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Purpose: Mounting evidence has revealed the anti-cancer activity of various

anti-viral drugs. Oseltamivir phosphate (OP), namely Tamiflu
®
, is routinely used

to combat influenza infections. Although evidence has indicated the anti-cancer

effects of OP in vitro and in vivo, little information is known about the effect of OP

use on cancers in humans.

Methods: A nationwide population-based cohort study involving 13,977,101

cases with 284,733 receiving OP was performed to examine the association

between OP use and cancers using the National Health Insurance Research

Database in Taiwan between 2009 and 2018.

Results: The cohort study found that OP users showed a significantly lower

incidence of lung cancer, colon cancer, liver, and intrahepatic bile duct cancer,

oral cancer, pancreas cancer, esophagus cancer, stomach cancer, and prostate

cancer. Additionally, OP users exhibited a lower risk of cancer-related mortality

(adjusted HR=0.779; 95% confidence interval [CI] 0.743-0.817; p<0.001) and a

reduced risk of developing liver cancer (adjusted HR=0.895; 95% CI 0.824-0.972;

p=0.008), esophagus cancer (adjusted HR=0.646; 95% CI 0.522-0.799; p<0.001)

and oral cancer (adjusted HR=0.587; 95% CI 0.346-0.995; p=0.048). Notably, OP

users had a significant reduction in liver cancer occurrence over a 10-year period

follow-up and a lower cancer stage at liver cancer diagnosis.

Conclusion: These findings first suggest the beneficial effects and therapeutic

potential of OP use for certain cancers, especially liver cancer.
KEYWORDS

anti-viral drugs, oseltamivir phosphate (OP), cohort study, cancer, liver cancer
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Introduction

Mounting studies on anti-viral drugs have been focused on their

anti-cancer properties (1). Acyclovir, as a synthetic nucleoside analog for

attenuating the proliferation and spread of the herpes virus, has been

reported to reveal benefit potentials when used as an adjuvant for the

treatment of breast cancer (2). Acyclovir disrupts and hinders the

proliferation and colony formation of breast cancer cells and inhibits

their invasion, without affecting the expressions of metastasis-related

genes (2). Azido thymidine (AZT), the first licensed drug for HIV

therapy, has also been reported to exhibit inhibitory effects against a

variety of cancer types, including leukemia, lymphoma, Kaposi sarcoma,

and pancreatic cancer, by leading apoptosis (3). Brivudine, an antiviral

medicine against herpes simplex virus (HSV), also exhibited anti-cancer

properties by suppressing chemoresistance in both animal experiments

and pancreatic cancer patients (4, 5). Nelfinavir, a protease inhibitor

against HIV infection, also showed anti-cancer activity by inhibiting

Akt-signaling and inducing endoplasmic reticulum (ER) stress in

NSCLCs, ovarian cancers, liposarcomas, and breast cancers (6, 7).

These findings strongly indicated the anti-cancer properties of anti-

viral drugs (AVD) and attracted intensive attention to investigating the

potential of AVD in cancer therapy.

Increasing experience regarding the perilous consequence of

emerging respiratory viruses caused by influenza has received

intensive attention in recent decades (8). Although influenza vaccines

provide a crucial tool for influenza virus prevention, the efficacy for

preventing annual influence epidemics is still limited (8, 9). To address

and overcome this issue, inhibitors have been synthesized to target

influenza viral components such as neuraminidase enzymes,

hemagglutinin proteins, Matrix-2 (M2) protein ion channels,

nucleoproteins, and RNA-dependent RNA polymerases (10, 11). To

date, the currently available anti-influenza drugs such as peramivir,

zanamivir, oseltamivir (OP), and rimantadine are obtained through

chemical modifications of clinically used drugs, which exhibit

inhibitory activity to their target viral component (12, 13).

Oseltamivir, namely Tamiflu®, approved in late 1999 is a

further sialidase-targeted anti-influenza drug based on zanamivir

(14, 15). As a well-tolerated neuraminidase inhibitor, oseltamivir

significantly ameliorates the symptomatic illness and accelerates the

return to normal activity levels in patients with natural influenza

infection (16–18). Notably, evidence has indicated that OP reveals

anti-proliferative and anti-metastatic effects on various cancer cell

types like hepatic, pancreatic, and breast cancer cells (19–21),

suggesting the anti-cancer potentials of OP. Additionally, our

recent study demonstrated the cytotoxic effects of OP on liver

cancer cells both in vitro and in vivo by inducing apoptosis and

autophagy (21). However, the clinical information for OP use and

human cancers remains lacking. Therefore, the current study

further investigated the association between OP users and the risk

of different cancers, especially HCC, by conducting a large-scale

nationwide cohort in the Taiwan National Health Insurance

Research Database (NHIRD) retrospectively.
Frontiers in Oncology 027
Materials and Methods

Data source

This study employed an observational retrospective cohort

design. All the data utilized in this study were sourced from the

National Health Insurance Research Database, Ministry of Health

and Welfare (NHIRD_MOHW) at the Health and Welfare Data

Science Center in Taiwan (grant no. H110290). The NHIRD was

established in conjunction with an insurance program launched in

Taiwan in 1995. At present, nearly 99% of Taiwan’s residents are

enrolled in this program, which covers the cost of ambulatory care,

inpatient services, dental treatments, medications, invasive

procedures, and surgeries through Taiwan’s national health

insurance program. Consequently, the NHIRD houses an

extensive repository of healthcare information and ranks among

the most comprehensive administrative health databases

worldwide. Numerous epidemiological and comparative

effectiveness studies have been previously published using the

NHIRD in various prestigious journals. To protect individuals’

privacy and maintain data security, personal information and

identification were anonymized. As a result, our study was

exempted from requiring informed consent, and the study

protocol received approval from the Institutional Review Board of

the Chung Shan Medical University Hospital (CS2-21180). Data in

this study were retrieved and analyzed from the Health and Welfare

Data Science Center in Taiwan.
Patients with oseltamivir use

Patients who had received treatment with OP were identified by

corresponding drug codes in NHIRD between January 1, 2009, and

December 31, 2018. The date when the patients received the

prescription of OP for the first time was defined as the index date

and the age of each individual was determined based on the index

date. To ensure the integrity of the study, several exclusion criteria

were applied. We excluded Individuals who had died before the

index date, cases registered more than once in the database, were

under the age of 20, had unknown gender, had used other

neuraminidase inhibitors before and during the follow-up period,

and had been diagnosed with any type of malignancy before the

index date.
Control group

Patients without a prescription for OP were identified between

2009 and 2018 to be included in the control group. The index dates

of patients in the control group were randomly assigned. The

control group’s exclusion criteria align with those of the patients

with OP use.
frontiersin.org
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Outcome ascertainment

Identification of the outcome was based on the International

Classification of Diseases for Oncology, Third Edition (ICD-O-3)

codes. The study aimed to investigate the occurrence of common

types of cancer in Taiwan, including “trachea, bronchus, and lung

cancer”(C34), “colon, rectum, and anus cancer”(C18), “breast

cancer”(C50), “liver and intrahepatic bile duct cancer”(C22), “oral

cancer”(C04), “pancreatic cancer”(C25), “esophageal cancer”(C15),

“gastric cancer”(C16), “prostate cancer”(C61), and “ovarian

cancer”(C56). To ensure the accuracy of cancer diagnoses, patients

who were counted as having canners were also required to possess a

valid certificate of major illness specifically for cancer, in addition to

having the aforementioned diagnostic codes. Patients with serious

diseases, such as cancer, autoimmune diseases, or type-1 diabetes, are

eligible to apply for a certificate of major illness under the Taiwan

NationalHealth Insurance system, thereby enhancing the reliability of

the study’s findings.
Follow-up

Individuals were followed from the index date, until the date of

their cancer diagnosis, death, or end of the study period (December

31, 2018), whichever came first. Patients who died before cancer

diagnosis would be treated as censoring.
Statistical analysis

Continuous variables were presented as mean and standard

deviation (SD), while categorical variables were presented as counts

and percentages. Independent sample t-tests or Pearson chi-squared

tests were used to compare the demographic differences between

patients with and without the use of OP. The Kaplan-Meier method

was used to estimate the cumulative incidence rate of liver cancer
Frontiers in Oncology 038
between OP users and non-users. The Cox regression was used to

derive hazard ratio for developing malignancy. Multivariate analysis

was performed with adjustment for age, gender. A two-tailed P-value

less than 0.05 was considered significant. All data processing and

statistical analysis were conducted using Stata 15 software (StataCorp,

College Station, TX, USA).
Results

Participants’ characteristics

Figure 1 shows the flowchart of participant selection in this

population-based study. Characteristics of participants are shown in

Table 1. This cohort study encompassed 13,977,101 individuals.

Among these cases, 284,733 individuals (2.04%) had a history of

receiving at least one OP administration and the other 13,692,368

(97.96%) individuals received no OP administration. Significant

disparities were observed in terms of gender and age distribution

between these two cohorts (Table 1). Upon closer examination of

the age variable, the OP use group exhibited a noteworthy

concentration of individuals aged 20 to 39 years (p<0.001).

Conversely, the group without OP use showed a significantly

prominent cluster of individuals aged 40 to 59 years (p<0.001),

aged 60 years and those above (p<0.001). Remarkably, within OP

use group, a total of 7,113 patients (2.5%) were diagnosed with

malignant tumors. Within the non-OP use group, a total of 509,267

patients (3.7%) were diagnosed with malignant tumors (Table 1).
Correlation between OP use and cancers

To investigate the correlation between OP use and the top 10

common cancers in Taiwan, chi-squared tests were performed. As

shown in Table 2, a significant difference was observed between OP

use group and non-OP use groups in lung cancer (64,179 patients,
FIGURE 1

Flowchart of participant selection in a population-based study from Taiwan National Health Insurance Database.
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12.43%, p<0.001), colon cancer (47,223 patients, 9.15%, p<0.001),

liver and intrahepatic bile ducts cancer (58,259 patients, 11.28%,

p<0.001), oral cancer (1,522 patients, 0.29%, p=0.002), pancreas

cancer (11,932 patients, 2.31%, p<0.001), esophagus cancer (9,450

patients, 1.83%, p<0.001), stomach cancer (11,101 patients, 2.15%,

p<0.001) and prostate cancer (25,749 patients, 4.99%, p<0.001).

Risk of different cancers in individuals with
OP use

The overall mortality rate (death due to cancer) of the top ten

cancers in Taiwan was analyzed after adjusting for age and gender.
Frontiers in Oncology 049
As shown in Table 3, the negative association between OP use and

mortality in all cancer incidence was observed after controlling for

other covariates (adjusted HR=0.779; 95% CI 0.743-0.817; p<0.001).

The correlation between OP use and the incidence rates of different

cancer was further investigated. Notably, OP use revealed a negative

association with the risk of developing liver cancer (adjusted

HR=0.895; 95% CI 0.824-0.972; p=0.008), oral cancer (adjusted

HR=0.587; 95% CI 0.346-0.995; p=0.048) and esophageal cancer

(adjusted HR=0.646; 95% CI 0.522-0.799; p<0.001) as compared to

the control group. Notably, Figure 2 demonstrated the Kaplan-

Meier failure curves for the individuals with OP use and those

without OP use on the risk of developing liver cancer over a 10-year
TABLE 2 Association between OP use and non-OP use in top 10 cancers in Taiwan.

Total
OP use
group

Non-OP use
group P value

N % N % N %

Overall cancers 516,380 100% 7,113 100% 509,267 100%

Lung cancer 64,179 12.43% 739 10% 63,440 12.46% <0.001

Colon cancer 47,223 9.15% 544 8% 46,679 9.17% <0.001

Breast cancer 58,956 11.42% 1,160 16% 57,796 11.35% 0.231

Liver and intrahepatic bile ducts cancer 58,259 11.28% 626 9% 57,633 11.32% <0.001

Oral cancer 1,522 0.29% 14 0.2% 1,508 0.30% 0.002

Pancreas cancer 11,932 2.31% 119 1.7% 11,813 2.32% <0.001

Esophagus cancer 9,450 1.83% 86 1.2% 9,364 1.84% <0.001

Stomach cancer 11,101 2.15% 116 1.6% 10,985 2.16% <0.001

Prostate cancer 25,749 4.99% 267 3.8% 25,482 5.00% <0.001

Ovary cancer 5,506 1.07% 93 1.3% 5,413 1.06% 0.067
fro
OP, oseltamivir phosphate; N, Number.
TABLE 1 Demographic characteristics of participants.

Variable Total
OP use
group

Non-OP use
group P value

N % N v% N %

Total 13,977,101 100% 284,733 100% 13,692,368 100%

Gender <0.001

Male 6,491,215 46% 127,780 45% 6,363,435 46%

Female 7,485,886 54% 156,953 55% 7,328,933 54%

Age, years 46.5±16.2 40.34±15.5 46.7±16.2 <0.001

20-39 5,349,323 38% 159,254 56% 5,190,069 38% <0.001

40-59 5,444,928 39% 87,807 31% 5,357,121 39% <0.001

> 60 3,182,850 23% 37,672 13% 3,145,178 23% <0.001

Overall cancers 516,380 100% 7,113 2.5% 509,267 3.7%
OP, Oseltamivir phosphate; N, Number.
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period and showed that OP users has a lower risk of liver cancer

compared to non-OP users.
Correlation between OP use and
malignancy grade and cancer stage of
liver cancer

To investigate the correlation between the use of OP and cancer

status, further determination of liver cancer grade and stage was

conducted. Table 4 represents the distribution of OP use and non-

OP use group across different tumor differentiation grades and

cancer stages. Patients who received OP exhibited a significantly

lower cancer stage at the time of liver cancer diagnosis (p<0.0001),

whereas no significant correlation was observed with tumor

differentiation grade (Table 4).
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Discussion

Despite common practices including prevention through

vaccination, improved control of hepatitis, and advances in anti-

viral medication, the incidence of HCC continues to exhibit as the

seventh most frequently diagnosed cancer and the third leading

cause of cancer-related mortality worldwide (22, 23). This study

retrospective cohort reported a reduced risk of mortality observed

in all cancer patients with prior OP use. Additionally, significantly

lower incidence of the liver (adjusted HR=0.895; 95% CI 0.824-

0.972; p=0.008), oral (adjusted HR=0.587; 95% CI 0.346-0.995;

p=0.048) and esophageal cancers (adjusted HR=0.646; 95% CI

0.522-0.799; p<0.001) were found in the group that had OP use.

Notably, a markedly lower cumulative occurrence rate of liver

cancer over the 10 years was detected in OP users as compared to

non-OP users. The HCC patients who had used OP revealed a lower

cancer stage at diagnosis. For the first time, this study represents the

initial investigation in the human population elucidating the

relationship between OP use and the occurrence of cancer within

a real-world context.

The growing interest in studying the therapeutic potentials of

OP for diverse diseases extends beyond its well-established anti-

influenza activity, especially in cancer therapy. A previous report

indicated that intraperitoneal OP injection as a monotherapy

significantly reduced tumor vascularization and growth rate in a

mouse model of human breast adenocarcinoma (24). In a study of

pancreatic cancer, administration of OP in conjunction with aspirin

has been proposed as a potential strategy to enhance the efficacy of

gemcitabine, the standard chemotherapeutic agent for human

pancreatic cancer, by reducing proliferation, metabolic activity,

migration, and clonogenic formation on pancreatic cancer cells

via targeting Neu-1 (25). Another investigation of human triple-

negative breast cancer indicated that the concurrent administration

of metformin, acetylsalicylic acid, and OP demonstrated a notable

reduction in MDA-MB-231 triple-negative-breast cancer cells and
FIGURE 2

Kaplan-Meier failure curves with development of liver cancer
stratified by oseltamivir phosphate (OP) use. This follow-up study
was up to 10 years and the probability of developing liver cancer
was greater among non-OP users (blue) compared with the OP
users (red).
TABLE 3 Crude and adjusted hazard ratios for incidence of cancers in patients with OP use.

Variables Crude HR 95% CI P value Adjusted HR 95% CI P value

Mortality a 0.363 0.346-0.381 <0.001 0.779 0.743-0.817 <0.001

Lung cancer 0.511 0.475-0.550 <0.001 0.982 0.913-1.055 0.619

Breast cancer 0.852 0.804-0.903 <0.001 1.049 0.989-1.112 0.110

Colon cancer 0.505 0.465-0.550 <0.001 0.942 0.866-1.025 0.166

Liver cancer 0.489 0.451-0.531 <0.001 0.895 0.824-0.972 0.008

Stomach cancer 0.467 0.389-0.561 <0.001 0.908 0.756-1.091 0.304

Prostate cancer 0.451 0.400-0.509 <0.001 1.018 0.902-1.149 0.767

Pancreas cancer 0.446 0.372-0.534 <0.001 0.852 0.711-1.021 0.083

Ovary cancer 0.741 0.604-0.910 0.004 0.877 0.714-1.078 0.213

Oral cancer 0.408 0.241-0.691 0.001 0.587 0.346-0.995 0.048

Esophagus cancer 0.409 0.331-0.507 <0.001 0.646 0.522-0.799 <0.001

Bile duct cancer 0.413 0.316-0.540 <0.001 0.772 0.591-1.010 0.059
fro
OP, oseltamivir phosphate; a, death due to cancer.
ntiersin.org

https://doi.org/10.3389/fonc.2024.1329986
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Chuang et al. 10.3389/fonc.2024.1329986
its tamoxifen-resistant variant by inducing apoptosis (26). Based on

the fact that combination therapy is currently one of the most

popular strategies for cancer treatment (27, 28), this result pointed

out the potential of the combinatorial approaches of OP with other

medicines on treatments of certain cancer types.

Previous clinical trials have shown that OP is well-tolerated

with the only clinically significant adverse event being mild

gastrointestinal discomfort (29). A similar report was also

revealed in recent clinical trials that asymptomatic and transient

elevation of aminotransferase (ALT) are observed in 2% of patients

receiving OP with no instance of acute liver failure manifestations

(30). Additionally, resistance to OP is rarely seen in influenza A

virus-infected children with the highest incidence of 5%. Less

virulent and replication-efficient were detected in the OP-resistant

influenza viruses than in their parent strains (29). These studies

may provide credible references for the medication of OP on drug

safety and efficacy in treating liver cancer.

Oseltamivir is known to disable human pancreatic cancer

(PANC1) cell survival by inhibiting NEU-1 (sialidase) activity

and its intrinsic signaling (20). Evidence has indicated that OP

overcomes the chemoresistance to cisplatin and gemcitabine in

PANC1 cells by reversing changes in E-cadherin and N-cadherin

expressions (20). Notably, highly expressed NEU 1 in HBV-related

HCC tissues is due to the binding of HBV core protein to NF-kB on

NEU-1 promoter that leads to oncogenic signaling and epithelial-

mesenchymal transition (EMT) in HCC cells (31). Hence, these

findings may suggest a possible rationale that OP attenuates the

development of HCC by disabling the NEU-1 activity and its

downstream signaling.

In addition to liver cancer, our results also revealed a

significantly lower incidence of oral and esophagus cancers in OP

users. However, the reason for this finding remains unclear. As

known, the major etiological factors of oral and esophagus cancers
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are tobacco chewing, betel nut, and alcohol consumption, which

lead to the development of squamous cell carcinoma, the most

prevalent histopathological subtype in oral and esophagus cancers

(32). Notably, a previous case report indicated that the elevation of

squamous cell carcinoma antigen is due to influenza B infection

(33). Another study also reported that Unc-93 homolog B1

(UNC93B1), a transmembrane protein correlated with influenza

infection, plays essential roles in oral squamous cell carcinomas by

regulating GM-CSF levels (34). These findings suggest a possible

link between influenza infection and squamous cell carcinoma and

provide a rational explanation for the lower incidence of oral and

esophagus cancers in OP users. Anyway, further investigations are

required to verify the underlying mechanism of OP in attenuating

oral and esophagus cancers.

Understanding the stage of cancer and the grade of tumor

differentiation is critical for the treatment and outcome prediction of

cancer patients [32, 35, 36; American Joint Committee on Cancer (37);

38, 39]. The differentiation grade and cancer staging were assessed

using the AJCC 8th Edition Staging System, where lower numerical

values indicate milder tumor differentiation and earlier stages of cancer

progression, while higher values reflect increased malignancy and

advanced disease stages [36; American Joint Committee on Cancer

(37); 38, 39]. Leveraging data from the cancer registry database, we

analyzed the tumor differentiation grade and cancer staging among

liver cancer patients. In this nationwide retrospective cohort study, we

found that HCC patients with prior OP use had a significantly lower

HCC stage at diagnosis but no difference in tumor cell differentiation

grade. Although the exact causation of this finding is unclear, one

possible explanation is that the migration and invasion abilities of OP-

treated HCC cells are significantly attenuated as we proposed

previously (21).

Regarding this study, there is a particularly noteworthy issue

worth mentioning. We did not examine whether the use of other
TABLE 4 Tumor grade and stage in liver cancer patients with or without OP use.

Variables Liver cancer
with OP use

Liver cancer
without OP use

Total P value

N N

Grade 465 44,199 44,664 0.6

Grade 1 17 1,442 1,459

Grade 2 76 7,623 7,699

Grade 3 47 3,371 3,418

Grade 4 4 277 281

Unknown 321 31,486 31,807

Stage 554 48,721 49,275 <0.0001

Stage 1 249 17,892 18,141

Stage 2 97 8,479 8,576

Stage 3 98 12,059 12,157

Stage 4 46 6,030 6,076

Unknown 64 4,261 4,325
fro
OP, oseltamivir phosphate; N, Number.
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anti-influenza drugs such as inhibitors against hemagglutinin

protein, the Matrix-2 (M2) protein ion channel, nuclear proteins,

or RNA-dependent RNA polymerase (RdRP) may serve as a

confounding factor. Although Amantadine, an M2 inhibitor, has

been approved for influenza by the Food and Drug Administration

(FDA) in Taiwan, it has been obsoleted for treating influence use

due to its prevalent strains such as H1N1 has gained drug resistance

and the serious neurological adverse effects (40–42). Baloxavir

marboxil, a class of polymerase inhibitors, has also been approved

by Taiwan FDA since 24/06/2019. However, the included timeline

of this study is from 2009 to 2018. Additionally, other anti-influenza

drugs such as Rimantadine (M2 inhibitor) and Favipiravir (RNA

polymerase inhibitor) have not yet been approved by the FDA in

Taiwan. Therefore, this drug will not be a confounding factor.

However, further research design and evaluation are required to

verify the precise influence of these anti-influenza inhibitors in liver

cancers. Some potential limitations in this study also need to be

mentioned. Firstly, it is difficult to describe whether OP use reduces

the onset or progression of liver cancer in this study. Conducting

such a study within the National Health Insurance Research

Database (NHIRD) is challenging due to confounding effects

resulting from various cancer therapies that patients typically

receive after diagnosis, making it toilful to isolate the specific

impact of OP on cancer progression. Another limitation of our

study is that it combined patients who were prescribed multiple OP

courses, but did not differentiate those receiving OP treatment more

than once. Future studies may look into the dose-dependent

relationship between OP and efficacy towards liver cancer.

Additionally, our study is the potential presence of unaccounted

residual confounders. The NHIRD does not provide information on

the patient’s socioeconomic status, family history, personal health

behaviors such as smoking, alcohol consumption, and serum

parameters. These unmeasured confounding factors may have an

impact on the outcome of HCC.
Conclusions

This study utilized longitudinal population-based data with a

follow-up period of up to 10 years, allowing for a comprehensive

understanding of the topic and ensuring that the findings were

representative of the general population in Taiwan. The large

sample size further enhanced the robustness and generalizability

of the results. Overall, OP use exhibits promising effects in lowering

the risk of various cancer types, particularly hepatocellular

carcinoma, and reducing mortality in liver cancer patients. These

novel findings highlight the advantage of prior OP use in reducing

liver cancer risk and suggest the potential of OP as an alternative

approach for cancer treatment.
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Targeted intracellular delivery of
dimeric STINGa by two pHLIP
peptides for treatment of
solid tumors
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Introduction: We have developed a delivery approach that uses two pHLIP
peptides that collaborate in the targeted intracellular delivery of a single
payload, dimeric STINGa (dMSA).

Methods: dMSA was conjugated with two pHLIP peptides via S-S cleavable self-
immolating linkers to form 2pHLIP-dMSA.

Results: Biophysical studies were carried out to confirm pH-triggered
interactions of the 2pHLIP-dMSA with membrane lipid bilayers. The kinetics of
linker self-immolation and dMSA release, the pharmacokinetics, the binding to
plasma proteins, the stability of the agent in plasma, the targeting and resulting
cytokine activation in tumors, and the biodistribution of the construct was
investigated. This is the first study demonstrating that combining the energy
of the membrane-associated folding of two pHLIPs can be utilized to enhance
the targeted intracellular delivery of large therapeutic cargo payloads.

Discussion: Linking two pHLIPs to the cargo extends blood half-life, and targeted
delivery of dimeric STINGa induces tumor eradication and the development of
robust anti-cancer immunity.

KEYWORDS

tumor acidity, cold tumors, biophysics, imaging, immuno-suppressive tumors

1 Introduction

Immune evasion is a hallmark of cancer. Overcoming that evasion to harness the power
of the immune system to attack tumors has become a widely employed strategy (Lesterhuis
et al., 2011; Hainaut and Plymoth, 2013). Activation of the stimulator of interferon genes
(STING) pathway causes the release of factors that trigger the immune response in the
tumor microenvironment (TME) (Woo et al., 2014). As a consequence, a variety of STING
agonist (STINGa) therapeutic molecules have been developed and tested in anti-tumor
strategies (Klarquist et al., 2014). However, the poor pharmacokinetics of STINGa and
nonspecific systemic immuno-activation required intra-tumoral dosing in most cases,
significantly limiting applications. In general, the first clinical trials have resulted in
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disappointingly modest efficacy (Motedayen Aval et al., 2020). Also,
recent findings indicate that, under certain conditions, the STING
pathway can also be implicated in promoting tumor burdens, which
worsens disease outcomes (Decout et al., 2021). These findings led to
a realization that kinetics and strength of activation are significant
factors for efficacy: transient strong activation leads to immune
activation and tumor suppression, while prolonged weak activation
leads to further immuno-suppression promoting tumor
development. Further, it is now clear that activation of the
STING pathway in different types of cells within the TME has
different benefits (Decout et al., 2021; Chamma et al., 2022).
Reprogramming of M2-type tumor-associated macrophages (M2-
TAMs) toward an M1 phenotype, suppression of cancer-associated
fibroblasts (CAFs) and myeloid-derived suppressor cells
(mMDSCs), as well as activation of dendritic cells (DCs) to train
T-cells are advantageous. The activation of T-cells is also associated
with the development of pro-apoptotic signals. Thus, a successful
STING approach should rely on the targeted delivery of potent
STINGa to induce the transient activation of the STING pathway in
myeloid and cancer cells. pH Low Insertion Peptides (pHLIP®

peptides) triggered by local acidity to fold and directionally insert
across the membranes of acidic cells (Reshetnyak et al., 2020) were
used for intracellular delivery of therapeutic cargoes (Cheng et al.,
2015; Wyatt et al., 2018a; Svoronos et al., 2020; Gayle et al., 2021;
Moshnikova et al., 2022a), including targeting of STINGa to cancer
cells, M2-TAMs, CAFs, DCs and mMDSCs within TME
(Moshnikova et al., 2022b). In this study we used two pHLIP
peptides for a targeted delivery of dimeric STINGa for tumor
eradication and development of anti-cancer immunity.

2 Materials and methods

2.1 Synthesis of pHLIP-STINGa compounds

Modified monomeric and dimeric STING agonists mMSA-PAB-
SS-Py and Py-SS-Et-dMSA-Et-SS-Py, respectively, were synthesized
and purified by Iris BiotechGmbH. pHLIP peptides consisting of all D
amino acids were synthesized and purified at CSBio and Biosynth. To
prepare pHLIP-mMSA and 2pHLIP-dMSA, Var3 pHLIP peptide was
synthesized with single Cys residues at the membrane-inserting end:
ADQDNPWRAYLDLLFPTDTLLLDLLWCG. pHLIP peptide was
mixed with mMSA-PAB-SS-Py or Py-SS-Et-dMSA-Et-SS-Py in
dimethyl sulfoxide (DMSO) at molar ratios of 1:1 or 2:1,
respectively. Sodium phosphate buffer (100 mM) containing
150 mM NaCl at pH 7.4 saturated with argon was added to the
reaction mix (1/10 of the total volume) and the reaction mixture was
kept for 2 h at room temperature (RT). pHLIP-mMSA and 2pHLIP-
dMSA constructs were purified by reverse phase high-performance
liquid chromatography (HPLC) using Zorbax SB-C18 or Zorbax SB-
C8, 9.4 × 250 mm, 5 μm columns (Agilent Technology) with a
gradient from 20% to 80% acetonitrile in water containing 0.05%
trifluoroacetic acid (TFA). For the preparation of a fluorescent version
of 2pHLIP-dMSA (2(ICG-pHLIP)-dMSA), an N-terminal acetylated
version of the pHLIP peptide with a lysine introduced near the
N-terminus (AKDQDNPWRAYLDLLFPTDTLLLDLLWCG) was
used. First, pHLIP was conjugated with Py-SS-Et-dMSA-Et-SS-Py,
followed by purification. Then, ICG-NHS ester (Iris Biotech GmbH)

was conjugatedwith the lysine residue at the N-terminal end of pHLIP
in DMSO at molar ratio of 2.5:1. Sodium bicarbonate buffer
(100 mM) at pH 8.3 was added to the reaction mix (1/10 of the
total volume) and the reaction mixture was kept at RT until the
conjugation was completed. The final purification was performed as
described above. The products were lyophilized and characterized by
matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass-spectrometry and analytical HPLC. The molecular weight
of pHLIP-mMSA and 2pHLIP-dMSA are 3,781 Da and 7,574 Da,
respectively. The concentration of pHLIP-STINGa conjugates was
determined by absorbance using the following molar extinction
coefficients: for pHLIP-mMSA ε325 = 15,000M−1cm−1; ε325 =
30,000M−1cm−1 for 2pHLIP-dMSA and ε800 = 137,000 M−1cm−1 for
2(ICG-pHLIP)-dMSA.

2.2 Biophysical studies

The interactions of pHLIP-mMSA and 2pHLIP-dMSA with
liposomes were investigated by recording the construct’s
fluorescence and circular dichroism (CD) using a
PC1 spectrofluorometer (ISS) and a MOS-450 spectrometer (Bio-
Logic Science Instruments), respectively, with temperature control
set to 25°C. Liposomes, constituting of large unilamellar vesicles
were prepared by extrusion. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipids (Avanti Polar Lipids) in
chloroform were desolvated on a rotary evaporator and dried
under vacuum for a minimum of 2 h. The phospholipid film was
rehydrated in 2 mM citrate phosphate buffer, pH 7.4, vortexed, and
passed through the extruder (using a 50 nm membrane pore
size) 21 times.

Fluorescence spectra were recorded from 310 nm to 390 nm at
an excitation wavelength of 295 nm and 1.0 mm sized slits. The
excitation polarizer was set to 54.7° (“magic angle”) while the
emission polarizer was set to 0° in order to reduce Wood’s
anomalies. CD spectra were recorded from 190 to 260 nm with a
step size of 1 nm. The concentrations of pHLIP-mMSA/2pHLIP-
dMSA and POPC were 7 μM and 1.4 mM, respectively.

