ± 4.2
22.0 ± 2.7
  4.7 ± 3.1

Table 2. Pregnancy outcomes of patients

Positive pregnancy test rate (%)
Clinical pregnancy rate (%)
Ongoing pregnancy rate (%)
Live birth rate (%)

Control group

25/77 (32.47)
21/77 (27.27)
13/77 (16.89)
13/77 (16.89)

KLP: Kunling Pill. *p < 0.05.

KLP group

29/72 (40.28)
26/72 (36.11)

  22/72 (30.56)*
  22/72 (30.56)*
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relationship of these targets, the PPI network, which 
contains 68 nodes and 1150 edges, was constructed 
by the STRING database and re-edited by Cytoscape 
software (Figure 2A). The top 20 target genes including 
TP53, ESR1, EGFR, MAPK3, AKT1, TNF, STAT3, 
CTNNB1, IL6, HIF1A, MYC, FOS, PTGS2, MMP9, 
CCND1, IL1B, HSP90AA1, PTEN, CXCL8 and IL10 
were screened using the cytohuba plug-in (Figure 2B, 
Table 3).

3.4. KEGG and GO enrichment analysis

Sixty-eight target genes were performed to explore the 
possible pathways of KLP in improving endometrial 
receptivity via the KEGG pathway and GO enrichment 
analysis. A total of 1445 significant GO terms were 
obtained. We found that the BP enrichment results 
were mainly related to gland development, response 
to the hormone or growth factor, regulation of 
apoptotic signaling pathway, cytokine production, and 
inflammatory response. MF processes were related to 
signaling receptor regulator activity, nitric-oxide synthase 
regulator activity, nuclear steroid receptor activity, 
integrin binding, hormone activity, etc. (Figure 3A). A 
total of 170 signaling pathways in KEGG enrichment 
analysis were screened out. The most significantly 
enriched pathways were presented in Figure 3B. The 
top-ranked pathways involved the estrogen signaling 
pathway, apoptosis, chemokine signaling pathway, 
progesterone-mediated oocyte maturation, cytokine-
cytokine receptor interaction, p53 signaling pathway, 
ovarian steroidogenesis, etc.

3.5. Effect of KLP on PD4.5 murine embryo implantation 
and endometrium

Firstly, we observed embryo implantation in COH murine 
model after KLP treatment. As shown in Figure 4A, the 
implantation sites at PD4.5 can be scored visually by 
Chicago sky blue dye. COH model resulted in impaired 
implantation compared to the Ctrl group. In contrast, the 
KLP group ameliorated the compromised endometrial 

receptivity by increasing the counting of implantation 
sites to complete recovery (Figure 4B, p < 0.001). 
Murine endometrial morphology was then observed by 
optical microscope and scanning electron microscope. 
H&E staining showed that the uterine endometrium of 
the COH mice was thinner than control ones (Figures 
4C-4D), with decreased endometrial glands and compact 
stroma (Figures 4E-4F). The orally given KLP thickened 
the endometrium and increased the endometrial glands 
of COH mice. The glandular lumen enlarged and 
contained secretory material. Vacuoles, which served 
as the dissolved ground substance of the glycogen 
particles, began to progress toward the glandular lumen. 
Meanwhile, the endometrial stroma became loose and 
edematous in KLP treated group. Pinopode formation at 
the top of the endometrial epithelium is well documented 
as a marker of endometrial receptivity. Compared to 
the Ctrl group, the absence of pinopodes in the COH 
group indicated damage to endometrial receptivity 

Figure 2. Identification of KLP's components and targets on endometrial receptivity. (A) PPI network showed the protein relationship 
between KLP and endometrial receptivity. The network was re-edited by Cytoscape. The node's color is marked from red to yellow according to 
the degree value in descending order. (B) Cytoscape showed the top 20 target genes. The higher the degree value, the deeper the color.

Table 3. Top 20 target genes of KLP

Rank

1
2
3
4
4
4
7
8
8
8

11
11
11
11
15
15
17

18
19
20

Gene

TP53
EGFR
ESR1

MAPK3
TNF
AKT1

CTNNB1
HIF1A

IL6
STAT3

FOS
MYC

MMP9
PTGS2
CCND1

IL1B
PTEN

HSP90AA1
CXCL8
RELA

Protein name

Cellular tumor antigen p53
Epidermal growth factor receptor
Estrogen receptor
Mitogen-activated protein kinase 3
Tumor necrosis factor
RAC-alpha serine/threonine-protein kinase
Catenin beta-1
Hypoxia-inducible factor 1-alpha
Interleukin-6
Signal transducer and activator of 
transcription 3
Proto-oncogene c-Fos
Myc proto-oncogene protein
Matrix metalloproteinase-9
Prostaglandin G/H synthase 2
G1/S-specific cyclin-D1
Interleukin-1 beta
Phosphatidylinositol-3,4,5-trisphosphate 
3-phosphatase and dual-specificity protein 
phosphatase PTEN
Heat shock protein HSP 90-alpha
Interleukin-8
Transcription factor p65

Score

60
59
58
56
56
56
55
54
54
54

51
51
51
51
49
49
48

45
44
42
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caused by the intervention of COH (Figure 4G). After 
KLP treatment, pinopode morphology and coverage 
were significantly improved, consistent with increased 
quantities (Figure 4H, p < 0.001).

3.6. Effect of KLP on mice estrogen and progesterone 
activity

The serum hormone of estrogen was compared among 
different groups in PD4.5 mice. COH evokes supra-
physiological serum levels of E2 and P, while KLP 
significantly attenuated their levels (Figures 5A-5B). 
The hormone receptors were further analyzed to explore 
changes in hormone signaling activation. Compared to 
the Ctrl group, RT-qPCR results suggested that Erα and 
Pr mRNA expression in the uterus was significantly 
downregulated in the COH mice (Figures 5C-5D), 
while KLP reversed it. A similar pattern was seen in 

protein level confirmed by IHC as KLP significantly 
repaired the decreased expression of ERα induced by 
COH intervention (Figures 5E-5F). We also examined 
progesterone activity as it collaborates with estrogen in 
successful implantation during WOI. IHC revealed that 
COH resulted in a significant drop in PR level, and KLP 
slightly elevated it (Figures 5G-5H).

3.7. Effect of KLP on endometrial receptivity and 
angiogenic activity in COH mice

Angiogenesis plays a crucial role in embryo implantation. 
We examined eNOS expression and found that eNOS 
was downregulated in the COH group and upregulated in 
the KLP group significantly, which suggests a potential 
target for KLP in angiogenesis (Figures 6A-6B). 
Integrin αVβ3 is a commonly used marker in assessing 
endometrial receptivity. We found that COH intervention 

Figure 3. Enrichment analysis of KLP on endometrial receptivity. (A) The biological process, cellular component, and molecular function of 
GO analysis were shown. (B) KEGG pathway analysis showed the top 20 enrichment pathways.
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downregulated its expression, and KLP reversed it 
significantly (Figures 6C-6D), which indicates that KLP 
may improve endometrial receptivity by regulating the 
expression of integrin αVβ3.

3.8. Effect of KLP on immune cell populations of the 
murine uterus

To determine the cellular distribution and differentiation 
of uterine immune cells after KLP administration on 
COH mice, flow analysis of single cells in uterine 
tissue identified the proportion of T cells, myeloid cells 
of neutrophils, and macrophages in three groups. The 
ratio of CD4+/CD8+ T cells demonstrated a significant 
drop by COH intervention and a partial rise by KLP 
treatment (Figures 7A-7B). T cell activation status was 
further assessed using the classic CD44 and CD62L 
markers. Around 51% of cells in the Ctrl group had a 
CD44+CD62L- effector phenotype. We found a 61% 
higher count of CD44+CD62L- T cells after the COH 
process, with a drop to 52% by KLP supplementation 
(Figures 7C-7D). The proportion of uterine myeloid 
cells was also analyzed. Compared to the Ctrl group, 

CD11b+Gr1+ neutrophils increased in the COH group, 
and KLP supplementation could lower the proportion 
significantly (Figures 7E-7F). The functions of 
macrophages are crucial for establishing and maintaining 
pregnancy. The flow cytometry implicated a significant 
rise in CD11b+F4/80+ macrophage induced by COH, and 
KLP decreased the frequency (Figures 7G-7H).

3.9. Effect of KLP on ovarian cell apoptosis

Given that KLP could regulate serum E2 and P levels, we 
speculated that KLP might affect ovarian function. The 
ovary morphology in three groups was first studied by 
H&E staining (Figure 8A). Compared to the Ctrl group, 
mice in the COH group had ovaries with poor follicles 
and reduced corpus luteum (Figure 8B). Treatment with 
KLP reversed this damage, as more follicles and less 
corpus luteum were observed (Figure 8B). Moreover, 
TUNEL staining distinguished the apoptotic granulosa 
cells (Figure 8C). The mean density of apoptotic cells 
rose significantly in the COH group compared to the 
Ctrl group (Figure 8D). Treatment with KLP could 
significantly recover the apoptosis induced by COH in 

Figure 4. KLP treatment improved the successful implantation and endometrial development on PD 4.5 in COH mice. (A) Representative 
uteri with implantation sites determined by Chicago sky blue (blue bands) at PD 4.5. (B) The mean number of implantation sites on PD 4.5 
in individual groups. (C) Representative H&E staining showed changes in murine endometrial thickness (40 ×). (D) The average endometrial 
thickness in each group. (E) Representative H&E staining showed changes in the morphology of uterine glands and stroma (200×). (F) The 
average number of uterine glands in each group. (G) The endometrial pinopode was observed using SEM (1000 ×). (H) Quantitation of pinopodes 
per field. Data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001. Scale bar, (A) 5 mm, (C) 200 μm, (E) 50 μm, and (G) 50 μm.
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the murine ovary. Thus, we further checked the related 
gene expression concerning apoptosis. mRNA expression 
of anti-apoptotic Bcl-2 was downregulated in the COH 
model compared to the Ctrl group, and KLP significantly 
reversed the expression (Figure 8E). Mice in the model 
and Ctrl groups reached significant differences in 
apoptotic Bax and Caspase 3 gene expression (Figures 
8F-8G). After KLP administration, the expression of Bax 

and Caspase 3 was significantly lower than that in the 
COH group (Figures 8F-8G), demonstrating the potential 
role of KLP in inhibiting apoptosis induced by COH 
intervention.

4. Discussion

In the present study, our results validated KLP as a 

265

Figure 5. KLP treatment altered ovarian hormone activity impaired by COH. (A-B) ELISA determined serum levels of (A) estrogen and (B) 
progesterone. (C-D) mRNA expression of hormone receptor (C) Erα and (D) Pr in murine uterus. (E-F) Representative IHC staining pattern and 
quantitative analysis of ERα in murine uterus. (G-H) Representative IHC staining pattern and quantitative analysis of PR in murine uterus. Data 
are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar, 50 μm.

Figure 6. KLP ameliorated endometrial receptivity and angiogenic activity in COH mice. (A) Representative IHC staining of eNOS in the 
murine uterus from each group. (B) The expression of eNOS was quantified as relative mean density. (C-D) Representative IHC images and 
quantification of integrin αVβ3 in the murine uterus from each group. Data are presented as the mean ± SEM. *p < 0.05, ***p < 0.001. Scale bar, 
50 μm.
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Figure 7. KLP affected uterine immune cell profiles of COH mice based on flow cytometry analysis. (A-B) The population of uterine CD4+ 
T cell and CD8+ T cell in mice. Data are plotted as CD4+/CD8+ ratio in T cells. (C-D) T cell activation status was detected using CD44 and 
CD62L markers. Data depict the percentages of CD44+CD62L- T cells. The percentages of (E-F) neutrophil (CD11b+Gr-1+) and G-H) macrophage 
(CD11b+F4/80+) in the uterus. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01.

Figure 8. KLP inhibited ovarian apoptosis induced by COH. (A) Representative H&E staining showed ovarian morphology in each group. (B) 
The number of corpus luteum in the murine ovary was calculated. (C) Detection of apoptotic cells in the ovary by TUNEL staining. (D) TUNEL-
positive cells were quantified as relative mean density. Expression of apoptosis-related genes (E) Bcl-2, (F) Bax, and (G) Caspase 3 were 
examined by RT-qPCR. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar, (A) 100 μm and (C) 50 μm.
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beneficial assisting therapy for RIF firstly. Secondly, 
an integrated strategy was performed to explore and 
identify the components of KLP by integrating network 
pharmacology. Finally, we demonstrated that KLP 
improved impaired endometrial receptivity via Bcl-2/
Bax/caspase-3 pathway in a COH model.
 Successful pregnancy is a physiological process, 
which seems to be a silent "war" between the embryo and 
the mother (2). Approximately 12.7% of reproductive-
age women seek infertility treatment each year, which 
is increasing yearly (19). Although success rates are 
raised with ART, it still cannot meet clinical demands. 
TCM, a complementary and alternative medical system, 
has been utilized widely in China. Given that KLP is 
a Chinese patent medicine for infertility, our clinical 
study in RIF patients indicated an increased pregnancy 
rate and live birth rate under a trimodality therapy with 
KLP application (30.56%), compared to the trimodality 
treatment (16.89%).
 The composition of TCM is complex; all kinds of 
Chinese medicine often have some similar chemical 
components, so the search for the main effective 
components will help to analyze the key points of 
Chinese medicine in treating diseases and provide 
direction for the follow-up molecular mechanism. 
Network pharmacology, a biological system analysis 
approach, was utilized to uncover the relationship 
between multi-component medicines and the network 
target of diseases (20-21). The topological analysis 
found twenty key targets of KLP, including TP53, ESR1, 
EGFR, MAPK3, AKT1, TNF, STAT3, CTNNB1, IL6, 
HIF1A, MYC, FOS, PTGS2, MMP9, CCND1, IL1β, 
HSP90AA1, PTEN, CXCL8, and IL10. These 20 targets 
are closely related to endometrial receptivity. Studies 
have shown that endometrial receptivity is closely 
associated with inflammatory factors, such as IL6, IL1β, 
and CXCL8, predicting the function of KLP on the 
immune system. In GO enrichment analysis, the estrogen 
and apoptotic signaling pathways were highlighted. 
In brief, these results indicated a combination of 
mechanisms of KLP in suppressing inflammation, which 
was validated by flow cytometry analysis in vivo.
 According to the research results of network 
pharmacology, we conducted an in vivo experiment at the 
animal level to verify the results from the bioinformatics 
analysis. KLP could ameliorate a pseudodecidual-like 
effect on murine uterine endometrium. Morphological 
changes carried out by KLP supplementation that 
coincident with the secretory phase reveal a receptive 
state of mice endometrium. Evaluation of sex steroids 
indicates that KLP may regulate endogenous hormones 
corresponding to the receptive endometrium. In our 
research, over secretion of E2 and P was induced by 
PMSG and hCG, which act as exogenous gonadotropin 
in COH mice. KLP helps in homeostasis by restoring 
hormones to normal levels.
 There are two types of ER and PR in mice, ERα/β 

and PR-A/B. ERα and PR-A are the main receptors in 
the establishment of endometrial receptivity in knock-
out mice (22-24). The maximal ERα and PR expression 
occurred in the menstrual cycle's mid-to-late proliferative 
phase (25). It was noted that elevated progesterone 
correlated with the under-expression of ERα in glandular 
epithelium (26). In our study, we detected a similar 
pattern where ERα decreased in COH mice, along 
with a high level of progesterone concentration. KLP 
supplementation raised the expression of endometrial 
ERα and PR, demonstrating the ameliorating effect 
of KLP on impaired endometrial receptivity through 
hormone receptors signals, consistent with the results 
of network pharmacology. In a normal pregnancy mice 
model, the expression of eNOS was found to be stood 
out on gestation day 5 and was higher in implantation 
sites compared to that inter-implantation sites (27). In 
idiopathic recurrent spontaneous miscarriage patients, 
eNOS down-regulation is associated with vascular 
dysfunction and impaired endometrial perfusion, possibly 
making the endometrium unreceptive (28). In cases of 
unexplained infertility, integrin αVβ3 is significantly 
lower in endometrium and has great predictive value 
for endometrial receptivity among biomarkers in the 
uterine fluid (29-30). Cyperus Rotundus L., one of 
the main components of KLP, enhances the adhesion 
of trophoblastic cells onto endometrial Ishikawa cells 
by upregulating leukemia inhibitory factor-dependent 
integrin αVβ3 expression (31). Our study showed that 
KLP could promote eNOS and integrin αVβ3 expression 
in mice endometrium, confirming the potential effect of 
KLP on ameliorating impaired endometrial receptivity.
 GO enrichment analysis suggested that inflammatory 
response may be related to the efficacy of KLP. Since 
immune cells were involved in the inflammatory 
response during the peri-implantation period (32), flow 
cytometry was used to detect the proportion changes of 
uterine immune cells. A decrease in the ratio of CD4+/
CD8+ T cells by COH intervention revealed a relative 
increase in cytotoxic CD8+ T cells, which was partially 
reversed by KLP supplementation. Proportions of 
CD11b+Gr1+ neutrophils and CD11b+F4/80+ macrophage 
were significantly reduced in the KLP group implicating 
the immune regulation effect of KLP.
 Apoptotic signaling pathways may play a role in 
the regulation of KLP, as indicated by KEGG and 
GO enrichment analysis. Therefore, we assessed the 
apoptosis of the murine ovary by TUNEL staining and 
qPCR. KLP ameliorated COH-induced ovarian apoptosis 
via upregulating Bcl-2 expression and downregulating 
the expression of Bax and Caspase 3. High-level estrogen 
binds to phosphodiesterase 3A and induces apoptosis by 
blocking the endoplasmic reticulum-mediated translation 
of BCL-2 and other anti-apoptotic proteins (33). We 
speculated that KLP might partially exert its role through 
an anti-apoptotic action in COH mice by reducing the 
excessive hormone levels.
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 In conclusion, the present study demonstrated 
that KLP administration raised the live birth rate 
in RIF patients, improved the morphology of COH 
mice endometrium, and regulated the expression of 
endometrial receptivity biomarkers, serum hormones, 
and immune cells, which were due to that KLP 
ameliorated the impaired endometrial receptivity via Bcl-
2/Bax/caspase-3 pathway.
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Apolipoprotein E (ApoE), a ligand for low-density lipoprotein receptors, is strongly induced during 
osteogenesis and has a physiologic role in regulating osteoblast function, but the mechanisms of 
its action are still unclear. The study aims to elucidate the influence and molecular mechanisms of 
ApoE on bone formation. An ovariectomy-induced osteoporotic model were conducted in ApoE 
knockout (ApoE-/-) mice to study the effect of ApoE on the bone system. Bone quality were assessed 
through bone mineral density and histomorphometric analysis. To investigate the underlying role and 
mechanisms of ApoE during osteogenesis, primary osteoblasts from the calvariums of newborn ApoE-