The pH-dependent insertion of pHLIP-mMSA or 2pHLIP-
dMSA into the lipid bilayer of POPC liposomes was studied by
monitoring changes in themolar ellipticity as a function of pH. After
the addition of aliquots of citric acid, the pHs of solutions containing
pHLIP-mMSA/2pHLIP-dMSA and POPC liposomes were
measured using an Orion PerHecT ROSS Combination
pH Micro Electrode and an Orion Dual Star pH and ISE
Benchtop Meter. The millidegree ellipticity values were plotted as
a function of pH. The pH-dependence was fit with the Henderson-
Hasselbach equation to determine the cooperativity (n) and themid-
point (pK) of transition. The fitting equation used was the following:

pHdependence � S2 + S3 − S2

1 + 10n pH−pK( ) for a single transition

where S2 represents CD signal of pHLIP-mMSA or 2pHLIP-dMSA
in presence of POPC at pH 7.4, when pHLIP peptides are adsorbed,
but not inserted across lipid bilayer, and S3 represents CD signal
of pHLIP-mMSA or 2pHLIP-dMSA in presence of POPC at
pH 4.5, when pHLIP peptides are inserted across lipid bilayer
of membrane.
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Fluorescence kinetics was measured using a SFM-300 mixing
system (Bio-Logic Science Instruments) in combination with the
MOS-450 spectrometer with the temperature control set to 25°C. All
samples were degassed before measurement to minimize air bubbles
in the samples. pHLIP-mMSA/2pHLIP-dMSA and POPC samples
were incubated overnight to reach equilibrium, when most of the
agent was associated with liposome lipid bilayers. To follow
insertion into a membrane, a solution containing 14 μM pHLIP-
mMSA/2pHLIP-dMSA and 2.8 mM POPC was mixed with citric
acid to lower the pH from pH 7.4 to 4. To follow exit of pHLIP-
mMSA/2pHLIP-dMSA from the membrane, a low pH solution
containing 14 μM pHLIP-mMSA/2pHLIP-dMSA and 2.8 mM
POPC was mixed with dibasic phosphate buffer to raise the
pH from 4 to 7.4. To monitor the fluorescence intensity changes
during pHLIP-mMSA/2pHLIP-dMSA insertion induced by the
pH change, the emission signal was observed through a cut-off
320 nm filter at an excitation of 295 nm.

All data were fit to the appropriate equations by nonlinear least
squares curve fitting procedures employing the Levenberg
Marquardt algorithm using Origin 8.5.

2.3 Binding of mMSA and dMSA to
STING protein

Binding of mMSA and dMSA to STING protein was measured
with human STING WT binding kit (Cisbio). Briefly: mMSA
(MSA2, from MCE), dMSA (Iris Biotech GmbH) or 2′3′-cGAMP
(Cisbio) control were added in increasing concentrations to the 96-
well microplate (PerkinElmer), followed by addition of 6His-tagged
human STING WT protein. STING WT ligand d2 reagent was
premixed with 6His Tb antibodies, and it was added to each well and
the plate was incubated for 3 h at RT. Fluorescence intensities at
616 nm and 665 nm excited at 450 nm were recorded on the
SpectraMax ID5 plate reader (Molecular Devices). The
homogeneous time resolved fluorescence (HTRF) ratio was
calculated to establish the binding of each agent to the STING
protein and to calculate EC50.

2.4 Binding to human serum albumin

Binding affinities of pHLIP-mMSA and 2pHLIP-dMSA to
human serum albumin (HSA) (MilliporeSigma) were investigated
using a series of competitive fluorescence binding assays measured
on a SpectraMax ID5 plate reader with SoftMax 7.1.2 software. HSA
was initially dissolved to 500 μM in deionized water and further
diluted using pH 7.6 phosphate buffer. Dansylamide (DNSA) or
dansylglycine (DNSG) (both from Tokyo Chemical Industry) were
used as fluorescent markers, which are known to bind to specific
sites on HSA. Each well contained 100 μL of sample consisting of the
fluorescent marker DNSA or DNSG (1 μM), with different
concentrations of pHLIP agents (0, 5, or 10 μM) and
concentrations of HSA ranging from 0 μM to 100 μM. Samples
were incubated for 2 h at 37°C. As controls, warfarin and ibuprofen,
drugs known to bind different sites on HSA, were used instead of
pHLIP agents. Fluorescence measurements from each well were
performed at 485 nmwith excitation at 365 nm at 37°C. As a control,

binding of DNSA and DNSG were probed with each agent in
absence of HSA. Before the measurements a plate reader
optimization test was run. Data were fitted individually and
globally using the Michaelis-Menten equation. In the global fits, a
common Vmax value was used, established for 0 μM of pHLIP
agents for both DNSA and DNSG. Data was fitted by nonlinear least
squares curve fitting procedures employing the Levenberg
Marquardt algorithm using Origin 8.5.

2.5 Self-immolation kinetics

To trigger S-S cleavage and self-immolation of the linker
connecting pHLIP peptide and mMSA or dMSA payloads,
solutions of pHLIP-mMSA or 2pHLIP-dMSA were treated with
dithiothreitol (DTT). At different time points (from 30 min to 48 h
of treatment) the samples were analyzed by HPLC using a Zorbax
SB-C18 (for pHLIP-mMSA) or a Zorbax SB-C8 (for 2pHLIP-
dMSA) 4.6 × 250 mm, 5 μm columns with a gradient from 20%
to 80% acetonitrile in water containing 0.05% TFA. The
chromatograms were recorded at 220 nm, 280 nm and 325 nm.
mMSA, dMSA and pHLIP were used as controls at the same
HPLC conditions.

2.6 Stability in mouse and human plasma

To establish the stability of agents (2pHLIP-dMSA, pHLIP-
mMSA, dMSA, mMSA, and pHLIP) in plasma, each agent was
mixed with single donor human or BALB/c mouse plasma
(Innovative Research) at a concentration of 200 μM, and kept in
plasma for 0, 1, 2, 4 or 24 h at 37°C. Plasma proteins were
precipitated by methanol (1:5 volume ratio of plasma to
methanol) and centrifuged for 10 min at 13.4 rpm. The
supernatant was collected and analyzed by HPLC using a Zorbax
SB-C18 4.6 × 250 mm, 5 μm column with a gradient from 20% to
80% acetonitrile in water containing 0.05% TFA. Chromatograms
were recorded at 220 nm, 280 nm and 325 nm.

2.7 Activation of IFN in M2 macrophages

THP-1-Blue™-ISG cells (Invivogen) expressing an interferon
(IFN) regulatory factor (IRF)-inducible secreted embryonic alkaline
phosphatase (SEAP) reporter construct were used. Cells were
maintained in RPMI growth medium supplemented with
L-glutamine, sodium pyruvate, 10% fetal bovine serum (FBS),
normocin and ciprofloxacin hydrochloride in a humidified
atmosphere of 5% CO2 and 95% air at 37°C. Cells were seeded in
96-well plates at a density of 75,000 cells/well. To generate
M2 polarized macrophages, cells were treated first with 185 ng/
mL phorbol 12-myristate 13-acetate (PMA) for 6 h and then 20 ng/
mL of interleukin 4 (IL-4) and 20 ng/mL of interleukin 13 (IL-13)
(both from PeproTech) were added for another 16 h of treatment. At
the completion of polarization, the growth medium was replaced
with Dulbecco’s Modified Eagle Medium (DMEM)medium without
FBS, pH 6.9, containing increasing amounts of 2pHLIP-dMSA or
dMSA (up to 10.0 µM). After a 2-h incubation, an equal volume of
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RPMI supplemented with 20% heat-inactivated FBS was added, and
cells were incubated for another 48 h. SEAP activity was accessed
using the QUANTI-Blue™ Solution (Invivogen) to evaluate type I
interferon protein levels: 150 μL of the colorimetric reagent was
added to 50 μL of cell supernatant for 30 min, 37°C, followed by
absorption measurement at 655 nm.

2.8 Treatment of mice

All animal studies were conducted at the University of Rhode
Island (URI) according to the approved by URI Institution Animal
Care and Use Committee (IACUC) animal protocols AN04-12-
011 and AN 1920-003. The studies complied with the principles and
procedures outlined by the National Institutes of Health for the care
and use of animals.

For the treatment of CT26 tumors, 5 × 104 CT26 murine
colorectal cancer cells (ATCC, CRL-2638) were injected
subcutaneously (SQ) in 100 μL of growth medium into the right
flank of female Balb/c mice ranging in age from 7 to 9 weeks (Envigo
RMS, Inc.). On day 1, when tumors reached a volume of
100–130 mm3, mice were randomized into groups, body weight
was measured and agents, including 2pHLIP-dMSA, pHLIP-
mMSA, dMSA, mMSA or vehicle, were given as the first
intraperitoneal (IP) injection. The second IP injection was given
after 48 h mMSA, dMSA and pHLIP-mMSA were given as two IP
injections of 300 μM 500 µL. 2pHLIP-dMSA was given as two IP
injections of 300 μM 500 μL or 100 μM 500 μL (low dose). The
compounds were dissolved in DMSO as a stock solution and
transferred to PBS (vehicle). The residual DMSO in the final
solution injected into animals was less than 2%. Tumor volume
and body weight were measured 3 times per week throughout the
study. Measurements of tumors were performed using calipers, and
the tumor volume (V) was calculated with the formula:

V � 0.52 · L ·W2

where L is the length and W is the width of the measured tumor.
Mice were removed from the study and euthanized when the tumor
volume was greater than 2,000 mm3.

In the 2pHLIP-dMSA treated groups the mice that stayed
tumor-free were re-challenged with tumor cells injected into the
tumor-free flank on day 65 after the first injection of 2pHLIP-dMSA.
Tumor-free mice were kept for an additional 40 days (total of
105 days after the treatment with 2pHLIP-dMSA) and then were
euthanized.

2.9 Biodistribution and PK

For biodistribution studies 5 × 104 of CT26 cancer cells were
injected SQ in 100 µL of growth medium into the right flank of
female Balb/c mice and tumors were grown until they reached
150–250 mm3 in volume. Then a single retro-orbital (RO)
injection of 50 μM 100 μL of 2(ICG-pHLIP)-dMSA was
performed. Animals were euthanized at 5 min, 1, 4, 24, 48, 72,
and 120 h post-injection, blood was collected in K2 EDTA
vacutainer blood collection tubes (BD), and necropsy was
performed immediately after animals were euthanized. Blood,

tumors and major organs (kidney, liver, spleen, pancreas, lung,
heart, large and small intestines, bone, muscle, brain) were collected,
and imaged ex vivo immediately after necropsy. Blood (200 µL) was
imaged in 96-well plates with black bottom and walls. The zero-time
point (0 min) was obtained by imaging of 2(ICG-pHLIP)-dMSA
diluted in blood collected from a control mouse that did not receive
any injection (the dilution was made based on the assumption that a
mouse contains 80 mL/kg of blood).

The in vivo and ex vivo bright field and near-infrared fluorescent
imaging employed a Stryker 1588 AIM endoscopic system with
L10 AIM Light Source (808 nm excitation and collection of light in
the range of approximately of 815–850 nm), and a 1588 AIM
Camera using a 10 mm scope. The lens was kept at a fixed
distance from the surface of the organs, within an enclosed
(light-protected) area. Calibration curves converting laser and
gain settings were established by imaging of pHLIP-ICG solution
at different concentrations. The ex vivo fluorescence imaging of
tissue specimens was performed using three different laser settings
and six different gain settings. The digital fluorescence images were
split into RGB channels, with the green channel being analyzed
using ImageJ program to calculate the average fluorescence
intensity. All average intensities were adjusted based on their
capture settings and using calibration curves to present
fluorescence intensities corresponding to the unified (the
same) settings.

2.10 ELISA on blood and tumor samples

To establish levels of cytokines in blood and tumor samples,
5 × 104 CT26 cancer cells were injected SQ in 100 µL of growth
medium into the right flank of female Balb/c mice. When tumors
reached 250–500 mm3 in volume, the mice received a single IP
injection of 300 μM 500 µL 2pHLIP-dMSA or no injections.
Animals were euthanized at 6- and 24-h post-injection, blood
and tumors were collected. Blood samples were kept for 40 min
at RT, centrifuged at 5,000 g for 20 min at +4°C and supernatant
(serum) was collected. Tumors were frozen in liquid nitrogen. Both
the serum and the tumor tissue samples were kept at −80°C until
further processing and analysis. The tumor samples were processed
while on ice, using a bullet blender (Next Advance) with 1 mm
diameter zirconium silicate beads (Next Advance). The supernatant
of the processed tumors was used for enzyme-linked immunoassay
(ELISA) assays. Matched antibody pair kits for mouse TNF alpha
(Sino Biological), mouse IL-6 (Abcam), mouse IFN gamma
(Invitrogen), mouse IFN beta (Bio-Techne), and a precoated
mouse IFN alpha kit (Invitrogen) were used. For TNF alpha and
IFN beta the capture antibodies were diluted in PBS (Cytiva), while
the IL-6 and IFN gamma capture antibodies were diluted in their
respective coating buffers. The diluted capture antibodies were
incubated in the plates overnight at +4°C and washed the next
day with PBS/Tween washing buffer (Sigma-Aldrich). The TNF
alpha plate was blocked using 2% BSA (Thermo-Scientific) diluted
in washing buffer, the IFN beta plate was blocked using 1% BSA
diluted in PBS, while the IFN alpha, IFN gamma, and IL-6 plates
were blocked using their respective dilution buffers. Blocking was
done for 2 h at RT on an orbital shaker at 200 rpm. After blocking,
the plates were washed and then incubated with the diluted tumor
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and serum samples along with the corresponding standard solutions
for each ELISA kit. The samples were incubated for 2 h at RT on an
orbital shaker at 200 rpm. The TNF alpha plate was incubated for
1 h at RT with a diluted detection antibody conjugated with
horseradish peroxidase (HRP). The IL-6, IFN alpha, IFN beta,
and IFN gamma plates were incubated for 1 h at RT with a
diluted detection antibody conjugated with biotin followed by
incubation for 1 h at RT with their respective diluted HRP-
streptavidin conjugates. All plates were washed and incubated
with 3,3′,5,5′-tetramethylbenzidine (TMB) (Invitrogen) and
peroxide solution mixed at a ratio of 1:1 (Thermo Scientific) for
up to 20 min, then a stop solution (10% H2SO4) was added to the
plates. The signal from the wells was quantified by absorbance
measured at 450 nm using a Bio-Rad iMark microplate reader.
Antibody standards were used to plot calibration curves.

2.11 Statistical analysis

The Kolmogorov-Smirnov two-tailed nonparametric test was
used to establish p-levels.

3 Results

3.1 Binding affinity of monomeric and
dimeric STINGa

The majority of synthetic STINGa, used for systemic
administration, are monomers like MSA-2 (mMSA), which
occupy two adjacent binding sites in the STING protein dimer.
Perceiving that linking two STINGa molecules might enhance
affinity via entropic effects, several dimers were designed based
on the MSA-2 monomer (dMSA) (Pan et al., 2020). Indeed, dimers
bound more strongly to the STING protein (Pan et al., 2020). We
confirmed this finding by testing the binding of both mMSA and
dMSA to the STING protein and establishing that binding
affinities were 7.5 µM for mMSA and 24 nM for dMSA, so the
dimer is much more potent than the monomer (Supplementary

Figure S1). Despite their high protein potency, dimers exhibit
limited membrane permeability and significantly reduced cellular
activity. Their potential bioavailability is low compared with MSA-
2, which was developed as an oral drug. In any case, untargeted
delivery of STINGa leads to systemic activation of the immune
system and is associated with systemic toxicity.

3.2 Chemical conjugation with pHLIP

We have developed a delivery approach that uses multiple
pHLIP peptides that collaborate in the targeted intracellular
delivery of a single payload. Both mMSA and dMSA payloads
were modified with the attachment of S-S cleavable self-
immolating linkers to their carboxyl groups. A disulfide bond
was exchanged with the SH group of a unique Cys residue placed
at the C-terminal end of a version of a pHLIP peptide to obtain two
compounds. In 2pHLIP-dMSA two pHLIP peptides were linked to a
single dMSA dimeric STINGa (Figure 1A). We would like to note
that it is challenging to conjugate and purify a single pHLIP linked to
dMSA, since dMSA carries two identical linkers and it is impossible
to stop conjugation reaction, since it continues during the
purification. In pHLIP-mMSA a single pHLIP peptide was linked
with a single mMSA monomeric STINGa (Supplementary Figure
S2A).We used a Var3 version of pHLIP peptide made fromD amino
acids. In the case of 2pHLIP-dMSA, the energy of folding of two
pHLIP peptides is expected to be used in a cooperative manner for
the intracellular delivery of the dMSA payload across the
membranes of acidic cells (Figure 1B), while in the case of
pHLIP-mMSA, a single pHLIP peptide can translocate a single
mMSA payload across the membrane of acidic cells
(Supplementary Figure S2B).

3.3 Kinetics of self-immolation

To confirm that the dMSA payload can be released after the
cleavage of the S-S bond, wemonitored the kinetics of self-immolation
by HPLC analysis as a function of time after the addition of DTT into

FIGURE 1
Schematic representation of 2pHLIP-dMSA interaction with a membrane lipid bilayer. The chemical structure of dMSA and proposed interaction
with 2 pHLIP peptides are shown (A). In (B), schematics are shown of 2pHLIP-dMSA reversible interactions with the membranes of cells with normal
surface pH (pH = 7.2) in healthy tissue and membranes of acidic cells with surface pH < 6.2 found in diseased tissues.
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solutions containing 2pHLIP-dMSA. The cleavage of S-S bonds is
followed by the formation of multiple intermediates during the self-
immolation process, which is mostly completed within 48 h with the
release of dMSA in its original form (Supplementary Figure S3). A
similar process, but with a smaller number of intermediates, was
observed for self-immolation and release of mMSA, which was
completed within 24 h (Supplementary Figure S4).

3.4 Biophysical characterization

Biophysical studies using POPC liposomes confirmed the pH-
dependent interactions of 2pHLIP-dMSA with the membrane lipid
bilayer. Fluorescence (Figure 2A) and circular dichroism (Figure 2B)
measurements reflect the partitioning of pHLIP into the lipid bilayer
accompanied by the formation of helical structure in the membrane
at low pH. 2pHLIP-dMSA is observed to insert into the POPC
bilayer with a pK of 6.0 and a cooperativity of 1.2 (Figure 2C).
Interactions of 2pHLIP-dMSA with bilayers were similar to those of
pHLIP-mMSA (Supplementary Figures S5A–C). Insertion of
2pHLIP-dMSA into the lipid bilayer triggered by a pH drop
from pH 7.4 to 4 was fast (completed within 100 msec) and
small conformational adjustments were observed for another 50 s
(Figure 2D). The kinetics of membrane insertion of 2pHLIP-dMSA
resulting from a pH drop from pH 7.4 to 6 (Figure 2E), which is
more similar to biological conditions, was more efficient and faster
than the insertion of pHLIP-mMSA (Supplementary Figure S5E).

We also followed the exit of the agents from the lipid bilayer induced
by a pH rise from pH 4 to 7.4 and from pH 4 to 5.5 (Figure 2F;
Supplementary Figure S5F). The exit of 2pHLIP-dMSA is slightly
slower, which is better illustrated during the intermediate pH jump
(insert in Figure 2F), compared to the exit of pHLIP-mMSA
(Supplementary Figure S5F). The data indicates that two pHLIP
peptides trigger efficient partitioning of dMSA into a lipid bilayer as
the result of a pH drop, with a less efficient exit compared to a single
pHLIP-cargo conjugate.

3.5 Cellular activation of STING pathway

To complete the characterization of 2pHLIP-dMSA, the
activation of the interferon signaling pathway was confirmed in
polarized M2 macrophages. Activation was studied in THP1-Blue
cells derived from a human THP-1 monocyte cell line by stable
integration of an interferon regulatory factor (IRF)-inducible
secreted embryonic alkaline phosphatase (SEAP) reporter
construct. We found that THP1-Blue cells exhibited a
concentration-dependent activation of IRF signaling when
polarized by phorbol 12-myristate 13-acetate (PMA), interleukin
4 (IL-4) and interleukin 13 (IL-13) into M2-type macrophages and
treated with 2pHLIP-dMSA (Figure 3A). EC50 for 2pHLIP-dMSA
was calculated to be 200 nM, while EC50 for mMSA was established
to be 2,200 nM (data not shown). Thus, we confirmed successful
intracellular delivery and cytoplasmic release of dMSA by pHLIP

FIGURE 2
Interactions of 2pHLIP-dMSA with liposome lipid bilayers. Fluorescence (A) and CD (B) spectra of 2pHLIP-dMSA in solution at pH 7.4 (black lines), in
the presence of POPC liposomes at pH 7.4 (blue lines) and in the presence of POPC liposomes at pH 3.5 (red lines) are shown. CD spectral signals were
normalized per peptide and multiplied by (−1), since the D-amino acid pHLIP peptides used in the study invert the usual CD spectrum. pH-dependent
transitions monitored by changes of CD spectral signal in presence of POPC liposomes (experimental points and fitting curves, red, with 95%
confidence interval, pink) are presented (C). Kinetics of fluorescence changes triggered by pH drops (D, E) and pH increases (F) in presence of POPC
liposomes are shown.

Frontiers in Pharmacology frontiersin.org06

Moshnikova et al. 10.3389/fphar.2024.1346756

19

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1346756


peptides and showed that the dimeric construct is significantly
more active.

3.6 Biodistribution and PK

Biodistribution, tumor uptake and pharmacokinetics (PK)
studies were conducted by conjugating a near infrared
indocyanine green (ICG) fluorescent dye to the non-inserting
end of pHLIP peptides to make a 2(ICG-pHLIP)-dMSA
fluorescent construct. When CT26 tumors, established in the
right flanks of female Balb/c mice, reached volumes of about
150–250 mm3, 2(ICG-pHLIP)-dMSA (50 μM 100 μL) was given
as a single retro-orbital (RO) injection. For biodistribution and
PK studies, the animals were euthanized, followed by harvesting of
blood, tumors and major organs. Fluorescence of the samples was
quantitatively measured at 1-, 4-, 24-, 48-, 72-, and 120-h time points
after a single RO injection of 2(ICG-pHLIP)-dMSA (Supplementary
Figures S6, S7). The kinetics of the fluorescence signal of 2(ICG-
pHLIP)-dMSA indicate a significant accumulation of the agent in
the tumor from 1 h and up to 48 h followed by a slight decrease of
the signal at later time points (Figure 3B). The organ and tissue
clearances were slow (Figure 3B). It is important to note that 1)
CT26 tumors increase in size over 5 days (120 h time point), so

normalized fluorescence may be lower in tumors at later time points;
2) the presence of the agent in an organ does not mean cellular
delivery of dMSA, which only occurs in a low pH environment
where pHLIP inserts into cell membranes, followed by dMSA
cleavage from pHLIP, linker self-immolation, and release of
dMSA; and 3) the agent has two ICG dyes, which potentially can
affect the clearance profile by significant binding to plasma proteins.
Slow tissue clearance is associated with slow blood clearance. Whole
blood imaging was performed to establish clearance of the agent
(Figure 3C). The observed half-life of 2(ICG-pHLIP)-dMSA is
32.2 h, which is significantly longer compared to any previously
investigated pHLIP-cargo conjugate (Gayle et al., 2021; Moshnikova
et al., 2022b). We studied binding of 2pHLIP-dMSA with human
serum albumin (HSA) in a competitive binding assay using DNSA
and DNSG fluorescent dyes, which are known to bind site I and site
II on HSA, respectively (Sudlow et al., 1975). Interactions of DNSA
or DNSG with increasing concentration of HSA were investigated in
the absence and presence of 2pHLIP-dMSA, pHLIP-mMSA, pHLIP,
warfarin (binds site I) and ibuprofen (binds site II) (Figures 3D,E;
Supplementary Figure S8). The binding of DNSA to HSA was
reduced about 2-fold in the presence of 2pHLIP-dMSA, while
warfarin at concentration of 10 µM reduced DNSA binding to
HSA by 5.3-fold (Supplementary Table S1). The binding of
DNSG to HSA was reduced 7.8-fold in the presence of 10 µM of

FIGURE 3
In vitro IFN activations, biodistribution, PK andHSA binding. Activation of the IFN signaling pathway induced by 2pHLIP-dMSA in THP1-Blue-ISG cells
polarized by PMA, IL-4/IL-13 into M2-type macrophages is shown (A). The results were normalized to the activity of dMSA alone at the maximum
concentration tested, which was taken as 1. Kinetics of 2(ICG-pHLIP)-dMSA targeting CT26 tumor and clearance of the agent from major organs are
shown (B). The mean fluorescence per area was calculated for each organ and tissue collected at different timepoints after single RO injection of
2(ICG-pHLIP)-dMSA (50 μM 100 μL). Normalized fluorescence recorded in blood, whichwas collected at different time points after single RO injection of
2(ICG-pHLIP)-dMSA is shown (mean and Sd.) (C). The data were fitted with an exponential function (red line). Changes of DNSA (D) and DNSG (E)
fluorescence with increasing HSA concentration in absence (black symbols) or presence of 5 µM (blue symbols) or 10 µM (red symbols) of 2pHLIP-dMSA.
The global fitting was performed with each set of data (D and E) and the fitting curves are shown as black, blue and red lines.
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2pHLIP-dMSA, while ibuprofen reduced DNSG binding to HSA by
5.3-fold (Supplementary Table S1). The obtained results indicate
strong binding of 2pHLIP-dMSA to HSA, especially to its site II,
which is known to interact with cyclic compounds including
ibuprofen, tryptophan, and compounds with free carboxyl groups
(Sudlow et al., 1976). We also cannot exclude binding of 2pHLIP-
dMSA to other plasma proteins.

3.7 Selective activation of cytokines in tumor

Activation of interferon types I and II, and induction of
proinflammatory cytokines in tumors and serum were measured
following a single IP injection of 2pHLIP-dMSA (300 μM 500 µL)
(Figure 4). In tumors, the level of TNF-α increased 23-fold 6-h post-
injection and then fell to a normal level at 24 h (Figure 4A). In serum,
the level of TNF-α was insignificant both in treated and in untreated
mice (Figure 4B). The blood level of IL-6 rose about 2.4-fold at 6-h
post-treatment (Figure 4C) with a slight increase of its level in blood
(Figure 4D), which returned to its normal level at 24 h. The level of IL-
6 in serum was an order of magnitude lower compared to its level in
tumors. The tumor levels of type I interferon, IFN-β, increased 8-fold
in treated animals (Figure 4E), accompanied by a slight increase in
serum (two orders of magnitude lower than the level in tumors)
(Figure 4F). The levels of IFN-α and IFN-γ did not change much
(Figures 4G–J). Thus, 2pHLIP-dMSA induced transient tumor-
targeted increases of type I interferon, IFN-β, and the pro-
inflammatory cytokines TNF-α and IL-6, indicating activation of
the NF-kB and IRF3 signaling pathways, without systemic
activation. Activation of type II interferons was not noted. The
relatively fast (6 h after 2pHLIP-dMSA administration) activation
of cytokines followed by their decay does not match the observed slow
blood clearance. Therefore, we assessed the stability of 2pHLIP-dMSA
and dMSA alone in mouse and human plasma (pHLIP peptides,
especially consisting of D amino acids, exhibit high stability in
plasma). The stability of 2pHLIP-dMSA (and pHLIP-mMSA) in
human plasma was very high, however the stability of the agents
in mouse plasma was low. The cargoes, dMSA or mMSA, were
released from the pHLIP and underwent degradation within 24 h
in mouse plasma. It is likely that only a fraction of injected 2pHLIP-
dMSA reaches the tumor in its native form in mice.

3.8 Therapeutic efficacy

Due to the rapid degradation of the agent in mouse blood, we
tested the therapeutic efficacy of 2pHLIP-dMSA by performing
2 injections of two different dose levels in Balb/c female mice
bearing right flank CT26 tumors. When a tumor reached about
100–150 mm3 in volume, designated as day 1, two IP injections of
2pHLIP-dMSA, either 300 μM in 500 µL or 100 μM in 500 µL
(called lower dose or l.d.) per injection, were performed on days
1 and 3 (Figures 5B,C). Tumor growth was monitored for 65 days
or until the tumor volume endpoint was achieved (2,000 mm3,
when animals were euthanized). All animals in the control
groups that received either dMSA alone at a dose level of
300 μM 500 µL per injection (Figure 5D) or vehicle (Figure 5E)
developed endpoint size tumors within 14–20 days p.i. In the

treated groups, the tumors disappeared in 7 mice out of 10 for
the higher dose and for mice treated with the lower dose of
2pHLIP-dMSA 4 out of 10 survived. 11 survivors were re-
injected with cancer cells on day 65, and none of them
developed tumors, indicating the development of robust
immune memory. Treatment of mice led to temporary weight
loss followed by complete recovery and regain of weight (Figures
5F,G). The Kaplan-Meier survival plots demonstrate dramatic
differences between the controls and 2pHLIP-dMSA treated
groups (Figure 5H). Thus, while dimeric STINGa, dMSA, does
not exhibit any therapeutic activity by itself, when it is conjugated
with two pHLIP peptides that target dMSA to the TME, the
tumor is eradicated, and immune memory is developed. We
also checked activity of pHLIP-mMSA at the same dose level.
While mMSA did not demonstrate any activity on animals,
tumor was eradicated in 2 mice out of 10 treated with pHLIP-
mMSA (Supplementary Figure S9).

4 Discussion

We have previously tested the idea of using several pHLIPs
in bundles for the targeted intracellular delivery of several
cargoes. Two and four individual pHLIP peptides were
bundled together by using 2-armed and 4-armed PEG
polymers attached to the membrane non-inserting ends of the
pHLIP peptides, while cargoes were conjugated to the membrane
inserting ends of each pHLIP peptide (Wyatt et al., 2018b). This
strategy gave agents containing n pHLIP peptides with n
payloads, where n was 2 or 4. Bundling of the pHLIP peptides
resulted in more efficient intracellular delivery of the cargoes.
This led to the idea that multiple pHLIPs might combine their
insertion energies to facilitate delivery of a single, otherwise
challenging cargo.

In this study we have developed a delivery approach that uses
multiple pHLIP peptides that collaborate in the targeted intracellular
delivery of a single payload. Specifically, we employed two pHLIP
peptides symmetrically linked to the opposite ends of a dimeric
STINGa to construct the 2pHLIP-dMSA agent. We demonstrated
that two pHLIPs have a kinetic advantage in translating cargo across
membrane at mildly acidic pH found at the surface of metabolically
active acidic cells. It was shown previously that pHLIP can extend
blood circulation of small molecules by an order of magnitude
(Crawford et al., 2020; Gayle et al., 2021; Moshnikova et al., 2022b).
Notably, 2pHLIP-dMSA exhibits the longest circulation in blood
(half-life >30 h) among other investigated pHLIP-cargo conjugates.
As a result, blood and tissue clearance was slow, while tumor
targeting was significant. Importantly, activation of type I
interferon and pro-inflammatory cytokines were high and
transient in tumors without systemic activation, which is crucial
for the development of safe and effective STINGa treatments.
Tumors were eradicated in seven out of ten mice treated with
2pHLIP-dMSA. In the other three animals, the tumor initially
disappeared, however later they redeveloped the tumors, which
quickly progressed to large sizes. In the group treated with the
lower dose of 2pHLIP-dMSA, just 4 animals out of 10 survived.
Others either developed tumors quickly or with some delay. All
survived animals, irrespective of dose of treatment, did not develop
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FIGURE 4
Activation of cytokines. Levels of TNF-α (A and B), IL-6 (C and D), INF-β (E and F), IFN-γ (G and H) and INF-α (I and J) cytokines are shown in tumors
and serum as established by ELISA at 6 and 24 h after a single RO injection of 2pHLIP-dMSA (300 μM 500 µL) in comparison to control mice (all points,
mean, and SE are shown, * indicates that the p-level is < 0.02 and ** indicates that the p-level is < 0.002, otherwise differences are statistically
insignificant, p-levels were calculated using the Kolmogorov-Smirnov two-tailed nonparametric test).
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tumors after re-challenge with another injection of cancer cells. At
the same time non-targeted dMSA at dose equivalent to the highest
dose used in the experiment, was non-effective in treatment of
tumors. It is interesting to note that therapeutic effect of targeted
STINGa is threshold-based. Either the immune system is actively
reacting to the treatment, which leads to the tumor eradication and
development of a very robust protective response, or there is an
escape and tumor will develop quickly. At the higher dose of
treatment, the probability of escape is lower, while at the lower
dose of treatment the probability of escape is increasing. At the same
time, the responded animals have similar effects in groups of higher
or lower doses. More studies would be required to understand which
parameters drive an escape. Potential successful treatment should be
associated with strong, but transient effect without systemic
activation, which could be achieved by targeted delivery of
STINGa to immune, tumor stroma and cancer cells.

Our results demonstrate that the energy of pH-triggered
membrane-associated folding of two pHLIP peptides could be
utilized in targeted intracellular delivery of a payload. It could be
especially advantageous for intracellular delivery of large, potentially
polar, and challenging therapeutic payloads like dimers of STINGa,
peptide nucleic acids or other therapeutic cargo molecules.

The STING pathway plays a central role in regulating the anti-
tumor immune response. However, untargeted use of STINGa is
associated with serious side effects and the clinical utility is poor.
Thus, there is a significant effort underway to introduce and develop
targeted approaches for more effective delivery of STINGa.
Immune-stimulating antibody-conjugates (ISACs) are under
development and have entered clinical trials. An antibody

against, the epidermal growth factor receptor (EGFR) conjugated
with STINGa via cleavable linker, demonstrated enhanced
preclinical efficacy (Wu et al., 2022). STINGa conjugated with
human epidermal growth factor receptor 2 (HER2), Mersana’s
XMT-2056 conjugate, has demonstrated very good preclinical
results as well. However, a grade 5 (fatal) serious adverse event
was observed during clinical trials. Takeda undertook a different
approach by developing TAK-500, an IgG1 anti-cysteine-cysteine
chemokine receptor 2 (CCR2) antibody conjugated with their TAK-
676 STINGa via a self-immolating maleimide-containing protease-
cleavable peptide linker, targeting TAMs. Currently TAK-500 is in
clinical trials and is showing good activity (Diamond et al., 2022).
Another approach is to use nanomaterials for the encapsulation and
protection of STINGa. Lipid nanodiscs (LNDs), formed from the
self-assembly of PEGylated lipids encapsulated with cyclic
dinucleotide (CDN) were successfully tested in preclinical tumor
models (Dane et al., 2022). Nanoparticles comprising a pH-sensitive
polymer with a cyclic seven-membered ring (PC7A) and multiple
STINGa molecules were also tested preclinically and showed
improved performance compared with use of STINGa alone (Li
et al., 2021).

pHLIP has several potential advantages compared with other
delivery mechanisms: 1) pHLIP senses and targets pH at the surface
of all acidic cells within the TME including cancer cells, TAMs,
CAFs, mMDSCs, and DCs in a manner that is not dependent upon
molecular tumor biomarkers, which change and can be evaded as a
result of ongoing selection pressure, 2) pHLIP efficiently translocates
large polar molecules directly into the cytoplasms of acidic cells; and
3) pHLIP exhibits improved tumor penetration compared with

FIGURE 5
Eradication of CT26 tumors and development of immunememory. The experimental design is presented (A). Right flank CT26 tumor growth curves
in Balb/c mice are shown after two IP injections of 2pHLIP-dMSA (B), dMSA (D) at dose 300 μM 500 μL per injection, 2pHLIP-dMSA at lower dose (L.d.)
100 μM500 μL per injection (C), and vehicle (E) performed on days 1 and 3, when tumors had reached about 100–150 mm3 in volume. The survivingmice
were re-injected with CT26 cancer cells in the contralateral left flank on day 65, indicated by red triangle. The average changes of mouse body
weights after two IP injections of 2pHLIP-dMSA (F) and 2pHLIP-dMSA at lower dose (G) are shown. Kaplan-Meier survival plots are shown (H).
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antibodies and nanoparticles. Our previous and current studies
demonstrate significant promise in use of pHLIP for targeted
intracellular delivery of dimeric STINGa. Specifically, employing
the combined energy of the membrane-associated folding of two
pHLIP peptides for the delivery of a single dimeric STINGa offers a
number of advantages including a kinetic advantage in the
translocation of cargo across the membrane, long blood
circulation, excellent tumor targeting and selective activation of
cytokines in the TME without systemic activation. The prolonged,
1–2 days, circulation of the 2pHLIP-dMSA in the blood leads to the
improvement of tumor targeting and delivery of sufficient amounts
of STINGa to tumors, which is required to induce strong transient
activation of the STING pathway in cancer, stromal and immune
cells simultaneously. At the same time, prolonged circulation
increases the requirement for stability of the agent in the plasma.
While the agent exhibits better stability in human plasma compared
to mouse plasma, searching for more stable agents, with better
linkers connecting the pHLIP peptides to dimeric STINGa, will be
desirable. Moreover, the kinetics of self-immolation were slow and
complex, which would require improvement prior to clinical
translation.

Besides the challenge of the targeted delivery of STINGa, there is
also a biological limitation associated with the silencing of the
STING pathway in variety of tumors (Konno et al., 2018). In a
TCGA based analysis it was reported that STING expression is lost
or downregulated mainly through promoter hypermethylation-
driven silencing, and silencing can be restored by employing
DNA methylation inhibitors (Konno et al., 2018; Falahat et al.,
2019; Falahat et al., 2021; Low et al., 2022; Falahat et al., 2023).

Combining approaches for targeting of STINGa and restoring
STING expression by DNA methylation inhibitors, when needed,
may lead to a breakthrough in clinically effective STING-therapies.
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Case report: Cutaneous
metastases as a first manifestation
from breast cancer with
concurrent gastric metastases

Lulu Xu1†, Congcong Wang1†, Xiaoling Yang2* and
Liangliang Dong1*
1Departments of Oncology, The Affiliated Yantai Yuhuangding Hospital of Qingdao University, Yantai,
Shandong, China, 2Department of Obstetrics, Feicheng People’s Hospital, Feicheng, China

Background: Breast cancer represents a leading cause of malignancy among
Chinese women, posing a significant health burden. The diagnosis of metastatic
breast cancer, particularly to uncommon sites like the skin and stomach, presents
distinct challenges.

Case introduction: This case report describes a 71-year-old Chinesewomenwith
a persistent back rash lasting more than 6 months. Physical examination revealed
red papules on her back. Immunohistochemistry confirmed positive for
cytokeratin 7(CK7), GATA-3 and GCDFP15, as well as negative staining of
cytokeratin 20 (CK20), suggesting breast cancer metastasis. Further evaluation
revealed a breast nodule and axillary lymph node enlargement, with biopsies
confirming invasive lobular carcinoma (ILC). Abdominal computed tomography
(CT) revealed thickening of the gastric and ascending colon walls. Gastroscopy
revealed chronic superficial atrophic gastritis. However, gastric metastasis was
further confirmed by pathology. The patient initiated endocrine therapy with
fulvestrant and exemestane, resulting in rash resolution and stable breast and
stomach lesions after 3 months. Overall, the patient is experiencing an
improvement in her condition and remains stable while continuing treatment.

Conclusion: This case highlights the importance of considering atypical
metastatic patterns in breast cancer and the potential efficacy of endocrine
therapies in managing such cases. Moreover, it emphasizes the need for vigilance
in breast cancer patients, especially those with ILC, as gastrointestinal symptoms
may indicate gastric metastasis (GMs). Ultimately, early detection and appropriate
treatment strategies, such as endocrine therapy, can contribute to improved
outcomes in these challenging cases.

KEYWORDS

cutaneous metastases, breast cancer, gastric metastases, invasive lobular carcinoma,
endocrine therapy

OPEN ACCESS

EDITED BY

Viviana di Giacomo,
University of Studies G d’Annunzio Chieti and
Pescara, Italy

REVIEWED BY

Ruo Wang,
Shanghai Jiao Tong University, China
Nektarios Koufopoulos,
University General Hospital Attikon, Greece

*CORRESPONDENCE

Liangliang Dong,
18562206013@163.com

Xiaoling Yang,
123258453@qq.com

†These authors have contributed equally to
this work

RECEIVED 15 December 2023
ACCEPTED 12 February 2024
PUBLISHED 04 March 2024

CITATION

Xu L, Wang C, Yang X and Dong L (2024), Case
report: Cutaneous metastases as a first
manifestation from breast cancer with
concurrent gastric metastases.
Front. Pharmacol. 15:1356167.
doi: 10.3389/fphar.2024.1356167

COPYRIGHT

© 2024 Xu, Wang, Yang and Dong. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Abbreviations: BI-RADS, breast imaging reporting and data system; CA153, carbohydrate antigen 153;
CDX2, caudal-related homeobox 2; CK20, cytokeratin 20; CK5/6, cytokeratin 5/6; CK7, cytokeratin 7;
CMs, Cutaneous metastases; CT, computed tomography; ER, estrogen receptors; EVE, everolimus; EXE,
exemestane; GMs, gastric metastases; HER2, epidermal growth factor receptor 2; IDC, invasive ductal
carcinoma; ILC, invasive lobular carcinoma; OS, overall survival; PR, progestogen receptors; TTF-1,
thyroid transcription factor-1.

Frontiers in Pharmacology frontiersin.org01

TYPE Case Report
PUBLISHED 04 March 2024
DOI 10.3389/fphar.2024.1356167

26

https://www.frontiersin.org/articles/10.3389/fphar.2024.1356167/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1356167/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1356167/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1356167/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1356167&domain=pdf&date_stamp=2024-03-04
mailto:18562206013@163.com
mailto:18562206013@163.com
mailto:123258453@qq.com
mailto:123258453@qq.com
https://doi.org/10.3389/fphar.2024.1356167
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1356167


Introduction

In recent years, the incidence of breast cancer has ranked first
among female malignant tumors in China, accounting for
approximately 57.27% of case and posing a serious health threat
to Chinese women (Zheng et al., 2023). The integration of surgical
intervention, chemotherapy, radiotherapy, endocrine, and targeted
therapies has markedly enhanced patient survival rates.
Nevertheless, breast cancer continues to be a predominant health
issue. The predominant histological variants of invasive breast
cancer are invasive ductal carcinoma (IDC) and invasive lobular
carcinoma (ILC), with IDC constituting about 80% of breast cancers
and ILC comprising roughly 5%–15% (Carcoforo et al., 2012). ILC is
distinguished by its origin in the lobular units of the terminal duct
(Waldman et al., 2019) and demonstrates distinct metastatic
behaviors compared to IDC, complicating early detection efforts.

Despite advancements, the scarcity of efficacious targeted
treatments for metastatic breast cancer persists due to diagnostic
limitations (Liang et al., 2020). Early-stage diagnosis is crucial, as it
significantly influences prognosis: the 5-year survival rate for
localized breast cancer is 99%, but only 27% for metastatic breast
cancer (Wang et al., 2019). Cutaneous metastases (CMs),
manifesting in about 24%–50% of breast cancer instances as the
primary tumor spreads to skin and soft tissues, presenting as a
“fungal breast mass (Huang et al., 2022)” The lymph nodes, bones,
lungs, liver, and brain are the most frequent metastatic destinations
(Liang et al., 2020). Unfortunately, due to the early appearance of
erythema and rashes on the breast’s skin, these patients are often
diagnosed at an advanced stage. Metastasis to less common areas
such as the back, upper arms, lower abdomen, and notably rare, the
buttocks and perianal region, further complicates the disease
management. Data on treating CMs are sparse and show little
impact on survival rates.

A notably low incidence of gastric metastasis (GMs) from breast
cancer was reported by Borst and Ingold, at just 0.26% (Borst and
Ingold, 1993). McLemore et al. also demonstrated a relatively low
incidence rate of gastrointestinal (GI) metastases originating from
breast cancer, about 0.34% (McLemore et al., 2005). A case reported
by Güler et al. highlighted a patient with breast cancer-related GI
metastasis presenting with acute abdominal pain due to gastric
perforation (Güler et al., 2019).

This report uniquely discusses a case of invasive ILC initially
manifesting with CMs and accompanied by GMs. The purpose of
this article is to provide comprehensive insights into the
characteristics, clinical diagnosis, and treatment of such rare
cases, thus contributing to the medical knowledge regarding this
atypical metastatic pattern in breast cancer.

Case presentation

Chief complaints

AChinese female, who is 71-year-old, came to our hospital, (The
Affiliated Yantai Yuhuangding Hospital of Qingdao University) for
treatment due to “More than half a year after the discovery of the
back rash” in 14 November 2021.

History of past illness

The patient described no other discomfort prior to this visit and
no history of multiple chest wall nodules.

Physical examination

Physical examination revealed multiple scattered red papules on
the back, protruding from the surface of the skin with clear
boundaries and no itching (Figures 1A–D). No abnormalities
were found in the bilateral mammary glands, and no mass was
palpated. There is no palpable mass in the abdomen, and there is no
tenderness on palpation. There are no positive signs in other parts.

Preliminary laboratory diagnosis

A needle biopsy was performed in the dermatology outpatient
department of our hospital. Histopathological studies showed mild
keratinization in the epidermis of the skin tissue, chronic
inflammatory cell infiltration around small vessels in the
superficial dermis and subcutaneous adipose septum, moderate
and mild heterotypic cells scattered among collagen fibers in the
dermis, arranged in a nest-like pattern. Immunohistochemistry
showed strong positive for estrogen receptors (ER) and
progestogen receptors (PR), both ER and PR percentages are
80%, positive for CK7, GATA-3, GCDFP15 and KI67, as well as
negative staining of CK20 and E-cadherin (Figure 2, The image
shows only part of the results). Combined with the above results,
breast cancer metastasis was considered.

Comprehensive diagnosis

On 19 November 2021, the patient then underwent a thorough
examination. Tumor markers indicate that carbohydrate antigen
153 (CA153) is 126 U/mL (normal range 0–25 U/mL), and no
abnormalities are found in the rest. Breast ultrasonography
revealed a hypoechoic nodule in the left breast tomography,
located 6 cm away from the nipple in the direction of 1–2o’clock,
0.7 × 0.6 cm in size, irregular in shape, aspect ratio<1, unclear
boundaries, uneven internal echo, and attenuation of rear echo.
There is no obvious blood flow signal within the nodule. Breast
imaging reporting and data system (BI-RADS) category 6
(Figure 3A). Enlarged lymph nodes can be seen in the left axilla,
the largest being 0.8 cm × 0.4 cm, with full shape, clear boundaries,
thickened cortex, clear lymph nodes, and no obvious blood flow
signal in lymph nodes (Figure 3B). The pathological findings of the
left breast hypoechoic area and left axillary lymph node after biopsy
showed that the immunohistochemistry of the left breast hypoechoic
area was strong positive for ER (90%) and PR (80%), and negative
for human epidermal growth factor receptor 2 (HER2) and
E-cadherin, P120 was positive in the cytoplasm, and the positive
rate of Ki67 was about 30% (Figure 4). Combined with the
morphological and immunohistochemical results, it was
consistent with invasive lobular carcinoma (ILC) of the breast.
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Imaging examination

Subsequent staging tests, including abdominal and chest CT,
brain magnetic resonance imaging and, bone scan, revealed
synchronous metastases to stomach. The pathological results of left
axillary lymph nodes were consistent with the pathological findings of
the breast. Abdominal enhanced computed tomography (CT)
(Figure 5A) showed poor gastric filling, thickening of gastric wall,
and mild to moderate enhancement on enhanced scans. The local
intestinal wall of the ascending colon is rough and slightly thick.

Gastroscopy and colonoscopy were recommended. Chest CT, brain
magnetic resonance imaging and bone scan showed no obvious
abnormality. On 21 November 2021, The patient underwent
gastroscopy, and under the microscope, congestion and roughness
of the gastric antrum mucosa were observed, accompanied by
scattered erosive lesions. Two gastric antrum biopsies were
performed, with soft texture. Chronic superficial atrophic gastritis
is considered (Figure 5B). Pathological examination showed that a
small number of heterotypic cells were infiltrated in the lamina
propria on the mucosal surface of the antrum.

FIGURE 1
The clinical presentation is multiple red papules scattered on the back (A–C). After 3 months of endocrine therapy, the back rash disappeared (D).

FIGURE 2
Histopathological HE and immunohistochemistry of patient‘s skin biopsy. Original magnification × 20: (A) HE; (B) positivity for GATA3; Original
magnification × 400: (C) negative for E-cadherin; (D) positivity for GCDFP15.
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Immunohistochemistry showed strong positive for ER (90%) and PR
(80%), positive for CK7, KI67, GCDFP15 and GATA3, and negative
for CK20 and E-cadherin, which was consistent with invasive lobular
breast carcinoma metastasis (Figure 6, The image shows only part of
the results).

Treatment

Subsequently, endocrine therapy with fulvestrant (Turner et al.,
2020) (500 mg, the first two times are 2 weeks apart, and every

4 weeks after that) combined with exemestane [EXE (Turner et al.,
2020)] (25 mg, once a day) was started on 14 December 2021. After
3 months of treatment, the patient’s rash disappeared (Figure 1D),
and the breast and stomach lesions were stable, and the patient is still
receiving treatment.

Outcome and follow-up

On 21 October 2022, a follow-up gastroscopy revealed
alternating red and white mucosa in the gastric antrum, mainly

FIGURE 3
Imaging pictures of the patient at admission. (A) breast ultrasound; (B) lymph node ultrasound.

FIGURE 4
Pathological HE and immunohistochemistry of breast tissue biopsy of the patient. (A) HE × 20; (B) HE×40; Original magnification × 20: (C) strong
positivity for the estrogen receptor (ER); (D) strong positivity for the progesterone receptor (PR); (E) negative for E-cadherin; (F) P120 was positive in
the cytoplasm.
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in red. Scattered congested and rough mucosa can be seen on the
anterior and posterior walls of the gastric antrum. Three biopsies
were taken at the lesion site of the gastric antrum, with soft texture
(Figure 7A). Pathological findings suggest chronic inflammation of
mucosal tissue with mild intestinal metaplasia of glandular
epithelium (Figure 7B). On 19 August 2023, tumor markers
indicated a decrease in CA153 to 46.6 U/mL. Breast ultrasound

shows no obvious nodules or liquid dark areas in the left breast layer;
Lymph nodes can be seen in the left armpit, with a size of
approximately 2 cm × 0.6 cm. The last application of fluvastatin
was from 16 September 2023, and EXE continued to be orally
administered daily. Our last follow-up was on 16 September
2023. The entire diagnosis and treatment process of the patient is
shown in Figure 8.

FIGURE 5
Gastric endoscopy and CT images of the patient. (A) Abdominal CT shows gastric wall thickening,the thickest part of which was about 2.3 cm in
diameter, involving the whole circumference of the lumen, with a length of about 5 cm; (B) Endoscopy prompts chronic superficial atrophic gastritis.

FIGURE 6
Pathological HE and immunohistochemistry of gastric tissue biopsy of the patient. Original magnification × 20: (A) HE; (B) positivity for GATA3;
Original magnification × 400: (C) negative for E-cadherin; (D) positivity for GCDFP15.
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Discussion

Research has elucidated that ILC and IDC manifest distinct
patterns of distant metastasis (Teo et al., 2018). IDC predominantly
metastasizes to bone, lung and liver, while ILC is more prone to
gastrointestinal, female reproductive organ, peritoneal,
retroperitoneal, adrenal, bone marrow and pleural metastasi
(Borst and Ingold, 1993). The unique immunological milieu and
specific genomic modifications in ILC are pivotal in its metastatic
tendencies. Studies have identified a higher non-synonymous tumor
mutation burden in metastatic ILC compared to its primary form,
with notable variations in the mutation frequencies of pivotal genes
such as CDH1, PIK3CA, TP53, and ERBB2 (Du et al., 2018), and
differences in CDH1, PIK3CA, ERBB2, TBX3, NCOR1, and
RFWD2 compared to metastatic IDC of no special type (IDC-
NST) (Pareja et al., 2020). This indicates that ILC’s metastasis
involves distinct genetic alterations compared to IDC. Further
research highlights that LumA ILC has a higher proportion of
high-immune phenotypes and expresses critical immune
checkpoint genes more highly than LumA IDC, indicating

possible molecular mechanisms for the different metastasis
tendencies between ILC and IDC (Pareja et al., 2020).

ILC is considered a major risk factor for CMs (González-
Martínez et al., 2022). Silvia et al. discovered that Luminal
HER2-type was more common in patients with CMs, of whom
43.7% were ILC. According to Table 1, we summarized some key
factors of ILC triggering CMs, and carried out targeted analysis.
About 65.4%–97% of gastric metastases were derived from ILC
(Almubarak et al., 2011; Mantiero et al., 2018). At present, the
molecular mechanism of metastasis is still unclear. E-cadherin is
thought to be associated with increased tumor invasion and
metastasis in terms of maintenance of intercellular adhesion as
well as loss with EMT or gene deletion (Jeanes et al., 2008;
Petrova et al., 2016). Removing E-cadherin in IDC cells led to
weaker cell-to-cell connections and a shift towards more
dispersed cellular aggregates in suspension (Elangovan et al.,
2022). Additionally, the absence of E-cadherin correlated with
increased independent growth without attachment and greater
resistance to cell death when detached, characteristics that are
also present in ILC tumors. Since E-cadherin loss and

FIGURE 7
(A) Gastroscopic manifestations after treatment. (B) Pathological HE of gastric tissue biopsy after treatment. HE × 20.

FIGURE 8
The timeline diagram of patient diagnosis and treatment process.
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cytoplasmic localization of p120 catenin are unique to ILC, this may
be a useful diagnostic tool for differentiating ILC from IDC (Dabbs
et al., 2007; Comprehensive molecular portraits of human, 2012;
Pramod et al., 2021). It has been proposed that the hallmark genetic
loss of CDH1 plays an important role in the metastatic spread of ILC
to abnormal anatomical sites, and that mutations in CDH1 lead to
inactivation of E-cadherin and loss of adhesion between tumor cells
and other epithelial cells, thereby promoting Invasion and
metastasis of tumor cells (Zarrilli et al., 2020). Analysis of
invasive breast cancer cases in the Cancer Genome Atlas (TCGA)
dataset (http://www.cbioportal.org) showed that 66% (107/162) of
ILCs carried CDH1 mutations compared to only 3% (22/741) of
IDCs (Cerami et al., 2012; Gao et al., 2013; Pramod et al., 2021).

ILC was prone to luminal A subtype, CDH1 mutations and
deletion of E-cadherin mRNA expression (Han et al., 2022). The
E-cadherin gene function prevents tumor invasion, and in ILC the
deletion of E-cadherin results in an increased capacity for tissue
invasion (Vleminckx et al., 1991). Eradicating E-cadherin led to a
heightened vulnerability to inhibitors targeting the IGF1R/PI3K/Akt
and MEK pathways following the removal of the CDH1 gene
(Elangovan et al., 2022). FOXA1 and ER are co-expressed at high
levels in endocrine-resistant metastatic breast cancer (Ross-Innes
et al., 2012). A higher rate of FOXA1 mutations (7% vs. 2%) and a
lower rate of GATA3 mutations (5% vs. 20%) were observed in ILC
compared to IDC (Ciriello et al., 2015). Suggesting that ILC and IDC
may rely on different mechanisms to regulate ER-mediated
transcription (Pramod et al., 2021). A comprehensive study
shows that profiles 817 breast tumors, including 127 ILC and
490 IDC cases, providing insights into the molecular differences
between ILC and IDC (Ciriello et al., 2015). The study identifies
E-cadherin loss, mutations in PTEN, TBX3, and FOXA1 as features
enriched in ILC (Ciriello et al., 2015; Teo et al., 2018). It highlights
PTEN loss associated with increased AKT phosphorylation, which is
highest in ILC, suggesting a unique pathway of tumor progression
and potential therapeutic targets.

This patient is part of a unique cohort where CMs were
identified before the detection of the primary tumor, initially
manifesting as papular nodular lesions on the upper back. Firstly,
CMs can serve as the inaugural indication of clinically silent tumors
(Virmani et al., 2011), albeit rarely presenting as the initial symptom.
Their emergence is potentially linked to the individual’s
autoimmune or genetic predispositions (Table 1). Secondly, CMs
are postulated to arise through lymphatic or vascular dissemination

(Table 1), often manifesting as a recurrence of the primary
malignancy (Moore, 2002). Histological types encompass
glandular, Indian file, lymphoid embolism of malignant cells
between collagen fibers, as well as fibrotic and epidermoid
phenotypes (Panasiti et al., 2009; Waldman et al., 2019). The
incidence of cutaneous metastasis in breast cancer is about 23.9%
(Lookingbill et al., 1993). But compared with other solid
malignancies, breast cancer has the highest incidence of skin
metastases, accounting for about 70% (Khodair et al., 2021).
They typically occur months or years after breast cancer
diagnosis and often coincide with visceral metastases (Hu et al.,
2008) It has been reported that the occurrence of CMs is associated
with poor prognosis (González-Martínez et al., 2022). Usually, the
prognosis depends on the type (Table 1) and behavior of the primary
tumor, and the expected survival at diagnosis is less than 1 year (Cox
and Cruz, 1994). CMs present with nonspecific clinical
manifestations, complicating the differentiation from other
benign conditions.

CMs of breast cancer are most common in the chest, followed by
the head and neck, back, and abdomen. The most prevalent clinical
manifestation is solitary erythematous invasive papules and nodules
(80%) (Prabhu et al., 2009), usually ranging from 1–3 cm in
diameter (Busbait et al., 2022). With disease progression, these
nodules may ulcerate or undergo infection. Commonly, patients
with CMs at mastectomy scars are erroneously diagnosed with
surgical site infections (Waldman et al., 2019). Reports have
indicated that skin metastases can spread during core needle
biopsies, underlining that the notable incidence of intra-scar
metastases also mirrors tumor dissemination during surgical
interventions. Consequently, securing a biopsy sample is
imperative for affirming the diagnosis in individuals suspected of
having breast cancer skin metastases, as histological evaluation of
the biopsy may reveal cellular proliferation akin to the primary
neoplasm. Breast cancer metastasis diagnosis can be validated by
detecting markers like cathepsin D among other antigens (Waldman
et al., 2019). The sensitivity of certain diagnostic imaging modalities
is low, with mammography and ultrasound showing sensitivity rates
of 57%–81% and 68%–98%, respectively. Therefore, combining
these with highly sensitive MRI (93%) may lead to a successful
diagnosis (Busbait et al., 2022). Moreover, individuals with a history
of breast cancer ought to undergo comprehensive skin
examinations, even years subsequent to breast cancer surgery and
chemotherapy. Conversely, the persistence of an extended rash
should warrant further evaluation for early detection of
breast cancer.

We present an exceedingly rare instance where breast cancer and
GMs were identified subsequent to the initial detection of CMs,
despite the primary tumor being diminutive. The stomach is an
uncommon site of tumor metastasis, with a reported incidence of
0.2%–0.7% according to clinical and autopsy results (De Palma et al.,
2006; Namikawa and Hanazaki, 2014). Primary malignancies most
frequently metastasized to the stomach included breast cancer
(27.9%), lung cancer (23.8%), esophageal cancer (19.1%), renal
cell carcinoma (7.6%), malignant melanoma (7.0%) (Namikawa
and Hanazaki, 2014). Although GMs from breast malignancies
are the most common, the incidence is only 0.3% in clinical
reports and 2%–18% in autopsy case reports (Taal et al., 1992;
Taal et al., 2000). The average time from breast cancer diagnosis to

TABLE 1 ILC triggers some risk factors of CMs.

Biology of the cancer

Advanced Stage of ILC

Lymphatic Spread

Hormone Receptor Status

Treatment History

Tumor Characteristics

Rare Skin Involvement at Diagnosis

Patient’s individual characteristics

Genetic Factors

Patient’s Overall Health

Immune System Function
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detection of GMs is estimated to be 5–8 years (De Palma et al., 2006;
Almubarak et al., 2011; Xu et al., 2017). At the time of diagnosis of
GMs, 90%–94% of patients had concurrent metastases (Cormier
et al., 1980; Borst and Ingold, 1993), there are only a few case reports
of GMs diagnosed before or at the same time as breast cancer.

GMs of breast cancer and primary gastric adenocarcinoma are very
similar in clinical symptoms, imaging, gastroscopic findings and
pathological morphology, and are often difficult to distinguish.
Predominantly, patients with GMs experience non-specific
gastrointestinal symptoms like anorexia, epigastric pain, indigestion,
nausea, fever, and weight loss (Tang et al., 2020), with acute abdominal
pain due to gastric perforation being a rarity (Koike et al., 2014). The
condition usually entails diffuse involvement of the gastric wall,
characterized by linitis plastica and predominantly affecting the
submucosal and seromuscular layers (Tang et al., 2020). Some
authors have suggested that linitis plastica is the most common type
of gastric metastasis in breast cancer (73%–83%) (Taal et al., 1992; Eo,
2008). It resembles Borrmann type 4 advanced gastric cancer with
diffuse hypertrophy and sclerosis of the gastric mucosal folds and deep
invasion of the submucosa and muscularis propria (Geada et al., 2020).
Given thatGMs predominantly reside in the submucosa andmuscularis
propria, sparing the superficial mucosal layer, there is a high likelihood
of endoscopy yielding false-negative results. Therefore, if the index of
suspicion is high, unconventional techniques such as macroscopic
biopsy or endoscopic ultrasound-guided fine-needle aspiration
cytology should be used whenever possible (Geada et al., 2020). This
patient had no symptoms of gastric discomfort, and abdominal CT
revealed thickening of the stomach wall, so a gastroscopy was
performed. Nonetheless, the endoscopic examination only revealed
chronic superficial atrophic gastritis, with no malignancy detected,
underscoring the critical role of endoscopic biopsy in such cases.