/- or wild-type (WT) mice were cultured in the osteoblastic differentiation medium in vitro for further 
research. Our animal experiment data showed that ApoE-/- mice exhibited bone loss, exacerbated by 
estrogen deprivation after ovariectomy. ApoE deficiency attenuated osteoblast activity and inhibited 
osteoblast osteogenesis, accompanied by decreased osterix expression. ApoE deficiency did not affect 
primary osteoblast viability and collagen-1 expression. Moreover, osteoprotegerin expression in ApoE-/- 
osteoblasts was reduced compared to WT controls. Our study demonstrated that ApoE gene deficiency 
contributed to bone loss and attenuated osteogenesis by down-regulating osterix expression.

1. Introduction

Osteoporosis and atherosclerosis are both prevalent 
diseases in postmenopausal women with bone and 
lipid metabolism disorders due to estrogen deficiency 
(1). Osteoporosis, characterized by decreased bone 
mass and density, could increase fracture risk, while 
atherosclerosis, characterized by dyslipidemia, is a 
syndrome affecting arterial blood vessels. Evidence 
notes that lipid metabolism is closely associated with 
bone metabolism. Recently, a study that included 1,116 
Chinese female participants found that total cholesterol, 
low-density lipoprotein (LDL), and high-density 
lipoprotein (HDL) had a remarkable negative correlation 
with bone mass density at the lumbar spine (2). Another 
case-control study conducted with 150 individuals with 
metabolic syndrome has shown that vertebral fracture 
was a risk factor for coronary events (3). These studies 
imply that osteoporosis might share the same underlying 
pathogenesis as atherosclerosis. 

 Emerging evidence also shows that hyperlipemia 
might be a potent and important risk factor for 
osteoporosis (4). As we know, bone and fat originate 
from the same progenitor cell, multipotent mesenchymal 
stem cells (MSCs), which can differentiate into myoblasts 
or adipocytes under certain conditions (5). The products 
from LDL oxidation inhibit osteogenic differentiation 
and facilitate adipogenic differentiation of progenitor 
marrow stromal cells (6,7), resulting in osteoporotic 
bone loss. Oxidized lipids could regulate hyperlipidemia-
induced parathyroid hormone resistance in bone 
anabolism in mice (8). Further on, in addition to their 
cholesterol-lowering effect, statins have been shown the 
bone anabolic action, indicating their protection against 
diseases such as osteoporosis (9). The pathogenesis 
of osteoporosis mainly results from the imbalance 
between osteoblasts and osteoclasts (10,11). Osteoblasts 
participate in bone formation while osteoclasts induce 
born absorption; bone formation could be hindered if 
disorders occur during osteoblasts' proliferation and 
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differentiation. Crosstalk between osteoblasts and 
osteoclasts is indispensable for maintaining the balance 
of bone metabolism (11-13). Osteoclastogenesis can be 
regulated by osteoblasts mainly through the receptor 
activator of the nuclear factor-κB (RANK) ligand 
(RANKL)/RANK/osteoprotegerin (OPG) axis (14).
 Apolipoprotein E (ApoE), a significant plasma 
lipoprotein and a ligand for low-density lipoprotein 
receptors, is present in various tissues and expressed 
in different cells, including osteoblast, regulating 
the transportation and metabolism of lipids (15). 
Hyperlipidemia usually results from the gene mutations 
such as ApoE, which can be strongly induced during the 
mineralization of the primary osteoblasts ex vivo (16). 
Mice lacking ApoE, with a significant plasma cholesterol 
level, have displayed a high bone mass phenotype. In 
contrast, bone resorption was not affected due to an 
accelerated rate of bone formation (16,17). However, 
Hirasawa H et al. observed that ApoE knockout (ApoE-

/-) mice had reduced bone formation with a high-fat diet 
(18). Estrogen is a critical factor that could regulate 
both bone and lipid metabolisms. Estrogen decline 
during menopause causes lipid profile changes (19). Our 
previous study showed that estrogen could up-regulate 
the gene expression of ApoE receptors during osteoblast 
differentiation in vitro (20). The above observations 
indicated that ApoE might play a physiologic role in 
regulating osteoblast function, yet molecular mechanisms 
remained unclear.
 In this work, ApoE-/- mice, which underwent 
ovariectomy or not, were conducted to probe the 
effect and underlying mechanisms of ApoE deficiency 
on the bone system. Bone mineral density (BMD) 
and histomorphometric parameters were analyzed to 
assess bone quality. To further investigate the relative 
mechanisms of bone metabolism regulated by ApoE 
deficiency, primary osteoblasts from newborn ApoE-/- 
and wild-type (WT) mice were cultured in vitro. Further 
experiments were carried out to explore mechanisms 
that ApoE deficiency regulates osteoblast-mediated 
osteoclastogenesis through RANKL/RANK/OPG axis.

2. Materials and Methods

2.1. Materials

The assay kits for total cholesterol (TC), LDL 
cholesterol, and HDL cholesterol were purchased from 
Nanjing Jiancheng Bioengineering Institute (Jiangsu, 
China). 4% paraformaldehyde (PFA) was purchased 
from Shanghai USEN Biological Technology Co., Ltd. 
(Shanghai, China). The tartrate-resistant acid phosphatase 
(TRAP) staining kit, calcein, β-glycerophosphate, 
ascorbate, dexamethasone, collagenase, 1α,25-(OH)2 
vitamin D3 [1,25(OH)2D3], prostaglandin E2 (PGE2), 
and DMEM were obtained from Sigma-Aldrich, Inc. 
(St. Louis, MO, USA). Toluidine blue staining solution 

was commercially obtained from Leagene Biotech Inc. 
(Beijing, China). Alpha minimum essential medium 
(α-MEM) medium, fetal bovine serum (FBS), and 
lipofectamine 2000 were obtained from Thermo Fisher 
Scientific Inc. (CA, USA). Dispase was purchased from 
F. Hoffmann-La Roche, Ltd. (Basel, Schweiz). OricellTM 
MSC osteogenic differentiation medium was bought 
from Cyagen Biosciences Inc. (Santa Clara, CA, USA). 
Penicillin, streptomycin, 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP)/nitroblue tetrazolium chloride (NBT), 
and MTT were obtained from Beyotime Biotech Inc. 
(Shanghai, China). The alkaline phosphatase (ALP) 
activity assay kit and Alizarin red S were purchased 
from GenMed Scientific Inc. (Shanghai, China). SYBR 
Premix Ex Taq II kits, RNAiso Plus, and PrimeScript RT 
Master Mix were commercially obtained from Takara 
Bio Inc. (Dalian, China). Si-ApoE and negative control 
(NC) were purchased from GenePharma Co., Ltd. 
(Shanghai, China). OPG was purchased from USCN 
Life Sciences Inc. (Wuhan, China). Primary antibodies 
against runt-related transcription factor 2 (Runx2), 
osterix, β-actin, and collagen-1 were purchased from 
Abcam Plc. (Cambridge, UK). 

2.2. Animals

ApoE-/- and WT mice with C57BL/6 genetic background, 
aged 10-12 weeks, were commercially acquired from 
the Shanghai laboratory animal center of the Chinese 
Academy of Sciences (Shanghai, China). The mice 
were housed in a humidity-controlled (43 ± 8%) and 
temperature-controlled (23 ± 0.5℃) environment with a 
12 h light and 12 h dark cycle. The Ethics Committee of 
Fudan University permitted the experimental protocols 
(approval number JS-020), which were carried out 
following the guidelines of Fudan University and the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. 
 Mice were mated with the same genotype, and 
newborn mice (2 days old) were used to isolate primary 
osteoblasts. ApoE-/- and WT mice (8 weeks old) were 
divided into four groups: ovariectomized (OVX) WT 
group, OVX ApoE-/- group, sham WT group, and sham 
ApoE-/- group (n = 6 for each group). Mice in the two 
OVX groups underwent ovariectomy through bilateral 
incisions, while mice in the two sham groups underwent 
the same surgical procedure without ovariectomy. After 
12 weeks, murine blood, femur, and tibia sample were 
collected and analyzed.

2.3. Assessment of serum lipid profiles 

Peripheral blood samples were collected from isoflurane-
anesthetized mice by cardiac puncture to prepare the 
serum. Serum TC, LDL cholesterol, and HDL cholesterol 
were evaluated with a HITACHI-7080 automatic 
biochemical analyzer (Hitachi High-Tech Corporation, 
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cells in 6-well plates were used for ALP activity analyses 
after treating osteogenic differentiation medium for seven 
days. BCIP/NBT is the preferred staining substrate for 
ALP detection, and we performed ALP staining referring 
to the manufacturer's instructions. According to the 
protocol, an alkaline phosphatase activity assay kit was 
used to detect ALP activity in cell lysate. The pictures 
were obtained with a microscope (Nikon Corporation, 
Tokyo, Japan).

2.9. Alizarin red S staining

The calcium deposits of differentiated primary 
osteoblasts in 24-well culture plates were stained using 
Alizarin red S according to the provided protocol after 
osteogenic induction medium treatment for 21 days (23). 
Then the number of bone nodules was observed with a 
microscope (Nikon Corporation) and counted.

2.10. Proliferation analysis 

1 × 103 per well primary osteoblasts were seeded into 
96-well plates to perform MTT assay to monitor cell 
viability. The medium was exchanged with the MSC 
osteogenic differentiation medium when cells were 
fully adherent. 0.5 mg/mL MTT reagent was added 
separately after 12, 24, 48, and 96 h and incubated at 
37℃ for 4 h. The precipitation was dissolved in dimethyl 
sulfoxide after the supernatant was gently removed. 
Absorbance at 490 nm was determined with an enzyme-
linked immunometric meter (Bio-Tek 800, Agilent 
Technologies, Inc., CA, USA). 

2.11. RNA isolation and reverse transcription-quantitative 
PCR (qRT-PCR) 

Primary osteoblasts were cultured in 6-well culture plates 
for 0, 3, 7, and 21 days, and then cells were collected 
to detect the gene expression. Primary osteoblasts 
were cultured for seven days and sequentially treated 
with or without 10-6 M 1,25(OH)2D3 and 10-8 M PGE2 
for 0, 1, and 2 days; the cells were used to detect 
the gene expression. Total RNA was extracted with 
an RNAiso Plus, referring to the provided protocol. 
Reverse transcription of total RNA was handled with 
a PrimeScript RT reagent kit. Quantitative PCR was 
conducted on Applied Biosystems 7900 HT (Thermo 
Fisher Scientific Inc.). Gene expression was analyzed 
with the 2-∆∆CT method. The used primers are listed in 
Table 1.

2.12. Cell line MC3T3-E1 culture and transfection

MC3T3-E1, a mouse osteoblastic cell line, was 
commercially acquired from American Type Culture 
Collection (ATCC; Rockville, MD, USA) and cultured in 
DMEM with 10% FBS. For further research, MC3T3-E1 

Tokyo, Japan).

2.4. BMD and histomorphometric analysis

Dual-energy X-ray absorptiometry (DXA) was conducted 
to determine BMD with an animal PIXImus densitometer 
(Lunar; GE Corp., Fairfield, CT, USA), which the same 
technician performed. Uniformity was conducted by 
selecting consistent regions of interest from each sample 
for analysis. Bone structural parameters were detected 
with micro-computed tomography (micro-CT, Skyscan 
1176, Bruker Corporation, Massachusetts, USA).

2.5. Immunohistochemistry

As previously described (21), after being fixed in 4% 
PFA, the murine tibiae were proceeded for decalcification 
with ethylenediaminetetraacetic acid, staining with 
TRAP for osteoclasts identification; the fixed murine 
tibiae were then stained with toluidine blue for analysis. 
Histological changes were observed using a microscope 
(Olympus, Tokyo, Japan).

2.6. Calcein labeling analysis

The bone formation sites were labeled with calcein 
referred to previous methods. Briefly, mice were 
administrated with calcein through intraperitoneal 
injection 7 and 2 days before the end of the experiment 
(21). Two nonconsecutive sections were collected from 
the tibia to measure bone formation rate (BFR) and 
mineral apposition rate (MAR) with a fluorescence 
microscopy (Olympus BX-60, Tokyo, Japan). The 
parameters, including BFR and MAR were analyzed 
referring to the previous protocols (22). 

2.7. Primary osteoblasts isolation and differentiation

According to the genotype, primary osteoblasts were 
isolated from the calvaria of the newborn ApoE-/- and WT 
mice (23). Skull bones were digested five times (10 min 
each time) in α-MEM medium supplemented with 0.5% 
dispase and 0.1% collagenase. The first digestion was 
discarded; cells were collected from the remainder of the 
digestion and cultured in complete α-MEM for further 
study. The cell density in 24-well or 6-well culture plates 
is 5 × 104 per well or 1 × 105 per well, respectively. When 
cells reached 80% confluence, osteoblasts differentiation 
was induced in OricellTM MSC osteogenic differentiation 
medium with ingredients from the kit as follows: MSC 
osteogenic differentiation basal medium supplemented 
with 10% MSC-qualified FBS, 1 M β-glycerophosphate, 
20 mM ascorbate, and 1 mM dexamethasone.

2.8. ALP staining and activity analyses

Cells in 24-well plates were used for ALP staining, and 



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):270-278.273

was cultured in MSC osteogenic differentiation medium 
and transfected with si-ApoE or NC using Lipofectamine 
2000. Cells were lysed to extract protein for western blot.

2.13. Western blot analysis

Cell protein samples were isolated, quantified, and 
denatured in sequence. The insoluble debris was 
removed by centrifugation, and the supernatant was 
retained for western blot analysis. Proteins were 
separated by electrophoresis on 10% sodium dodecyl 
sulfate polyacrylamide gels and transferred to a Hybond 
membrane. The membranes were blocked with non-fat 
milk, followed by incubation with primary antibodies 
against Runx2, osterix, collagen-1, and β-actin overnight 
at 4˚C. They are rinsed in a washing buffer three times 
and subsequently incubated with secondary antibodies. 
Signals were detected using a chemiluminescence 
system and displayed on an Amersham Imager 600 (GE 
Healthcare Life Sciences, MA, USA).

2.14. Enzyme-linked immunosorbent assay (ELISA)

Primary osteoblasts were cultured in the MSC osteogenic 
differentiation medium for seven days and then incubated 
with or without 1,25(OH)2D3/PGE2 for 1 and 2 days. 
The culture supernatants were collected and used to 
detect the concentrations of OPG in accordance with the 
manufacturer's protocol.

2.15. Statistical analysis
 
Data were presented as the mean ± SEM. One-way 
ANOVA was performed followed by Bonferroni-Holm-
adjusted post-hoc comparisons among three or more 
groups. The student's t-test was applied between two 
groups. p < 0.05 represented a significant difference.

3. Results

3.1. Bone loss was exacerbated in ApoE-deficient mice

Since deficiency of the ApoE gene is critical in 
cholesterol transport in mice, we first assessed serum 
lipid profiles. ApoE-/- mice showed a significantly 
increased serum TC and LDL cholesterol but reduced 

HDL cholesterol levels (Figure 1A), in accordance with 
a previous study (18). Ovariectomy did not affect serum 
levels of TC, LDL, and HDL (Figure 1A). To further 
explore femoral bone histomorphometric changes in 
ApoE-deficient mice, micro-CT analysis was performed 
to analyze bone properties. In the two sham groups, 
decreased BMD was observed in the bone trabecula of 
ApoE-/- mice but not WT mice (Figure 1B-1C left); in 
the two OVX groups, ApoE deprivation exacerbated 
the decrease in trabecular BMD compared to the WT 
mice (Figure 1B-1C left); OVX ApoE-/- mice had a 
lowest trabecular BMD in the four groups (Figure 1B, 
1C left). Cortical BMD remained indistinguishable 
among the four groups, indicating ovariectomy or ApoE 
deficiency didn't affect cortical BMD (Figure 1B-1C 
right). Ovariectomy resulted in a decreased trabecular 
BMD, bone volume/tissue volume (BV/TV) ratio 
(Figure 1D), trabecular thickness (Tb.Th, Figure 1E), 
trabecular number (Tb.N, Figure 1G), and a remarkable 
increase in trabecular separation (Tb.Sp, Figure 1F), 
indicating a bone loss after estrogen deprivation through 
ovariectomy. Interestingly, ApoE deficiency aggravated 
the reduction of the BV/TV ratio, Tb.Th, and Tb.N and 
improved the Tb.Sp value (Figure 1C-G). OVX ApoE-

/- mice had the lowest values of the BV/TV ratio, Tb.Th, 
and Tb.N and the highest Tb,Sp value in the four groups 
(Figure 1C-1G), showing ApoE deficiency aggravated 
bone loss. 
 To further explore the effects of ApoE deficiency on 
bone tissue homeostasis, we detected the static and bone 
dynamic histomorphometric parameters. The number 
of osteoblasts and osteoclasts were both increased 
in OVX mice, along with elevated BFR (Figure 1J, 
1M) and MAR (Figure 1J, 1N), compared to the sham 
control mice; however, ApoE deficiency significantly 
reduced the number of osteoblasts (Figure 1H, 1K), 
BFR values (Figure 1J, 1M), and MAR values (Figure 
1J, 1N). In contrast, the number of osteoclasts remained 
indistinguishable between WT and ApoE-/- mice (Figure 
1I, 1L). These results indicated that ApoE deficiency 
resulted in osteopenia, possibly due to reduced 
osteoblastogenesis.

3.2. ApoE deficiency attenuated osteoblast activity 
and inhibited mineralization of differentiated primary 
osteoblasts 

Table 1. The used primers are listed

Gene

Runx2
Osterix
Collagen-1
Opg
Rankl
β-actin

Forward Primer

GACAGTCCCAACTTCCTGTG 
GCTCGTAGATTTCTATCCTC

TGACTGGAAGAGCGGAGAGTA
CCTTGCCCTGACCACTCTTAT

CAAGATGGCTTCTATTACCTGT
CCTCTATGCCAACACAGT

Opg: Osteoprotegerin; Rankl: Receptor activator of the nuclear factor-κB ligand; Runx2: Runt-related transcription factor 2.

Reverse Primer

GCGGAGTAGTTCTCATCATTC 
CTTAGTGACTGCCTAACAGA

GACGGCTGAGTAGGGAACAC
CGCCCTTCCTCACACTCAC

TTGATGCTGGTTTTAACGAC
AGCCACCAATCCACACAG
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Figure 1. ApoE deficiency enhanced ovariectomy-induced bone loss. Eight-week-old mice underwent ovariectomy in OVX ApoE-/- and OVX 
WT groups; mice in sham ApoE-/- and sham WT groups underwent the same surgical procedure without ovariectomy. n = 6 for each group. After 
12 weeks, all mice were sacrificed; serum and bone tissues were harvested for further investigation. (A) Serum levels of TC, LDL, and HDL. 
DXA was performed to measure trabecular and cortical BMD in each group. Micro-CT was used to determine the femoral phenotype in each 
group. (B) Micro-CT images. (C) Trabecular BMD and cortical BMD of femora. (D) BV/TV ratio, (E) Tb.Th, (F) Tb.Sp, and  (G) Tb.N were 
measured. Histological analysis of the proximal tibiae in each group: (H) Toluidine blue staining, (I) TRAP staining, and (J) double calcein 
labeling. (K) Osteoblast surface/BS (%), (L) osteoclast surface/BS (%), (M) BFR, and (N) MAR were measured using the Osteo-Measure 
Histomorphometry System. (H-I) Scale bar represents 50 μm. (J) Scale bar represents 2 μm. Values are presented as the mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001.

Figure 2. ApoE deficiency attenuated osteoblast activity and inhibited the mineralization of differentiated osteoblasts. Primary osteoblasts 
from ApoE-/- and WT mice were treated with an MSC osteogenic differentiation medium. After osteogenic induction for seven days, (A) ALP 
staining was used to evaluate osteoblast activity; (B) the quantitative analysis of ALP activity in cell lysate was determined using an ALP activity 
analysis kit. (C) Alizarin Red S staining was performed after osteogenic induction for 21 days, and (D) the number of mineralized nodules per 
well was calculated. (E) MTT assay was conducted to detect the cell viability of primary osteoblasts after being cultured with an osteogenic 
differentiation medium for 12, 24, 48, and 96 h. Values are presented as the mean ± SEM of at least three experiments. **p < 0.01.
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To explore mechanisms of ApoE deficiency affecting 
bone metabolism, primary osteoblasts from ApoE-

/- and WT mice were cultured in MSC osteogenic 
differentiation medium. ALP staining was conducted 
to evaluate the ALP activity of osteoblasts. Fewer blue 
spots showed that the ALP activity of ApoE-/- osteoblasts 
decreased compared to the osteoblasts from WT mice 
(Figure 2A). Meanwhile, ALP activity in the cell lysate 
from ApoE-/- osteoblasts was also significantly reduced 
(Figure 2B). As shown in Figure 2C-2D, the number of 
osteoblastic calcium nodules in ApoE-/- osteoblasts was 
less than that in osteoblasts from WT controls, indicating 
that ApoE deficiency suppressed bone formation in 
vitro. In addition, to explore whether ApoE deficiency 
can affect the proliferation activity of the osteoblasts, an 
MTT assay was conducted to detect cell activity on the 
primary osteoblasts from WT and ApoE-/- mice in vitro. 
Data showed that ApoE deficiency had no noticeable 
impact on the cell viability of osteoblasts (Figure 2E). 

3.3. ApoE deficiency inhibited the expression of osterix 
during the late stage of osteoblast differentiation in vitro

Osterix and Runx2 are key transcriptional factors during 
osteoblast differentiation; Runx2 is an early molecular 
regulator, whereas osterix is expressed in the late 
stage of osteoblast differentiation (24,25). Osteoblast 
differentiation was induced in vitro to assess the relative 
gene levels. Results demonstrated that the mRNA 
expression levels of Runx2 in osteoblasts from ApoE-/- 
mice were higher on days 0, 3, and 21 compared to WT 
controls (Figure 3A). The osterix mRNA expression in 
osteoblasts from ApoE-/- mice was down-regulated on 
day 21, but there was no significant change on day 7 
(Figure 3B). Meanwhile, the osterix protein expression 
in the si-ApoE group was reduced (Figure 3D), agreeing 
with the tendency of the reduced mRNA level. As 
shown in Figure 3C-3D, we didn't observe a noticeable 
difference in collagen-1 expression between ApoE-/- and 
WT osteoblasts.

3.4. ApoE deficiency down-regulated OPG expression 
and Opg/Rankl ratio

Osteoblasts can regulate osteoclast differentiation by 
expressing OPG and RANKL through the RANKL/
RANK/OPG system, a vital signaling pathway involved 
in osteoclastogenesis. Primary osteoblasts from ApoE-

/- and WT mice were treated with 1,25(OH)2D3/PGE2. 
A notable reduction in the Opg mRNA level was 
observed in osteoblasts from ApoE-/- mice (Figure 4A), 
whereas ApoE deficiency did not affect the Rankl mRNA 
level (Figure 4B). However, the ratio of Opg/Rankl 
significantly decreased in ApoE-/- osteoblasts compared 
to WT controls (Figure 4C). Moreover, the OPG protein 
level in the supernatant of ApoE-/- osteoblasts was 
remarkably reduced, indicating ApoE deficiency might 
affect the function of osteoblasts (Figure 4D).

Figure 3. ApoE deficiency impaired the expression of osterix. Primary osteoblasts were cultured in an osteogenic induction medium for 0, 3, 
7, and 21 days. Cells were harvested for total RNA extraction, and qRT-PCR was performed to analyze the gene expression. (A) Runx2 mRNA 
expression. (B) Osterix mRNA expression. (C) Collagen-1 mRNA expression. Values are presented as the mean ± SEM. (D) Western blot was 
performed to analyze protein levels of Runx2, osterix, and collagen-1 in mouse osteoblastic cell line MC3T3 after transfection with NC or si-
ApoE. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 4. ApoE deficiency down-regulated OPG expression and 
Opg/Rankl ratio without affecting Rankl expression of osteoblasts 
in vitro. Primary osteoblasts cultured in the osteogenic differentiation 
medium were treated with or without 1,25(OH)2D3/PGE2. After 0, 1, 
and 2 days, cells were harvested for total RNA extraction, and qRT-
PCR was conducted to analyze the expression of (A) Opg and (B) 
Rankl. (C) The Opg/Rankl ratio. (D) Cell supernatant was used to test 
the protein level of OPG by ELISA analysis. Values are presented as 
the mean ± SEM of at least three experiments. **p < 0.01, ***p < 
0.001.
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4. Discussion

Our study focused on the role and related mechanisms 
of ApoE deficiency on bone metabolism at both animal 
and cellular levels. Results indicated that ApoE-/- mice 
showed a bone loss, which might be due to reduced 
osteogenesis. To investigate the underlying mechanisms, 
we used an osteoblastic differentiation culture system in 
vitro to explore the effect of ApoE deficiency. The result 
showed that ApoE deficiency attenuated osteogenesis via 
down-regulating osterix.
 The ApoE component is a ligand for the LDL 
receptor, and ApoE deficiency increases the serum 
level of TC and LDL because of the failure of LDL 
receptor-mediated clearance (26). A further study 
proved that increased dietary lipids interfered with 
bone metabolism (27). We demonstrated osteopenia in 
ApoE-/- mice and further focused on the impact of ApoE 
deficiency on osteoblasts. Osteoblasts were derived from 
pluripotent MSCs that were the progenitors of multiple 
types of cells (28,29). The osteoblastic differentiation 
process includes cell proliferation, extracellular 
matrix formation and maturation, and mineralization 
(30). Osteoblasts secrete specific extracellular matrix 
proteins, including osteocalcin, ALP, and collagen-1, 
to form bone calcium nodules (31,32). Our results 
demonstrated an indistinguishable difference between 
ApoE-/- and WT primary osteoblasts in the proliferative 
activity and collagen-1 expression. Since ApoE did not 
impact osteoblast proliferation and extracellular matrix 
formation, we speculated that ApoE deficiency might 
hinder osteoblast differentiation or mineralization. 
Results showed decreased ALP activity and reduced bone 
calcium nodules in ApoE-/- osteoblasts, suggesting that 
ApoE deficiency attenuated cell activity and inhibited 
mineralization of differentiated primary osteoblasts. 
 Osteoblasts differentiation from MSCs depends on 
the transcription factors Runx2 and osterix (24). Runx2 
is essential for the differentiation of osteoblasts and can 
stimulate the transcription of osteocalcin, collagen-1, 
osteopontin, and collagenase-3 during the differentiation 
process of MSCs into osteoblasts (33). Osterix, a bone 
morphogenetic protein-induced gene, is essential for 
transcriptional processes in osteoblasts (25,34). Although 
Runx2 and osterix are both crucial in osteoblast 
differentiation, the expression of the osterix gene could 
not be detected in Runx2-/- mice, indicating that osterix 
is downstream of Runx2 regulation and plays a vital role 
during the osteoblast differentiation (24,25). Although 
the mRNA level of Runx2 in primary osteoblasts 
was enhanced, the mRNA expression of osterix was 
suppressed at the late stage of differentiation. The osterix 
protein level also decreased in ApoE-/- osteoblasts, 
indicating that the down-regulated expression of osterix 
might contribute to the impaired osteogenesis in ApoE-
deficient osteoblasts. Given that osteoblasts lacking 
ApoE appeared to have less osteoblastic differentiation 

activity than WT osteoblasts due to reduced expression 
of osterix, ApoE may affect osterix gene expression 
through a Runx2 independent pathway. Further research 
is needed to explore the relationship between Runx2 
and osterix when ApoE is absent and the potential 
mechanisms of ApoE regulating the osterix expression. 
 The interactions of osteoblasts and osteoclasts 
regulate bone formation and resorption (35,36). 
Communications between those two key players of bone 
metabolism are achieved through paracrine, direct cell-
cell contact, or cell-bone matrix contact, especially the 
RANKL/RANK/OPG system (35,37,38). Osteoblasts 
can express OPG, a decoy RANKL receptor negatively 
regulating osteoclasts development (39). Moreover, 
RANKL secreted by osteoblasts can bind to RANK 
on the osteoclasts and stimulates osteoclastogenesis. 
ApoE deficiency did not affect Rankl gene expression; 
however, the OPG expression was down-regulated 
in ApoE-/- osteoblasts. In addition, a study indicated 
that reconstitution of ApoE-/-OPG-/- mice with ApoE-

/-OPG+/+ bone marrow could rescue atherosclerotic 
lesion progression and vascular calcification (40). As 
a vascular protective factor, reduced OPG expression 
may result in osteopenia and hyperlipemia in ApoE-/- 

mice. However, we cannot rule out the function of OPG 
on the two diseases in the ApoE-deficient mice now, 
and future experiments are required to analyze these 
mechanisms.
 In the current study, bone loss was enhanced in 
ApoE-deficient mice after estrogen deprivation by 
ovariectomy, which might be due to the hindered 
osteogenesis via down-regulating osterix. The precise 
role of ApoE in the common pathomechanisms among 
estrogen, lipid metabolism, and bone metabolism would 
be an interesting question to be explored.
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A single dose of ketamine relieves fentanyl-induced-hyperalgesia 
by reducing inflammation initiated by the TLR4/NF-κB pathway 
in rat spinal cord neurons
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fentanyl, hyperalgesia, ketamine, neuron, NF-κB, TLR4, COX-2, TNF-α

A large amount of clinical evidence has revealed that ketamine can relieve fentanyl-induced 
hyperalgesia. However, the underlying mechanism is still unclear. In the current study, a single dose 
of ketamine (5 mg/kg or 10 mg/kg), TAK-242 (3 mg/kg), or saline was intraperitoneally injected into 
rats 15 min before four subcutaneous injections of fentanyl. Results revealed that pre-administration 
of ketamine alleviated fentanyl-induced hyperalgesia according to hind paw-pressure and paw-
withdrawal tests. High-dose ketamine can reverse the expression of toll-like receptor-dimer (d-TLR4), 
phospho- nuclear factor kappa-B (p-NF-κB, p-p65), cyclooxygenase-2 (COX-2), interleukin-1β (IL-1β), 
and tumor necrosis factor-α (TNF-α) 1 d after fentanyl injection in the spinal cord. Moreover, fentanyl-
induced-hyperalgesia and changes in the expression of the aforementioned proteins can be attenuated 
by TAK-242, an inhibitor of TLR4, as well as ketamine. Importantly, TLR4, p-p65, COX-2, and IL-
1β were expressed in neurons but not in glial cells in the spinal cord 1 d after fentanyl injection. In 
conclusion, results suggested that a single dose of ketamine can relieve fentanyl-induced-hyperalgesia 
via the TLR4/NF-κB pathway in spinal cord neurons.