In cases lacking pertinent clinical history, pinpointing the origin
of metastatic cancer can prove challenging. However, metastases
often exhibit similar histopathological features as the primary
tumor. Diagnosis is relatively easy due to the convenient
sampling of skin lesions. However, cancer cells metastasized to
the stomach predominantly present as poorly differentiated
adenocarcinoma and signet-ring cell carcinoma, complicating
their differentiation from primary gastric adenocarcinoma on
conventional HE stained sections. The distinction between
primary and metastatic must rely on immunohistochemical
examination. In this case, the primary tumor, skin and GMs
were all strongly positive for ER and PR. Nevertheless, the ER
positivity rate in female gastric cancer patients is between 26.6% and
31%, and for PR, it is between 11.9% and 20.6% (Karat et al., 1999).
Moreover, even if the primary breast tumor is ER and PR positive,
GMs might still test negative for these receptors (Kim et al., 2018),
indicating that ER and PR status alone cannot conclusively
determine tumor origin. Since HER2 has a comparable positive
rate (less than 5%) in ILC and low-adhesion gastric cancers, it is also
not an appropriate diagnostic marker (Mantiero et al., 2018). The
combination of three antibodies, GCDFP15, mammaglobin and
GATA-3, is often used to identify breast cancer metastasis. The
sensitivity and specificity of the three expressions in breast cancer
were 5%–74% and 9%–100%, 7%–84% and 85%–100%, 32%–100%
and 7%–93%, respectively (Gown et al., 2016). In addition, breast
tissues were mostly CK7(+)/CK20(−) and gastrointestinal tissues
were mostly CK7(−)/CK20(+) (Xu et al., 2017). The

immunohistochemistry of CMs and GMs in this patient showed
CK7(+), CK20(−) and (+). It is suggested that the tumor may
originate from the breast. Furthermore, immunohistochemical
staining of this patient showed E-cadherin (−) and P120
(cytosolic +), suggesting that the pathological type was lobular
breast carcinoma. Combined with the patient’s medical history,
cutaneous and gastric metastasis from ILC of the breast could be
clearly diagnosed. In summary, by detecting the expression of
specific protein markers by immunohistochemistry, doctors can
identify whether metastatic lesions are associated with primary
breast cancer, or whether they are associated with other types of
cancer. In particular, for patients with no history of breast cancer as
in this case, it is helpful to formulate accurate diagnosis and
treatment plan, and improve the accuracy of patient treatment
effect and prognosis assessment.

CMs in conjunction with visceral metastasis signify advanced
disease and a grim prognosis, with mortality typically occurring
within a year of diagnosis (González-Martínez et al., 2022). Xu
et al. found that pre-gastric involvement metastasis to multiple
organs was an independent predictor for overall survival reduction.
At present, there is no standard guideline for the treatment of CMs
and GMs (Rech et al., 2023), and the treatment principles for
advanced breast cancer are mostly followed. Systemic therapy,
encompassing chemotherapy [including anti-HER2 therapy
(Huang et al., 2022)] and endocrine therapy, is the mainstay of
treatment. GMs from breast cancer are generally not treated
surgically unless acute complications occur (Kim et al., 2018).
Anti-HER2 drugs, including chemotherapy drugs specifically used
for HER2-positive breast cancer (Huang et al., 2022) such as
trastuzumab, ado-trastuzumab emtansine, and lapatinib, have been
employed. In one case, patients with HER2+ skin lesions experienced
complete regression after initiating ado-trastuzumab emtansine
treatment, with the response lasting up to 135 weeks (Giarratano
et al., 2018; Huang et al., 2022). But XU et al. suggested that surgical
intervention and chemotherapy did not significantly prolong OS,
while endocrine therapy proved to be an effective strategy (Xu et al.,
2017). This may be becausemost patients with GMs are from ILC, and
their hormone receptors are usually positive, mainly luminal-type,
which is relatively sensitive to endocrine therapy. Endocrine therapy
has been reported to play an important role in improving patient
survival (Busbait et al., 2022). Over an 8-year follow-up period,
tamoxifen showed a disease-free survival (DFS) and OS of 66%
and 74%, respectively, compared to 82% and 89% for letrozole
(Metzger Filho et al., 2015; Busbait et al., 2022). There is a case
report that CMs from ILC is rapidly and completely relieved with
aromatase inhibitor (Parietti et al., 2022), especially in ER+ (Huang
et al., 2022). Aromatase inhibitors are sometimes used as maintenance
therapy after controlling CMs with conventional means, such as
chemotherapy, radiation, and surgery. In particular, the skin
lesions partially or completely resolved, and they survived within
2–5 years of follow-up. In addition, EXE and everolimus (EVE) have
been reported to better control metastatic lesions in the skin (Li et al.,
2022). For patients with hormone receptor positive advanced breast
cancer, NCCN guidelines recommend aromatase inhibitor + CDK
(Cyclin-dependent Kinase) 4/6 inhibitor or fulvestrant + CDK4/
6 inhibitor. CDK4/6 inhibitor is more expensive, and the patient’s
economic conditions are poor, so he did not choose the drug. One
clinical study demonstrated that Ribociclib combinedwith Fulvestrant
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had a 67.0% OS for 36 months, which was higher than Fulvestrant
alone (Slamon et al., 2020). Ultimately, endocrine therapy with
fulvestrant combined with EXE was administered, leading to
satisfactory disease control, with ongoing treatment.

This highlights the uniqueness of each case, emphasizing the
need for personalized prognosis discussions based on all relevant
clinical and pathological factors. In this rare case, a 71-year-old
Chinese female initially presented with CMs as her primary
symptom, which led to the subsequent diagnosis of ILC of the
breast. Further evaluation revealed synchronous GMs from breast
cancer, an exceptionally uncommon occurrence. The diagnosis
relied heavily on immunohistochemistry, as the clinical
presentation and histopathological features resembled primary
gastric adenocarcinoma. It underscores the importance of
thorough evaluations in patients with atypical metastatic patterns
and the pivotal role of immunohistochemistry in confirming
tumor origins.

Conclusion

In conclusion, CMs and GMs of breast cancer represent
uncommon clinical phenomena, particularly when CMs precede
the identification of the primary tumor. CMs and GMs often
signify advanced disease and poor prognosis, emphasizing the
urgency of precise diagnosis and timely intervention. In the
absence of relevant clinical history, it is difficult to determine the
primary site of metastatic cancer. Without a detailed clinical history,
pinpointing the origin of metastatic cancer can be challenging.
Furthermore, the symptoms associated with these metastatic sites
are often non-specific, leading to potential diagnostic oversight and
misdiagnosis. In this context, the interaction between the clinician and
the pathologist is critical. The appearance of persistent papular
nodular skin lesions necessitates immediate pathological biopsy.
The discovery of CMs usually coincides with multiple metastases
from other organs, warranting a thorough patient evaluation.
Particularly for patients with ILC of the breast, gastrointestinal
symptoms should prompt urgent endoscopic biopsy, with
immunohistochemical staining aiding in lesion characterization.
Early diagnosis and optimal treatment can delay disease
progression and reduce mortality. Treatment strategies, including
endocrine therapy and targeted agents, must be customized based
on the tumor’s molecular profile.
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Brazilin is the main compound in Caesalpinia sappan and Haematoxylum
braziletto, which is identified as a homoisoflavonoid based on its molecular
structure. These plants are traditionally used as an anti-inflammatory to treat
fever, hemorrhage, rheumatism, skin problems, diabetes, and cardiovascular
diseases. Recently, brazilin has increased its interest in cancer studies. Several
findings have shown that brazilin has cytotoxic effects on colorectal cancer,
breast cancer, lung cancer, multiple myeloma, osteosarcoma, cervical cancer,
bladder carcinoma, also other cancers, along with numerous facts about its
possible mechanisms that will be discussed. Besides its flavonoid content, brazilin
is able to chelate metal ions. A study has proved that brazilin could be used as an
antituberculosis agent based on its ability to chelate iron. This possible iron-
chelating of brazilin and all the studies discussed in this review will lead us to the
statement that, in the future, brazilin has the potency to be a chemo-preventive
and anticancer agent. The article review aimed to determine the brazilin
mechanism and pathogenesis of cancer.

KEYWORDS

brazilin, anticancer agent, cytotoxic effect, iron chelation, molecular mechanism

1 Introduction

Cancer is the second-leading cause of death among noncommunicable diseases
(NCDs), after cardiovascular disease (Cadoná et al., 2022). As of 2022, there were
19.9 million incidents of cancer overall, with 9.7 million of those cases resulting in
death (IARC, 2024). According to the Global Burden of Cancer Study (GLOBOCAN),
the global incidence of cancer will rapidly reach 30.2 million cases by 2040, with a mortality
rate of 16.3 million cases (Sung et al., 2021). Cancer is the largest cause of death in Asia,
which accounts for 49.3% of all deaths (Arnold et al., 2022).

Cancer research has always been complex due to its complexity. Despite the fact that
numerous treatment options are available, their effectiveness is dependent on the stage and
form of the disease. Considering the different therapeutic methods, meticulous surgical
excision of aggressive tissues or tumors, chemotherapy, radiation therapy, and
immunotherapy are commonly used. Surgery and radiotherapy have local effects,
whereas chemotherapy and targeted therapy have systemic effects. Whether these
medicines are employed individually or in combination with other treatments depends
on the type and stage of cancer (Muhammad et al., 2022). They could trigger processes that
promote medication resistance (Naeem et al., 2022). Combinations with additional
treatments (for example, radiation therapy and conventional chemotherapy) will
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probably kill both normal and malignant cells, resulting in
substantial hematological toxicities and tissue damage (Sharifi-
Rad et al., 2021).

Historically, natural products (NPs) have played an essential role
in drug discovery. Compared to conventional synthetic compounds,
NPs have unique properties that provide advantages and difficulties in
drug discovery. NPs are the most abundant source of high chemical
diversity and structural complexity. Attempts to identify interesting
therapeutic chemicals from natural sources may be one explanation
for this (Feher and Schmidt, 2003; Mangal et al., 2013; Atanasov et al.,
2015). Approximately 80% of NPs have previously been developed for
cancer treatment (Newman and Cragg, 2016). Phenolic compounds,
one of the NPS, which are molecular functional compounds that
target multiple signaling pathways involved in activation or
transformation of cells (Bakrim et al., 2022). Flavonoids exhibit a
variety of anticancer properties, including the modification of ROS-
scavenging enzyme activities, cell cycle arrest, the induction of
apoptosis and autophagy, and the inhibition of cancer cell growth
and invasion (Kopustinskiene et al., 2020).

Caesalpinia sappan is a medicinal plant with many flavonoids
(Nguyen et al., 2020). Caesalpinia sappanwood’s high flavonoid
concentration supports anti-cancer research. The primary
flavonoid ingredient isolated from C. sappanwood is brazilin
(Mottaghipisheh and Stuppner, 2021). Brazilin can also be found
in heartwood trees, including brazilwood (Caesalpinia echinata) and
bralette (Caesalpinia Violaceae) (Dapson and Bain, 2015). In several
studies, we found that brazilin has the ability to treat several types of
cancer, such as breast cancer (Jenie et al., 2018; Hermawan and Putri,
2020; Jang et al., 2020; Chatterjee et al., 2022; Haryanti et al., 2022;
Yang et al., 2023), colorectal cancer (Handayani et al., 2017), multiple
myeloma (Kim et al., 2012), osteosarcoma (Kang et al., 2018), lung
cancer (Suyatmi et al., 2022), cervical cancer (Kitdamrongtham et al.,
2013; Jeon et al., 2014), bladder carcinoma (Zhang et al., 2015; Zhang
et al., 2018), and others (Lee et al., 2013; Mitani et al., 2013; Zhang
et al., 2014; Bello-Martínez et al., 2017; He et al., 2017; Correia Soeiro
et al., 2022; Yan et al., 2022).

A study stated that Brazilin substances can be used to chelate
iron because of their structure, which reacts with metal ions such as
iron (Fe) to form a stable complex (Safitri et al., 2022). Iron chelators
have long been considered potential anticancer agents (Kulp et al.,
1996; Kovář et al., 2001). Iron is a major substance essential in cell
growth, metabolism, and replication. Metabolism of iron is
regulated in cells with cancer to cope with greater replicative
demands (Theil and Goss, 2009). Iron chelating substance were
initially created to treat iron overload disorders, but their potential
for anticancer use is becoming increasingly apparent (Ibrahim and
OSullivan, 2020).

Based on the mentioned evidence, this article review aims to
determine the future potential of brazilin as an anticancer agent and
its mechanism to conclude whether there is a relationship between
the activity of iron chelation from the brazilin compound and cancer
pathogenesis.

2 Methods

Relevant articles were obtained from the PubMed database with
the terms “brazilin” and “cancer.” In total, 32 articles were identified.

We exclude 11 articles that are not in English, not review articles, not
Brazilin, and not cancer studies. Therefore, the rest 21 articles were
included. The relevant research articles published without any time
limit were included according to the criteria.

3 Brazilin: Source and structure

Brazilin, one of the main compounds originating from
fractionation of the heartwood extract of C. sappan and
Haematoxylum brasiletto, is most widely distributed in Southeast
Asia and America (Toegel et al., 2012). Traditionally, brazilin has
been taken as a red dye for cosmetics, beverages, fabrics, and food in
Malaysia, China, Thailand, Mexico and Vietnam because it produces
a red color (Nava-Tapia et al., 2022).

Brazilin is an organic compound of the homoisoflavonoid type,
named by IUPAC as (6aS,11bR)-7,11b-dihydro-6H-indeno [2,1-c]
chromene-3,6a,9,10-tetrol, with molecular formula C16H14O5 and
the molecular weight 286.28 g/mol (National Center for
Biotechnology Information, 2023). It may also be named as
natural red, braziletto, or brasilin (Edwards et al., 2003).
Brazilin is a colorless phenolic compound consisting of one
pyrone, one five-membered ring, and two aromatic rings
(Rondão et al., 2013). However, the hydroxyl group of the
brazilin structure is readily oxidized. It can be converted into
carbonyl groups, leading to transformation of the structure and
forming a colored substance called Brazilein (Harborne
et al., 2013).

Brazilin is the main component of the crude dye, and brazilein is
a polyphenolic compound that may be separated in large amounts
by exposing the organic extract to air and light, which oxidizes the
hydroxyl of brazilin to a carbonyl group. Brazilin and brazilein are
tetracyclic. The aromatic ring attached to the pyrone ring should
originate in the acetate pathway, while the aromatic ring bonded to
the five-membered ring in the shikimic acid pathway (de Oliveira
et al., 2002).

4 Brazilin pharmacological activities

Traditionally, extracts of C. sappan and H. brasiletto have been
applied to fever, hemorrhage, diabetes, skin problems,
cardiovascular diseases, and diabetes as an anti-inflammatory
because of their potential for medicinal use (Pawar et al., 2008;
Nirmal and Panichayupakaranant, 2015; Mueller et al., 2016; Hwang
and Shim, 2018). Specifically, as a major compound of both plants,
brazilin possesses various pharmacological activities. Brazilin is a
significant inhibitor of nitrite oxide (NO) production. It is a valuable
therapy for antioxidants, anti-inflammation, and vascular relaxation
(Hu et al., 2003; Sasaki et al., 2007). Brazilin significantly inhibited
J444.1 cell line nitrite oxide (NO) generation produced by
lipopolysaccharide (LPS). It has been discovered that brazilin
significantly lowers iNOS gene expression at 100 μM, while its
derivative, brazilein, does so even at 10 µM54. As an essential
relaxing factor in the circulatory system, brazilin increases NO
production, NOS activity, and extracellular Ca2+ influx in human
umbilical vein endothelial cells (Hu et al., 2003). Compared to its
derivate, Brazilein, which has activity to reducing liver damage that
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caused by excess iron, increasing cytotoxicity and apoptosis in T47D
cells, and inhibiting NFκB1/p50 in human osteoarthritic (Safitri
et al., 2016; Utomo et al., 2018; Weinmann et al., 2018). Brazilein
also can be invented as potential antibacterial agent against

Escherichia coli MDR, a sensitive antibiotic using in silico method
(Krihariyani et al., 2020).

Brazilin has antimicrobial effects through decreasing DNA and
protein production. Brazilin inhibited the growth of bacteria that

TABLE 1 Summary of Brazilin activity in several types of cancer.

No. Methods Mechanism References

In Silico In Vitro In Vivo

1 — Breast cancer MDA-MB-231 and
4T1 cells

Subcutaneous
xenotransplantation in BALB/C
mice

- Yang et al. (2023)

2 MMP14, PTGS2, ADAM17,
PTEN, CCL2, PIK3CB,
MAP3K8, and CXCL3

- - TNFα signaling Hermawan and Putri
(2020)

3 - Breast cancer MCF-7/HER-
2 cells

- Cytotoxicity and cell
migration

Jenie et al. (2018)

4 MMP-9, MMP-2, and
PTGS2 enzymes

Triple Negative Breast Cancer
(TNBC) 4T1 cell line

- Cell migration Haryanti et al. (2022)

5 - Human breast cancer MCF-7 cell
line

Hemin-induced HO-1
protein expression

Jang et al. (2020)

6 S-adenosyl-L-homocysteine
(SAH) and DNMT1 protein

Human breast cancer cell line
MCF7 and the gene expression of
DNMT1, p38 MAPK, p53,
and p21

Cell proliferation and
DNMT1 expression

Chatterjee et al. (2022)

7 - Colorectal cancer WiDr cell line Apoptosis and Cell cycle Handayani et al.
(2017)

8 - Multiple Myeloma U266 cell line - Histone deacetylases
(HDACs)

Kim et al. (2012)

9 - Osteosarcoma MG-63 cell line - Apoptosis Kang et al. (2018)

10 - Non-Small Lung Carcinoma
A549 cell line

- Intrinsic apoptosis Suyatmi et al. (2022)

11 - Human cervical cancer HeLa cell
line

- NF-κB luciferase Jeon et al. (2014)

12 - SRB assay in human cervical
cancer HeLa cell line

HeLa xenograft and sub chronic
toxicity in nude mice and rats

Antitumor and
antiproliferative

Kitdamrongtham et al.
(2013)

13 - Bladder carcinoma T24 cell line - Cell proliferation T. Zhang et al. (2015)

14 - Bladder carcinoma T24 cell line - Apoptosis T. Zhang et al. (2018)

15 BAF1 (barrier-to-
autointegration factor 1)
protein

- - - Correia Soeiro et al.
(2022)

16 - Glioblastoma multiforme
U87 cell line

- Cell growth and apoptosis Lee et al. (2013)

17 - Head and neck squamous cell
carcinoma

- Apoptosis He et al. (2017)

18 - SiHa, MDA-MB-231, A549, and
NCI-H1299 cell lines

- Cell proliferation Bello-Martínez et al.
(2017)

19 - HEK293T cell line and cancer cell
lines, including HTC75, HeLa,
DLD1, MDA-MB-231, Hs578t
and A549

6–8-week-old nude mice in situ Telomerase in vitro and in
vivo

Yan et al. (2022)

20 - Human melanoma HMV-II cell
line

- Tyrosinase and TYRP2
mRNAs

Mitani et al. (2013)

21 - RAW 264.7 macrophage cells S180 mouse sarcoma cells DNA binding activity of NF-
κB and AP-1

Zhang et al. (2014)
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cause methicillin-resistant Staphylococcus aureus (MRSA), dental
caries (Streptococcus mutans), periodontal disease (Prevotella
intermedia), acne (Propionibacterium acnes), and strep throat
(Group A strep) (Xu and Lee, 2004). Brazilin has an increased
pyruvate kinase activity mechanism. In addition, it may play a role in
the anti-gluconeogenic action of brazilin. Brazilin enhanced the
levels of 6-phosphofructo-2-kinase (PFK-2), fructose-6-phosphate
(F-6-P), and hexose-6-phosphate (H-6-P) extensively (You
et al., 2005).

5 Brazilin mechanisms in cancer

Brazilin has been studied in several types of cancer, such as
cervical cancer, cervical squamous cell carcinoma, breast cancer,
colorectal adenocarcinoma, colorectal cancer, colon cancer,
hepatocellular carcinoma, lung adenocarcinoma, and sarcoma. A
compound’s ability to impede biological or biochemical function
may be measured through its half-maximal inhibitory concentration
(IC50) (Hendriks, 2010). Drug potency, or the quantity of a drug
required to have a therapeutic effect, is correlated with the IC50

value. Like a drug, the IC50 value of a natural compound must be
determined to know the cytotoxicity. The lower the IC50 value, the
more cytotoxic the substance is (Meyer et al., 2019). Based on its IC50

value from different types of cancer cell lines (Bello-Martínez et al.,
2017; Handayani et al., 2017; Haryanti et al., 2022; Jenie et al., 2018;
Suyatmi et al., 2022; Yang et al., 2023; Zhang et al., 2014), brazilin
has a strong ability to treat breast cancer on 4T1 cell lines with the
measured IC50 value of 3.7 µM. The methods used in several studies
to know themechanism of brazilin to treat several types of cancer are
shown in Table 1.

In treating cancer, brazilin has different types of mechanisms,
but the general mechanism is to induce apoptosis and inhibit cell
proliferation. Most of the studies were carried out using breast
cancer cell lines. Brazilin inhibits cell proliferation, migration, and
invasion as the primary therapy and co-therapy with doxorubicin
(Jenie et al., 2018; Haryanti et al., 2022). Hemin-induced heme
oxygenase-1 (HO-1) in breast cancer cells is slightly inhibited by
brazilin (Jang et al., 2020). Besides, HO-1 has cytoprotective
properties to promote cancer progression in cancer cells, yet HO-
1 overactivation also promotes unconventional ferroptosis due to an
accumulation of prooxidant-free iron (Nitti et al., 2021). Other
findings were obtained to help arrange possible molecular
mechanisms of brazilin as a novel anticancer agent. Brazilin
suppressed the activity of transcription factors called histone
deacetylases (HDACs), which are involved in controlling cell
cycle arrest and apoptosis in multiple myeloma (Kim et al., 2012).

An in silico study predicted several targets that brazilin inhibited.
In triple breast cancer, brazilin was found to attach more firmly and
effectively to MMP-2, MMP-9, and PTGS2 compared to its native
ligand (Haryanti et al., 2022). These enzymes are involved in cell
migration and metastasis (Webb et al., 2017; Ercolano et al., 2019).
According to these findings, brazilin could potentially disrupt the
activities of the enzymes by binding to their active sites (Haryanti
et al., 2022).

Brazilin has also shown its activity in several other types of
cancer, but its mechanism has not yet been studied further. Brazilin
mechanisms are limited to in silico, in vitro, and in vivo. No clinical

research has ever been done. Apoptotic-related pathways are still the
most interesting to explore for a new potential anticancer agent.
Every discovery is valuable to guide us for new pathways regarding
anticancer therapy mechanisms by brazilin. Of all the findings about
brazilin mechanisms towards cancer, the iron chelation mechanism
has not beenmentioned yet. In themeantime, using iron chelators as
an adjuvant cancer treatment is becoming more popular, even
though they have been developed initially to treat iron overload
disorders (Wang et al., 2019; Safitri et al., 2022).

6 Brazilin as iron chelators

Brazilin belongs to the class of flavonoids that are likely to
interact withmetals, mainly Fe (Kejík et al., 2021). A study has found
that brazilin could be used as an antituberculosis because of its
mechanism of inhibiting Mycobacterium tuberculosis (Mtb)
extracellularly by iron chelation (Safitri et al., 2022). Iron
overload removal and prevention are the main goals of chelation
therapy. By chelating extra iron, iron levels can be maintained at
normal levels. Iron chelation therapy was first developed for
transfusion-dependent anemias, including myelodysplasia, sickle
cell disease, and thalassemia. However, this is only a small
portion of the potential spectrum of activity for iron chelators
(Porter, 2001). Transferrin (Tf), a protein with a strong affinity
for iron, carries iron in plasma. After the iron transferrin complex
attaches to the cell surface’s transferrin receptor 1 (TfR1), the
complex is internalized through receptor-mediated endocytosis,
and endosomal acidification releases the iron from Tf (Hentze
et al., 2004). On the other hand, cancer cells have a few different
mechanisms to keep the balance of iron within their cells. In
neoplastic cells, iron metabolism is altered in order to fulfill
higher replicative needs. Numerous processes contribute to the
increased iron uptake in neoplastic cells, but the most prominent
one is the increased protein expression of the TfR1 receptor, which
has been found in several cases, including renal, colorectal, liver,
breast, and lung cancer (Kindrat et al., 2016; Greene et al., 2017;
Horniblow et al., 2017; Rychtarcikova et al., 2017). In these
neoplasms, its level has been connected to the growth of the
tumor (Brookes et al., 2006). Numerous neoplasms have also
been reported to have elevated levels of the homologous TfR2
(Calzolari et al., 2007). It has been shown in melanoma and
hepatoma cell lines that intake occurs via non-receptor-mediated
pinocytosis once TfR1 is saturated (Richardson and Baker, 1994;
Trinder et al., 1996).

Iron chelators that are clinically approved are as follows:
Deferoxamine (DFO) (Kontoghiorghes et al., 1987; Hernlem
et al., 1996), Deferiprone (L1) (Rombos et al., 2000; Cohen et al.,
2003; Hoffbrand et al., 2003), and Deferasirox (DFX) (Gaboriau
et al., 2010). Iron chelators were initially developed to treat iron
overload disorders like thalassemia, but there is increasing interest in
their potential as adjunctive therapy for cancer. The combination of
iron-chelating agents like DFO or DFX with cisplatin, doxorubicin,
and carboplatin has been shown to increase the cytotoxic effects of
these chemotherapeutics in some studies (Wang et al., 2019; Safitri
et al., 2022). Another natural compound that has iron chelator
activity is curcumin. Curcumin shows great potential as a
therapeutic substance and is being studied in humans for a
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number of diseases, such as psoriasis, pancreatic cancer, multiple
myeloma, colon cancer, and myelodysplastic syndromes. Curcumin
inhibits the development and progression of cancer by targeting
different stages in the malignant process (Hatcher et al., 2009).

Due to the bidentate ligand, a strong metal cation scavenger that
can tightly bind iron (III) at pH 7, brazilin also happens to have a
catechol group that may chelate iron, according to various research
(Hruby et al., 2021). Brazilin’s structure shares a few similarities to
that of DFO, a hexadentate compound that can bind iron in a 1:
1 ratio to form a stable complex that prevents the free radicals that
iron produces (Zhou et al., 2012). An iron chelator’s potency is
determined by how well it can bind transferrin-bound iron that is
not circulating in the plasma. Among other iron chelators, L1 is
considered very effective in iron chelating (Maskoen et al., 2016).
The substance has the benefit of quickly penetrating membranes to
remove potentially harmful iron from tissues since the Fe(III)
chelate of L1 has no net charge (Kattamis et al., 2006). To
chelate one iron atom, L1 molecules are required

(Kontoghiorghes et al., 1987; Merson and Olivier, 2002).
Structurally, brazilin has properties similar to L1 due to its
bidentate structure, indicating that brazilin can bind iron with
the same ratio as L1. Mechanism prediction of brazilin as iron
chelators is shown in Figure 1.

7 Iron chelating activity in cancer
pathogenesis

The development of iron chelators as therapeutic agents can also
be useful anticancer agents (Buss et al., 2005) either by depleting iron
in the tumor or by causing selective oxidative stress in the tumor due
to redox perturbations in its environment (Hatcher et al., 2009; Fibach
and Rachmilewitz, 2017). One of the metabolic characteristics of
malignant cancer cells is dysregulated iron homeostasis, where iron is
crucial for the growth, survival, proliferation, andmetastasis of tumors
at every stage of the process (Ludwig et al., 2015). Tumor cells are

FIGURE 1
Brazilin (National Center for Biotechnology Information, 2024b) and Brazilein ((National Center for Biotechnology Information, 2024a) structure (A),
Brazilin predicted mechanism as iron chelators in cancer cells (B). Illustration refers to the common mechanism of clinically approved iron chelators
(i.e., Deferoxamine (DFO)). DFO and other compounds with similar structures have poor pharmacokinetics profiles. Conjugation with drug carriers, such
as polymers, could help increase therapeutical efficacy (Komoto et al., 2021). Brazilin with carriers (polymer, plasmid, etc.) entering cell cytoplasm via
endocytosis. Iron uptake involves Transferrin that binds two irons and enters cells by interaction with the Transferrin Receptor (TfR1). Iron is typically
transported by DMT1 toward the labile iron pool (LIP) and then scavenged and stored by Ferritin (Pfeifhofer-Obermair et al., 2018). In cancer cells, the
requirements of iron are relatively high, and there is also an accumulation of free iron inside cells caused by Hepcidin (HAMP) binding to Ferroportin (FPN),
which is beneficial for iron export to maintain iron homeostasis (Bystrom et al., 2014). Iron chelation occurs inside cells toward free labile iron (Fe2+).
Thereby, storage and utilization of iron are inhibited by this chelation mechanism. Further research is recommended to clarify whether brazilin promotes
pro-oxidant and iron depletion effects. Abbreviations:DMT1, divalent metal transporter 1; Fe-S, iron sulfide; HAMP, hepcidin antimicrobial peptide; ROS,
reactive oxygen species; STEAP3, six-transmembrane epithelial antigen of prostate 3; Tf, transferrin.
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more susceptible to iron deficiency than normal cells because they rely
heavily on iron for development and proliferation (Bystrom and
Rivella, 2015). Iron reductase, primarily found in some members
of the metal reductases six-transmembrane epithelial antigen of the
prostate (STEAP1-4) family, reduces Fe3+ to Fe2+ in the endosome.
Many human cancer types, including breast, colon, prostate, cervix,
bladder, pancreatic, testis, ovary and Ewing sarcoma, have high
expression levels of STEAP1 and STEAP2. In malignant gliomas,
STEAP3 is overexpressed, and STEAP3 knockdown suppresses
glioma cell metastasis, proliferation, and clonality, in vitro and
tumor growth in vivo. Under hypoxic conditions, STEAP4 is
activated, which increases the incidence of colitis-associated colon
cancer in mice models, enhances the formation of reactive oxygen
species (ROS), and causes an iron imbalance in the mitochondria
(Wang et al., 2019).

Deferoxamine (DFO) and Deferasirox (DFX) are widely used for
iron overload disease in cancer therapy (Ibrahim and OSullivan,
2020). Among all iron chelators available on market, DFX is the
first-choice iron chelator used globally to treat non-transfusion-
dependent thalassemia syndromes in patients from age of 10 and
above, along with chronic iron overload on by blood transfusions in
patients from age of 2 (Piga et al., 2006). DFO chelates non-
transferrin bound iron (free iron), hemosiderin, and iron in
transit between transferrin and ferritin (labile chelating iron
pool). DFO is able to directly attach to iron and remove it away
from heart cells, but it is unable to bind iron that has already been
integrated into other molecules, such as hemoglobin, transferrin, or
cytochromes (Hershko et al., 2001; Komoto et al., 2021). However,
DFX preferentially binds to iron in its oxidized ferric (Fe3+) state
than to the reduced or ferrous (Fe2+) state. Every DFX molecule
binds two ferric irons (Valentovic and Enna, 2008). Additionally, it
was discovered that DFX caused apoptosis by reducing ER stress
responses (Kim et al., 2016). Based on previous discussion, we
conclude that brazilin has the potential ability to chelate iron.
Concerning its activity, it has previously been developed as a
targeted anticancer therapy. As a result, brazilin can potentially
be an anticancer agent through the iron chelation mechanism.