1. Introduction

Fentanyl has been widely used perioperatively as an 
analgesic since it was first synthesized in 1960. However, 
the use of high-dose fentanyl can induce hyperalgesia 
simultaneously from several hours to a few days after 
infusion (1-4). Fentanyl-induced hyperalgesia (FIH) 
decreases patients' quality of life and requires larger 
doses of fentanyl for pain relief, which increases adverse 
reactions such as nausea, vomiting, and respiratory 
depression. Thus, reducing FIH in patients is important.
 For several decades, N-methyl-D-aspartate (NMDA) 
antagonists have been found to prevent opioid-
induced hyperalgesia (OIH) and morphine tolerance 

(5). Ketamine, a nonselective NMDA antagonist, has 
clinically been used as an analgesic in acute pain, 
chronic pain, and cancer pain management (6). Ketamine 
was also found to play an effective role in decreasing 
remifentanil and fentanyl-induced hyperalgesia in many 
clinical trials (7, 8). In animal models of long-term 
hyperalgesia induced with chronic morphine injections 
(9) or acute repeated fentanyl injections (10), ketamine 
demonstrated significant preventive effects. However, 
there is still a lack of molecular evidence for a specific 
mechanism for the ability of ketamine to prevent FIH. Is 
only the NMDA receptor associated with its action? Or 
do other molecular mechanisms contribute to it?
 Studies have demonstrated that TLR4 activation 
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contributed to opioid-induced tolerance and hyperalgesia 
and that the TLR4 antagonist LPS-RS can prevent OIH 
and tolerance. Recently, COX-2 and prostaglandin E2 
(PGE2) in the spinal cord were found to be closely 
associated with FIH (11). Given the aforementioned 
findings, the current study investigated the effect 
of a single dose of ketamine on FIH and found that 
it alleviates FIH through the TLR4 receptor and its 
downstream pathway in the spinal cord.

2. Materials and Methods

2.1. Animals

Male Sprague Dawley (SD) rats weighing 200-220 g 
were purchased from the Laboratory Animal Center 
of Sun Yat-sen University. The rats were housed under 
conditions of a controlled temperature (24±1℃) and 
humidity (50-60%) with free access to sterile water and 
standard laboratory chow. Animals were kept under a 12 
h:12h light /dark cycle.

2.2. Ethics

Ethical approval for this study was provided by the 
Ethical Committee of Guangdong Provincial People's 
Hospital, Guangdong, China (Chairperson Prof Hong, 
Tan) on November 29, 2021 (approval No.: KY-Q-
2021-234-01). All data in the study were collected and 
analyzed between December 2021 and February 2023.

2.3. Drug administration

In accordance with a previous study (12), fentanyl 
(Yichang Humanwell Pharmaceutical Co., Ltd., Hubei, 
China) and ketamine (Heng Rui Pharmaceuticals, 
Jiangsu, China) were dissolved in saline. Ketamine 
5 mg/kg or 10 mg/kg was respectively injected 
intraperitoneally into the rats, which were divided into a 
low-dose ketamine group (LK) and high-dose ketamine 
(HK). Control animals (Con) received the same volume 
of saline intraperitoneally.
 Fentanyl was dissolved with saline to a concentration 
of 0.05 mg/mL and was injected subcutaneously 4 times 
at the dose of 60 μg/kg at 15-min intervals. Low-dose 
or high-dose ketamine was intraperitoneally injected 
15 min before the fentanyl injection, and groups were 
designated low-dose ketamine + fentanyl (LKF) or high-
dose ketamine + fentanyl (HKF). The fentanyl group was 
injected with the same volume of saline intraperitoneally 
15 mins before the fentanyl injection. The control group 
received the same volume of saline subcutaneously and 
intraperitoneally.
 TAK-242 (MedChemExpress, NJ, USA), a TLR4 
inhibitor, was dissolved in 0.1% dimethyl sulfoxide 
(DMSO) with normal saline. Rats received 3 mg/kg 
TAK-242 intraperitoneally 15 mins before the fentanyl 

injection and were designated the TAK-242 + Fen 
group. The Fen group received the same volume of 0.1% 
DMSO intraperitoneally 15 mins before the fentanyl 
injection.

2.4. Experimental design

The experiment was conducted as shown in Figure 1. In 
part I, rats were randomly assigned to one of three groups 
to observe the influence of a single injection of ketamine: 
the LK group received an intraperitoneal injection 
of low-dose ketamine (5mg/kg) while the HK group 
received high-dose ketamine (10mg/kg). As a control, the 
Con group that was injected with saline intraperitoneally. 
The thermal hyperalgesia test and the Randall Selitto test 
were conducted 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, and 
1 d after the injection. The lumbar enlargement of the 
spinal cord (L4-L6) was harvested on day 1 for Western 
blotting.
 To study the preventive effect of a single injection 
of ketamine on hyperalgesia induced by repeated 
subcutaneous injection of fentanyl, the rats were 
randomly assigned into four groups in part II: the Fen 
group was given four injections at 15-min intervals; the 
LKF group or HKF group received low-dose (5 mg/kg) 
or high-dose (10 mg/kg) ketamine 15 min before the first 
injection of fentanyl; and the Con group was given the 
same volume saline intraperitoneally and subcutaneously. 
The rats were subjected to the thermal hyperalgesia test 
and Randall Selitto test 15 min, 30 min, 1 h, 4 h, 1 d, 
and 7 d after the first administration of fentanyl. Western 
blotting and immunohistochemistry were performed on 
the rats on day 1 and day 7 after anesthesia.
 Part III was to study whether blocking TLR4 
signaling with TAK-242 could directly alleviate 
hyperalgesia and related proteins changes caused by 
fentanyl. TAK-242 was intraperitoneally 15 min before 
the fentanyl injection in the TAK-242 + Fen group 
while the Fen group received fentanyl. One day later, 
behavioral tests were conducted and molecules were 
detected.

2.5. Behavior test

In accordance with the method described previously 
(13), the thermal nociceptive test was conducted with 
a plantar test apparatus (IITC Life Science, CA, USA). 
In brief, rats were individually placed in a plexiglass 
chamber on a colorless transparent glass platform for 30-
min for acclimation. A light beam was directed toward 
the middle plantar aspect of the left hind paw near the 
toes. The intensity of the light beam was 30 W and a 20-s 
cut-off time was used to avoid additional thermal injury. 
Three measurements were made per rat in each group 
with a 5-min interval. The paw withdrawal latency was 
recorded as the length of time (s) between projection of 
the light beam and paw withdrawal.
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2.8. Statistical analysis

All data were analyzed using GraphPad Prism 8 
(GraphPad Software, USA) and are expressed as the 
mean ± SD. Nociceptive thresholds or latencies were 
quantified as direct measurement data and the area under 
the response time curve (AUC). Behavior test data and 
Western Blotting data were analyzed with one-way 
analysis of variance (ANOVA) or two-way ANOVA 
followed by Tukey's post hoc test. In all cases, p < 0.05 
was considered to be a statistically significant difference.

3. Results

3.1. A single injection of ketamine relieves mechanical 
allodynia and thermal hyperalgesia induced by fentanyl

Ketamine is clinically used as an anesthetic, so to 
exclude the influence of a single low (5 mg/kg) or high 
dose (10 mg/kg) of ketamine on animals, hyperalgesia 
and allodynia were measured 15 min to 1 d after the 
ketamine injection (Figure 1A). As shown in Figure 2, 
both high and low doses of ketamine increased thermal 
hyperalgesia (Figure 2A) compared to the control group. 
The thermal pain threshold 30 min after injection (high 
dose: p = 0.0384 and low dose: p = 0.0479) and the 
mechanical pain threshold (Figure 2B) 15 min after 
injection (low dose: p = 0.0433 and high dose: p < 
0.001) increased significantly, and the analgesic effect 
disappeared 1 h after injection. Western blotting revealed 
that ketamine had no effect on TLR4 (Figure 2C), p-p65 
(Figure 2D), COX-2 (Figure 2E), IL-1β (Figure 2F), or 
TNF-α (Figure 2G) in the spinal cord on day 1. These 
results indicate that ketamine has a transient acute 
analgesic effect within 15-30 min but the animals' pain 
threshold returned to normal after 1 h, suggesting that 
ketamine has no significant long-term analgesic effect.
 To determine if a single injection of ketamine 
is capable of reducing the hyperalgesia induced by 
fentanyl, mechanical and thermal pain thresholds were 
measured after the last injection of fentanyl (Figure 
1B). The Hargreaves test (Figure 3A) revealed that the 
Fen (p < 0.001), LKF (p < 0.001), and HKF (p < 0.001) 
groups had a significantly increased paw withdrawal 
threshold 1-2 h after drug administration and returned 
to normal 4 h later. These may result from the rapid 
and strong analgesic effect of fentanyl. Importantly, the 
Fen group displayed thermal hyperalgesia from day 
1 to day 2 compared to the control group (day 1: p = 
0.0478, day 2: p = 0.0254), while the LKF (day 2: p = 
0.0065) and HKF (day 2: p = 0.0081) groups displayed 
a higher paw withdrawal threshold compared to the Fen 
group and did not differ from the control group on day 
2. Statistics indicated that the AUCs for the Fen (p < 
0.001), LKF (p < 0.001), and HKF (p < 0.001) groups 
were larger than that for the control group 1 to 4 h after 
drug administration in the Hargreaves test (Figure 3B). 

 The mechanical pain threshold was measured with 
a mechanical pain threshold apparatus (UGO BASILE, 
Italy) and used as an indicator of mechanical nociception 
(14, 15). Stimulus in the form of mechanical pressure 
was applied to the midpoint of the right hind paw, and 
pressure was increased linearly. Three measurements 
were made per rat in each group with a 5-min interval. 
The pressure intensity (g) that caused an escape reaction 
was determined as the mechanical pain threshold.

2.6. Western blotting

Rats were euthanatized with 20% urethane (MACKLIN, 
Shanghai, China) 1.6 g/kg intraperitoneally. The lumbar 
enlargement of the spinal cord (L4-L6) was exposed 
by laminectomy. The dorsal half of the spinal cord was 
harvested in liquid nitrogen and then frozen at -80℃ 
until use. The cytoplasm and membrane protein were 
extracted following the protocol in the kit (Thermo 
Fisher Scientific, MA, USA). Cytoplasm protein was 
separated with TGX gel (Bio-rad, CA, USA), transferred 
onto a PVDF membrane (Merk Millipore, MA, USA), 
and incubated with antibodies against TLR4 (Novus 
Biologicals, USA), p-p65 (Cell Signaling Technology, 
MA, USA) COX-2 (Abcam, MA, USA), IL-1β (Abcam, 
MA, USA), TNF-α (Abcam, MA, USA), NaK (Abcam, 
MA, USA), β-action (CST, MA, USA), and GAPDH 
(CST, MA, USA). Blots were washed and incubated in 
HRP-linked anti-rabbit IgG antibody (KPL, MD, USA) 
and HRP-linked anti-mouse IgG antibody (KPL, MD, 
USA). Protein blots were visualized using Clarity ECL 
Substrates (Merk Millipore, MA, USA).

2.7. Immunohistochemistry

Rats were anesthetized with 20% urethane (MACKLIN, 
Shanghai, China)  1.6 g/kg intraperitoneally,  and saline 
was perfused through the ascending aorta followed 
by 4% paraformaldehyde (PFA) (Sigma-Aldrich MO, 
USA). The lumbar enlargement of the spinal cord (L4-
L6) was rapidly dissected and postfixed in 4% PFA. 
After dehydration in 30% sucrose, the samples were 
cut transversely and consecutively into slices of 20 
μm and processed for immunohistochemistry with 
antibodies against TLR4, p-p65 (Affinity Bioscience, 
OH, USA), COX-2, IL-1β, NeuN  (Merk Millipore, 
MA, USA), Iba-1 (Abcam, MA, USA), and GFAP 
(Abcam, MA, USA). Following incubation at 4℃ 
overnight, the slices were finally incubated with Cy-
3-conjugated (Jackson Immunoresearch Laboratories, 
PA, USA), 488-conjugated (Invitrogen, CA, USA), 
and 647-conjugated (Invitrogen, CA, USA) secondary 
antibodies for 1 h at room temperature and then 
mounted on coverslips with Fluoromount-G with DAPI 
(Southern Biotech, Birmingham, AL). Images were 
captured with the LSM 780 confocal microscope (Zeiss, 
Germany).
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Figure 1. Timeline of the experiments. 
(A) One day after the behavior test for the 
baseline, low-dose and high-dose ketamine 
was injected into rats intraperitoneally. 
Then, behavior t es t s and WB were 
performed from 1 h to 1 d after the ketamine 
injection. (B) One d after the behavior 
test for the baseline, low-dose and high-
dose ketamine was injected respectively 
15 mins before 4 fentanyl injections at 15-
min intervals. The behavior tests, WB, and 
immunohistochemistry were performed  
after the final ketamine injection. (C) One d 
after the behavior test for the baseline, TAK-
242 was injected 15 mins before 4 fentanyl 
injections at 15-min intervals. Then, 
behavior tests and WB were performed 1 d 
after the final fentanyl injection.

Figure 2. A single dose of ketamine 
had no long-term effects on naive rats. 
Ketamine 5 mg/mL or 10 mg/mL was 
injected into  rats intraperitoneally. Thermal 
hyperalgesia (A) and allodynia (B) were 
determined from 15 min to 1 d after the 
injection (n = 6~8). The level of expression 
of d-TLR4 (n = 6) (C), p-p65 (n = 6) (D), 
COX-2 (n = 6) (E), IL-1β (n = 6) (F), 
and TNF-α (n = 6) (G) on day 1 after the 
ketamine injection was determined using 
Western Blotting. *p < 0.05, ***p < 0.001 
vs. control group; #p < 0.05 vs. LK group. 
Data are expressed as the mean ± SD.



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):279-288.283

However, on days 1-7, the Fen group had a smaller AUC 
compared to the control group (p < 0.001) while the LKF 
(p < 0.001) and HKF (p < 0.001) groups had a higher 
AUC compared to the Fen group. The groups did not 
differ from the control group at the same time (Figure 
3C).
 The Randall-Selitto test was conducted to measure 
the mechanical pain threshold and yielded the same 
results as the Hargreaves test. The mechanical 
nociceptive threshold increased in the Fen group until 2 h 
(1 h: p < 0.001 and 2 h: p < 0.001) and in the HKF group 
until 3 h after drug injection (1 h: p < 0.001, 2 h: p < 
0.001 and 3 h: p = 0.0226). However, the analgesic effect 
only lasted 2 h in the LKF group (1 h: p < 0.001 and p 
= 0.0033). The Fen group displayed a lower mechanical 
nociceptive threshold compared to the control group on 
day 1 to day 6 (day 1: p = 0.0146, day 2: p = 0.0464, 
day 3: p = 0.003, and day 6: p = 0.0224). The HKF (day 
1: p = 0.0439 and day 4: p = 0.0372) group displayed a 
significant analgesic effect on day 1 and day 4 compared 
to the Fen group and did not differ from the control 
group (Figure 3D). Further calculation of AUCs revealed 
that the Fen (p < 0.001), LKF (p < 0.001), and HKF (p < 
0.001) groups had a greater AUC than the control group 
in the first 4 h after the injection of fentanyl (Figure 
3E). In contrast, the AUC for the Fen group on days 1 
to 7 was significantly smaller than that for the control 
(p < 0.001), LKF (p < 0.001), and HKF (p < 0.001) 
groups (Figure 3F), indicating that the fentanyl-induced 
mechanical nociceptive threshhold was eliminated by 
ketamine.
 Experimental results revealed significant hyperalgesia 
1 to 4 d after fentanyl injection, and the animals' pain 
threshold returned to normal on day 7. Interestingly, a 
single injection of ketamine ahead of fentanyl can relieve 
mechanical allodynia and thermal hyperalgesia.

3.2. A single injection of ketamine in advance prevents 
the activation of the d-TLR4/ NF-κB pathway induced 
by fentanyl

To study the molecular mechanism by which ketamine 
prevents hyperalgesia induced by fentanyl, related 
protein expression was detected using Western blotting. 
Results suggested that d-TLR4 (p = 0.0158) (Figure 4A), 
p-p65 (p = 0.0202) (Figure 4B), COX-2 (p = 0.0136) 
(Figure 4C), IL-1β (p = 0.0364) (Figure 4D), and TNF-α 
(p = 0.0314) (Figure 4F) significantly increased in 
the spinal cord 1 d after fentanyl administration. The 
increased levels of d-TLR4 (Figure 4A) COX-2 (Figure 
4C), and TNF-α (Figure 4E) induced by fentanyl can be 
reduced by a low dose of ketamine (d-TLR4: p = 0.0262, 
COX-2: p = 0.0391 and TNF-α: p = 0.0229), while a 
high dose of ketamine can reduce the levels of d-TLR4 (p 
= 0.0015) (Figure 4A), p-p65 (p = 0.0030) (Figure 4B), 
COX-2 (p < 0.001), IL-1β (p < 0.001) (Figure 4D), and 
TNF-α (p = 0.0177) protein expression.

 Prior to day 7, there were no significant differences 
in levels of d-TLR4 (Figure 4F), p-p65 (Figure 4G), 
COX-2 (Figure 4H), IL-1β (Figure 4I), and TNF-α 
(Figure 4J) between the Fen group and the control group. 
Importantly, low or high doses of ketamine can reduce 
the levels of d-TLR4 (low dose: p = 0.0032 and high 
dose: p = 0.0067) (Figure 4F), COX-2 (low dose: p = 
0.0488 and high dose: p = 0.0397) (Figure 4H), IL-1β 
(low dose: p = 0.018 and high dose: p = 0.0083) (Figure 
4I), and TNF-α (low dose: p < 0.001 and high dose: p 
< 0.001) (Figure 4J) to various degrees but they do not 
alter the expression of p-p65 7 d after fentanyl injection 
(Figure 4G).
 Immunohistochemical staining revealed that TLR4 
(Figure 5A), p-p65 (Figure 5B), COX-2 (Figure 5C), 
and IL-1β (Figure 5D) co-localized with NeuN but not 
Iba-1 nor GFAP, indicating that TLR4, p-p65, COX-2, 
and IL-1β were expressed in neurons but not microglia 
nor astrocytes in the spinal cord on day 1 after fentanyl 
injection.
 To sum up, the TLR4/NF-κ signaling pathway was 
activated 1 d after fentanyl injection and returned to 
normal 7 d later, which was consistent with behavioral 
results. A point worth noting is that a single injection of 
high-dose ketamine in advance alleviates the activation 
of TLR4/NF-κB better than low-dose ketamine on day 1. 
In addition, the combination of ketamine with fentanyl 
can still inhibit the TLR4/NF-κB/COX2 pathway on day 
7.

3.3. Fentanyl-induced hyperalgesia and TLR4/NF-κB 
activation are prevented by inhibition of TLR4 with 
TAK-242

Thus far, results revealed that fentanyl injection led to 
hyperalgesia and activation of TLR4/NF-κB in the spinal 
cord, but causal links between TLR4/NF-κB activation 
and the abnormal behaviors in rats treated with fentanyl 
have not been established. To investigate this, the TLR4 
inhibitor TAK-242 was injected 15 min before the first 
injection of fentanyl. Results indicated that TAK-242 
substantially prevented the hyperalgesia induced by 
fentanyl (p = 0.042) (Figure 6A). Following the behavior 
tests, levels of TLR4, p-p65, COX-2, IL-1β, and TNF-α 
were measured using Western blotting, which revealed 
that the overexpression of TLR4 (p = 0.0371) (Figure 
6B), p-p65 (p = 0.0037) (Figure 6C), COX-2 (p = 0.0146) 
(Figure 6D), IL-1β (p = 0.0126) (Figure 6E), and TNF-α 
(p = 0.0422) (Figure 6F) induced by fentanyl in the 
spinal cord was completely inhibited by TAK-242. These 
findings suggest that TLR4/NF-κB signaling in the spinal 
cord is essential for fentanyl-induced hyperalgesia.

4. Discussion

The current study found that the behavioral effects of 
thermal hyperalgesia in 1-2 d and mechanical allodynia 
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Figure 3. Pretreatment with ketamine reverses 
acute repeated fentanyl-induced hyperalgesia. 
Fentanyl 60 μg/kg was injected subcutaneously 4 times 
at 15-min intervals (Fen). Ketamine 5 mg/mL (LKF) or 
10 mg/mL (HKF) was injected intraperitoneally 15 min 
before the fentanyl injection. Thermal hyperalgesia 
(A) and allodynia (D) were determined from 1 h to 7 
d after drug injection. The AUC was  calculated for 
hyperalgesia at 1-4 h (B), hyperalgesia at 1-7 d (C), 
allodynia at 1-4 h (E), and allodynia at 1-7 d (F). n 
= 9~12, *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 
control group. # p < 0.05, ##p < 0.01, and ###p < 0.001 
vs. fentanyl group, &&p < 0.01 vs. HKF group. Data are 
expressed as the mean ± SD.

Figure 4. A single dose of ketamine can inhibit the 
high protein expression induced by acute repeated 
fentanyl injections on day 1 and its effect lasted for 
7 d. One d after the drug injection following the drug 
injection protocol, the spinal cord was removed to 
determine the expression of TLR4 (n = 7) (A), p-p65 
(n = 6) (B), COX-2 (n = 7) (C), IL-1β (n = 8) (D), and 
TNF-α (n = 6) (E) protein using Western Blotting. 
Fentanyl had no effect on the expression of TLR4 (n = 7) 
(F), p-p65 (n = 4) (G), COX-2 (n = 8) (H), IL-1β (n = 8) 
(I), and TNF-α (n = 8) (J) protein expression on day 7. 
Ketamine decreased the expression of TLR4 (F), COX-
2 (H), IL-1β (I), and TNF-α (J) protein but not p-p65 
(G) protein. *p < 0.05, **p < 0.01 vs. control group; #p 
< 0.05, ##p < 0.01, and ###p < 0.001 vs. fentanyl group. 
Data are expressed as the mean ± SD.
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in 1-6 d induced by high doses of fentanyl in rats 
can be relieved by a single injection of ketamine in 
advance. This suggests that a single dose of ketamine 
had a significant effect at preventing fentanyl-induced 
hyperalgesia. In addition, the results of molecular 
experiments suggested that activation of the TLR4/
NF-κB pathway was involved in fentanyl-induced 
hyperalgesia in spinal cord neurons and that ketamine 
reduced the activation of this pathway in a dose-
dependent manner.
 The current behavioral finding that a high dose of 
fentanyl can induce hyperalgesia is consistent with 
several clinical studies (2, 4) and animal studies (11, 
16). However, other researchers (3, 17) have found that 
FIH lasted a few hours after injection. This difference in 
persistence over time may be due to the fentanyl dose. 
Interestingly, fentanyl-induced thermal hyperalgesia 
only lasts for 2 d while the mechanical nociceptive 
threshold can at least for up to 6 d. Some researcher have 
offered a few explanations for this phenomenon. One 
potential mechanism underlying mechanical allodynia 
is that Aβ fibers start to express some neuropeptides, 
which are usually expressed by small fibers (18). In 
some clinical studies, the ultra-lite components of heat-
evoked potentials are described in the healthy after Aδ 

fiber blockade and C fiber sensitization (19). Different 
axon diameters and conduction velocities may lead to a 
different duration of allodynia and hyperalgesia in the 
current animal model.
 The TRPV1 receptor (20), EphrinB receptor (21), and 
NMDA receptor (9, 22-24) are reported to be involved 
in OIH, which cannot comprehensively explain how 
ketamine reduces FIH. p-NF-κB in the spinal dorsal cord 
is reported to mediate morphine analgesic tolerance with 
increased TNF-α and IL-1β. The TLR4 inhibitor LPS-RS 
can alleviate morphine analgesic tolerance by reducing 
levels of p-NF-κB, TNF-α, and IL-1β (25). Hutchinson 
et al. found that the acute analgesic effects of morphine 
and oxycodone were significantly enhanced in TLR4 
knockout rats (26). In a recent study, analgesic tolerance 
was prevented in TLR2 and TLR4 null mutant mice (27). 
In summary, the analgesic effect of opioids is enhanced 

Figure 5. The localization of TLR4, p-p65, COX-2, and IL-1β in the 
spinal cord. One day after the fentanyl injection following the protocol, 
the spinal cord was removed to determine the localization of TLR4 (A), 
p-p65 (B), COX-2 (C), and IL-1β (D). TLR4, p-p65, COX-2, and IL-
1β expressed in neurons (NeuN-positive cells) but not microglia (Iba-1-
positive cells) nor astrocytes (GFAP-positive cells).

Figure 6. The TLR4 receptor contributed to fentanyl-induced-
hyperalgesia. (A) The paw withdrawal threshold for rats before and 
one d after receiving fentanyl with/without TAK-242 (n = 7~9). The 
level of expression of d-TLR4 (n = 5~6). (B) The level of expression 
of p-p65 (n = 7~8) (C), COX-2 (n = 8) (D), IL-1β (n = 5) (E), and 
TNF-α (n = 7~8) (F) on day 1 after the fentanyl and TAK-242 injection 
was determined using Western Blotting. *p < 0.05 and **p < 0.01 vs. 
control group; #p < 0.05 vs. fentanyl group. Data are expressed as the 
mean ± SD.
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after TLR4 knockout, and the tolerance of opioids is 
alleviated. The current study found that TLR4/NF-κB 
mediated fentanyl-induced hyperalgesia. Therefore, the 
conjecture is that the enhanced analgesic effect of opioids 
after TLR4 knockout is due to reduced hyperalgesia. An 
important point to note is that, like the TLR4 inhibitor 
TAK-242, a single dose of ketamine can alleviate 
hyperalgesia and reduce the hyperactivation of TLR4/
NF-κB induced by fentanyl. Studies have indicated 
that KC/GRO and TNF-α levels in male and female 
rats decreased 2 h after intravenous administration of 
ketamine, as did interleukin-6 (IL-6) levels in female 
rats and interleukin-10 (IL-10) levels in male rats (28). 
Low-dose ketamine inhibits neuroinflammation in PC12 
cells by activating α7nAChR-mediated cholinergic anti-
inflammatory pathways, such as the TLR4/MAPK/NF-
κB signaling pathway (29), which suggests that ketamine 
may inhibit TLR4 expression in the same way.
 The results from Figure 6 indicate that TLR4 
may be one of the upstream proteins of COX-2, IL-
1β, and TNF-α in fentanyl-induced-hyperalgesia. Bai 
et al. indicated that TLR4 was involved in morphine 
withdrawal-induced pain hypersensitivity by activating 
NF-κB, IL-1β, and TNF-α (25). In other pain models, 
such as arthritis hyperalgesia (30) and intraplantar-
injected ceramide-induced-hyperalgesia (31), the 
inhibition of NF-κB can relieve hyperalgesia and 
decrease COX-2 expression. Moreover, morphine-3-
glucoside (M3G), a morphine metabolite, can up-regulate 
TNF-α and COX2 mRNA expression and release 
prostaglandin E2 (PGE2) by activating the TLR4/NF-κB 
signaling pathway in central nervous system endothelial 
cells of rats (32). Interestingly, the current study found 
that repeated subcutaneous injections of fentanyl resulted 
in the overexpression of COX2, TNF-α, and IL-1β and 
that this can be inhibited by a single dose of ketamine 
or TAK-242. According to the aforementioned findings 
and the current findings, ketamine may relieve FIH by 
up-regulating inflammatory factors via the TLR4/NF-κB 
pathway.
 Neurons mediate pain and densely innervate 
peripheral tissues through their nociceptors. A study has 
revealed that spinally projecting neurons were activated 
in the periaqueductal grey of adult mice after opioid 
injection (33). Ketamine is reported to act on neurons 
to reduce allodynia after injection of complete Freund's 
adjuvant (CFA)  (34). Other researchers have even stated 
that the neurophysiological response of medullary pain-
control neurons following chronic treatment with opioids 
is modulated by ketamine (35). Interestingly, the current 
study indicated that TLR4, NF-κB, COX-2, and IL-1β 
were co-localized with neurons, rather than astrocytes or 
microglia. Numerous studies have revealed that NF-κB 
is activated in neurons of the hippocampus, spinal cord, 
and dorsal root ganglion in models of chemotherapy-
induced pain, while TNF-α and IL-1β are upregulated in 
neurons (36, 37). In addition, in ovariectomized and aged 

mice with chronic pain, TNF and Il-1β mRNAs were 
expressed in the neurons of DRGs and the spinal dorsal 
horn according to fluorescent in situ hybridization (FISH) 
(38). In a review, Roeckel et al. mentioned that neurons 
and glial cells activated by morphine will lead to OIH by 
producing cytokines such as IL-1β or TNF-α involved 
in LTP (39). Overall, these findings demonstrate that 
neurons in the central and peripheral nervous systems 
can modulate the production of proinflammatory 
cytokines, which may activate glial cells under 
pathological conditions. Neurons and glial cells interact 
with proinflammatory cytokines to produce continuous 
neuroinflammation and eventually lead to neuronal 
disease. The current study did not explore why TLR4, 
NF-κB, COX-2, and IL-1β are not expressed in glial 
cells 1 d after the fentanyl injection, so further research 
is needed to clarify this point. The neuron mechanisms 
found in the current study may have direct significance 
to clinical treatment of OIH.
 In conclusion, results revealed that pretreatment 
with a single dose of ketamine relieved acute repeated 
FIH and increased levels of TLR4, NF-κB, COX-2, IL-
1β, and TNF-α protein in spinal neurons. These results 
indicate an important role of the spinal neuron TLR4/NF-
κB pathway in the manner in which ketamine relieves 
OIH. Preoperative or intraoperative administration of a 
single dose of ketamine may have a benefit on OIH and 
may improve the treatment of acute postoperative pain 
and even chronic post-surgical pain. Importantly, an 
early blockade of inflammation in spinal cord neurons 
rather than glial cells may interrupt the development 
of neuroinflammation, which may further prevent the 
activation of astrocytes and microglia and ultimately 
inhibit OIH initiated by neuroinflammation.
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Sotorasib, an oral small-molecule inhibitor, reportedly exerts promising activity against Kirsten rat 
sarcoma viral oncogene homolog (KRAS)-mutant tumors. However, the currently administered dose 
may fail to represent the optimal dose based on the therapeutic efficacy. Herein, we developed a simple 
and sensitive method using high-performance liquid chromatography with ultraviolet (HPLC-UV) 
to measure the sotorasib concentration in human plasma. The sotorasib calibration curve exhibited 
linearity across the concentration range of 0.10-20.0 μg/mL (r2 = 0.9999). The coefficients of intra- 
and inter-day validation ranged between 0.79-9.75% and 3.01-6.13%, respectively. The assay accuracy 
ranged between –3.14 and 5.18%, with > 98.5% recovery. Subsequently, we applied the developed 
method to estimate sotorasib concentrations in a patient with KRAS G12C-mutated non-small cell lung 
cancer. We anticipate that our HPLC-UV method will be valuable for assessing the safety and efficacy 
of sotorasib in larger patient cohorts.