8 Discussion

Brazilin has different mechanisms in treating cancer, but mainly
induces apoptosis and inhibits cell proliferation. Most of the studies
were carried out using breast cancer cell lines. Brazilin inhibits cell
proliferation, migration, and invasion as the primary therapy and
co-therapy with doxorubicin (Jenie et al., 2018; Haryanti et al.,
2022). Brazilian mechanism studies are limited to in silico and in
vivo. Every discovery is valuable to guide us for new pathways
regarding anticancer therapy mechanisms by brazilin. The iron
chelation mechanism in brazilin to treat cancer is not mentioned
yet. Iron chelators were originally created to treat iron overload
problems, however there has been rising interest in using them as
adjuvant therapy for cancer (Wang et al., 2019; Safitri et al., 2022).

Other pathways are present in cancer cells for keeping the
equilibrium of iron within the cell. In neoplastic cells, iron
metabolism is altered to satisfy higher replicative needs.
Numerous processes contribute to the increased iron uptake in
neoplastic cells, but the most prominent one is the increased protein

expression of the TfR1 receptor, which has been found in several
cases, including renal, colorectal, liver, breast, and lung cancer
(Kindrat et al., 2016; Greene et al., 2017; Horniblow et al., 2017;
Rychtarcikova et al., 2017). Brazilin’s bidentate ligand, a strong
metal cation scavenger that can tightly bind iron (III) at pH 7, is
responsible for the catechol group’s ability to chelate iron (Hruby
et al., 2021). Brazilin’s structure shares a few similarities to that of
deferoxamine (DFO), a hexadentate compound that can bind iron in
a 1:1 ratio to form a stable complex that prevents the free radicals
that iron produces (Zhou et al., 2012).

In conclusion, we have found that brazilin has activities toward
cancer pathogenesis via apoptosis mechanism and cell cycle arrest.
There is a study stating that brazilin has the ability to chelate iron as
an antituberculosis agent. The development of iron chelators also
can be useful as anticancer agents. Throughout the whole process of
tumor growth, survival, proliferation, and metastasis, iron is
essential. Therefore, brazilin has the potential as an anticancer
agent through the iron chelation mechanism. However, further
research and investigations must be conducted on brazilin to
confirm this finding.
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Discovery of a novel natural
compound, vitekwangin B, with
ANO1 protein reduction
properties and
anticancer potential
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Background: Prostate cancer and non-small cell lung cancer (NSCLC) present
significant challenges in the development of effective therapeutic strategies.
Hormone therapies for prostate cancer target androgen receptors and
prostate-specific antigen markers. However, treatment options for prostatic
small-cell neuroendocrine carcinoma are limited. NSCLC, on the other hand,
is primarily treated with epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors but exhibits resistance. This study explored a novel therapeutic
approach by investigating the potential anticancer properties of vitekwangin B,
a natural compound derived from Vitex trifolia.

Methods: Vitekwangin B was chromatographically isolated from the fruits of V.
trifolia. ANO1 protein levels in prostate cancer and NSCLC cells were verified and
evaluated again after vitekwangin B treatment.

Results: Vitekwangin B did not inhibit anoctamin1 (ANO1) channel function but
significantly reduced ANO1 protein levels. These results demonstrate that
vitekwangin B effectively inhibited cancer cell viability and induced apoptosis
in prostate cancer andNSCLC cells. Moreover, it exhibitedminimal toxicity to liver
cells and did not affect hERG channel activity, making it a promising candidate for
further development as an anticancer drug.

Conclusion: Vitekwangin B may offer a new direction for cancer therapy by
targeting ANO1 protein, potentially improving treatment outcomes in patients
with prostate cancer and NSCLC. Further research is needed to explore its full
potential and overcome existing drug resistance challenges.
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1 Introduction

Prostate cancer is characterized by the overexpression of
androgen receptors and prostate-specific antigen markers (Tan
et al., 2015), which significantly influences its pathogenesis.
Hence, hormone therapies for prostate cancer primarily target
these markers (Tan et al., 2015; Dai et al., 2017). However,
patients with prostatic small cell neuroendocrine carcinoma
encounter treatment limitations, particularly with hormone
therapy, because this type of cancer does not express androgen
receptors or prostate-specific antigen markers (Shafi et al., 2013; Tan
et al., 2015; Dai et al., 2017).

Non-small cell lung cancer (NSCLC) is a major subtype of
lung cancer, constituting approximately 85% of all lung cancer
cases (Imyanitov et al., 2021). Despite considerable progress in
NSCLC diagnosis and therapy, the five-year survival rate remains
low (Hirsch et al., 2017). The growth and survival of NSCLC cells
rely on epidermal growth factor receptor (EGFR) signaling (Wu
and Shih, 2018). EGFR tyrosine kinase inhibitors, including
gefitinib, have been adopted as the first-line treatment for
NSCLC (Westover et al., 2018). Unfortunately, nearly one-
third of patients exhibit resistance initially, and those who are
responsive may eventually develop resistance (Westover et al.,
2018; Wu and Shih, 2018; Kohsaka et al., 2019). Therefore, there
is an urgent need to identify novel therapeutic targets and
develop innovative agents for treating prostate cancer
and NSCLC.

Anoctamin 1 (ANO1), also known as transmembrane protein
16A, is a calcium-activated chloride channel that is upregulated in
various cancer cells and contributes to cancer progression (Bill and
Gaither, 2017). Numerous in vitro and in vivo studies have shown
that pharmacological downregulation of ANO1 significantly inhibits
cancer cell proliferation, growth, and migration (Zhong et al., 2021).
Notably, our previous studies revealed high ANO1 expression in
PC3 and PC9 NSCLC cells (Seo et al., 2017; 2021). Moreover, the
pharmacological inhibition of ANO1 using diethylstilbestrol,
luteolin, and other inhibitors affects both its channel function
and protein levels and thus suppresses cancer cell proliferation
and migration (Seo et al., 2017; 2021). Notably, some
ANO1 functional inhibitors impede ANO1-mediated chloride
secretion, thereby inducing side effects such as hypotension,
constipation, and dry mouth syndrome (Namkung et al., 2011;
Jang and Oh, 2014; Wang et al., 2021). These findings imply that
reducing ANO1 protein levels without rapidly impairing
ANO1 channel function could be advantageous for cancer
treatment. To address this, we used high-throughput screening to
identify vitekwangin B, a natural product that gradually decreases
ANO1 protein levels.

Vitex trifolia, a small wild shrub that is extensively distributed in
the northern mountains of Vietnam, has traditionally been
employed in the treatment of various ailments, including liver
disorders, tumors, rheumatic pain, inflammation, and sprains (Li
et al., 2005; Shukri and Hasan, 2021). This plant is renowned for its
multifaceted medicinal properties, including larvicidal, wound-
healing, anti-HIV, anticancer, trypanocidal, antimicrobial, and
antipyretic effects (Kiuchi et al., 2004; Li et al., 2005; Shukri and
Hasan, 2021). Among the phytochemicals present in this plant,
flavonoids, such as casticin (vitexicarpin), persicogenin, and

penduletin, induce apoptosis in cancer cell lines by inhibiting the
G2/M phase of the cell cycle (Li et al., 2005).

Vitekwangin B, a lignan previously isolated from V.
kwangsiensia and V. negundo (Shen et al., 2019; Kamal et al.,
2022), has been reported to have minimal inhibitory effects on
nitric oxide production (Shen et al., 2019; Kamal et al., 2022).
However, its potential anticancer effects via the regulation of
other molecular targets, including ion channels, remain
unknown. Therefore, we isolated vitekwangin B from V. trifolia
fruit for the first time and investigated the potential pharmacological
effects of vitekwangin B extracted from V. trifolia, with a primary
focus on the inhibition of ANO1 and its physiological impact on
prostate and NSCLC cancer cells. Through a comprehensive
investigation, we aimed to determine the anticancer properties of
vitekwangin B.

2 Materials and methods

2.1 Plant material

The fruits of V. trifolia L. were collected from the Xuan Thuy
National Garden, Namdinh, Vietnam, in October 2021. Taxonomic
identification was conducted by Dr. Nguyen The Cuong from the
Institute of Ecology and Biological Resources, Vietnam Academy of
Science and Technology (VAST). A voucher specimen (No. NCCT-
P133) was submitted to the Institute of Chemistry at VAST.

2.2 Extraction and isolation

Dried V. trifolia L. fruit powder (5 kg) was subjected to
methanol-based sonication (three times, each with 15 L MeOH).
After solvent evaporation, the resulting methanol extract (150 g) was
reconstituted in water and subsequently partitioned with n-hexane
(H), CH2Cl2 (D), and EtOAc (E) to yield the H (30 g), D (7 g), and E
(5 g) fractions, and an aqueous layer.

Fraction D was initially subjected to silica gel column
chromatography using a stepwise hexane/acetone gradient,
yielding seven sub-fractions (D1–D7). Subsequently, Fraction
D2 was chromatographed on a YMC RP-18 column using a 1:
1 v/v mixture of MeOH and water, leading to the isolation of D2Ⅰ
(0.8 g). D2Ⅰ was further subjected to silica gel column
chromatography using a hexane and acetone (10:1 v/v) mixture
to yield D2Ⅰ1 (0.1 g). Finally, prep-HPLC employing a J’sphere ODS
H-80 column (250 mm × 20 mm) was performed with a mobile
phase of 25% aqueous acetonitrile at a flow rate of 3 mL/min to
isolate vitekwangin B (15 mg).

2.3 Cell culture

PC9 cells stably expressing ANO1 and yellow fluorescent
protein (YFP) were established as previously described (Jeong
et al., 2022). Additionally, PC9 (an NSCLC cell line), PC3 (a
human prostate cancer cell line), and HT29 (a human colon
cancer cell line) cells were cultured in RPMI 1640. CHO cells
were maintained in Dulbecco’s modified Eagle’s medium. All
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culture media were supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL
streptomycin.

2.4 Construction of ANO1-knockout
(KO) cells

PLentiCRISPRv2 vector containing Cas9 and CRISPR guide
RNA targeting ANO1 (CCTGATGCCGAGTGCAAGTA; clone
ID: X35909) was procured from GenScript (Piscataway, NJ,
United States). A co-transfection of 1,500 ng CRISPR plasmid,
1,200 ng packaging plasmid (psPAX2), and 400 ng envelope
plasmid (pMD2.G) was performed in HEK293T cells cultured in
6-well plates. After 48 h, the supernatant, which contained lentiviral
particles, was filtered using a 0.45-μm syringe filter. Subsequently,
the cells were treated with lentiviral particles mixed with fresh
medium in a 1:1 ratio in 24-well plates. ANO1-KO cells were
selected using puromycin (Sigma-Aldrich, St. Louis, MO, United
States) 72 h after viral transduction.

2.5 Yellow fluorescent protein fluorescence
quenching analysis

PC9 cells stably expressing the YFP variant (YFP-H148Q/
I152L/F46L) and endogenous ANO1 were seeded into 96-well
plates at a density of 5 × 103 cells/well. After 48 h of incubation,
the cells were washed twice with phosphate-buffered saline and
incubated for 10 min with the test compounds dissolved in
phosphate-buffered saline. YFP fluorescence was measured
every 0.4 s for 5 s using the FLUOstar® Omega microplate
reader (BMG Labtech, Ortenberg, Germany). ANO1-mediated
iodide influx was measured 1 s after injecting 100 μL of 70 mM
iodide solution with 100 μM adenosine triphosphate (ATP) into
each well. The inhibitory effects of the test compounds on
ANO1 activity were assessed based on the initial iodide influx
rate, which was calculated from the initial slope of the decrease in
fluorescence following ATP injection.

2.6 Measurement of intracellular
calcium levels

PC9 cells were cultured in black-walled 96-well microplates and
loaded with Fluo-4 NW (Invitrogen, Carlsbad, CA, United States)
according to the manufacturer’s protocol. After 1 h of incubation,
the plates were transferred to a FLUOstar® Omega microplate reader
with custom Fluo-4 excitation/emission filters (485/538 nm) and
Fluo-4 fluorescence was assessed.

2.7 Western blot analysis

Protein samples (20–60 μg) were separated using 4%–12% Tris-
Glycine-PAG Pre-Cast Gel (Koma Biotech, South Korea) and
transferred onto polyvinylidene fluoride membranes. Blocking
was performed for 1 h using 5% bovine serum albumin in Tris-

buffered saline containing 0.1% Tween 20. The membranes were
incubated with primary antibodies, including anti-ANO1 (Abcam,
United Kingdom) and anti-β-actin (Santa Cruz Biotechnology,
Dallas, TX, United States), followed by horseradish peroxidase-
conjugated anti-secondary IgG antibodies (Enzo Life Sciences,
Inc., Farmingdale, NY, United States) for 1 h. Visualization was
performed using the ECL Plus Western Blotting System (GE
Healthcare, Chicago, IL, United States).

2.8 Cell viability assay

Cell viability assay was performed using the Cell Counting Kit
CCK -8 (Dojindo, Rockville, MD, United States) and MTS cell
viability assay was performed using CellTiter 96® Aqueous One
Solution Cell Proliferation Assay Kit (Promega, Madison, WI,
United States). PC3, PC9, and HT29 cells were cultured in 96-
well plates for 24 h. Once the cells reached approximately 20%
confluence, vitekwangin B (0.03–300 μM) or vehicle (dimethyl
sulfoxide) were added to the medium. After 48 h of treatment,
the medium was completely removed, and CCK-8 or MTS assay
was performed according to the manufacturer’s instructions. The
absorbance of formazan was measured at a wavelength of 490 or
450 nm using a microplate reader (Synergy™ Neo, BioTek,
Winooski, VT, United States).

2.9 Molecular docking analysis

Molecular docking predicts the preferred orientation of one
molecule relative to another when bound to form a stable complex
(Meng et al., 2011). The Glide XP docking module was employed in
this study to provide structural details of the protein–ligand
complex. Ligand preparation, protein preparation, active site
determination, and grid generation were sequentially performed
using Schrödinger Suite 2017-1 software (Adebesin et al., 2022). The
ligands selected for analysis were obtained in an SDF file format
from the PubChem database (Adebesin et al., 2022) and processed
with the LigPrep module to ensure accurate 3D conformation at a
low state and proper chiral position, maintaining pH 7.0 ± 2.0. The
protein of interest was retrieved from the Protein Data Bank and
subjected to a protein preparation wizard that optimized the bond
angles, bond orders, and topology to generate the best possible
structure. Irrelevant water was removed from the active site at 5 Å,
and the root-mean-square deviation for heavy atoms was fixed at
0.30 Å. A cubic box was built around the reference ligand during
grid generation to define the active sites. The van der Waals scaling
factor and charge cutoff were set to 1.00 and 0.25, respectively. The
entire process was followed by the all-atom OPLS3 force field (Das
et al., 2023).

Glide offers three tiers of scoring functions: Glide-HTVS,
Glide-SP (Standard Precision), and Glide-XP (Extra Precision).
These scoring functions employ the Emodel scoring function,
which primarily consists of the Glide-score and the
protein–ligand coulomb–vdW energy. We chose Glide-XP
docking for maximum accuracy, in which ligand sampling was
performed in a flexible manner. The scaling factor and partial
charge for nonpolar parts of the ligand were set at 0.80 and 0.15,
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respectively. After final docking, the complex with the best
binding position was selected for further analysis.

2.10 Prime molecular mechanics with
generalised born and surface area solvation
(MM-GBSA)

MM-GBSA analysis of the prime module was performed on
the complexes formed by the docking simulation. Using the
OPLS3 molecular mechanics force field, MM-GBSA (Rastelli
et al., 2010) calculates the relative binding energy by
combining the molecular mechanics energies (EMM), an SGB
solvation model for polar solvation (GSGB), and a nonpolar
solvation term (GNP) composed of a non-polar solvent-
accessible surface area and van der Waals interactions.

The total free energy of binding:

ΔGbind � Gcomplex − Gprotein + Gligand( )

where G � EMM + GSGB + GNP

2.11 Caspase-3/CPP32 colorimetric assay

Caspase-3/CPP32 colorimetric assay was performed
according to the manufacturer’s instructions (#K106;
Biovison, Milpitas, CA, United States). PC3 and PC9 cells
were cultured in 6-well plates until they reached 70%
confluence, and the test compound or Ani9 (an
ANO1 inhibitor) was then added in the wells. After
incubation for 24 h, 5 × 106 cells were lysed in cell lysis buffer
for 10 min at 4°C. The cells were centrifuged for 10 min, and the
supernatants were collected. Thereafter, 100 μg protein or 50 μL
buffer was added to each well with 2× reaction buffer containing
10 mM DTT. To measure caspase-3 activity, 5 μL DEVD-pNA
substrate was added and incubated for 1 h at 37°C. The optical
density was measured at the wavelength of 400 nm using a
microplate reader (Synergy™ Neo).

2.12 Human cleaved PARP-1 activity assay

The human cleaved PARP-1 activity assay was performed
according to the manufacturer’s instructions (#ab174441;
Abcam). PC3 and PC9 cells were cultured in 6-well plates
until they reached 80% confluence. The test compounds
were then added and incubated with the cells for 24 h.
Subsequently, 5 × 107 cells were lysed in cell extraction
buffer for 20 min. Supernatants were collected after the cells
were centrifuged (13,000 RPM) for 20 min at 4°C. Next, 100 μg
protein or 50 μL buffer was added to an antibody cocktail
containing capture and detector antibodies in each well and
incubated for 1 h. The wells were washed twice with 1× wash
buffer. TMB development solution was added and the
contents of the wells were incubated for 10 min. Finally, the
stop solution was added and the optical density was measured at
the wavelength of 450 nm using a microplate reader
(SynergyTM Neo).

2.13 Cell cycle analysis

PC9 cells were seeded at 2 × 105 cells/well in 100-phi culture plates
and treated with the test compound for 24 h. Cells were fixed with cold
70% ethanol and incubated for 2 h at −20°C. The ethanol was removed,
and the cells were re-suspended in propidium iodide, Triton X-100, or
DNAse-free RNAse A staining solution for 30 min. The cell cycle
distribution was analyzed using Gallios (Beckman Coulter, Brea, CA,
United States). Approximately 2 × 103 cells per group were analyzed.

2.14 hERG inhibition assay by patch-
clamping electrophysiology

To assess the cardiotoxic effects of the tested hERG channel-
dependent chemical compounds, we measured the rate of hERG
channel inhibition in an hERG-overexpressing HEK cell line
(Eurofins Scientific, Luxembourg) using the PatchLiner
automated patch-clamping system (Nanion, Germany).

The cells were incubated at 37°C under 5% CO2. Subsequently, the
cells were detached from the cell culture plates using trypsin
(SH30042.02; HyClone, Logan, UT, United States) and centrifuged
at 200 × g. After washing with external standard buffer solution (08
3001; Nanion), the cells were resuspended in 5 mL of fresh external
standard buffer solution. The resulting cell suspensionwas loaded into a
PatchLiner system. The cells were then automatically dispensed into the
wells of an NPC-16 chip (071102; Nanion) and one cell per well was
sealed in a microhole at the bottom. Once a GΩ seal was formed, light
and short suction pulses were applied to break through the membrane
and establish whole-cell mode to electrically connect the cell with the
Internal KF110 buffer solution (08 3007; Nanion).

To generate voltage stimulation specific to the hERG channel,
the membrane potential of the cells was initially maintained
at −80 mV, sequentially followed by −40 mV (0.5 s), +40 mV
(0.5 s), −40 mV (0.5 s), and −80 mV (0.2 s) to generate hERG tail
currents. The peak hERG tail current recorded from each well
represented the baseline level of hERG channel activity. To
investigate the changes in the hERG activity caused by the tested
chemical compounds, the relevant chemical stock solutions were
diluted with an external standard buffer solution to achieve the
desired concentrations, which were automatically added to the wells
of the NPC-16 chip. The hERG channel activity was then measured
under the same voltage conditions. Finally, the relative changes in
hERG activity induced by the tested chemical compounds were
calculated and expressed as percentages using the following formula:

%hERGactivity � peak hERG tail current after(

compound treatment

/peak hERG tail current before

compound treatment) × 100

2.15 Resazurin reduction assay for
evaluating hepatocellular viability

Hepatocellular viability was assessed using a resazurin reduction
assay. HepG2 hepatocellular carcinoma cells (10,000 cells) were
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seeded in each well of a black and clear-bottom 96-well plate, with
Dulbecco’s modified Eagle’s medium High glucose media
supplemented with 10% (v/v) fetal bovine serum and 100 μg/mL
penicillin–streptomycin. The cells were then incubated in a 5% CO2-
supplied 37°C incubator for 15–20 h.

The following day, cells were treated with the tested compounds
at four different concentrations (0, 0.05, 0.5, 5, and 50 μM) using
Dulbecco’s modified Eagle’s medium High glucose media
supplemented with 1% (v/v) fetal bovine serum and 100 μg/mL
penicillin–streptomycin. For the maximum and minimum cell
viability control experiments, 0.5% (v/v) dimethyl sulfoxide
solvent and 0.01% (v/v) Triton X-100 were used, respectively.

After incubation for 20 h, each well was treated with 20% (v/v)
resazurin reagent (#G8080; Promega) and further incubated for 2 h.
Colorimetric analysis of resorufin levels in each well was performed
by detecting the fluorescence intensity at the wavelength of 590 nm.
Each data point was normalized using the maximum/minimum cell
viability data and presented as “%Relative viability” using the
following formula:

%Relative viability � experimental datum –minimal viability datum( )

/ maximal viability datum –minimal viability datum( ) × 100

2.16 Statistical analysis

All experiments were conducted independently at least
three times. The results for the multiple trials are presented as
mean ± standard error. Statistical analyses were performed using
the Student’s t-test or analysis of variance, as appropriate.

Statistical significance was set at p < 0.05. Prism software
(GraphPad) was used to plot dose–response curves and
calculate IC50 values.

3 Results

3.1 Identification of vitekwangin B from Vitex
trifolia fruits

In previous studies, we conducted phytochemical investigations of
the Vitex genus, including V. limonifolia and V. trifolia. These
investigations led to the isolation of various compounds, including
diterpenoids, flavonoids, triterpenes, and ecdysteroids (Thoa et al.,
2017; Ban et al., 2018). In this study, we isolated a lignan named
vitekwangin B: 4-(3,4-dimethoxyphenyl)-6-hydroxy-3-(hydroxy-
methyl)-5-methoxy-3,4-dihydronaphthalene-2-carbaldehyde. We
also extensively determined its chemical structure using HR-ESI-
MS and NMR spectra and compared the NMR data with those
reported in the literature (Supplementary Table S1A;
Supplementary Figures S1–S4, Shen et al., 2019).

3.2 Cell-based high-throughput screening
for the identification of a novel natural
compound that downregulates
ANO1 channel

The downregulation of ANO1 by the substances extracted from
V. negundo was previously evaluated using a modified cell-based

FIGURE 1
Identification of vitekwangin B using yellow fluorescent protein (YFP)-based high-throughput screening. (A) Schematic representation of the cell-
based YFP-reduction assay. Activation of ATP-induced P2Y receptor increases calcium release from the endoplasmic reticulum, thereby activating
ANO1 channel, resulting in an influx of iodide that quenches YFP. (B,C) YFP fluorescence levels corresponding to the inhibitory effect of the compounds
Ani9 and vitekwangin B in cells treated for 10 min or 24 h. (D) Chemical structure of vitekwangin B and Ani9. (E,F) Intracellular Ca2+ levels were
measured using Fluo-4 NW in CHO-K1 cells treated with 1 μM vitekwangin B for 20 min or 24 h and then with 100 μM ATP (mean ± SD, n = 5). ER,
endoplasmic reticulum; VWB, vitekwangin B. ***p < 0.001, Student’s unpaired t-test.
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high-throughput screening system (Jeong et al., 2022). As shown in
Figure 1, upon treatment of cells with ATP, intracellular calcium
levels increased, leading to the flow of iodine into the cell through
the ANO1 channel, which also acts as an iodide channel (Twyffels
et al., 2014). Intracellular iodine binds to mutant YFP and strongly
reduces its fluorescence. However, when an ANO1 inhibitor
inhibited the ANO1 channel and blocked the iodine influx, no
decrease in YFP fluorescence was observed (Figure 1A). To screen
the substances isolated from V. negundo, that exhibit ANO1-
downregulating effects, PC9-YFP cells were treated with V.
negundo compounds for 10 min or 24 h.

Treatment with Ani9 for 10 min inhibited YFP reduction via
ANO activation (Figure 1B), whereas treatment for 24 h does not;
however, treatment with vitekwangin B for 24 h strongly
inhibited YFP reduction via ANO1 activation (Figure 1C). The
chemical structure of vitekwangin B is shown in Figure 1D. Since
ANO1 is also activated by low calcium levels (Yang et al., 2008),
we checked whether vitekwangin B inhibited intracellular
calcium levels. PC9 cells were treated with 1 µM vitekwangin
B for 10 min or 24 h to determine the effect of vitekwangin B on
ATP-mediated increase in intracellular calcium signaling.
Vitekwangin B treatment for 10 min did not inhibit the ATP-
mediated increase in cytosolic calcium, but vitekwangin B
treatment for 24 h inhibited ATP-induced increase in cytosolic
calcium significantly (Figures 1E, F).

3.3 Effect of vitekwangin B on ANO1 protein
levels and prediction of binding sites

Previous studies have reported that a decrease in ANO1 protein
levels can lead to decreased cancer cell viability (Seo et al., 2017;

2021; Park et al., 2023). To establish whether vitekwangin B
decreased ANO1 protein levels, PC3 ANO1-KO cells were
generated using the CRISPR-Cas9 system, and ANO1 protein
levels in PC9 and CHO cells were verified (Figures 2A, B).
After cancer cells were treated with 1 μM vitekwangin B,
ANO1 protein levels were significantly decreased in PC3 and
PC9 cells (Figures 2C, D).

To verify whether vitekwangin B and Ani9 interact with the
calcium-binding sites on ANO1, a cryogenic structure (5OYB) was
used to perform molecular docking (Figures 3A, B). Ligand
binding to ANO1 is not fully understood, but this study
considered potential calcium-binding residues as ligand-binding
sites based on previous mutagenesis studies. Vitekwangin B
achieved a highly negative docking score of −5.091 kcal/mol,
surpassing the score of Ani9 (−4.083 kcal/mol). The docking
analysis and MM-GBSA scores are provided in Supplementary
Table S1B. The stability of a protein–ligand complex is primarily
attributed to intermolecular interactions, including hydrogen
bonds, van der Waals forces, and carbon–hydrogen bonds.
In this context, non-bonded interactions of protein–ligand
complex were assessed, focusing on the XP docking position.
Figure 3C illustrates the involvement of vitekwangin B
in hydrogen and hydrophobic interactions. Specifically,
vitekwangin B formed hydrogen bonds with residues Lys
661 and Gly 698 and hydrophobic interactions with residues
Lys 741, Ile 657, and Leu 746. Furthermore, a pi-cation
interaction was observed between vitekwangin B and the amino
acid residue Lys 741. Figure 3D shows the interaction between
Ani9 and ANO1, indicating hydrophobic interactions with Leu
699 and pi-cation interactions with Lys 327 and Lys 574. Notably,
Ani9 did not exhibit any hydrogen bonding interactions with
ANO1 residues.

FIGURE 2
Changes in ANO1 protein expression induced by vitekwangin B. (A) ANO1 expression levels in PC3 and PC3 ANO1-KO cells. ANO1 protein intensities
were normalized by β-actin (mean ± S.D., n = 5). (B) ANO1 expression levels in PC9 and CHO cells. ANO1 protein intensities were normalized by β-actin
(mean ± S.D., n= 5). (C,D) ANO1 protein expression levels in PC3 and PC9 cells treatedwith 1 μMvitekwangin B. ANO1 protein intensities were normalized
by β-actin (mean ± SD, n = 5). VWB, vitekwangin B. *p < 0.05, ***p < 0.001, Student’s unpaired t-test.
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3.4 Effect of vitekwangin B on cell viability
and migration

Pharmacological inhibition of ANO1 inhibits the growth
of various types of cancer cells (Seo et al., 2017; Seo et al., 2021;
Park et al., 2023). Vitekwangin B was tested to determine whether
it inhibited the growth of prostate cancer and NSCLC cells
by decreasing ANO1 protein levels (Figure 4). Vitekwangin B
decreased the cell viability of PC3 cells in a dose-dependent
manner when incubated for 72 h, with an IC50 of 2.64 µM,
whereas XTANDI® (enzalutamide; a positive control for
prostate cancer treatment) decreased cell viability with an IC50

of 81.42 µM. Vitekwangin B exhibited a stronger effect on PC3 cell
viability, approximately 31-fold greater than that of enzalutamide
(Figure 4A). Furthermore, vitekwangin B inhibited the growth
of PC9 cells in a dose-dependent manner over 72 h and had an
IC50 of 5.37 µM, whereas cisplatin (a chemotherapy drug)
decreased PC9 cell viability with an IC50 greater than 30 µM
(Figure 4B). To assess whether vitekwangin B inhibited PC3 cell
migration, cells were cultured with different doses of vitekwangin
B, which revealed dose-dependent inhibition of PC3 cell migration
(Figure 4C). Notably, vitekwangin B showed differences in
cell viability depending on ANO1 protein levels. Up to 1 µM
vitekwangin B significantly inhibited the viability of ANO1-
expressing cells more strongly compared to cells not expressing
ANO1 and MRC-5 cells (Figures 4D, E; Supplementary Figure
S5). These results indicated that vitekwangin B effectively inhibited

cell viability in ANO1-expressing cells by reducing ANO1
protein levels.

3.5 Measurement of apoptotic effect, effect
on hERG activity, and liver toxicity of
vitekwangin B

As the pharmacological inhibition of ANO1 in various cancer
cell types has been reported to cause apoptosis (Song et al., 2018;
Park et al., 2023), we evaluated the apoptotic effects of vitekwangin B
in PC3 and PC9 cells. Vitekwangin B significantly increased caspase-
3 activity and PARP-1 cleavage, which represent two hallmarks of
apoptosis (Figures 5A–D) and increased the sub-G1 population
(Supplementary Figure S2). In contrast, Ani9 does not affect
caspase-3 activity or PARP-1 cleavage because it does not
decrease ANO1 protein levels (Seo et al., 2018). These results
showed that vitekwangin B exerts anticancer effects by inducing
apoptosis and reducing ANO1 protein levels.

To verify whether vitekwangin B is toxic to liver cells,
HepG2 cells were treated with vitekwangin B, and their viability
was measured. Vitekwangin B did not inhibit liver cell viability up to
50 μM, as compared with paracetamol (Figures 5E, F). In addition,
the effects of vitekwangin B on hERG channel activity were tested in
hERG channel-expressing HEK293 cells to confirm its potential
applications in cancer treatment. Vitekwangin B did not inhibit
hERG channel activity at concentrations up to 100 μM, and 10 μM

FIGURE 3
Overall graphical representation. (A) Secondary homodimeric structure of ANO1 (PDB ID: 5OYB) with Ca2+ binding site. (B) Molecular docking of
vitekwangin B and Ani9 at Ca2+ binding site. (C) Predicted binding mode of Ani9 and (D) vitekwangin B with ANO1.
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FIGURE 4
Effects of vitekwangin B on cell viability. (A) PC3 cells were cultured with 0.1–30 μM vitekwangin B and enzalutamide for 72 h, and cell viability was
determined using CCK-8 assay. (B) PC9 cells were cultured with 0.1–30 μM vitekwangin B and cisplatin for 72 h, and cell viability was determined using
CCK-8 assay. (C)Wound-healing assay was performed on ANO1-expressing PC3 cells. The cells were treated with 1, 3, and 10 μM of vitekwangin B, and
representative images were acquired 0 and 64 h post-wound induction. The wound closure was quantified at 64 h. (D,E) Effects of the indicated
concentrations of vitekwangin B on cell viability of PC3 or PC3 ANO1-KO cells and PC9 or CHO cells (mean ± SD, n = 5). VWB, vitekwangin B. ***p <
0.001., Student’s unpaired t-test.