1. Introduction

Kirsten rat sarcoma viral oncogene homolog (KRAS) 
gene mutations have been frequently detected in 
patients with non-small cell lung cancer (NSCLC), 
colorectal cancer, pancreatic cancer, and other 
malignancies (1,2). Sotorasib is a small-molecule 
inhibitor that specifically inhibits KRAS. Preclinical 
studies have revealed that sotorasib can effectively 
suppress the phosphorylation of extracellular signal-
regulated kinases, which serve as critical downstream 
effectors of KRAS (3). Consequently, sustained and 
complete tumor regression has been documented in 
murine models exhibiting KRAS G12C tumors (4). 
Importantly, sotorasib has been approved as the first 
targeted therapy for unresectable advanced or recurrent 
NSCLC with KRAS  G12C mutation. However, 
treatment-related adverse events have necessitated 
dose modification (22.2%) and discontinuation of 
treatment (7.1%). The most common treatment-related 
adverse events that contribute to dose modification 

include diarrhea and elevated levels of aspartate 
aminotransferase (AST), alanine aminotransferase 
(ALT), and blood alkaline phosphatase (ALP) (5). 
Currently, sotorasib is administered at the maximum 
tolerated dose, as determined based on toxicity, 
although it does not necessarily reflect the optimal dose 
based on therapeutic efficacy (6).
 Sotorasib is predominantly metabolized by 
cytochrome P450 (CYP)3A; hence, caution should be 
exerted when administering sotorasib concomitantly 
with CYP3A4 inducers and inhibitors. Furthermore, 
the absorption of sotorasib may be reduced when 
administered with antacids and proton pump inhibitors, 
potentially compromising treatment outcomes (7). 
Considering the pharmacokinetic profile, a daily dose 
of 960 mg sotorasib resulted in a coefficient of variation 
(CVs) of 98.3% for the maximum plasma concentration 
(Cmax) (8), indicating substantial interindividual variability 
in blood concentrations. Therefore, careful consideration 
of blood sotorasib levels is warranted, emphasizing the 
importance of therapeutic drug monitoring (TDM) in 

Brief Report



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):289-293.

patients undergoing sotorasib therapy. The recommended 
sotorasib dose is 960 mg, with an initial dose reduction of 
480 mg and a subsequent reduction of 240 mg suggested 
on encountering adverse reactions. However, comparable 
areas under the concentration-time curve from 0 h to 24 h 
(AUC0–24h) and Cmax values of sotorasib, ranging between 
180 and 960 mg, have been documented following daily 
administration (6). During the dose escalation phase 
of a previous trial, low-dose sotorasib was found to 
afford overall response rates between 25 and 50% in 
patients with NSCLC, similar to the overall response 
rate achieved with 960 mg (6). Therefore, implementing 
sotorasib TDM to achieve a Cmax equivalent to 960 mg 
may facilitate cost reduction in routine medical care.
 To date, the sotorasib concentration in human plasma 
has only been measured using liquid chromatography-
mass spectrometry (LC-MS/MS) (9). The LC-MS/MS 
system is expensive, and its introduction is limited to 
a few facilities. Conversely, high-performance liquid 
chromatography-ultraviolet (HPLC-UV) systems remain 
popular owing to their low initial cost and high utility in 
general hospitals. However, to the best of our knowledge, 
there have been no reports regarding the measurement 
of sotorasib concentrations in human plasma using 
HPLC-UV. Therefore, we developed a simple HPLC-UV 
method to estimate sotorasib concentrations in human 
plasma.

2. Methods

2.1. Instrumentation and reagents

The HPLC system consisted of a pump (PU-4180; Jasco, 
Tokyo, Japan), UV detector (UV-4075; Jasco), and 
autosampler (AS-4550; Jasco). Analysis was performed 
using an octadecylsilyl column (Capcell Pak C18 MG 
II; 250 mm × 4.6 mm; i.d., 5 μm; Osaka Soda, Osaka, 
Japan) equipped with a Capcell Pak C18 MG II guard 
column (10 mm × 4.0 mm; Osaka Soda). Sotorasib 
and bosutinib were acquired from Toronto Research 
Chemicals, Inc. (Ontario, Canada). The mobile phases 
comprised HPLC-grade acetonitrile, methanol, and water 
(Kanto Chemical Co., Inc., Tokyo, Japan) and KH2PO4 
(Wako, Osaka, Japan).

2.2. Preparation of stock and working solutions

Stock solutions of sotorasib and bosutinib were 
prepared in acetonitrile and methanol, respectively, at a 
concentration of 1 mg/mL. The sotorasib stock solution 
was diluted in acetonitrile to obtain working solutions 
of 0.5, 1.25, 5.0, 12.5, 25.0, and 100.0 μg/mL. Bosutinib 
was diluted in methanol to obtain a 10 μg/mL working 
solution. Subsequently, the prepared stock and working 
solutions were stored at −80℃ until use.

2.3. Assay procedure

A 10 μL working solution of sotorasib was vortexed with 
50 μL of plasma in a 2.0 mL microtube (ClickFit 2.0 mL, 
Trerf Lab, Switzerland) for 10 s. Subsequently, 60 μL of 
sotorasib-spiked plasma, 10 μL of the internal standard 
(IS; 10 μg/mL bosutinib), and 130 μL of acetonitrile 
chilled to −20°C were added. The mixture was vortexed 
for 1 min and centrifuged at 15,000× g for 10 min at 
4°C. The resulting supernatant (30 μL) was subjected to 
HPLC analysis. The detection wavelength was set to 230 
nm, and the mobile phase comprised 0.5% KH2PO4 (pH 
4.5) and acetonitrile (65:35, v/v) at a flow rate of 1.0 mL/
min.

2.4. Calibration and validation

Calibration concentrations of sotorasib ranged from 0.10 
to 20.0 μg/mL, and assay recovery and accuracy were 
determined at these concentrations. The assay precision 
was evaluated by analyzing five sets of control samples 
on the same day (intra-day) and on five different days 
(inter-day) at concentrations of 0.10, 0.25, 1.0, 2.5, 5.0, 
and 20.0 μg/mL.

2.5. Sample stability

Sotorasib stability in plasma samples was assessed at 
three different concentrations (0.10, 2.5, and 20.0 μg/
mL). To establish benchtop stability, five samples (n = 5) 
stored at 25°C for 6 h were evaluated. Processed sample 
stability was evaluated by storing five samples (n = 5) 
at 4°C for 24 h. To determine long-term stability, five 
samples (n = 5) were stored at −60°C for four weeks 
and then assessed. Finally, freeze-and-thaw stability was 
determined by subjecting five samples (n = 5) to three 
cycles of freezing at −60°C and thawing.

2.6. Clinical application

Written informed consent was obtained from a patient 
with KRAS G12C-mutated NSCLC, and blood samples 
were collected for analysis. This case report measured 
the sotorasib blood levels of a single patient using our 
assay system. Samples were obtained at 2 h (Cmax) after 
administering 960 mg of sotorasib on days 9, 13, 20, 
and 33. Plasma samples were obtained by centrifuging 
blood samples at 1,500× g for 15 min, which were 
subsequently stored at −80°C until analysis.

3. Results and Discussion

Figure 1a presents the chromatogram of the blank 
plasma sample, and Figure 1b shows the representative 
chromatogram of a plasma sample containing 0.10 μg/
mL of sotorasib. The retention times for sotorasib and 
IS (bosutinib) were 14.5 and 10.8 min, respectively. The 
six-point sotorasib standard calibration curve exhibited 
linearity across the concentration range of 0.10-20.0 μg/
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who was diagnosed with KRAS G12C-mutated NSCLC 
and undergoing second-line treatment with sotorasib. The 
patient had received sotorasib at a dose of 960 mg. Liver 
function tests revealed that the patient had AST, ALT, 
γ-glutamyl transpeptidase (γ-GTP), and ALP levels within 
the normal range prior to initiating sotorasib therapy. On 
day 33 following sotorasib administration, the patient 
exhibited an elevated γ-GTP level corresponding to 
grade 3, ALT level corresponding to grade 2, AST level 
corresponding to grade 1, and ALP level corresponding 
to grade 1, as per the Common Terminology Criteria for 
Adverse Events version 5.0. Consequently, sotorasib was 
discontinued on the following day. The plasma sotorasib 
concentrations on days 9, 13, 20, and 33 were 2.40 
(Figure 1c), 4.55, 4.18, and 5.25 μg/mL, respectively. 
Figure 2 illustrates the trends in AST, ALT, γ-GTP, ALP, 
and Cmax of sotorasib. The patient was concurrently 
taking vildagliptin, apixaban, hydrocortisone, metformin, 
risperidone, rosuvastatin, and yokukansan. Nine days 
after sotorasib discontinuation, elevated AST and ALT 
levels rapidly returned to normal.
 In patients treated with sotorasib, the median (range) 
time to onset of grade 3 hepatotoxicity was found to 
be 9.1 (3.1-18.7) weeks (11). Considering our patient, 
the sudden onset of sotorasib-induced elevated γ-GTP, 
ALT, AST, and ALP levels was observed on day 33. 
Moreover, the Cmax (5.25 µg/mL) of our patient on day 
33 was similar to the Cmax (5.39 µg/mL) previously 
reported for patients treated with 960 mg of sotorasib 

mL (r2 = 0.9999). The lower limit of quantification for 
sotorasib was 0.10 μg/mL, with a recovery rate exceeding 
95.8%. Considering this concentration range, the intra- 
and inter-day CVs ranged between 0.79-9.75% and 3.01-
6.13%, respectively (Table 1). The assay accuracy ranged 
between –3.14-5.18%. The plasma stability of sotorasib 
was assessed under various conditions (Table 2). No 
significant sotorasib degradation was detected, and final 
concentrations were maintained within 91.43-108.05% 
of theoretical values.
 In the present study, we developed a straightforward 
and highly sensitive HPLC-UV method to quantify 
plasma sotorasib concentrations in clinical settings. We 
believe this study makes a groundbreaking contribution 
to the management of patients receiving sotorasib 
therapy. The precision and accuracy of intra- and inter-
assay variations and stability under diverse conditions 
adhered to the guidelines outlined by the Food and 
Drug Administration (10). Only one previous method 
for measuring sotorasib in human plasma samples has 
been reported, i.e., an LC-MS/MS-based method, which 
requires a plasma volume of 20 µL for measurement 
(9). Conversely, the method developed in the present 
study allowed sotorasib quantification using minimal 
plasma volumes (as little as 10 µL); therefore, no further 
invasive procedures are required in addition to the usual 
blood collection.
 Plasma concentrations of sotorasib were evaluated in 
samples collected from a male patient in his seventies, 

Figure 1. Chromatograms of (A) blank plasma sample, (B) plasma sample containing sotorasib 0.1 μg/mL, and (C) plasma sample from 
the patient receiving sotorasib 960 mg after 2 h on day 9 (2.40 μg/mL).

Table 1. Intra-day and inter-day accuracy and precision

Sotorasib added (µg/mL)

  0.10
  0.25
  1.0
  2.5
  5.0
20.0

Intra-day (n = 5)

Mean ± SD (µg/mL)

  0.11 ± 0.01
  0.25 ± 0.01
  0.97 ± 0.02
  2.45 ± 0.05
  4.95 ± 0.15
19.22 ± 0.15

CV (%)

9.75
5.75
2.55
2.17
3.02
0.79

Accuracy (%)

 5.18
-1.91
-2.79
-2.17
-0.98
-3.88

Mean ± SD (µg/mL)

  0.10 ± 0.00
  0.25 ± 0.02
  0.99 ± 0.04
  2.48 ± 0.11
  4.98 ± 0.15
19.37 ± 1.02

CV (%)

3.04
6.13
4.47
4.25
3.01
5.27

Accuracy (%)

-0.68
-0.43
-1.42
-0.71
-0.39
-3.14

Recovery (%)

  95.83
106.92
101.18
100.84
101.51
102.32

Inter-day (n = 5)

CV, coefficient of variation; SD, standard deviation.
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(6). Consequently, it is unlikely that the elevated levels 
of γ-GTP, ALT, AST, and ALP could be solely attributed 
to the high sotorasib Cmax. No significant exposure-
response relationships were identified for treatment-
related adverse events (12). Conversely, the Cmax value 
was 2.40 µg/mL on day 9 upon reaching a steady state, 
subsequently displaying an increasing trend to 4.55, 4.18, 
and 5.25 µg/mL after day 13. Moreover, elevated blood 
sotorasib concentrations have been reported in patients 
with hepatic dysfunction (7). Therefore, monitoring 
sotorasib Cmax may facilitate the early detection of 
hepatotoxicity through changes in sotorasib Cmax prior to 
the elevation of γ-GTP, ALT, AST, and ALP. Although 
our evaluation was limited to sotorasib Cmax and GTP, 
ALT, AST, and ALP levels in a single patient, we plan to 
elucidate the relationship between altered sotorasib blood 
levels and hepatotoxicity in future studies using our 
developed HPLC-UV method.
 Previous reports have failed to detect any correlation 
between the dose (180-960 mg) and steady-state drug 
exposure. Similarly, evidence suggesting a relationship 
between dose and response rate is lacking. Certain 
patients exhibit antitumor responses at lower than 
standard doses, suggesting that 960 mg could be deemed 
an excessive dose (4). Additionally, low-dose sotorasib 
may reduce gastrointestinal toxicity (13). Accordingly, 
TDM using the currently developed method to measure 

blood levels of sotorasib could help reduce the sotorasib 
dose and related gastrointestinal toxicity.
 Nevertheless, the limitations of the present study 
should be considered. Firstly, we evaluated samples 
from only one patient. Consequently, it remains 
unknown whether sotorasib concentrations can be 
accurately measured in patients taking medications 
other than the seven drugs administered by the 
aforementioned patient. In future studies, we intend to 
employ the developed method to measure sotorasib in a 
larger cohort of patients to establish the accuracy of our 
sotorasib measurements.
 Sotorasib has been assessed in clinical trials for 
pancreatic and colorectal cancer (14,15) and could be 
expanded to other indications in the future. Our method 
could be valuable for assessing the safety and efficacy of 
sotorasib in treating diverse cancers.
 In conclusion,  we developed a s imple and 
sensitive HPLC-UV-based method for determining the 
concentration of sotorasib in a clinical setting. Further 
investigation utilizing our assay is warranted to elucidate 
the relationship between sotorasib blood levels and 
clinical efficacy, as well as adverse effects.

Funding: This research was funded by the Japan Society 
for the Promotion of Science (JSPS) KAKENHI [grant 
number JP20K16095].

Table 2. Stability analyses under various conditions (n = 5)

Sotorasib added (µg/mL)

  0.10
  2.5
20.0

SD, standard deviation.

Benchtop
mean ± SD

108.05 ± 10.96
96.26 ± 1.81
91.43 ± 2.58

Processed sample
mean ± SD

97.75 ± 6.14
96.02 ± 2.07
96.38 ± 2.25

Long-term 4 weeks
mean ± SD

100.76 ± 6.93
  92.27 ± 1.42
  91.90 ± 1.33

Freeze-and-thaw
mean ± SD

95.58 ± 4.60
94.99 ± 4.19
92.03 ± 2.96

Stability condition (%)

Figure 2. Trends for AST, ALT, γ-GTP, ALP, and the maximum concentration (Cmax) of sotorasib. White circles indicate sotorasib Cmax, 
black circles indicate AST, black squares indicate ALT, black diamonds indicate γ-GTP, and black triangles indicate ALP. AST, aspartate 
aminotransferase; ALT, alanine aminotransferase; γ-GTP, γ-glutamyl transpeptidase.
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Inflammatory bowel disease (IBD) is a non-specific chronic intestinal inflammatory disorder. 
Pharmacotherapy serves as the main treatment strategy for IBD; however, the current medications 
have certain limitations, such as inefficacy and a tendency to induce tolerance, thereby requiring the 
development of innovative drugs to fulfill therapeutic requirements. A model of acute colitis induced 
with a solution of approx. 3% dextran sulfate sodium (DSS) has been widely used in preclinical drug 
development. Nevertheless, this model has some drawbacks, including rapid disease progression 
leading to mortality in some mice and disparities between the inflammatory characteristics of mice and 
the pathological features of human IBD. The current study found that mice freely consuming a lower 
concentration of a DSS solution (1-1.5%) for 10-15 days exhibited milder colitis symptoms. Continued 
consumption of the DSS solution for 15-20 days resulted in chronic inflammation in colon tissue, 
accompanied by a significant increase in the proportion of Th1 cells, indicating the involvement of 
adaptive immune responses. Subsequently, mice were treated with mesalazine or Centella triterpenes 
while concurrently consuming the DSS solution for 10 days. The treated mice had significant 
improvements in body weight and colon length compared to the control group. The advantages of 
this subacute model include minimal mortality among experimental mice and the fact that intestinal 
mucosal inflammation in mice resembles the pathological features of human IBD, enabling the 
assessment of drug efficacy against IBD.