FIGURE 5
Evaluation of apoptosis and inhibition of hERG channel activity and liver cell viability induced by vitekwangin B and Ani9. (A,B) Caspase-3 activity in
PC3 and PC9 cells cultured with vitekwangin B and Ani9 at the indicated concentrations for 24 h. (C,D) Cleaved PARP1 levels in PC9 cells incubated with
the indicated concentrations of vitekwangin B and Ani9 for 24 h. (E,F) Relative viability of HepG2 cells treated with the tested compounds at five different
concentrations (0.005, 0.05, 0.5, 5, and 50 μM) was determined. The viability data points were normalized while considering the maximum viability
obtainedwith 0.5% (v/v) dimethyl sulfoxide solvent treatment as 100% viability and theminimum viability obtainedwith 0.01% (v/v) Triton X-100 treatment
as 0% viability. (G,H) hERG channel activity of HEK cells treated with the tested compounds at five different concentrations (0, 0.01, 0.1, 1, 10 and 100 μM).
Each data point was normalized using the baseline level of hERG channel current (mean ± SD, n = 3–5). VWB, vitekwangin B. *p < 0.05, **p < 0.01, ***p <
0.001, Student’s unpaired t-test.
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quinidine (positive control) completely inhibited the hERG channel
(Figures 5G,H).

4 Discussion

While ANO1 plays multifaceted roles in various physiological
processes, such as chloride ion secretion and cancer development, its
chemotherapeutic potential is realized through the inhibition of its
function and reduction of its protein expression (Britschgi et al.,
2013; Liu et al., 2021). Therefore, several ANO1 inhibitors have been
developed (Zhong et al., 2021). Several research groups have
attempted to develop specific ANO1 inhibitors, starting from hit
to lead chemical compounds via lead optimization (Seo et al., 2018;
Zhong et al., 2021) but reported that ANO1 inhibitors may have side
effects such as dry mouth syndrome, lowered blood pressure, and
inhibited intestinal motility because they inhibit ANO1 channel
function (Britschgi et al., 2013; Bill and Gaither, 2017; Liu et al.,
2021; Wang et al., 2021; Zhong et al., 2021; Jeong et al., 2022).
Therefore, it is necessary to develop novel small-molecule drugs that
can gradually reduce ANO1 protein levels without causing side
effects in humans.

In this study, we found that vitekwangin B did not inhibit
ANO1 channel function but reduced ANO1 protein levels
strongly. Remarkably, treatment with vitekwangin B for 10 min
did not inhibit ATP-induced calcium influx but treatment for
24 h inhibited ATP-induced increase in cytosolic calcium
significantly (Figure 1).

Because vitekwangin B reduced ANO1 protein levels notably,
thereby reducing cell survival, it appeared to affect intracellular
calcium changes (Figure 2). In addition, this phenomenon
may have occurred because vitekwangin B interacts with a
known calcium-binding site in ANO1 (Figure 3). Ani9, a
known ANO1 inhibitor, also interacted with the calcium
binding site on ANO1; however, vitekwangin B appeared to
have better hydrogen bond binding than Ani9, and other
compounds appeared to interact with the ANO1 protein
(Figure 3). ANO1 is a homodimer channel harboring two
pores that function independently, with one pore in each
monomer. Each pore is activated by voltage-dependent
binding of two intracellular calcium ions to a high-affinity
binding site. In addition, the binding of phosphatidylinositol
4,5-bisphosphate to sites scattered throughout the cytosolic
side of the protein aids in calcium activation process (Arreola
et al., 2022). Moreover, Shi et al. (2021) demonstrated that
theaflavin plays an important role in the pore blockade of
ANO1 through mutagenesis experiments and inhibits viability
in lung adenocarcinoma cells. However, because of the structural
diversity of compounds and binding pockets on ANO1, it will
be necessary to measure the binding affinity of vitekwangin B
and ANO1 accurately through mutation experiments in the
future. However, it is important to note that vitekwangin B
reduced protein levels without inhibiting the function of
the ANO1 channel, thereby contributing to reduced cell
survival (Figure 4).

According to our experimental findings, the reduction in the
cell viability of cells treated with drugs for prostate cancer and

general anticancer drugs were less than that observed upon
treatment with vitekwangin B (Figure 4). Thus far, no synthetic
ANO1 inhibitors have entered clinical trials, and no substances
have been developed with in vitro safety and excellent in vivo
effectiveness using animal models (Namkung et al., 2011; Britschgi
et al., 2013; Bill and Gaither, 2017; Seo et al., 2017; 2018; 2021; Liu
et al., 2021; Wang et al., 2021; Zhong et al., 2021; Jeong et al., 2022).
Therefore, natural products that reduce the ANO1 protein levels
notably are novel and could be a breakthrough in the development
of ANO1 inhibitors.

We discovered that vitekwangin B suppresses cell survival by
notably reducing ANO1 protein levels and that its effect on cell
viability in ANO1-KO cells was relatively weak (Figures 2, 4). In
addition, vitekwangin B induced apoptosis, a characteristic feature
of anticancer drugs (Supplementary Figure S6). It was confirmed
that Ani9, which only inhibits the function of ANO1 channel, does
not cause apoptosis (Figure 5). Therefore, it can be inferred that
vitekwangin B reduced cell survival via apoptosis. Considering that
it has little effect on hepatocellular toxicity and hERG channel
function, which is important for the heartbeat, vitekwangin B
can be developed as an anticancer drug. During the initial stages
of drug development, it is crucial to assess cardiotoxicity and
hepatotoxicity. However, it is equally important to evaluate additional
pharmacokinetic factors such as absorption, distribution, metabolism,
excretion, and toxicity to determine the properties and toxicity
of a substance in animal models prior to its application in
the human body.

In summary, our cell-based high throughput screening led us
to discover the anticancer potential of vitekwangin B, which
significantly reduced ANO1 protein levels, diminished cell
viability, and triggered apoptosis. Vitekwangin B, a natural
product with no hepatocellular toxicity or adverse effects on
cardiac channels, holds promise as a valuable pharmacological
tool for ANO1 inhibitor research. Furthermore, its potential
application in the treatment of prostate and lung cancers is
noteworthy, particularly considering the common resistance of
these cancers to existing anticancer drugs. Further investigations
are warranted to determine whether vitekwangin B, a relatively
nontoxic natural product, can help overcome resistance to current
anticancer medications in these specific cancer types.
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This study discusses the synthesis and use of a new library of spirooxindole-
benzimidazole compounds as inhibitors of the signal transducer and activator of
p53, a protein involved in regulating cell growth and cancer prevention. The text
includes the scientific details of the [3 + 2] cycloaddition (32CA) reaction between
azomethine ylide 7a and ethylene 3awithin the framework of Molecular Electron
Density Theory. The mechanism of the 32CA reaction proceeds through a two-
stage one-step process, with emphasis on the highly asynchronous transition
state structure. The anti-cancer properties of the synthesized compounds,
particularly 6a and 6d, were evaluated. The inhibitory effects of these
compounds on the growth of tumor cells (MDA-MB 231 and PC-3) were
quantified using IC50 values. This study highlights activation of the
p53 pathway by compounds 6a and 6d, leading to upregulation of
p53 expression and downregulation of cyclin D and NF-κB in treated cells.
Additionally, we explored the binding affinity of spirooxindole analogs,
particularly compound 6d, to MDM2, a protein involved in regulation of p53.
The binding mode and position of compound 6d were compared with those of a
co-crystallized standard ligand, suggesting its potential as a lead compound for
further preclinical research.
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GRAPHICAL ABSTRACT

1 Introduction

Many diseases have becomemore common as a result of natural,
industrial, and economic issues. Cancer is the second-leading cause
of death worldwide, affecting health in all societies. Unfortunately, it
is a tissue-level disease, which presents a major challenge in specific
diagnosis and treatment efficacy. Prostate, lung, and colorectal
cancers are the most common cancers in men worldwide,
accounting for 46% of all newly diagnosed cancers in 2021.
Breast cancer is the most common cancer in women worldwide,
representing 30% of new cases diagnosed in 2021 (Siegel et al., 2021).
Cancer is caused by successive mutations in genes that alter cellular
functions proliferation and apoptosis (Chaudhry et al., 2022).

p53 is one of the most-studied tumor-suppressor proteins
(Kandoth et al., 2013). Mutations in this protein are found in 60%
of human cancers. Changing the DNA binding domain inhibits
p53 activity as a transcription factor (Janjua, 2004; Estrada-Ortiz
et al., 2016); there is evidence to suggest that restoration or
reactivation of p53 function has significant therapeutic benefits (Di
Agostino et al., 2006; Demma et al., 2010). The p53 pathway is
inactivated in the remaining tumors either by downregulation of
p53 cooperators such as ARF or upregulation of p53 inhibitors such as
mouse double-minute proteins (MDM2 and MDMX) or
downregulation of p53 cooperators such as ARF (Hsu and Ip,
2011). Mutations in p53 and upregulation of MDM2 do not
typically occur in the same tumor, indicating that
MDM2 overexpression is an effective pathway for inactivating
p53 function in tumorigenesis. MDM2 inhibits the N-terminal
transactivation domain (TAD) of p53 and promotes
p53 degradation via the ubiquitin–proteasome system (E3 ligase
activity). Substantial data have confirmed that MDM2 is the
central node of the p53 pathway. Genetic and biochemical
researchers have mapped MDM2-p53 interaction sites to the
106–amino acid-long N terminal domain of MDM2 and the
N-terminus of the transactivation domain of p53. Interaction

between p53 and MDM2 involves four key hydrophobic residues
(Phe 19, Leu 22, Trp 23, Leu 26) in a short amphipathic helix formed
by p53 and a small but deep hydrophobic pocket in MDM2. Atomic-
level understanding of the MDM2–p53 interaction through x-ray
crystallography provides a solid foundation for structure-based design
of nonpeptidic, small-molecule antagonists of this interaction (Chen
et al., 1993; Kussie et al., 1996). Herein, we set our design rationale to
tailor new MDM2 inhibitors endowed with nuclear factor (NF)-κB
inhibitory potential to maximize p53 induction capacity (such as
enhancing the expression of p21-arrested cell cycle). Previous studies
have illustrated that p53 acts as a unique regulator for suppressingNF-
κB and aids in preventing its binding to promotor DNA binding sites
(Murphy et al., 2011) NF-κB may become overactive in cancer cells
because p53 activity is lost (Murphy et al., 2011). NF-κB is an essential
transcription factor for expressing several key genes for tumor
progression, angiogenesis, and metastasis (Xia et al., 2014; Pires
et al., 2017) Thus, it is critical to evaluate the impact of these
spirooxindoles on both key transcription factors (p53 and NF-κB).

Several examples based on spirooxindoles (Islam et al., 2023)
and benzimidazole core structures have been identified for binding
with the MDM2 receptor and activating p53 (Figure 1) (Vassilev,
2007; Li et al., 2008; Riedinger and Mcdonnell, 2009; Millard et al.,
2011; Tovar et al., 2013; Zhao et al., 2013; Zhang et al., 2014; Gollner
et al., 2016b; Barakat et al., 2019; Islam et al., 2019; Beloglazkina
et al., 2020; Aziz et al., 2021; Lotfy et al., 2021; Barakat et al., 2022).
Barakat et al. designed a new lead compound based on the core
structure of spirooxindole clubbed with a benzimidazole moiety that
has been shown to be highly effective against cancer cells targeted as
inhibitors of protein–protein interaction between MDM2-p53
genes. This compound also exhibited a potential anti-metastatic
effect (Islam et al., 2019; Aziz et al., 2021; Lotfy et al., 2021; Barakat
et al., 2022). With this finding and the high potentiality of the
benzimidazole nucleus toward cancer treatment-targeted NF-κB
(Okolotowicz et al., 2010; Poltz and Naumann, 2012; Boggu
et al., 2016; Jonak et al., 2016; Boggu et al., 2017; Dunphy et al.,
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2018; Błaszczak-Świątkiewicz, 2019), we were encouraged to
increase the libraries of these analogs and assess them against
different cancer cells. Based on the abovementioned data, the
rational design of this work was conceptualized by merging some
key features from naturally occurring spirooxoindoles with

anticancer activities; reported Benzimidazole-based NF-κB
inhibitors; our previous works with dual p53-MDM2/BCL2 (A,
B,C,D,E system); and previous spiroxoxindoles–imidazole hybrid
with A, B,C,D,E system. The designed compounds contain
spirooxoindoles-imidazole with A, B,C,D system.

FIGURE 1
Rationale design of scaffold 6a-n from naturally occurring or synthetic spirooxindole, benzimidazoles and our previous works.
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2 Results and discussion

2.1 Chemistry

To increase the library of spirooxindole scaffolds as lead
compounds for development of new drugs for cancer treatment
targeting MDM2 inhibitors (Alshahrani et al., 2023), new
spirooxindole derivatives (6a–n) were synthesized by the reaction
of chalcones 3a–n (Supplementary Table S1) with isatin 4 and
thiazolidine-4-carboxylic acid 5 in methanol under reflux for
2–3 h, as shown in Scheme 1. The new spiro-derivatives 6a–n
was fully characterized by FT-IR, 1H- and 13C- NMR, and
elemental analysis; spirooxindole analog 6i was characterized by
single-crystal x-ray diffraction analysis (data provided in SI,
Supplementary Tables S1–S4). The stereochemistry and absolute
configuration were assigned using experimental or theoretical
approaches, and confirmed that the [3 + 2] cycloaddition (32CA)
reaction proceeded via the ortho/endo pathway reaction
mechanism (Scheme 2).

2.2 MEDT study of 32CA reaction between
AY 7a and ethylene 3a

The 32CA reaction of AY 7a with ethylene 3a yielding ortho/
endo spirooxindole 6a was theoretically studied within the

Molecular Electron Density Theory (MEDT) (Domingo, 2016) to
understand its behaviors (Scheme 2).

2.2.1 Study of 32CA reaction of AY 7a with
ethylene 3a

Owing to the non-symmetry of both reagents, two pairs of endo
and exo stereoisomeric and two pairs of ortho and meta
regioisomeric reaction paths were studied (Scheme 2). Analysis of
the stationary points found along the four reaction paths indicated
that the 32CA reaction occurs through a one-step mechanism.
ωB97X-D/6-311G(d,p) relative enthalpies and Gibbs free energies
are presented in Table 1. The thermodynamic data are presented in
Supplementary Table S7.

A series of molecular complexes (MCs) were also found, in which
the two reagents were joined by weak intermolecular interactions. Only
the most stable MC-on was selected as an energy reference. The
distance between the two frameworks at this MC was ca. 3.2 Å;
MC-on was 18.6 kcal·mol-1 below the separated reagents (Table 1).
Some conclusions can be drawn from the relative enthalpies in
methanol given in Table 1: i) the most favorable TS-on was
11.7 kcal·mol-1 below the separated reagents; if formation of MC-on
is considered, the activation enthalpy becomes positive by 6.9 kcal·mol-1;
ii) this 32CA reaction is completely endo stereoselective as TS-ox was
5.7 kcal·mol-1 above TS-on; iii) this 32CA reaction is completely ortho
regioselective as TS-mn was 4.5 kcal·mol-1 above TS-on. Endo
stereoselectivity and ortho regioselectivity are in complete agreement

SCHEME 1
Synthesis of the desired spirooxindole derivative 6a-n; ORTEP for spirooxindole analog 6i.
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with the experimental outcomes; iv) this 32CA reaction was strongly
exothermic as spirooxindole 6a was 47.9 kcal·mol-1 below the separated
reagents. Consequently, spirooxindole 6a was formed via
kinetic control.

The enthalpy and Gibbs free energy profiles associated with the
four competitive reaction paths are shown in Figure 2. Inclusion of
the thermal corrections and entropies to enthalpies increases the
relative Gibbs free energies by 14.2–17.9 kcal·mol-1 as a consequence
of the unfavorable relative entropies associated with this bimolecular
process, which were between −42.0 cal·mol-1·K−1 and −52.9 cal·mol-
1·K−1. Formation of MC-on was exergonic by 4.4 kcal·mol-1. The
activation Gibbs free energy associated with the 32CA reaction of
AY 7a with ethylene 3a via TS-on increased to 10.5 kcal·mol-1;
formation of spirooxindole 6a was exergonic by 31.5 kcal·mol-1.
Considering the activation Gibbs free energies, this 32CA reaction is
completely endo stereoselective and ortho regioselective as TS-ox
and TS-mn are 4.7 kcal·mol-1 and 3.1 kcal·mol-1, respectively, above
TS-on (Figure 2).

The geometries of the four TSs optimized inmethanol are shown
in Figure 3. The C−C distances between the four interacting carbons
in the four TSs indicate that aside from themost unfavorable TS-mx,
the other three TSs correspond to asynchronous C−C single-bond
formation processes in which the shorter C−C distance corresponds
to participation of the most electrophilic β-conjugated C4 carbon of
ethylene 3a. At the most favorable TS-on, the C−C distances

between the two pairs of interacting carbons, 2.137 Å (C3−C4)
and 2.757 Å (C1−C5), indicate that this TS is associated with a
high asynchronous C−C single-bond formation process. Analysis of
the intrinsic reaction coordinates (IRC) (Fukui, 1970) associated
with the highly asynchronous TS-on indicates that this 32CA
reaction occurs through a non-concerted two-stage one-step
mechanism (Domingo et al., 2008), in which the formation of
the second C−C single bond begins after the first C−C single
bond is completely formed.

Detailed analysis of the geometry of TS-on shows that one of the
hydrogens of the benzene framework of ethylene 3a is located at
2.484 Å of the carbonyl oxygen of AY 7a, and one hydrogen of the
dihydrothiopyrrole ring of AY 7a is located at 2.391 Å of the
carbonyl O7 oxygen of ethylene 3a (Figure 3). These distances
suggest the presence of two hydrogen bonds (HBs) between the
hydrogen and oxygen centers. However, analysis of the geometry of
the regioisomeric TS-mn shows the presence of only one HB
between carbonyl O7 oxygen of ethylene 3a and
dihydrothiopyrrole hydrogen of AY 7a, with H−O distances of
2.374 Å (Figure 3).

Global electron density transfer (GEDT) analysis (Domingo,
2014) at the most favorable TS-on was used to assess the polar
character of this 32CA reaction. GEDT values less than 0.05 e
correspond to non-polar processes; values greater than 0.20 e
correspond to polar processes. The high GEDT value found at

SCHEME 2
32CA reaction of AY 7a with the ethylene 3a.
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TS-on (0.23 e), a consequence of the supernucleophilic character of
AY 7a (N = 4.39 eV) and the strong nucleophilic character of
ethylene 3a (ω = 2.39 eV) (see Conceptual DFT (CDFT) analysis
(Parr, 1983; Domingo et al., 2016) of the reagents in the
Supplementary Material), indicates that this 32CA reaction is
highly polar. The flux of the electron density, from AY 7a to
ethylene 3a, classifies this 32CA reaction as a forward electron

density flux (FEDF) (Domingo et al., 2020), in agreement with
the analysis of the CDFT indices.

2.2.2 What is the origin of the ortho
regioselectivity?

Topological analysis of the electron localization function (ELF)
(Becke and Edgecombe, 1990) of AY 7a showed the presence of two
monosynaptic basins, V(C1) and V’ (C1), integrating a total of 0.76 e
at the C1 carbon, characterizing this three-atom-component as a
pseudo(mono)radical species (Ríos-Gutiérrez et al., 2022) (Figure 4).
Analysis of the nucleophilic Pk

− Parr functions (Domingo et al.,
2013) of AY 7a indicates that the C1 carbon is more nucleophilic
than the C3 carbon (see CDFT analysis of the reagents in the
Supplementary Material). Consequently, the 32CA reaction of AY
7a with ethylene 3a is expected to be meta regioselective (Ríos-
Gutiérrez et al., 2022).

A recent MEDT study on the unexpected ortho regioselectivity
in the 32CA reactions of AYs derived from L-proline showed that
the presence of two HBs at the MC-on, which are enhanced at the
corresponding TS-on, can be responsible for the ortho
regioselectivity of these 32CA reactions (Domingo et al., 2022).

MC-on was 3.4 kcal mol-1 more stable than MC-mn (Table 1).
Analysis of the geometries of the twoMCs shows the presence of an
HB between one hydrogen of the CH2 methylene continuous with
the sulfur of AY 3a and the carbonyl O7 oxygen of ethylene 7a,
with an O−H distance of 2.37 Å (Figure 5). MC-on shows an
additional HB between a hydrogen of the aromatic ring of ethylene
3a and the oxygen atom of AY 7a, with an O−H distance of 2.69 Å
(Figure 5). Formation of this HB required twisting of the benzene
ring by 15.9°.

These two HBs, which are also present in the most stable TS-on
(Figure 3), may account for the ortho and endo selectivity found in
this 32CA reaction. The enthalpy difference between MC-on and
MC-mn (3.4 kcal mol-1) was increased to 4.5 kcal·mol-1 at the TSs as
a consequence of stronger HB interactions.

An atom-in-molecules (AIM) (Richard et al., 1982) topological
analysis of the electronic structure of the most favorable TS-on
characterizes the twoHBs responsive to the ortho reactions (see AIM
topological analysis of the electronic structure of the most favorable
TS-on in the Supplementary Material Table S6).

2.3 Biological evaluation and MTT assay

Initially, the target compounds of the spirooxindole analogs 6a–n
were submitted to NCI for screening against 60 panels of cancer cells.
Preliminary results showed promising feedback for the synthesized
compounds of spirooxindole analogs (SI, Supplementary Table S8).
For example, compounds 6a–n perfectly inhibited the growth of
leukemia cells (CCRF-CEM; HL-60 (TB); K-562; MOLT-4; RPMI-
8226, SR), with a GI% exceeding 80% except for compounds 6b, 6g,
and 6l, which showed a smaller GI% (75%) forMOLT-4, RPMI-8226,
and SR cancer cells. In non-small-cell lung cancer cells (A549/ATCC,
EKVX, HOP-92, HOP62, NCI-H226, NCI-H23, NCI-H322M, NCI-
H460, NCI-H460), the synthesized compounds showed complete
growth inhibition, with the exception of 6g and 6l, which were the
most reactive. We also observed that compounds 6g and 6l exhibited
growth inhibition of less than 80% in CNS cancer cells (SF-268, SF-

TABLE 1 ωB97X-D/6–311G(d,p) relative enthalpies (ΔH in kcal·mol-1),
entropies (ΔS in cal·mol-1K−1), and Gibbs free energies (ΔG in kcal·mol-1),
with respect to the separated reagents, computed at 337.85 K and 1 atm in
methanol, for the stationary points involved in the 32CA reaction of AY 7a
with ethylene 3a.

ΔH ΔS ΔG

MC-on −18.6 −42.0 −4.4

MC-mn −15.2 −37.9 −2.3

TS-on −11.7 −52.9 6.1

TS-ox −6.1 −50.1 10.9

TS-mn −7.2 −48.6 9.2

TS-mx −4.4 −46.5 11.4

6a −47.9 −48.6 −31.5

8a −44.2 −47.3 −28.3

9a −45.1 −48.1 −28.8

10a −48.3 −48.5 −31.9

FIGURE 2
ωB97X-D/6–311G(d,p) enthalpy, in blue, ΔH in kcal mol–1, and
Gibbs free energy, in red, ΔG in kcal mol–1, profiles, in methanol at
65°C, for the 32CA reaction of AY 7a with the ethylene 3a.
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295, SF-539, SNB-19, SNB-75, U251). The GI% of melanoma cells
was completely inhibited by these compounds. For ovarian cancer cells
(IGROVI), compounds 6b, 6c, 6d, 6g, and 6l showed less reactivity,
with a GI% from 55% to 75%. The other compounds showed excellent
growth inhibition. For renal cancer cells (UO-31), the compounds
exhibited less reactivity than with other renal cancer cells (786–0, A49,
ACHN, CAKI-1, RXF393, SN12C, TK-10, DU-145). For breast cancer
cells, complete growth inhibition was observed; however, compounds
6b–d, 6g, 6h, and 6mwere less reactive against T-47D cancer cells, with
a GI% between 54% and 80%.

The percentage of wi-38 viability and the growth inhibition
percentages of MDA-MB231 and PC-3 cells after incubation with
5 µM of different tested compounds were assessed using the MTT
assay (Supplementary Table S9). From Supplementary Table S9, the
viability of normal human lung cells (wi-38) exceeded 81% after
incubation with 5 µM of 6a and 6d compared to all other tested
compounds, producing wi-38 cell death over 50%. The safest
compound was 6a, which did not affect the cell viability of wi-
38 ( ˜ 96%). Compounds 6a and 6d produced maximum viability
on wi-38 and triggered death (>50%) in human cancer cells

FIGURE 3
ωB97X-D/6–311G(d,p) geometry of the TSs involved in the 32CA reaction of AY 7awith ethylene 3a, optimized in methanol. The distances are given
in Angstrom. HB distances are given in red.

FIGURE 4
ωB97X-D/6–311G(d,p) ELF basin attractor positions of AY 3a. The populations of the V(C1) and V′ (C1) monosynaptic basins are given in average
number of electrons, e.
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(MDA-MB 231 and PC-3) (Supplementary Table S9). The values
of the IC50 (µM) of 6a-n on Wi-38 viability and the growth of
MDA-MB 231, and PC-3 cells are summarized in Table 2. This
powerful anti-cancer effect was supported by severe
morphological alterations (cell shrinkage and loss of normal
spindle shape) in treated cancer cells compared with untreated
cancer cells (Figure 6).

Figures 7A, B shows that 6a- and 6d-treated cancer cells
demonstrated a higher percentage of annexin-stained cells than
untreated cells. Furthermore, 6a and 7d induced apoptosis-
dependent death (53.89%–55.34%) in treated breast- and
prostate-cancer cell lines. This effect may be attributed to the
potency of 6a and 6d for upregulating p21 expression by greater
than three times and downregulating the expression level of cyclin D
and NF-κB in treated MDA-MB 231 cells compared to untreated
cells (Figure 8). 6a had the most significant effect on induction of
p21 expression (5.3 times) and suppression of cyclin D and NF-kB
gene expression compared with 6d (p < 0.05).

Figure 9A shows the immunohistochemistry results for the
proliferation marker (Ki-67) and apoptosis marker (p53) in the
MDA-MB 231 cell line after treatment for 72 h with 6a and 6d.
These compounds reduced Ki-67 levels (from 82.425% to 1.18% and
3.03%, respectively), as indicated by the increase in purple-stained
cells in comparison with brown-stained untreated control cells
(Figures 9AI, III). Figures 9AII, III show that 6a and 6d
increased the protein levels of p53 by 60.2% and 54.7%,
respectively, compared to the untreated MDA-MB 231 cells,
which mostly lacked brown p53-nuclear staining. Moreover, the
active p53 transcription factor was assessed in the treated MDA-MB
231 cells compared to untreated cells by quantifying the p53 bound
to a target oligonucleotide-coated plate. Both compounds exhibited

high efficiency for p53 activation, 5.983 ± 0.142 and 6.287 ± 0.254,
respectively (Figure 9B). This may be due to their inhibitory potency
against MDM2, which limits its degradation.

Some of the synthesized spirooxindoles based on benzimidazole
were selected for further MDM2 binding affinity using the MST assay.
The results are summarized in Table 3; the binding curve is presented in
the Supplementary Information. Compounds 6a, 6b, 6d, 6e, 6h, 6i, and
6l exhibited moderate to excellent binding affinity with the
MDM2 receptor, with a range of KD = 6.68–113 µM (SI;
Supplementary Figures S3–S9). The most active compound was 6h
(KD = 6.68 µM); the spirooxindole-based benzimidazole had a benzene
ring with a hydroxyl group in the meta-position for further binding
interaction with the key amino acid. Having electron-donating
groups such as methyl or trimethoxy groups on the benzene ring
(6d and 6i) showed good binding, with KD = 17.4 µM and 21 μM,
respectively. However, the presence of halogens such as chlorine
or bromine atoms decreased the binding affinity with MDM2 to
38.2 µM and 49.9 µM for compounds 6b and 6l, respectively.
Without any substitution on the benzene ring (compound 6a) or
change to a heterocycle such as thiophene (compound 6e), the
least reactivity toward binding with the protein receptor
was observed.

2.4 Molecular docking study

The designed compounds (6a–l) and standard co-crystallized
spirooxindole compounds were docked with the MDM2 protein,
which was retrieved from the Protein Data Bank (PDB code: 5law)
(Gollner et al., 2016a). The docking protocol was performed using
OpenEye scientific software (Docking, 2016). To validate the
docking protocol, the standard ligand 6SJ was re-docked with the
receptor. The standard ligand 6SJ exhibited the same binding mode
and pose as its co-crystallized complex (Gollner et al., 2016a),
completely overlaying each other, as shown in Figure 10A. It
formed HBs with Leu:54AA through the NH of the indole and
with Lys:94AA through the protonated nitrogen of the pyrrolidine
amino acid. Compound 6h exhibited high similarity in binding pose
and mode with the co-crystallized ligand (Figure 10B). It interacts
with the receptor through formation of HBs with Leu:54AA through
the NH of the indole, and with Lys:94AA through phenolic
functionality. Figure 10C shows the deposition of compound 6d
inside the active receptor domains. The compound interacted with
its receptor via hydrophobic interactions. Figure 10D shows the
docking pose andmode of compound 6d compared with those of the
standard ligand 6SJ. The benzimidazole ring of compound 6d was
overlaid with the indole moiety of the standard ligand 6SJ. However,
the remaining features of both compounds were oriented in different
directions.

2.5 Shape alignment and ROCS analysis

The rapid overlay chemical similarity (ROCS) approach was
used to determine compound similarity based on 3D structures and
automated crafted descriptors using OpenEye software. Shape
similarity was determined using Tanimoto scores. The Tanimoto
Combo (maximum value = 2) is the sum of the shape (maximum

FIGURE 5
ωB97X-D/6–311G (d,p) optimized geometries of MC-on and
MC-mn. Distances in methanol are given in angstroms, Å. HB
distances are given in red.
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TABLE 2 The estimated IC50 (µM) of 6a-n on Wi-38 viability and the growth of MDA-MB 231, and PC-3 cells.

Chemical structure Wi-38 MDA-MB 231 PC-3

IC50 (μM)

6a

22.163 ± 1.586 2.968 ± 0.047 4.107 ± 0.167

6b

4.962 ± 0.117 4.757 ± 0.265 4.819 ± 0.000

6c

12.887 ± 1.512 3.341 ± 0.210 4.151 ± 0.232

6d

5.180 ± 0.138 4.303 ± 0.137 4.294 ± 0.054

(Continued on following page)
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TABLE 2 (Continued) The estimated IC50 (µM) of 6a-n on Wi-38 viability and the growth of MDA-MB 231, and PC-3 cells.