1. Introduction

Inflammatory bowel disease (IBD) is a non-specific 
chronic intestinal inflammatory disorder that mainly 
includes ulcerative colitis and Crohn's disease (1). The 
former mainly damages the colon and rectum, while the 
latter can damage any part of the gastrointestinal tract 
from the mouth to the anus, with the terminal ileum 
and colon often affected (2,3). Patients often present 
with symptoms such as abdominal pain, diarrhea, 
bloody stools, and weight loss (2,3). IBD is difficult to 
cure, prone to recur, and has a potential risk of cancer, 
seriously affecting the quality of life of patients (4). The 
etiology of IBD remains unclear, but it is associated 
with abnormal immune responses in the gastrointestinal 
tract (5). Drug therapy is the main treatment strategy for 
IBD, with commonly used drugs including mesalazine, 
corticosteroids, and biologics targeting inflammatory 
mediators (6,7). However, existing drugs have drawbacks 
such as inefficacy and the potential to induce tolerance, 

necessitating the development of new drugs to meet 
treatment needs (8).
 A model of acute colitis induced with dextran 
sulfate sodium (DSS) is widely used in preclinical drug 
development (9,10). In this model, DSS is typically 
used at a concentration of approx. 3%, and mice 
exhibit obvious colitis symptoms such as diarrhea, 
rectal bleeding, and weight loss within 3-7 days (11). 
The advantages of this model lie in its convenience 
and rapidity, and it can respond to some commonly 
used anti-IBD drugs (11). However, this model also 
has some drawbacks, evident in the large individual 
differences among mice, with some showing mild 
or no obvious colitis symptoms while others exhibit 
severe symptoms such as significant rectal bleeding and 
weight loss. This can easily lead to death and result in 
missing data. Second, DSS-induced acute inflammation 
progresses rapidly, and it can heal on its own after DSS 
is discontinued. Therefore, preventive administration is 
generally used to evaluate the efficacy of compounds, 
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while it is seldom used to evaluate the efficacy of drugs 
in the disease model. Finally and most importantly, 
human IBD is a chronic inflammation that involves 
adaptive immune response that plays an important role 
in disease pathology (5). However, studies have shown 
that acute intestinal inflammation can still be induced 
in mice with defective adaptive immune responses, 
indicating that the pathological features of DSS-induced 
acute inflammation in mice differ from those of human 
IBD (12). Therefore, the mouse model of DSS-induced 
acute colitis needs to be improved to better evaluate the 
efficacy of compounds.
 Reported here is a mouse model of subacute DSS-
induced colitis in which mice was allowed free access to 
a low concentration of a DSS solution (1%-1.5%) for 40-
45 days. This model is characterized by diarrhea in mice, 
adaptive immune response involvement, and generally 
no mortality during the experiment. It can be used to 
evaluate the therapeutic and/or preventive effects of 
drugs.

2. Materials and Methods

2.1. Agents and animals

DSS (M.W. 40,000) and mesalazine were purchased 
from Shanghai Aladdin Biochemical Technology Co., 
Ltd. (Shanghai, China). Centella triterpene tablets were 
manufactured by Shanghai Shyndec Pharmaceutical Co., 
Ltd. (Shanghai, China). Female C57BL/6 mice (8-10 
weeks old, 18-22 g) were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, 
China). The animals were housed under pathogen-free 
conditions. The research protocol was in accordance with 
the institutional guidelines of the Animal Care and Use 
Committee.

2.2. Histological processing and hematoxylin and eosin 
(H&E) staining

After mice were sacrificed, the entire colon and rectal 
segment were removed, rinsed thoroughly with pre-
cooled normal saline, blot dried with filter paper, and 
visually inspected for macroscopic changes. The length 
of the colorectum was measured. One-cm sections of 
the colon were cut, fixed in 4% paraformaldehyde, 
and embedded in paraffin. Six-μm thick sections then 
prepared for H&E staining. Digital micrographs were 
taken with a Nikon Ni microscope.

2.3. Extraction of mouse colorectal mucosal lymphocytes

After the mouse colon was washed with pre-cooled 
normal saline, the tissue was cut into approximately 0.5-
1-cm fragments. An appropriate amount of separation 
solution was added (20 mL of a separation solution 
containing 18.52 mL of sterile calcium- and magnesium-

free Hank's balanced salt solution, 1 mL of fetal calf 
serum, 200 μL of 100 mM dithiothreitol, 200 μL of 
1 M HEPES, and 80 μL of 0.5 M EDTA). The tissue 
fragments were shaken (250 r/min) at 37°C for 15 min 
and then filtered through a 100-μm nylon mesh to obtain 
a filtrate containing intraepithelial lymphocytes and 
intestinal epithelial cells. The intestinal tissue fragments 
were then added to an appropriate amount of a digestion 
solution (10.5 mL of a digestion solution containing 500 
μL of fetal calf serum, 15 mg of collagenase VIII, 10 mg 
of DNase I, and 10 mL of calcium- and magnesium-free 
PBS). The mixture was shaken (250 r/min) at 37°C for 
45 min and then filtered through a 100-μm nylon mesh to 
obtain a filtrate containing lamina propria lymphocytes. 
The filtrate was centrifuged (860× g) at 4°C for 10 min, 
and the supernatant was discarded. The cell pellet was 
resuspended in 8 mL of 40% isotonic Percoll solution 
and slowly layered over 4 mL of 80% isotonic Percoll 
solution along the tube wall. After being left to stand 
for 10 min, the mixed liquid was subjected to density 
gradient centrifugation (1000× g) at 20°C for 20 min. The 
opaque cell layer between the two layers of the interface 
was aspirated and placed into a centrifuge tube, and PBS 
was added. After mixing, it was centrifuged (800× g) at 
4°C for 8 min. The cell pellet was resuspended in 1 mL 
of RPMI 1640 medium containing 10% fetal calf serum, 
and then an intestinal mucosal lymphocyte suspension 
was obtained.

2.4. Determination of Th1/Th2/Th17 CD4+ T cells

After resuspending the extracted intestinal mucosal 
lymphocytes in PBS, Fixable Viability Stain 780 (BD 
Biosciences, NJ, USA) was added to the suspension and 
incubated in the dark for 10-15 min. After the mixture 
was washed and centrifuged (350× g, 5 min), mouse BD 
Fc Block (BD Biosciences, NJ, USA) was added and 
incubated at 4°C for 5 min to block the Fc receptors of 
the cells. Then appropriate amounts of antibodies against 
CD3 (FITC anti-mouse CD3, BioLegend, CA, USA), 
CD4 (BB700 rat anti-mouse CD4, BioLegend, CA, 
USA), and CD25 (APC anti-mouse CD25, BioLegend, 
CA, USA) were added and incubated at 4°C in the 
dark for 30 min. After the mixture was washed and 
centrifuged (350× g, 5 min), 1 mL of 1× FIX/Perm 
was added to each tube, and the mixture was incubated 
at 4°C in the dark for 40 min. After the mixture was 
washed and centrifuged (450× g, 5 min), appropriate 
amounts of antibodies against IFN-γ (Brilliant Violet 
650™ anti-mouse IFN-γ, BioLegend, CA, USA), IL-4 
(PE/Cyanine7 anti-mouse IL-4, BioLegend, CA, USA), 
and IL-17A (Brilliant Violet 421™ anti-mouse IL-17A, 
BioLegend, CA, USA) were added to each tube. The 
mixture was incubated at 4°C in the dark for 45 min and 
then washed and centrifuged (450× g, 5 min). The cells 
were resuspended in 500 μL of staining buffer, filtered 
through a 300-mesh filter, and analyzed using flow 
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2). At the beginning, the colonic mucosa of mice had 
abundant and regularly arranged crypts (Figure 2A). Few 
white blood cells were observed in the mucosal layer. 
On day 15, mice developed diarrhea, and the quantity 
and quality of crypts decreased (Figure 2B). The number 
of goblet cells decreased, and the submucosa became 
thicker with leukocyte infiltration. On day 30, the 
number of crypts decreased further, and large amounts of 
leukocytes were observed in the mucosal and submucosal 
layers (Figure 2C). Isolated lymphoid follicles were also 
observed, indicating an adaptive immune response. On 
day 40, the number of crypts decreased significantly, and 
the mucosal and submucosal layers were infiltrated by a 
large number of plasma cells and lymphocytes (Figure 
2D). 
 To further clarify the type of adaptive immune 
response in the colonic mucosa, on day 30 colonic 
mucosal lymphocytes were extracted from mice and 
analyzed for the Th subgroups of CD4+ T cells using 
flow cytometry (Figure 3). The results indicated that 
the proportion of Th1 cells in the colonic mucosa of 

cytometry. Prior to flow cytometry, compensation beads 
(BD Biosciences, NJ, USA) were used to adjust the flow 
cytometer.

2.5. Statistical analysis

Data are expressed as the mean ± SEM and were 
analyzed using a one-way analysis of variance (ANOVA) 
followed by Dunnett's multiple range tests. The limit of 
statistical significance was p < 0.05. Statistical analysis 
was performed with the software SPSS/Win 16.0 (SPSS, 
Chicago, IL, USA).

3. Results and Discussion

3.1. Subacute colitis induced with DSS 

Mice were allowed free access to a 1-1.5% DSS solution 
for about 40-45 days (Figure 1A). Their feces were 
examined daily for any changes and their weight was 
recorded every three days. On days 10-15, the mice 
exhibited diarrhea and were allowed to continue drinking 
the DSS solution until day 30. During day 15 to 30, the 
mice showed obvious symptoms of diarrhea, indicating 
the presence of colitis. During the first 30 days of the 
study, the mice maintained a relatively stable weight 
(Figure 1B). Starting on day 30, the mice were given 
therapeutic agents while still having access to the DSS 
solution for about 10-15 days. 

3.2. Pathology of subacute colitis in C57BL/6 mice 

Colon tissues of mice were collected at the beginning and 
on day 15, day 30, and day 40. After H&E staining, the 
pathological changes in the colon were examined (Figure 

Figure 1. DSS (1%-1.5%)-induced subacute colitis in C57BL/6 
mice. (A) The whole experiment could be divided into two phases. 
In phase 1, colitis was induced and maintained until day 30, when the 
colon mucosa exhibited chronic inflammatory characteristics. In phase 2, 
mice were treated with agents that have potential anti-colitis action. (B) 
The body weight of mice was monitored throughout the whole study. 
Body weight was stable during the first phase but tended to decrease 
during the second phase. CT, Centella triterpenes; Mesa, mesalazine.

Figure 2. H&E staining of colon tissues removed on day 0, 15, 30, 
and 40 of the experiment. (A) Normal colon tissue on day 0. (B) Mild 
colitis on day 15, when the mice developed diarrhea. (C) The colon 
mucosa exhibited chronic inflammatory characteristics on day 30. (D) 
Colitis worsened on day 40, when a large number of leucocytes such 
as plasma cells and lymphocytes were observed in the mucosa and 
submucosa of colon tissue. Original magnification: 40× (left), 400× 
(right).
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mice with colitis increased significantly compared to 
that in normal mice, and the proportion of Th17 cells 
also tended to increase. Th1 and Th2 cells are generally 
believed to mediate the immune response in Crohn's 
disease and ulcerative colitis, respectively, while Th17 
cells play an important role in both diseases (13). 
Therefore, this model of subacute colitis has certain 
prospects for use in the study of IBD.

3.3. Drug response in the model of subacute colitis 

Mesalazine is an effective drug for treating IBD. The 
efficacy of mesalazine was noted in this model of 
subacute colitis. Starting on day 30, mice were orally 
administered mesalazine at a dose of 200 mg/kg twice 
daily for 10 days. At the end of the experiment, mice 
in the mesalazine treatment group had a significantly 
greater body weight and significantly longer colon 
length than those in the model group (Figure 4), 
indicating that mesalazine is effective at alleviating 

colitis in this model. 
 Centella triterpenes mainly contain asiaticoside 
and madecassoside, which have anti-inflammatory 

Figure 3. Alteration of Th cells in the mucosa of inflamed colon tissue. The mice were sacrificed on day 30 and the colon tissues were 
removed. Lymphocytes were extracted and subjected to flow cytometry. Cells that express both CD4 and IFN-γ were designated as Th1 cells, 
those that express both CD4 and IL-4 were designated as Th2 cells, and those that express both CD4 and IL-17A were designated as Th17 cells. 
The proportion of Th1 cells increased significantly in mice with DSS-induced colitis compared to that in normal mice. * p ˂ 0.05.

Figure 4. The body weight (A) and colon length (B) of mice at the 
end of the experiment. Starting on day 30, the mice were treated with 
Centella triterpenes or mesalazine for 10 days. Centella triterpenes  
and mesalazine markedly increased the body weight and colon length 
of mice compared to the vehicle. CT, Centella triterpenes; Mesa, 
mesalazine. * p ˂ 0.05; ** p ˂ 0.01.
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and wound healing action (14). Clinically, they are 
used to treat trauma, surgical wounds, burns, scars, 
and scleroderma in China. Studies have found that 
asiaticoside and madecassoside can alleviate the 
symptoms of acute colitis in a model at a dose of 50 
mg/kg (15). In the current model, Centella triterpenes 
were orally administered at a dose of 1 mg/kg twice 
daily, significantly increasing the body weight and colon 
length of mice with colitis (Figure 4). Considering the 
conversion factor between mice and humans, this dose 
is close to the clinical dose of the drug, indicating that 
the mouse model of subacute colitis has advantages in 
evaluating the efficacy of drugs.

4. Conclusion

The use of a high-concentration DSS solution (approx. 
3%) to induce acute colitis in mice in order to evaluate 
the efficacy of drugs has certain limitations. The current 
study found that mice, when freely consuming a lower 
concentration of a DSS solution (1-1.5%) for a duration 
of 10-15 days, exhibited milder symptoms of colitis. 
When intake of the DSS solution was continued for 
another 15-20 days, the mucosa of colon tissues exhibited 
characteristics of chronic inflammation, accompanied 
by a significant increase in the proportion of Th1 cells, 
indicating the involvement of an adaptive immune 
response. Subsequently, the mice were administered 
drug treatment for 10-15 days while consuming the 
DSS solution, allowing for the evaluation of the drug's 
efficacy against colitis. The advantages of this subacute 
model include minimal mortality of mice during the 
experimental process, the fact that the characteristics of 
murine intestinal mucosal inflammation resemble the 
pathological features of IBD in humans, and evaluating 
the efficacy of drugs to treat colitis in mice.
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This study aimed to investigate the effect of anti-Mullerian hormone (AMH) on the pregnancy 
outcome of infertility assisted by IVF/Micro-Insemination/Embryo Transfer Infertility Assistance 
(IVF/ICSI-ET). A total of 324 patients under the age of 35 who received IVF/ICSI-ET assistance 
in our center were included in this analysis. AMH levels of these patients were measured by 
chemiluminescence method and divided into clinical pregnancy group (175 cases) and non-
pregnancy group (149 cases) according to the final pregnancy outcome. The relationship between 
the two groups' pregnancy outcomes and AMH levels was analyzed. The above association was 
re-evaluated after excluding patients with polycystic ovary syndrome. There was no significant 
difference in age, body mass index (BMI), follicle-stimulating hormone (FSH), and 2 pronucleus 
(PN) between clinical and non-clinical pregnancy groups. Compared with the clinical pregnancy 
group, the level of AMH in the non-pregnancy group was significantly lower (p < 0.05). A higher 
AMH level was closely related to better IVF/ICSI-ET assisted pregnancy outcome in vitro. After 
excluding AMH abnormalities, the AMH level was still significantly associated with pregnancy 
outcomes of in vitro IVF/ICSI-ET-assisted pregnancy. Our results show a correlation between AMH 
level and pregnancy outcome of in vitro IVF/ICSI-ET assisted pregnancy. For women under age 35, 
lower AMH levels may be one of the predictors of adverse pregnancy outcomes. For patients with 
low AMH level, it is suggested to strengthen monitoring to ensure the safety and smoothness of the 
pregnancy process.

1. Introduction

"Infertility" refers to a couple's failed pregnancy after 12 
months of unprotected sexual intercourse and pregnancy 
attempts. Infertility is increasing yearly, affecting about 
15-20% of couples worldwide (1). About 85% of cases 
have a clear cause, such as ovulatory dysfunction, male 
infertility, or fallopian tube lesions. However, there are 
unexplained infertility cases where the cause is unknown.
 It is important to note that lifestyle and environmental 
factors like smoking and obesity can negatively affect 
fertility (2). Aggravation of environmental pollution has 
particularly contributed to the occurrence of infertility. 
Exposure to perfluoroalkyl substances (PFAS) may 

be associated with decreased fertility. Higher PFAS 
exposure may lead to a decline in female fertility (3). 
Exposure to ambient air pollutants (such as sulfur 
dioxide) may potentially adversely affect male semen 
quality (4). In addition, ovarian reserve was negatively 
correlated with women's exposure to air pollutants (5).
 For infertile patients, assisted reproductive 
technology (ART) has become their hope of becoming 
parents (6). ART, or in vitro fertilization and embryo 
transfer (IVF-ET), is an advanced reproductive technique 
that helps infertile individuals achieve pregnancy and 
treat fertility issues by facilitating the birth of healthy 
babies. The ART program includes processing eggs or 
embryos in vitro to promote fertilization and embryonic 

Brief Report



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):299-303.

development. The current ART process covers IVF and 
possible intracytoplasmic sperm injection (IVF/ICSI) (7).
 Unfortunately, even with the help of IVF-ET 
technology, not all infertile people can achieve clinical 
pregnancy results for various reasons (8). Existing studies 
have shown that infertility is associated with adverse 
pregnancy outcomes, with or without fertility treatment 
(9). Certain lifestyle factors have also been found to 
impress the pregnancy outcomes of IVF/ICSI treatment. 
For example, women drinking > 84 grams/week were 
related to a lower pregnancy rate, while men drinking 
> 84 grams/week were linked to a lower live birth rate 
after IVF/ICSI treatment (10). The study also found 
that after age adjustment, the live birth rate decreased 
significantly as the duration of infertility increased from 
1 year to 12 years. Fertility (that is, the possibility of 
becoming pregnant during a menstrual cycle) begins to 
decline significantly in the early thirties and even faster a 
few years later (around the age of 37) (11,12). However, 
our understanding of the factors affecting the success 
rate of in vitro pregnancy is still limited, which limits 
the optimization of IVF/ICSI treatment to improve the 
outcome of assisted pregnancy in infertile patients.
 Anti-Mullerian hormone (AMH), a hormone 
produced by follicular granulosa cells, reflects the 
continuity of ovarian functional reserve, which can 
predict the response of ovary to gonadotropin stimulation 
and be used in individualized treatment strategy to 
improve the efficacy and safety of treatment (13). 
AMH is supposed to indicate the likelihood of success 
in controlled ovarian stimulation (COS) (14). AMH 
levels are utilized to evaluate ovarian reserves and aid 
in ovulation induction programs for women undergoing 
IVF cycles. However, the impact of AMH levels on 
pregnancy outcomes in IVF/ICSI is not fully understood. 
To address this, we conducted a retrospective analysis of 
the correlation between pre-pregnancy AMH levels and 
pregnancy outcomes in women less than 35 years of age 
who received IVF/ICSI-assisted pregnancy.

2. Materials and Methods

2.1. Study population

Three hundred seventy assisted pregnancy patients who 
met the indications of IVF-ET from January 2021 to 
December 2022 were screened, of which 324 were less 
than 35 years old. Patients were divided into two groups 
according to pregnancy outcome: clinical pregnancy 
group (confirmed to be pregnant by ultrasound); non-
clinical pregnancy group (serum or urine examination 
indicated increased progesterone or human chorionic 
gonadotropin, but pregnancy was not confirmed by 
ultrasound; or patients who were not pregnant by 
biochemistry and ultrasound). The study was approved 
by the Institutional Review Board of Zhoushan Maternal 
and Child Health Hospital and followed the ethical 

guidelines of the 2000 Declaration of Helsinki. All the 
participants signed the informed consent document. 
Figure 1 is a flowchart of the study.

2.2. Data collection

AMH was detected on a model iFlash 3000 (Yahuilong 
Company, Shenzhen, Guangdong, China) using the 
chemiluminescence method, following the manufacturer's 
instructions. Follicle-stimulating hormone (FSH) and 2 
pronucleus (PN) were extracted from medical records. 
Body mass index (BMI) was calculated as weight (kg)/
height (m)2.

2.3. Determination of pregnancy

Clinical pregnancy was determined according to the 
results of ultrasound, which was performed using the GE 
Voluson E11 system (General Electric Medical Systems, 
Milwaukee, WI, USA). If the ultrasonic examination 
did not detect a pregnancy, and combined with human 
chorionic gonadotropin (hCG) < 7 U/mL, then it was 
judged as not a clinical pregnancy. hCG was determined 
using the hCG diagnostic reagent kits (Roche Diagnostic 
Reagent Co., Ltd. Marburg, Germany), according to 
the manufacturer's instructions. The detection method 
of hCG is electrochemiluminescence, using the Cobas 
e601 type electrochemiluminescence instrument (Roche 
Diagnostics, Indianapolis, IN, USA).

2.4. Statistical analyses

To compare the difference between the two groups, mean 
± standard deviation (SD) was presented for normally 
distributed continuous variables, and t-test was used. 
Data were expressed as numbers and percentages for 
categorical variables, and the chi-square test was used. 
SPSS version 25.0 was utilized for the statistical analysis, 
with a significance threshold set at two-sided p < 0.05.

3. Results and Discussion

The  BMI ,  FSH,  and  2PN indexes  r ema ined 
indistinguishable between the clinical and non-clinical 
pregnancy group (Table 1). As shown in Figure 2, the 
average AMH level of the clinical pregnancy group 
(4.795 ± 3.12 ng/mL) notably increased compared to the 
non-pregnancy group (3.802 ± 2.13 ng/mL) (p = 0.0025).
 As one of leading causes for female infertility 
worldwide, about 10% of patients with polycystic ovary 
syndrome (PCOS) seek ART (15).PCOS is an endocrine 
disease with metabolic abnormalities, and one of the 
characteristics of the disease is elevated levels of AMH 
(16). To rule out whether the increase of AMH in the two 
groups of our results is caused by subsequent diagnosis 
of PCOS patients, we performed subgroup analyses in 
non-PCOS patients.

300



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2023; 17(4):299-303.301

 In our study, 37 (11.4%) patients were later diagnosed 
with PCOS. After excluding these patients, the remaining 
286 non-PCOS assisted pregnancies were used for 
subgroup analysis. As shown in Figure 3, the average 
AMH level of the clinically pregnant group (4.058 ± 
2.32 ng/mL) was markedly higher than that of the non-
pregnant group (3.216 ± 2.56 ng/mL) (p < 0.05).
 The research on the pregnancy outcome of women 
using IVF-ET is still very limited. Therefore, it is of 
significant value to identify variables associated with the 

Figure 1. Study flowchart.

Table 1. Characteristics of non-clinical pregnancy vs. 
clinical pregnancy group

Age
BMI
FSH
2PN
Years of infertility

Non-clinical pregnancy 
(n = 149)

30.08 ± 2.80
21.99 ± 3.30
  6.55 ± 2.06
  6.02 ± 3.24
  3.31 ± 2.16

Clinical pregnancy
(n = 175)

30.70 ± 2.80
22.32 ± 3.11
  6.41 ± 1.85
  5.36 ± 3.02
  3.39 ± 2.48

p

0.99
0.35
0.53
0.06 
0.92 

Figure 2. The level of AMH in patients under 35 years old, clinical 
pregnancy group (4.795 ± 3.12 ng/mL) vs. non-pregnancy group 
(3.802 ± 2.13 ng/mL). Each point represents a patient. The unit of 
AMH is ng/mL (**, p = 0.0025).

Figure 3. The level of AMH in patients under 35 years old without 
PCOS, clinical pregnancy group (4.058 ± 2.32 ng/mL) vs. non-
pregnancy group (3.216 ± 2.56 ng/mL). Each point represents a 
patient. The unit of AMH is ng/mL (***, p = 0.0004).
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pregnancy outcome and closely monitor them to improve 
the safety and smoothness of the pregnancy process. 
The current study focused on patients under 35 years 
of age receiving IVF/ICSI. The results showed obvious 
differences in AMH between the clinical pregnancy group 
with successful in vitro assisted pregnancy and those who 
failed to reach the clinical pregnancy stage. Specifically, 
AMH levels were positively correlated with successful 
clinical pregnancy assisted by IVF/ICSI. After excluding 
subsequent diagnosed PCOS patients, the high level of 
AMH was still positively related to the successful clinical 
pregnancy outcomes in in vitro assisted pregnancy, 
indicating that AMH may be a predictive index.
 Recently, the research of AMH has made important 
progress in reproductive medicine. A retrospective 
cohort study found that serum AMH levels influenced 
pregnancy outcomes treated with gonadotropin-releasing 
hormone antagonists, indicating the positive role of AMH 
levels in predicting ovarian response and pregnancy 
outcomes (17). Another study revealed that AMH and 
antral follicle count (AFC) could forecast the final 
obtained egg number and the effect of embryo freezing 
during IVF cycles; high AMH and AFC were positively 
correlated with the number of collected oocytes (18). 
Furthermore, a cohort study found that young women 
with high AMH levels were more likely to experience an 
early miscarriage during their first IVF/ICSI procedure 
compared with women with intermediate AMH levels, 
suggesting that high AMH levels may be a risk factor of 
early miscarriage (19). A study discovered that young 
women with elevated AMH levels were more prone to 
early miscarriage during their initial IVF/ICSI treatment 
than those with moderate AMH levels. In young women, 
serum AMH levels were independently linked to the 
risk of early abortion after IVF-ET treatment (20). The 
results based on follicular fluid have shown that the 
AMH of follicular fluid matched by oocytes is a valuable 
index for predicting live birth after fresh single embryo 
transfer (21). However, whether there is any relationship 
between serum AMH and IVF/ICSI pregnancy outcome 
in infertile patients has not been fully evaluated.
 In women, the production of AMH begins in the later 
stage of the fetus and continues into adulthood, then 
decreases steadily throughout the reproductive years until 
a severe decline during menopause, and finally to a level 
that cannot be detected (22). AMH is crucial in regulating 
various stages of follicular development and functions 
as a neuroendocrine hormone. Additionally, serum AMH 
levels are widely accepted as a dependable indicator of 
ovarian reserve, predicting the occurrence of PCOS and 
primary ovarian failure (23).  Our study results suggest 
that the IVF/ICSI treatment regimen adjusted according 
to the level of AMH may improve the success rate of 
pregnancy and reduce the time and cost of treatment. 
For example, in women with lower levels of AMH, 
higher doses of ovulation-inducing drugs can stimulate 
follicular development to obtain more eggs and improve 

the pregnancy success rate. The relationship between the 
level of AMH as an indicator of ovarian reserve function 
and the clinical pregnancy rate of in vitro pregnancy 
is not fully understood. Further understanding of the 
mechanism of AMH in in vitro pregnancy outcomes can 
help adjust targeted assisted pregnancy program based on 
AMH levels to improve the success rate of out-of-vitro 
pregnancy in infertile patients.
 Our research provides preliminary information for 
understanding AMH and in vitro pregnancy outcomes. 
However, considering our results are based on 
retrospective analysis from a single center, there may 
be biases and confounding factors influencing the study 
results. Due to the nature of the study design, we can 
only evaluate the association but not causal relationship. 
Studies are needed to determine the underlying 
mechanism to improve the clinical intervention of 
patients with low AMH and improve the in vitro 
pregnancy outcomes. In addition, future research could 
explore whether it can effectively improve the pregnancy 
success rate of low-AMH patients under the age of 35 
by optimizing interventions for this population, such as 
supplementation with AMH (24).
 To conclude, our results show that AMH levels were 
positively associated with clinical pregnancy outcomes 
of in vitro assisted pregnancy. To enhance the clinical 
pregnancy success rate of patients with low AMH 
assisted pregnancy and ensure the safety and smoothness 
of the pregnancy process, we need to carry out closer 
monitoring and adjust the intervention measures for low-
AMH assisted pregnancy.
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annotated artwork, and 300 dpi for micrographs and photographs). 
Please provide all figures as separate files. Please note that low-
resolution images are one of the leading causes of article resubmission 
and schedule delays.

Units and Symbols: Units and symbols conforming to the 
International System of Units (SI) should be used for physicochemical 
quantities. Solidus notation (e.g. mg/kg, mg/mL, mol/mm2/min) 
should be used. Please refer to the SI Guide www.bipm.org/en/si/ for 
standard units.

Supplemental data: Supplemental data might be useful for 
supporting and enhancing your scientific research and Drug 
Discoveries & Therapeutics accepts the submission of these materials 
which will be only published online alongside the electronic version 
of your article. Supplemental files (figures, tables, and other text 
materials) should be prepared according to the above guidelines, 
numbered in Arabic numerals (e.g., Figure S1, Figure S2, and Table 
S1, Table S2) and referred to in the text. All figures and tables should 
have titles and legends. All figure legends, tables and supplemental 
text materials should be placed at the end of the paper. Please note all 
of these supplemental data should be provided at the time of initial 
submission and note that the editors reserve the right to limit the size 

exists for each author, please state "There is no conflict of interest to 
disclose"). 

Abstract: The abstract should briefly state the purpose of the study, 
methods, main findings, and conclusions. For article types including 
Original Article, Brief Report, Review, Policy Forum, and Case Report, 
a one-paragraph abstract consisting of no more than 250 words must 
be included in the manuscript. For Communications, Editorials, News, 
or Letters, a brief summary of main content in 150 words or fewer 
should be included in the manuscript. For articles reporting clinical 
trials, the trial registration number should be stated at the end of the 
Abstract. Abbreviations must be kept to a minimum and non-standard 
abbreviations explained in brackets at first mention. References should 
be avoided in the abstract. Three to six key words or phrases that do not 
occur in the title should be included in the Abstract page.

Introduction: The introduction should provide sufficient background 
information to make the article intelligible to readers in other 
disciplines and sufficient context clarifying the significance of the 
experimental findings. 

Materials/Patients and Methods: The description should be brief but 
with sufficient detail to enable others to reproduce the experiments. 
Procedures that have been published previously should not be 
described in detail but appropriate references should simply be cited. 
Only new and significant modifications of previously published 
procedures require complete description. Names of products and 
manufacturers with their locations (city and state/country) should be 
given and sources of animals and cell lines should always be indicated. 
All clinical investigations must have been conducted in accordance 
with the Declaration of Helsinki (as revised in 2013, https://wma.
net/what-we-do/medical-ethics/declaration-of-helsinki). All human 
and animal studies must have been approved by the appropriate 
institutional review board(s) and a specific declaration of approval 
must be made within this section.

Results: The description of the experimental results should be succinct 
but in sufficient detail to allow the experiments to be analyzed and 
interpreted by an independent reader. If necessary, subheadings may 
be used for an orderly presentation. All Figures and Tables should be 
referred to in the text in order, including those in the Supplementary 
Data. 

Discussion: The data should be interpreted concisely without repeating 
material already presented in the Results section. Speculation is 
permissible, but it must be well-founded, and discussion of the wider 
implications of the findings is encouraged. Conclusions derived from 
the study should be included in this section.
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authors should so state.
 In addition, people who contributed to the work but who do 
not meet the criteria for authors should be listed along with their 
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References: References should be numbered in the order in which 
they appear in the text. Citing of unpublished results, personal 
communications, conference abstracts, and theses in the reference list 
is not recommended but these sources may be mentioned in the text. 
In the reference list, cite the names of all authors when there are fifteen 
or fewer authors; if there are sixteen or more authors, list the first three 
followed by et al. Names of journals should be abbreviated in the 
style used in PubMed. Authors are responsible for the accuracy of the 
references. The EndNote Style of Drug Discoveries & Therapeutics 
could be downloaded at EndNote (https://www.ddtjournal.com/
examples/Drug_Discoveries_Therapeutics.ens).
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and length of Supplemental Data.

7. Online Submission

Manuscripts should be submitted to Drug Discoveries & Therapeutics 
online at https://www.ddtjournal.com/login. Receipt of your 
manuscripts submitted online will be acknowledged by an e-mail from 
Editorial Office containing a reference number, which should be used 
in all future communications. If for any reason you are unable to submit 
a file online, please contact the Editorial Office by e-mail at office@
ddtjournal.com

8. Accepted Manuscripts

Page Charge: Page charges will be levied on all manuscripts accepted 
for publication in Drug Discoveries & Therapeutics (Original Articles 
/ Brief Reports / Reviews / Policy Forum / Communications: $140 
per page for black white pages, $340 per page for color pages; News 
/ Letters: a total cost of $600). Under exceptional circumstances, 
the author(s) may apply to the editorial office for a waiver of the 
publication charges by stating the reason in the Cover Letter when the 

manuscript online. 

Misconduct: Drug Discoveries & Therapeutics takes seriously all 
allegations of potential misconduct and adhere to the ICMJE Guideline 
(https://icmje.org/recommendations) and COPE Guideline (https://
publicationethics.org/files/Code_of_conduct_for_journal_editors.pdf). 
In cases of suspected research or publication misconduct, it may be 
necessary for the Editor or Publisher to contact and share submission 
details with third parties including authors’ institutions and ethics 
committees. The corrections, retractions, or editorial expressions of 
concern will be performed in line with above guidelines.
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