Chemical structure Wi-38 MDA-MB 231 PC-3

IC50 (μM)

6e

4.752 ± 0.008 5.605± 5.432 ± 0.098

6f

4.166 ± 0.076 4.407 ± 0.448 4.593 ± 0.132

6g

5.106 ± 0.191 6.216 ± 0.000 6.191 ± 0.191

6h

4.408 ± 0.07 5.442 ± 0.167 5.041 ± 0.316

4.081 ± 0.201 6.680 ± 0.463 6.017 ± 0.106

(Continued on following page)
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TABLE 2 (Continued) The estimated IC50 (µM) of 6a-n on Wi-38 viability and the growth of MDA-MB 231, and PC-3 cells.

Chemical structure Wi-38 MDA-MB 231 PC-3

IC50 (μM)

6i

6j

3.998 ± 0.129 4.665 ± 0.009 4.543 ± 0.163

6k

3.950 ± 0.319 3.995 ± 0.249 4.160 ± 0.036

6l

6.259 ± 0.443 4.510 ± 0.203 4.627 ± 0.116

4.650 ± 0.127 4.733 ± 0.224 4.766 ± 0.132

(Continued on following page)
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value = 1) and color (maximum value = 1) Tanimoto scores.
Considering 6SJ, compound score was not correlated to activity.
Compounds 6d and 6h had TC scores of 0.83 and 0.81, respectively,
as shown in Table 4. The results indicated that our scaffolds could
resemble another target or have unique chemometric characteristics.

For compounds 6d and 6h, the color and shape atoms
(generated by the ROCS application, OpenEye software) are
shown in Figures 11A–C compared with the standard ligand (6SJ).

The most important descriptors for compounds 6d and 6h are
presented in Table 5, compared with the 6SJ standard. Both

TABLE 2 (Continued) The estimated IC50 (µM) of 6a-n on Wi-38 viability and the growth of MDA-MB 231, and PC-3 cells.

Chemical structure Wi-38 MDA-MB 231 PC-3

IC50 (μM)

6m

6n

4.171 ± 0.166 6.143 ± 0.246 6.247 ± 0.533

FIGURE 6
Morphological alteration of the most active anticancer compounds-treated MDA-MB 231 and PC-3 cells in comparison with the untreated
control cells.
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compounds showed values similar to the standard; however, the
number of rotatable bonds was three in compounds 6d and 6h and
five in 6SJ. These results highlight the importance of the number of
rotatable bonds, as previously reported (Abdelhady et al., 2022).

3 Structure activity relationship

For MDM2 binding, compound 6h showed stronger binding
activity than 6d, 6i, 6b, 6l, 6a, and 6e. The electronic positions of
the substituents on the phenyl rings of the benzaldehyde
derivatives contributed in both the electronic and geometric

properties of the final scaffolds. Compound 6h contained a
phenolic OH group at the meta position and formed a HB with
Lys:94AA in the receptor. Furthermore, compound 6h showed a
unique orientation inside the receptor; none of the compounds
overlapped with it. Compound 6d, with a mildly activating group
(Me) at the para position, showed low Logp and PSA values
(Table 5). The PSA level was similar to that of 6SJ. Compounds
with electron-withdrawing groups, namely, p-Cl and p-Br, and
thiophene moieties, exhibited lower activity, probably due to the
electronic effect of the compound topology. The meta-position
with formation of an extra HB was preferable for inhibitory activity
(SI, Supplementary Figure S10).

FIGURE 7
Flow analysis of the most active compounds-treated MDA-MB 231 and PC3 cell lines after dual staining with annexin and propidium iodide. (A) Flow
charts and (B) the total percentage of the apoptotic cell population in the treated cancer cells. Data considered statistically significant at p ≤
0.05*, ≤0.005**, and ≤0.001***. ns: Not statistically significant.

FIGURE 8
Relative change in gene expression of p21, cyclin-D, and NF-κB in the 6a and 6d-treated MDA-MB 231 cells. Data considered statistically significant
at p ≤ 0.05*, ≤0.005**, and ≤0.001***. ns: Not statistically significant.
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3.1 Experimental

3.1.1 General
“All chemicals were purchased from Aldrich, Sigma-Aldrich,

and Fluka, and were used without further purification unless
otherwise indicated. All melting points were measured using a
Gallenkamp melting point apparatus in open glass capillaries and
were uncorrected. The crude products were purified using silica gel
through column chromatography (100–200 mesh). IR spectra were
recorded as KBr pellets using a Nicolet 6700 FT-IR
spectrophotometer. NMR spectra were recorded using a Varian
Mercury Jeol-400 NMR spectrometer. 1H NMR (400 MHz) and
13C NMR (100 MHz) spectroscopy were performed in either
deuterated dimethyl sulfoxide (DMSO-d6) or deuterated
chloroform (CDCl3) (SI; Supplementary Figures S11–23).
Chemical shifts (δ) are reported in ppm; coupling constant J is
given in Hz. Elemental analysis was performed using an Elmer
2400 Elemental Analyzer in CHN mode. Chalcones 3a–n was
prepared as reported previously by (Alshahrani et al., 2023)”.

3.1.2 General procedure for synthesis of spiro
compounds (6a–n)

Amixture of chalcone derivative 3a–n (0.5 mmol), thiazolidine-
4-carboxylic acid (66.59 mg, 0.5 mmol), and isatin (73.57 mg,
0.5 mmol) in methanol (20 ml) was stirred at 60–65oC in an oil
bath for 2–3 h. The final spirooxindole-based benzimidazole was
separated using either by filtration if the final product precipitated or
by column chromatography ((Silica Gel 60, granulometry
0.015–0.040 mm, Merck); eluent: EtOAc/nHexane gradient
polarity according to the specified compound starting from 30:
70 until 50:50).

3.1.3 (3S,6′R)-6’-(1H-benzo [d]imidazole-2-
carbonyl)-7′-phenyl-3′,6′,7′,7a′-tetrahydro-1′H-
spiro [indoline-3.5′-pyrrolo [1,2-c]thiazol]-2-
one (6a)

White solid; yield (89%); m.p: 240°C–242°C; IR (KBr, cm−1): 3432
(NH), 3276 (NH), 3094 (CH), 2934 (CH), 1732 (CO), 1684 (CO);
1H-NMR (400MHz, DMSO-d6): δ 12.95 (1H, s, NH), 10.39 (1H, s,

FIGURE 9
Immunohistochemical staining Ki-67 and p53 aswell as fold increment in p53 activation inMDA-MB 231 cells. (A) Immunostaining pattern of (I) Ki-67
and (II) p53 in the untreated and 6a and 6d-treated MDA-MB 231 cells (magnification×100) with (III) representative percentages of positive
immunostaining MDA-MB 231 cells (B) Fold activation of p53 transcription factor in 6a and 6d-treated MDA-MB 231 cells relative to the untreated cells.
Data considered statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***. ns: Not statistically significant.
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NH), 7.69 (1H, d, J = 8 Hz, ArH), 7.50 (2H, d, J = 8 Hz, ArH), 7.38–7.18
(7H, m, ArH), 6.99 (1H, t, J = 8 Hz, ArH), 6.84 (1H, t, J = 8 Hz, ArH),
6.44 (1H, d, J = 8 Hz, ArH), 5.17 (1H, d, J = 11.2 Hz, CHCO), 4.26 (1H,
q, J = 8 Hz, CHN), 3.94 (1H, t, J = 10.2 Hz, CHPh), 3.68 (1H, d, J =
8.8 Hz), 3.40 (1H, d, J = 8.4 Hz), 3.18 (2H, d, J = 5.2 Hz), 2.98 (2 H, dd,
J = 19.2, 5.3Hz); 13C-NMR (101MHz, DMSO-d6): δ 190.05, 178.85,
147.94, 143.19, 142.94, 140.21, 135.11, 129.41, 128.55, 127.64, 124.31,
122.07, 113.19, 109.89, 74.51, 72.44, 63.53, 51.82, 50.08, 35.28; Anal. for
C27H22N4O2S; calcd: C, 69.51; H, 4.75; N, 12.01; O, 6.86; S, 6.87; Found:
C, 69.49; H, 4.77; N, 12.04; O, 6.82; S, 6.88.

3.1.4 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(4-chlorophenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6b)

Pale yellow solid; yield (57%); m.p.: 210–212oC; IR (KBr, cm−1):
3434 (NH), 3277 (NH), 3093 (CH), 2929 (CH), 1729 (CO), 1682 (CO);
1H-NMR (400MHz, DMSO-d6): δ 12.96 (1H, s, NH), 10.41 (1H, s,
NH), 7.54 (3H, d, J = 8 Hz, ArH), 7.41 (3H, d, J = 8 Hz, ArH), 7.23 (3H,
d, J = 7.3 Hz, ArH), 6.98 (1H, t, J = 7.6 Hz, ArH), 6.82 (1H, t, J = 7.6 Hz,
ArH), 6.44 (1H, d, J= 7.8 Hz, ArH), 5.12 (1H, d, J= 11 Hz, CHCO), 4.23
(1H, q, J = 8 Hz, CHN), 3.95 (1H, t, J = 10 Hz, CHPh), 3.67 (1H, d, J =
8.8 Hz), 3.39 (2H, d, J = 8.8 Hz), 2.98 (2H, m); 13C-NMR (101MHz,
DMSO-d6): δ 189.91, 178.79, 147.91, 143.23, 139.26, 132.41, 130.42,
129.30, 124.23, 121.36, 109.96, 74.32, 72.35, 63.16, 49.17, 35.10, 27.77;
Anal. for C27H21ClN4O2S; calcd: C, 64.73; H, 4.22; Cl, 7.08; N, 11.18; O,
6.39; S, 6.40; Found: C, 64.69; H, 4.27; Cl, 7.06; N, 11.20; O, 6.35; S, 6.43.

3.1.5 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(4-(trifluoromethyl) phenyl)-
3′,6′,7′,7a′-tetrahydro-1′H-spiro [indoline-3.5′-
pyrrolo [1,2-c]thiazol]-2-one (6c)

Yellow solid; yield (13.5%); m.p.:185–187oC; IR (KBr, cm−1): 3429
(NH), 3282 (NH), 3099 (CH), 2927 (CH), 1724 (CO), 1686 (CO);
1H-NMR (CDCl3, 400MHz): δ 12.90 (1H, s, NH), 10.42 (1H, s, NH),
7.45 (2H, d, J = 8 Hz, ArH), 7.23 (4H, d, J = 8 Hz, ArH), 7.08 (1H, d, J =
8, ArH), 6.98 (1H, t, J = 7.7 Hz, ArH), 6.90 (1H, t, J = 7.7 Hz, ArH), 6.84
(1H, d, J = 7.3 Hz, ArH), 6.45 (2H, t, J = Hz, ArH), 5.16 (1H, d, J = Hz,
CHCO), 4.24 (1H, q, J = Hz, CHN), 4.06 (1H, t, J = Hz, CHPh), 3.68
(2H, d, J = 8.8 Hz), 3.25 (1H, d, J = 12 Hz), 3.00 (2H, m); Anal. for
C28H21F3N4O2S; calcd: C, 62.91; H, 3.96; F, 10.66; N, 10.48; O, 5.99; S,
6.00; Found: C, 62.96; H, 3.92; F, 10.67; N, 10.42; O, 6.01; S, 6.02.

TABLE 3 MST binding assay results of MDM2.

# Code Chemical structures KD (µM)

1 6a 87.7

2 6b 38.2

3 6d 17.4

4 6e 113

5 6h 6.68

6 6i 21

(Continued in next column)

TABLE 3 (Continued) MST binding assay results of MDM2.

# Code Chemical structures KD (µM)

7 6l 49.9
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3.1.6 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(p-tolyl)-3′,6′,7′,7a′-tetrahydro-
1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]thiazol]-2-
one (6d)

White solid; yield (66%); m.p.:228–230oC; IR (KBr, cm−1): 3649
(NH), 3277 (NH), 3087(CH), 2926 (CH), 1727 (CO), 1690 (CO);
1H-NMR (400MHz, DMSO-d6): δ 12.94 (1H, s, NH), 10.37 (1H, s,
NH), 7.69 (1H, d, J=Hz, ArH), 7.38–7.20 (6H,m, ArH), 7.15 (2H, d, J=
Hz ArH), 6.99 (1H, t, J = 7.6 Hz, ArH), 6.84 (1H, t, J = 7.6 Hz, ArH),
6.44 (1H, d, J = 7.8 Hz, ArH), 5.15 (1H, d, J = 11.3 Hz, CHCO), 4.20
(1H, q, J = 8 Hz, CHN), 3.88 (1H, t, J = 10.6 Hz, CHPh), 3.67 (1H, d, J =
8.8 Hz), 3.39 (2H, d, J = 8.8 Hz), 3.18 (1H, d, J = 5.1 Hz), 2.96 (2H, m),
2.23 (3H, s, CH3);

13C-NMR (101MHz, DMSO-d6): δ 190.08, 178.84,
147.98, 143.16, 142.96, 137.03, 136.93, 135.10, 130.01, 128.37, 127.49,
126.34, 124.35, 123.43, 122.00, 121.94, 121.37, 113.28, 109.93, 74.49,
72.44, 63.24, 51.84, 49.89, 35.25, 21.23; Anal. for C28H24N4O2S; calcd: C,

69.98; H, 5.03; N, 11.66; O, 6.66; S, 6.67; Found: C, 69.95; H, 5.06; N,
11.68; O, 6.63; S, 6.68.

3.1.7 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(thiophen-2-yl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6e)

White solid; yield (76%); m.p.:240–242oC; IR (KBr, cm−1): 3624
(NH), 3258 (NH), 3091(CH), 2927 (CH), 1728 (CO), 1689 (CO);
1H-NMR (400MHz, DMSO-d6): δ 13.02 (1H, s, NH), 10.35 (1H, s,
NH), 7.71 (1H, d, J = 8 Hz, ArH), 7.40 (1H, d, J = 5.1 Hz, CHS),
7.37–7.21 (4H,m,ArH), 7.12 (1H, d, J= 3.5 Hz, ArH), 7.04–6.94 (2H,m,
ArH), 6.84 (1H, t, J = 7.5 Hz, ArH), 6.44 (1H, d, J = 7.5 Hz, ArH), 5.07
(1H, d, J = 10.3 Hz, CHCO), 4.25–4.18 (2H, m), 3.68 (1H, d, J = 9.3 Hz),
3.39 (1H, d, J = 9.1 Hz), 3.21–3.01 (4H, m); 13C-NMR (101MHz,

FIGURE 10
(Continued).

FIGURE 10
(Continued). Snap shot visualization of compounds docked with
PDB: ID 5law as represented by Vida: (A) standard ligand re docked
with its co-crystalized coordinate; (B) compound 6h showed HB
interaction with Leu:54AA, and with Lys:94AA (green dotted line);
(C) compound 6d docked with the receptor through formation of
hydrophobic-hydrophobic interactions; (D) compound 6d (green) in
comparison with standard ligand 6SJ (grey).
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DMSO-d6): δ 189.66, 178.54, 147.84, 143.13, 143.00, 142.76, 135.15,
130.26, 127.66, 126.00, 124.01, 113.42, 109.93, 74.31, 72.66, 63.78, 52.25,
45.39, 35.45; Anal. for C25H20N4O2S2; calcd: C, 63.54; H, 4.27; N, 11.86;
O, 6.77; S, 13.57; Found: C, 63.49; H, 4.24; N, 11.84; O, 6.80; S, 13.63.

3.1.8 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(4-fluorophenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6f)

White solid; yield (31%); m.p.:233–235oC; IR (KBr, cm−1): 3431
(NH), 3268 (NH), 3096 (CH), 2960 (CH), 1732 (CO), 1684 (CO);
1H-NMR (400MHz, DMSO-d6): δ 12.95 (1H, s, NH), 10.39 (1H, s, NH),
7.68 (1H, d, J = 8 Hz, ArH), 7.54 (2H, t, J = 6.8 Hz, ArH), 7.36–7.14 (6H,
m, ArH), 6.98 (1H, t, J = 7.7 Hz, ArH), 6.83 (1H, t, J = 7.7 Hz, ArH), 6.43
(1H, d, J = 7.4 Hz, ArH), 5.11 (1H, d, J = 11 Hz, CHCO), 4.20 (1H, q, J =
9.6 Hz, CHN), 3.95 (1H, t, J = 10.3 Hz, CHPh), 3.67 (1H, d, J = 8.8 Hz),
3.40 (1H, d, J= 12 Hz), 2.98 (2H,m); 13C-NMR (101MHz,DMSO-d6): δ
189.97, 178.79, 169.71, 147.90, 143.21, 135.10, 130.23, 124.24, 72.33;
Anal. for C27H21FN4O2S; calcd C, 66.93; H, 4.37; F, 3.92; N, 11.56; O,
6.60; S, 6.62; Found: C, 66.97; H, 4.34; F, 3.94; N, 11.53; O, 6.63; S, 6.59.

3.1.9 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(2,4-dichlorophenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6g)

White solid; yield (38%); m.p.:235–237oC; IR (KBr, cm−1): 3436
(NH), 3281 (NH), 3090 (CH), 2925 (CH), 1730 (CO), 1685 (CO);
1H-NMR (400MHz, DMSO-d6): δ 12.96 (1H, s, NH), 10.44 (1H, s,
NH), 7.85 (1H, d, J = 8.5 Hz, ArH), 7.69 (1H, d, J = 8Hz, ArH), 7.63 (1H,
s, ArH), 7.51 (1H, d, J = 8Hz, ArH), 7.34–7.14 (4H,m, ArH), 6.97 (1H, t,
J = 7.6 Hz, ArH), 6.82 (1H, t, J = 7.6 Hz, ArH), 6.43 (1H, t, J = 7.6 Hz,
ArH), 5.11 (1H, d, J= 10 Hz, CHCO), 4.57 (1H, t, J= 9.1 Hz, CHPh), 4.14
(1H, q, J = 8Hz, CHN), 3.72 (1H, d, J = 8.8 Hz), 3.42 (1H, d, J = 8.8 Hz),

3.09 (1H, dd, J = 11, 5.9 Hz), 2.92 (1H, dd, J = 11, 4.4 Hz); 13C-NMR
(101MHz, DMSO-d6): δ 189.72, 178.88, 147.75, 143.42, 142.88, 137.30,
134.99, 132.88, 130.31, 129.50, 128.68, 127.37, 126.42, 123.69, 121.85,
121.39, 113.26, 109.96, 75.13, 72.88, 62.72, 52.52, 44.70, 35.44; Anal. for
C27H20Cl2N4O2S; calcd C, 60.56; H, 3.76; Cl, 13.24; N, 10.46; O, 5.98; S,
5.99; Found: C, 60.50; H, 3.71; Cl, 13.34; N, 10.41; O, 6.03; S, 6.01.

3.1.10 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(3-hydroxyphenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6h)

White solid; yield (82%); m.p.:205–207oC; IR (KBr, cm−1): 3626
(NH), 3257 (OH), 2931 (CH), 1726 (CO), 1688 (CO); 1H-NMR
(400MHz, DMSO-d6): δ 12.94 (1H, s, NH), 10.36 (1H, s, NH), 9.46
(1H, s, OH), 7.69 (1H, d, J = 8 Hz, ArH), 7.33 (1H, d, J = 8 Hz, ArH),
7.28 (1H, t, J = 8 Hz, ArH), 7.21 (2H, d, J = 6.7 Hz, ArH), 7.13 (1H, t, J =
8 Hz, ArH), 6.98 (1H, t, J = 7.7 Hz, ArH), 6.89 (2H, d, J = 7.3 Hz, ArH),
6.83 (1H, t, J= 7.3 Hz, ArH), 6.62 (1H, d, J= 8 Hz, ArH), 6.43 (1H, d, J=
8 Hz, ArH), 5.14 (1H, d, J = 11.7 Hz, CHCO), 4.18 (1H, q, J = 8 Hz,
CHN), 3.83 (1H, t, J = 10.3 Hz, CHPh), 3.66 (1H, d, J = 8.8 Hz), 3.02
(1H, dd, J = 11.0, 5.9 Hz), 2.92 (1H, dd, J = 10.6, 4.8 Hz); 13C-NMR
(101MHz, DMSO-d6): δ 190.06, 178.84, 158.20, 147.97, 143.14, 142.94,
141.56, 135.11, 130.12, 127.50, 124.36, 123.55, 121.88, 119.21, 114.98,
109.83, 72.32, 63.26, 51.59, 49.90, 35.27; Anal. for C27H22N4O3S; calcd
C, 67.20; H, 4.60; N, 11.61; O, 9.95; S, 6.64; Found: C, 67.15; H, 4.64; N,
11.65; O, 9.91; S, 6.65.

3.1.11 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(3,4,5-trimethoxyphenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6i)

White solid; yield (70%); m.p.:245–247oC; IR (KBr, cm−1): 3430
(NH), 3269 (NH), 3093 (CH), 2996 (CH), 1722 (CO), 1683 (CO);

TABLE 4 Tanimto combo scores of designed compounds using 6SJ standard as ShapeQuery.

Vida name Tanimoto combo Shape tanimoto Color tanimoto

6sj law standard 2 1 1

6n 0.902 0.658 0.244

6j 0.882 0.663 0.219

6e 0.843 0.634 0.209

6m 0.835 0.626 0.209

6d 0.834 0.625 0.209

6h 0.819 0.627 0.192

6a 0.816 0.598 0.218

6k 0.806 0.598 0.209

6b 0.805 0.587 0.218

6g 0.799 0.580 0.218

6l 0.797 0.588 0.209

6c 0.789 0.580 0.209

6i 0.710 0.535 0.175
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1H-NMR (400MHz, DMSO-d6): δ 12.95 (1H, s, NH), 10.35 (1H, s, NH),
7.70 (1H, d, J = 8 Hz, ArH), 7.35–7.21 (5H, m, ArH), 7.00 (1H, t, J =
7.6 Hz, ArH), 6.85 (2H, d, J= 7.7 Hz,ArH), 6.46 (1H, d, J=7.8 Hz,ArH),

5.13 (1H, d, J = 11 Hz, CHCO), 4.20 (1H, m, CHN), 3.88 (1H, t, J =
9.9 Hz, CHPh), 3.79 (6H, s, OCH3), 3.69 (1H, d, J = 8.8 Hz), 3.60 (3H, s,
OCH3), 3.32 (2H, d, J = 3 Hz), 3.03 (2H, m); 13C-NMR (101MHz,
DMSO-d6): δ 190.06, 178.90, 153.56, 148.00, 143.13, 142.97, 137.12,
135.94, 135.08, 130.17, 127.79, 126.43, 124.10, 123.64, 121.88, 121.25,
109.89, 105.71, 74.66, 73.00, 62.56, 60.48, 56.47, 52.43, 50.62, 35.70; Anal.
for C30H28N4O5S; calcd C, 64.73; H, 5.07; N, 10.07; O, 14.37; S, 5.76;
Found: C, 64.69; H, 5.10; N, 10.11; O, 14.33; S, 5.77.

3.1.12 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(2-hydroxyphenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6j)

Pale yellow solid; yield (25%); m.p.:186–188oC; IR (KBr,
cm−1): 3311 (OH), 3063 (CH), 2925 (CH), 1716 (CO), 1667
(CO); 1H-NMR (400 MHz, DMSO-d6): δ 12.87 (1H, s, NH),
10.28 (1H, s, NH), 9.63 (1H, s, OH), 7.70 (1H, d, J = 8 Hz, ArH),
7.41 (1H, d, J = 8 Hz, ArH), 7.34–7.22 (4H, m, ArH), 7.05–6.98
(2H, m, ArH), 6.86–6.76 (3H, m, ArH), 6.44 (1H, d, J = 3 Hz,
ArH), 5.40 (1H, d, J = 11.0 Hz, CHCO), 4.27–4.22 (1H, m,
CHN), 3.68 (1H, t, J = 9.5 Hz, CHPh), 3.55–3.48 (2H, m), 3.33
(2H, d, J = 7.3 Hz); 13C-NMR (101 MHz, DMSO-d6): δ 190.40,
178.94, 156.17, 148.15, 143.14, 129.74, 129.31, 129.09, 128.33,
125.87, 124.22, 121.45, 119.85, 115.99, 109.78, 73.56, 73.05,
60.40, 52.69, 44.80, 35.87, 28.42; Anal. for C27H22N4O3S;
calcd C, 67.20; H, 4.60; N, 11.61; O, 9.95; S, 6.64; Found: C,
67.26; H, 4.66; N, 11.54; O, 9.89; S, 6.65.

3.1.13 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(4-(dimethylamino)phenyl)-
3′,6′,7′,7a′-tetrahydro-1′H-spiro [indoline-3.5′-
pyrrolo [1,2-c]thiazol]-2-one (6k)

Yellow solid; yield (45%); m.p.:178–180oC; IR (KBr, cm−1):
3434 (NH), 3275 (NH), 3094 (CH), 2929 (CH), 1729 (CO), 1682
(CO); 1H-NMR (400 MHz, DMSO-d6): δ 12.91 (1H, s, NH),
10.33 (1H, s, NH), 7.69 (1H, d, J = 8 Hz, ArH), 7.35–7.21 (6H, m,
ArH), 6.99 (1H, t, J = 7.7 Hz, ArH), 6.84 (1H, t, J = 7.3 Hz, ArH),
6.69 (2H, d, J = 8 Hz, ArH), 6.45 (1H, d, J = 8 Hz, ArH), 5.10
(1H, d, J = 11.7 Hz, CHCO), 4.20–4.10 (1H, m, CHN), 3.78 (2H,
t, J = 10.6 Hz, CHPh), 3.67 (2H, d, J = 9.5 Hz), 3.54 (3H, d, J =
3.7 Hz), 2.95 (2H, m), 2.82 (6H, s, NCH3);

13C-NMR (101 MHz,
DMSO-d6): δ 190.23, 178.95, 150.25, 148.05, 143.04, 142.96,
135.07, 130.10, 128.96, 127.69, 127.02, 126.39, 124.37, 123.58,
121.93, 121.34, 113.35, 109.86, 74.50, 72.63, 63.05, 55.45, 52.21,
49.73, 40.70, 35.44; Anal. for C29H27N5O2S; calcd C, 68.35; H,
5.34; N, 13.74; O, 6.28; S, 6.29; Found: C, 68.45; H, 5.39; N,
13.54; O, 6.27; S, 6.26.

FIGURE 11
Topology display of color atoms and shape atoms. (A) standard
6SJ (5 rings, 3 acceptors, 3 donors, 2 cations, 1 anion); (B) compound
6d (7 rings, 2 acceptors, 4 donors, 1 cation; (C) compound 6h (7 rings,
3 acceptors, 5 donors, 1 cation).

TABLE 5 Selected physiochemical properties of compounds 6d,h and standard 6SJ as generated by OpenEye software.

Compound Molecular
weight

LogP PSA No. of rotatable
bond

No. of heavy
atom

No. of
donor

No. of
acceptor

6SJ 488 3.19 75 5 33 4 6

6d 483 2.20 74 3 35 4 6

6h 485 3.19 94 3 35 5 7
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3.1.14 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(4-bromophenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6l)

White solid; yield (80%); m.p.:172–174oC; IR (KBr, cm−1): 3625
(NH), 3422 (NH), 3088 (CH), 2913 (CH), 1725 (CO), 1682 (CO);
1H-NMR (400 MHz, DMSO-d6): δ 12.95 (1H, s, NH), 10.40 (1H, s,
NH), 7.68 (1H, d, J = 8 Hz, ArH), 7.55 (2H, d, J = 8 Hz, ArH), 7.47
(2H, d, J = 8.4 Hz, ArH), 7.36–7.19 (4H, m, ArH), 6.98 (1H, t, J =
7.6 Hz, ArH), 6.82 (1H, t, J = 7.6 Hz, ArH), 6.43 (1H, d, J = 7.6 Hz,
ArH), 5.10 (1H, d, J = 10.9 Hz, CHCO), 4.24–4.14 (1H, m, CHN),
3.93 (1H, t, J = 8 Hz, CHPh), 3.67 (1H, d, J = 8.8 Hz), 3.38 (2H, d, J =
8.8 Hz), 3.04–2.92 (2H, m); 13C- NMR (101 MHz, DMSO-d6): δ
189.88, 178.76, 147.85, 143.23, 142.92, 139.67, 135.10, 132.27,
130.51, 130.10, 127.41, 124.21, 123.99, 121.47, 120.91, 113.25,
109.86, 74.15, 72.34, 62.95, 51.65, 49.41, 33.89; Anal. for
C27H21BrN4O2S; calcd C, 59.45; H, 3.88; Br, 14.65; N, 10.27; O,
5.87; S, 5.88; Found: C, 59.51; H, 3.81; Br, 14.55; N, 10.31; O,
5.97; S, 5.85.

3.1.15 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(3-fluorophenyl)-3′,6′,7′,7a′-
tetrahydro-1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]
thiazol]-2-one (6m)

White solid; yield (30%); m.p.:224–226oC; IR (KBr, cm−1): 3625
(NH), 3422 (NH), 3088 (CH), 2913 (CH), 1725 (CO), 1682 (CO);
1H-NMR (400 MHz, DMSO-d6) δ 12.97 (s, 1H, NH), 10.41 (s, 1H,
NH), 7.68 (d, J = 8.1 Hz, 1H, ArH), 7.46–7.19 (m, 7H, ArH), 7.09 (t,
J = 8.4 Hz, 1H, ArH), 6.98 (t, J = 7.7 Hz, 1H, ArH), 6.82 (t, J = 7.7 Hz,
1H, ArH), 6.43 (d, J = 7.3 Hz, 1H, ArH), 5.11 (d, J = 11.0 Hz, 1H,
COCH), 4.22 (dt, J = 11.0, 5.5 Hz, 1H, CHN), 3.98 (t, J = 10.3 Hz, 1H,
CHPh), 3.67 (d, J = 8.8 Hz, 1H), 3.38 (d, J = 5.1 Hz, 1H), 3.04 (dd, J =
11.0, 5.9 Hz, 1H), 2.96 (dd, J = 11.0, 5.9 Hz, 1H); 13C-NMR
(101 MHz, DMSO-d6) δ 189.88, 178.79, 147.86, 143.36, 143.23,
142.91, 135.10, 131.42, 131.33, 130.20, 127.44, 126.44, 124.57,
124.17, 123.60, 121.90, 121.38, 115.37, 114.54, 113.27, 109.90,
74.36, 72.39, 63.35, 51.67, 49.41, 35.17; Anal. for C27H21FN4O2S;
calcd C, 66.93; H, 4.37; F, 3.92; N, 11.56; O, 6.60; S, 6.62; Found: C,
66.84; H, 4.44; F, 3.95; N, 11.49; O, 6.60; S, 6.68.

3.1.16 (3S,6′R)-6’-(1H-Benzo [d]imidazole-2-
carbonyl)-7’-(furan-2-yl)-3′,6′,7′,7a′-tetrahydro-
1′H-spiro [indoline-3.5′-pyrrolo [1,2-c]thiazol]-2-
one (6n)

White solid; yield (29%); m.p.:240–242oC; IR (KBr, cm−1): 3435
(NH), 3256 (NH), 3090 (CH), 2928 (CH), 1729 (CO), 1687 (CO);
1H-NMR (DMSO-d6, 400 MHz): δ 13.01 (1H, s, NH), 10.33 (1H, s,
NH), 7.71 (1H, d, J = 8 Hz, ArH), 7.58 (1H, d, J = 4 Hz, ArH),
7.38–7.18 (4H, m, ArH), 6.99 (1H, t, J = 7.7 Hz, ArH), 6.83 (1H, t,
J = 7.7 Hz, ArH), 6.42 (1H, d, J = 8 Hz, ArH), 6.40–6.31 (2H, m),
5.14 (1H, d, J = 11 Hz, CHCO), 4.20 (1H, m, CHN), 4.02 (1H, t, J =
8 Hz, CHPh), 3.66 (1H, d, J = 9.5 Hz), 3.37 (2H, d, J = 8.8 Hz), 3.12
(2H, m); 13C-NMR (DMSO-d6, 100 MHz): δ 189.60, 178.55,
153.16, 147.78, 143.17, 142.99, 135.16, 126.57, 124.00, 110.01,
72.40; Anal. for C25H20N4O3S; calcd C, 65.77; H, 4.42; N, 12.27;
O, 10.51; S, 7.02; Found: C, 65.73; H, 4.38; N, 12.31; O,
10.47; S, 7.11.

3.1.3 Computational details
“The ωB97X-D (Chai and Head-Gordon, 2008) functional,

together with the standard 6–311G (d,p) basis set (Warren et al.,
1986) were used in this MEDT study. The TSs were characterized
by the presence of only one imaginary frequency. IRC (Fukui,
1970) calculations were performed to establish a unique
connection between the TSs and corresponding minima
(Gonzalez and Schlegel, 1990; Gonzalez and Schlegel, 1991).
Solvent effects of methanol were considered through full
optimization of gas phase structures at the same
computational level using the polarizable continuum model
(PCM) (Tomasi and Persico, 1994; Simkin and Sheikhet, 1995)
in the framework of the self-consistent reaction field (SCRF)
(Cossi et al., 1996; Cancès et al., 1997; Barone et al., 1998). Values
of ωB97X-D/6–311G (d,p) enthalpies, entropies, and Gibbs free
energies in methanol were calculated using standard statistical
thermodynamics (Warren et al., 1986) at 337.8 K and 1 atm, with
PCM frequency calculations at the solvent optimized structures.

The GEDT (Domingo, 2014) values were computed using the
equation GEDT(f) = Σqf, where q represents the natural charges
(Reed et al., 1985; Reed et al., 1988) of the atoms belonging to one of
the two frameworks (f) in the TS geometries. Global and local CDFT
indices were calculated using the equations given in Domingo
et al. (2016).

The Gaussian 16 program suite was used to perform the
calculations. (Frisch et al. 2016) and ELF (Becke and Edgecombe,
1990) analyses of the ωB97X-D/6–311G (d,p) monodeterminantal
wavefunctions were conducted using the TopMod (Noury et al.,
1999) package with a cubical grid with a step size of 0.1 Bohr. AIM
(Richard et al., 1982) calculations were performed using Multiwfn
(Version 3.8) software (Lu and Chen, 2012). Molecular geometries
and ELF basin attractors were visualized using GaussView (Serİn
and Doğan Ulu, 2023)”.

3.1.4 Molecular docking
The x-ray crystal structure coordinates of the angiotensin

receptors were retrieved from PDB (PDB ID: 5law) (Gollner
et al., 2016a) with their co-crystallized bound ligand and MDM2.
The docking study was performed using OpenEye scientific
software, version 2.2.5 (Santa Fe, NM, United States of America)
(Gollner et al., 2016a). A virtual library of the synthesized
compounds was used; their energies were minimized using the
MMFF94 force field, followed by generation of multi-conformers
using the OMEGA application. The library was compiled into one
file using Omega software. The target proteins were retrieved from
PDB, and the created receptor was operated using the OeDocking
application. Both ligand and receptor input files were subjected to
FRED in the molecular docking study. Multiple scoring functions
were used to predict the energy profiles of the ligand–receptor
complex. The Vida application was used for visualization. The
dimensions for the created box of receptors were as follows. Box
volume: 5544 A, dimensions: 21.00 A˚×18.00 A˚ ×14.67 A˚.

3.1.5 Shape similarity and ROCS analysis
ROCS analysis was performed using OpenEye scientific software.

The compound library was used as a database file. Both the query and
database files were energy-minimized using Omega applications. The
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vROCS was used to run, analyze, and visualize the results. The ROCS
application searches the database with a query to identify molecules
with similar shapes and colors. The results were visualized using the
Vida application. Compound conformers were scored based on the
Gaussian overlap with the query. The best scoring parameters were the
Tanimoto Combo scores (shape + color); the highest score indicated the
best match with the query compound.

4 Conclusion

A new set of spirooxindole hybrids with a benzimidazole unit
was designed, synthesized, and further assessed for anti-cancer
reactivity. An MEDT study of the 32CA reaction of azomethine
ylide (AY) 7a with ethylene 3a indicated that the reaction proceeded
via a non-concerted two-stage one-step mechanism involving a
highly asynchronous TS-on resulting from the nucleophilic
attack of AY 7a on the β-conjugated position of ethylene 3a.
Formation of two HBs at an earlier stage of the reaction
accounted for the ortho/endo selectivities experimentally observed
in these 32CA reactions. The anti-cancer reactivity results are
promising; two compounds (6a and 6d) were identified as most
potent, safe, and as p53 activators in triple negative breast (MDA-
MB 231) cancer cells to suppress expression, upregulating
p21 expression by greater than three times and downregulating
the expression of cyclin D and NF-kB. Moreover, the synthesized
compounds showed high binding affinity for MDM2. Compound 6d
showed high similarity in binding mode to the co-crystallized
standard ligand. Both compounds showed good physicochemical
properties, which motivated us to investigate them further in
preclinical studies.
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Breast cancer (BC) continues to be a major health challenge globally, ranking as
the fifth leading cause of cancer mortality among women, despite advancements
in cancer detection and treatment. In this study, we identified four novel
compounds from marine organisms that effectively target and inhibit the
Epidermal Growth Factor Receptor (EGFR), crucial for BC cell growth and
proliferation. These compounds not only induced early apoptosis through
Caspase-3 activation but also showed significant inhibitory effects on EGFR
mutations associated with drug resistance (T790M, L858R, and L858R/T790M),
demonstrating high EGFR kinase selectivity. Cell Thermal Shift Assay (CETSA)
experiments indicated that Tandyukisin stabilizes EGFR in a concentration-
dependent manner. Furthermore, binding competition assays using surface
plasmon resonance technology revealed that Tandyukisin and Trichoharzin
bound to distinct sites on EGFR and that their combined use enhanced
apoptosis in BC cells. This discovery may pave the way for developing new
marine-derived EGFR inhibitors, offering a promising avenue for innovative
cancer treatment strategies and addressing EGFR-mediated drug resistance.

KEYWORDS

breast cancer (BC), EGFR inhibitors, marine-derived compounds, apoptosis induction,
EGFR kinase selectivity

1 Introduction

Breast cancer, a prevalent malignancy among women, poses a significant threat to their
health and well-being (Torre et al., 2015). Characterized by its high heterogeneity, breast
cancer presents a challenge in drug selection and sensitivity due to the vast molecular
diversity observed even among patients with similar pathological features (Shigematsu et al.,
2018). This variability often results in markedly different prognoses (Sun et al., 2021). The
current clinical approach to treating breast cancer involves a comprehensive strategy
primarily centered on surgery, with adjunctive treatments including radiotherapy,
chemotherapy, endocrine therapy, and targeted therapy. The advent of molecular
targeted therapy has revolutionized breast cancer treatment by focusing on the
signaling pathways pivotal to the cancer’s genesis and progression. This method offers
treatment at the cellular and molecular levels, enabling the specific elimination of cancer
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cells while sparing healthy surrounding tissue (Walker et al., 2015).
Such advancements have significantly enhanced the prognosis for
breast cancer patients, marking a new era in the biological treatment
of this disease.

Targeted therapies for breast cancer specifically focus on
molecules crucial for the growth and survival of cancer cells.
Among these, HER2-targeting agents such as trastuzumab
(Herceptin), pertuzumab (Perjeta), ado-trastuzumab emtansine
(Kadcyla), and lapatinib (Tykerb) have shown significant efficacy
(Swain et al., 2023). Additionally, CDK4/6 inhibitors, including
palbociclib (Ibrance), ribociclib (Kisqali), and abemaciclib
(Verzenio) (Pandey et al., 2019), offer a strategic advantage when
combined with hormone therapy for certain breast cancer subtypes.

The Epidermal Growth Factor Receptor (EGFR), also known as
ErbB1 or HER1, serves as the foundational member of the ErbB/HER
family of receptor tyrosine kinases (RTKs). This receptor plays a
critical role in regulating developmental processes via several signaling
pathways, including the phosphatidylinositol 3-kinase (PI3K)/Akt,
Ras/Raf/MEK/ERK, and STAT3 pathways (Burgess, 2008). EGFR,
upon ligand binding, is capable of forming either homodimers with
itself or heterodimers with its family counterparts-ErbB2/HER2,
ErbB3/HER3, and ErbB4/HER4. This dimerization triggers
conformational changes that activate the kinase domain of the
receptor (Zhang et al., 2006; Ferguson, 2008; Jura et al., 2009).
Overactivation of EGFR signaling, whether through point
mutations, intragenic deletions, or overexpression, has been
conclusively linked to the pathogenesis of various diseases,
underscoring its significance in cellular regulation and disease
development (Normanno et al., 2006; Roskoski, 2014).

Research indicates that the EGFR plays a crucial role in the
initiation, progression, and metastasis of primary breast cancer (Lakis
et al., 2016). Notably, EGFR is overexpressed in a wide range of breast
cancer cells, including in approximately 50% of triple-negative breast
cancers (TNBC). TNBC is characterized by the absence of estrogen
receptors, progesterone receptors, and HER2, which contributes to
poor clinical outcomes and a scarcity of effective therapeutic options
(Nielsen et al., 2004; Alvarez et al., 2010; Harbeck andGnant, 2017). In
TNBC, the overexpression of EGFR leads to the constant activation of
the PI3K/AKT/mTOR signaling pathway (El Guerrab et al., 2020).
The synergistic application of EGFR and mTOR inhibitors has been
shown to significantly enhance the anti-tumor efficacy of these drugs.
Furthermore, combinations such as the EGFR-targeting drug erlotinib
with bevacizumab, and cetuximab with cisplatin, have demonstrated
substantial benefits in extending the survival time of breast cancer
patients (Symonds et al., 2019) and alleviating symptoms (Baselga
et al., 2013), respectively. Additionally, a clinical study
(NCT00066378) has revealed that EGFR tyrosine kinase inhibitors
(TKIs) can postpone the development of endocrine resistance in
breast cancer. Consequently, EGFR presents a promising target for
the development of effective breast cancer treatments.

Currently, third-generation drugs targeting the EGFR are
predominantly employed in the treatment of non-small cell lung
cancer (NSCLC). At the initial stages of NSCLC treatment, EGFR
TKIs demonstrate significant efficacy. First- and second-generation
EGFR-TKIs, such as gefitinib and afatinib, have shown considerable
success in managing advanced NSCLC in patients with activating
EGFR mutations. However, resistance often develops due to EGFR
T790M mutations (Recondo et al., 2018), which do not hinder the

binding of TKIs to EGFR but rather enhance the affinity of EGFR for
ATP (Yun et al., 2008). To address the challenge of resistance
mediated by EGFR T790M mutations, third-generation EGFR-
TKIs, exemplified by osimertinib, achieve irreversible inhibition
of EGFR kinase activity. This is accomplished through the
formation of a covalent bond with the C797 residue of the EGFR
kinase domain (Zeng et al., 2022). Despite this advancement,
patients undergoing treatment with third-generation EGFR-TKIs
may eventually exhibit resistance mechanisms independent of
EGFR, often several months post-treatment. Presently, fourth-
generation EGFR-TKIs are under development and have not yet
received clinical approval, indicating that significant research and
development efforts remain necessary to overcome these emerging
resistance pathways.

The combination of breast cancer-targeting drugs with EGFR-
TKIs holds promising potential in significantly enhancing drug
efficacy, underscoring the importance of discovering a newer
generation of EGFR-TKIs for breast cancer treatment. However,
first-generation EGFR-TKIs exhibit severe hepatotoxicity and skin
toxicity, while second-generation EGFR-TKIs present even more
pronounced adverse reactions. Although third-generation EGFR-
TKIs boast reduced incidence of adverse effects compared to their
predecessors, they still pose risks such as diarrhea, rash, dry skin,
paronychia, QTc interval prolongation on electrocardiograms, and
interstitial pneumonia. Consequently, there exists an urgent
imperative to explore novel EGFR inhibitors characterized by
structural diversity, enhanced safety profiles, and heightened efficacy.

In our study, we identified a novel EGFR inhibitor, characterized by
a unique chemical structure derived from marine organisms. This
inhibitor demonstrated the capacity to concurrently suppress the
enzymatic activities of both the wild-type EGFR and its pathogenic
mutants at nanomolar concentrations, exhibiting notable selectivity for
tyrosine kinase inhibition. Cellular Thermal Shift Assay (CETSA)
results affirmed the inhibitor’s effective intracellular engagement
with EGFR. Tandyukisin demonstrated significant inhibitory activity
against cancer cells expressing high levels of EGFR, while exhibiting
negligible inhibitory effects on both low EGFR-expressing cancer cells
and normal human breast cells. These findings suggested that
Tandyukisin possessed enhanced selectivity for cancer cells and
exhibited reduced cytotoxicity towards normal cells. Moreover, our
findings from flow cytometry and Western Blot (WB) analyses
indicated that this inhibitor induced Caspase-3 activation via the
mitochondrial pathway, thereby facilitating early apoptosis in cancer
cells. Importantly, synergistic effects were observed when this inhibitor
was used in combination with other inhibitors targeting distinct regions
of EGFR, namely, the extracellular ligand-binding domain and the
intracellular kinase domain, leading to a significant enhancement in the
suppression of breast cancer cell proliferation.

2 Materials and methods

2.1 Materials

The extracellular ligand-binding domain of EGFR, tagged with
His, and the intracellular tyrosine kinase (TK) domain of EGFR,
tagged with GST, were acquired from Sinobiological, China. Kinase
assay systems for both wild-type EGFR and its mutants—T790M,
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L858R, and the dual L858R/T790M—were procured from Promega
Corporation, USA. Cell lines including MCF-7, A549, A431, H1299,
HL-60, and MCF-10A were obtained from the China Infrastructure
Cell Line Resources.

2.2 Cell culture

The cell lines MCF-7 and A431 were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, USA), while HL-60,
H1299, and A549 cells were maintained in RPMI-1640 medium
(Gibco, USA). Both mediums were enriched with 10% fetal bovine
serum and 1% penicillin/streptomycin. The MCF-10A cell line was
cultured in a 1:1 mixture of DMEM and F12 medium (Gibco),
supplemented with 5% horse serum, 10 μg/mL insulin, 0.1 μg/mL
cholera toxin, 0.5 μg/mL hydrocortisone, and 0.02 μg/mL epidermal
growth factor (EGF). All cell cultures were incubated at 37°C in an
atmosphere containing 5% CO2.

2.3 MTT assay

Cells in the exponential growth phase were seeded into 96-well
plates and allowed to adhere overnight. Subsequently, they were
treated in triplicate with various concentrations of the compounds
(0, 1.56, 3.13, 6.25, 12.5, 25, 50, 100 µM), either with or without.
After 24 h, 20 µL of Methyl-thiazolyldiphenyl-tetrazolium
bromide (MTT, 5 mg/mL, Thermo Fisher Scientific) was added
to each well and incubated for a minimum of 4 h. Following the
incubation, the medium containing the compounds and MTT was
removed from each well, and 200 µL of dimethyl sulfoxide
(DMSO) was added. The plates were then shaken for 10 min at
37°C to dissolve the formazan crystals. The absorbance was
measured using a microplate reader (BioTek Synergy 4) at a
wavelength of 490 nm.

2.4 Cell cycle and early stage
apoptosis analysis

After 24 h of treatment with various concentrations of
compounds, MCF-7 cells were harvested and washed twice with
phosphate-buffered saline (PBS). For cell cycle analysis, the cells
were initially fixed with 70% ethanol at 4°C overnight and
subsequently washed with PBS. The fixed cells were then
resuspended in 1× PBS containing 0.5% Triton X-100, 50 μg/mL
propidium iodide (PI), and 50 μg/mL DNase-free RNase A, and
incubated at 37°C for 30 min in darkness. Following incubation, cell
cycle distribution was assessed using a BD FACSCanto™
flow cytometer.

Apoptosis was evaluated using the Annexin V-FITC/PI
Apoptosis Detection Kit (Vazyme). The harvested MCF-7 cells
were first resuspended in 1× binding buffer from the kit to
achieve a final concentration of 1×106 cells/ml. Next, 100 μL of
the cell suspension, 5 μL of Annexin V, and 10 μL of PI were mixed
and incubated in the dark for 15 min. Subsequently, 400 μL of 1×
binding buffer was added to the mixture in preparation for
apoptosis analysis.

2.5 Western blotting

MCF-7 cell lysates were prepared by rinsing the cells twice with
PBS and then solubilizing them in lysis buffer (NP40 supplemented
with protease and phosphatase inhibitor cocktails) on ice. The
solubilization process involved rotating the lysis buffer/cell
mixture end over end for 10 min at 4°C. After centrifugation for
10 min at 4°C to remove insoluble material, the protein
concentration of the solubilized protein was determined using a
BCA assay. Subsequently, samples were diluted in SDS sample
buffer. Equivalent amounts of protein were separated by SDS-
PAGE, transferred to PVDF membranes, and probed with the
indicated antibody. Prior to incubation with primary antibodies
overnight at 4°C, the membranes were blocked with 5% skim milk-
TBST. The antibodies and their sources were as follows: PARP1 (1:
500, Santa Cruz Biotechnology), Cleaved Caspase-3 (1:1000, Cell
Signaling Technology), BAX (1:500, Santa Cruz Biotechnology),
BCL-2 (1:500, Santa Cruz Biotechnology), and GAPDH (1:500,
Santa Cruz Biotechnology). Following incubation with
horseradish peroxidase-conjugated goat anti-mouse or goat anti-
rabbit secondary antibody (Santa Cruz Biotechnology), the detected
proteins were visualized using the Pierce Enhanced
Chemiluminescence (ECL) reagent and a UV Products imaging
system. Band intensities were quantified using the National
Institutes of Health ImageJ software.

2.6 Kinase inhibition assays

The experiments were conducted in accordance with the
manufacturer’s guidelines (Promega). The procedure began with
a kinase reaction, where 5 μL of 1× kinase buffer was utilized, and
the mixture was incubated at room temperature for 60 min. This
step was followed by the addition of 5 μL of ADP-Glo™ reagent to
terminate the kinase reaction and to deplete any remaining ATP,
with a subsequent incubation period of 40 min at room temperature.
Next, 10 μL of kinase detection reagent was added to convert ADP
back into ATP, and luciferase along with luciferin was introduced to
facilitate ATP detection. This mixture was then incubated at room
temperature for an additional 30 min. Detection was carried out
using a BioTek Synergy4 instrument, and data analysis, including
curve fitting and presentation, was performed using GraphPad
Prism version 5.0. Staurosporine, a potent indolecarbazole
alkaloid, was employed as a specific inhibitor of protein kinases
to validate the specificity of the assay (Omura et al., 1977; Song et al.,
2017; Abou-Zied et al., 2019).

2.7 EGFR thermal stability analysis

In the CETSA, MCF-7 cells were treated with varying
concentrations of Tandyukisin (5, 10, 20 µM) or a control solution
of 0.2% DMSO for 24 h. Following treatment, cells were harvested
and washed with PBS to eliminate any residual drug, then an equal
number of cells were allocated into 0.2 mL PCR tubes. These cells
were resuspended in 100 µL PBS supplemented with a complete
protease inhibitor cocktail and subjected to a heating step at 50°C for
3 min. Post-heating, the cells underwent lysis through three cycles of
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freeze-thaw using liquid nitrogen, followed by centrifugation at
12,000g for 20 min at 4°C to separate the lysate. The clarified
supernatant from each tube was then carefully transferred to
fresh tubes for Western blotting.

In the Differential Scanning Fluorimetry (DSF) study,
concentrations of Tandyukisin-1.3, 2.5, 5, and 10 µM-were
incubated with 0.05 mg/mL of the EGFR kinase domain. A
control sample, containing only 5% DMSO, was used alongside
the EGFR kinase domain. The thermal stability of the EGFR kinase
domain was assessed using PR NT.48 (NanoTemper). The assay
conditions were set to a temperature range of 25°C–95°C with a ramp
rate of 1 °C/min.

2.8 Surface plasmon resonance (SPR)
experiments

The binding affinities of compounds towards EGFR extracellular
ligand binding domain and EGFR intracellular kinase domain were
assayed using the SPR-based Biacore 8K instrument (Cytiva).
Considering the purchased EGFR was fused with GST tag, GST
alone was also immobilized on the chip to do the binding
measurement. All the proteins were respectively immobilized on
a CM5 sensor chip by using standard amine-coupling at 25°C with
running buffer HEPES-P (20 mM HEPES buffer, 2.7 mM NaCl,
137 mM KCl, 0.05% surfactant P20, pH 7.4). A reference channel
was only activated and blocked to eliminate compound unspecific
binding to the surface of the chip. The immobilization level of EGFR
extracellular ligand binding domain, EGFR intracellular kinase
domain and GST were all about 10,000 RU. Different
concentrations of compounds containing 5% DMSO were serially
injected into the channel to evaluate the binding affinity. Extra wash
with 50% DMSO was added to remove the last remaining sample in
the pipeline. The association constants (ka), the dissociation
constants (kd) and the equilibrium dissociation constants (KD) of
the compounds were obtained by fitting the data sets to 1:
1 Langmuir binding model using Biacore 8K Evaluation Software.

2.9 SPR based competition experiments

To elucidate the binding sites of the compounds exhibiting the
highest affinity towards the extracellular ligand-binding domain and
intracellular kinase domain of EGFR, Trichoharzin and Tandyukisin
were selected based on their optimal binding affinities for
competition experiments with EGF and ATP, respectively.

In the EGF competition experiments, a buffer scouting strategy
using the A-B-A mode from the Biacore 8K method wizard was
employed to assess the impact of EGF on the binding affinity of
Trichoharzin and vice versa, towards the EGFR extracellular ligand-
binding domain. The protocol fixed the pre-flank contact time,
analyte contact time, and post-flank contact time at 60 s, 60 s, and
120 s, respectively. To evaluate the influence of EGF on
Trichoharzin, A represented a single concentration of EGF,
whereas B denoted a combination of varying concentrations of
Trichoharzin with the identical EGF concentration as in A.
Conversely, to examine the effect of Trichoharzin on EGF, A
indicated a single concentration of Trichoharzin, and B

comprised various EGF concentrations mixed with the same
concentration of Trichoharzin as in A.

For ATP competition experiments, the LWM kinetic/affinity
analysis protocol from the Biacore 8K method wizard was utilized to
determine the effect of ATP on the binding affinity of compounds to
the EGFR intracellular kinase domain. The investigation involved
running buffers both with and without 1 mM ATP to ascertain
whether ATP and the compounds compete for the same binding site.

2.10 Molecular docking and molecular
dynamics simulation

The program Glide Standard Precise (SP) mode and Extra Precise
(XP) mode with default parameters were proposed to do the molecular
docking studies. The crystal structure of EGFR intracellular kinase
domain (PDB code: 5CAV), CDK4 (PDB code: 2W96), CDK6 (PDB
code: 3NUP), mTOR (PDB code: 3OAW), and HER2 (PDB code:
5O4G)was used as the target receptor for the docking of the compound.
Tandyukisin with best cancer cell inhibition activities was successively
docked into the above functional binding sites. Binding mode from XP
was used to analyze key interactions between molecules and the
corresponding binding site.

The docking results from Glide XP was also used for the binding
mode prediction of Trichoharzin in EGFR extracellular ligand
binding domain (PDB code: 1IVO).

Molecular dynamics (MD) simulations of ligand-protein
complexes were conducted using Desmond in Schrodinger.
Initially, a water model was established utilizing the System
Builder tool, followed by the addition of sodium and chloride
ions to achieve neutralization. The minimization processes
employed the OPLS3 force field. Subsequently, the complexes
underwent simulations for 1 ns and an extended 100 ns under
NPT conditions at a temperature of 300 K. Trajectory analysis
facilitated the extraction of key parameters, including the root
mean square deviation (RMSD), root mean square fluctuation
(RMSF), ligand contact maps, and binding profiles from the
simulation data.

2.11 Synergistic experiments between
Tandyukisin and Trichoharzin in enzymatic
and cell-based assays

MCF-7 cells were seeded at a density of 5,000 cells per well in 96-
well plates and allowed to adhere overnight. Subsequently, the cells
were treated with various concentrations of Trichoharzin (0, 1.56,
3.125, 6.25, 12.5, 25, 50 µM) and Tandyukisin (0, 1.56, 3.125, 6.25,
12.5, 25, 50 µM) for 24 h. The efficacy of these treatments was
assessed using the MTT assay to determine the inhibitory effects of
the compound combinations.

In the enzymatic assay examining the combination of
Tandyukisin and Trichoharzin, Tandyukisin was used at various
concentrations (0, 0.31, 0.63, 1.25, 2.5, 5, 10, 20 nM). Each
concentration of Tandyukisin was then combined with differing
concentrations of Trichoharzin (0, 0.31, 0.63, 1.25, 2.5, 5, 10,
20 nM). The resultant mixtures were pre-incubated with enzyme
samples to evaluate their inhibitory effects on EGFR activity.

Frontiers in Pharmacology frontiersin.org04

Li et al. 10.3389/fphar.2024.1396605

82

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1396605


2.12 Statistical analysis

All experiments were repeated at least three times, and the
data are presented as mean ± standard deviation (SD). The
statistical analyses were performed using Origin. EC50 or IC50

values were obtained by fitting the data to a four-parameter Hill
model of the graph of log dose against percentage cell viability or
inhibition from at least three sets of experiments. Difference
between two groups were analyzed by Student’s t test (two-
sided) and significance was set at p < 0.05. The specific details
about statistical methods are introduced in respective
figure legends.

3 Results

3.1 Tandyukisin inhibits MCF-7 growth by
promoting early-stage cell apoptosis

According to data from the International Agency for Research on
Cancer (IARC) released in December 2020, breast cancer has surpassed
lung cancer as the most frequently diagnosed cancer worldwide. In light
of this, our laboratory chose the MCF-7 breast cancer cell line for
evaluating the bioactivity of 675 natural products. Initial screenings
identified four compounds that significantly inhibited the proliferation of
MCF-7 cells at a concentration of 10 μM, with their structures depicted

FIGURE 1
The chemical structures of Tandyukisin B, Trichoharzin, Tandyukisin C and Tandyukisin.

FIGURE 2
Identification of compounds that can significantly inhibit MCF-7 cell growth and induce cell apoptosis. (A) Growth inhibition activity of compounds
in MCF-7 cells. The effect of treating MCF-7 cells with these increasing concentrations of compounds for 24 h was evaluated using MTT assay. (B)
Percentage of MCF-7 cells in different phases of the cell cycle after respectively treatment with 5, 10, and 20 μM Tandyukisin for 24 h using flow
cytometric analysis. (C) The effect of Tandyukisin in cell apoptosis of MCF-7 cells. The apoptosis of cells was confirmed by Annexin-V/PI double-
staining after Tandyukisin treatment for 24 h. (D) The expression levels of PARP1 and cleaved caspase-3 in MCF-7 cells after Tandyukisin treatment. All
values were repeated three times and represented as the mean ± SD. p values were obtained from a two-tailed Student’s t-test, *p < 0.05, **p < 0.01,
***p < 0.001.
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in Figure 1. Subsequent dose-response analyses revealed that these
compounds exerted dose-dependent inhibitory effects on cell viability
at micromolar concentrations, as illustrated in Figure 2A. The half-
maximal effective concentration (EC50) values for Tandyukisin B,
Trichoharzin, Tandyukisin C, and Tandyukisin were determined to
be 9.2 ± 1.2, 4.8 ± 0.4, 8.7 ± 1.0, and 3.0 ± 1.0 µM, respectively. The EC50

value for the positive control Staurosporine was 0.5 ± 0.2 µM.
To further assess the anti-proliferative properties of

Tandyukisin, with the best cell growth inhibition activity, we
analyzed its impact on the cell cycle of MCF-7 cells. Following
24 h of treatment at varying concentrations, the cells were collected
for cell cycle analysis using flow cytometry. The results indicated a
marked increase in the proportion of cells in the G0/G1 phase and a
decrease in the S and G2/M phases at a concentration of 20 μM,
elevating the G0/G1-phase cells to 85.67%, as shown in Figure 2B.

Additionally, the potential of Tandyukisin to induce apoptosis in
MCF-7 cells was investigated employing the Annexin V-FITC/PI
Apoptosis Detection Kit and immunoblotting techniques. Cells in
early apoptosis were identified as PI negative and annexin V-FITC
positive, whereas late apoptotic cells were positive for both markers.
The data, presented in Figure 2C, revealed a significant increase in
the percentage of apoptotic cells following Tandyukisin treatment,
in a concentration-dependent manner. Specifically, apoptosis ratios
in untreated MCF-7 cells were at 5.23%, while treatment with
Tandyukisin at concentrations of 5, 10, and 20 µM resulted in
apoptosis ratios of 12.10%, 14.37%, and 19.24%, respectively.
Meanwhile, upon Tandyukisin treatment, the expression level of
PARP1 was decreased, while the expression level of cleaved caspase-3
protein increased (Figure 2D; Supplementary Table S1).

These findings suggest that the antitumor activity of
Tandyukisin may be attributed to its ability to modulate the cell
cycle and induce early apoptosis through the activation of caspase-3.

3.2 Compound functions by targeting
to EGFR

To further investigate which target compounds bound in, based
on MCF-7 is the breast cancer cell line, we selected five widely
recognized breast cancer treatment targets and docked
Tandyukisin with best cancer cell growth inhibition activities to
their respectively functional binding site. The five targets are
mammalian target of rapamycin (mTOR) (Yu et al., 2001), human
epidermal growth factor receptor 2 (HER2, ERBB2/neu) (Jerusalem
et al., 2019), cyclin-dependent kinase 4/6 (CDK4/6) (Pandey et al.,
2019), breast cancer susceptibility gene (BRCA) (Engel and Fischer,
2015), and EGFR (HER1/ERBB1) (Kjaer et al., 2018). The docking
results, summarized in Supplementary Table S2, revealed that
Tandyukisin displayed the highest binding affinity to the EGFR
intracellular kinase active site, with an optimal docking score
of −7.2 kcal/mol. Notably, the docking scores for Tandyukisin with
CDK4 and CDK6 were −6.0 and −5.9 kcal/mol, respectively. No
binding information of the other three proteins were obtained.

To further evaluate the selectivity and cytotoxicity of
Tandyukisin across a range of cancer cell lines, we expanded our
analysis beyond the EGFR-amplified breast cancer cell line MCF-7
to include high EGFR-expressing cancer cells (A549, A431, H1299)
and low EGFR-expressing cancer cells (HL-60), as well as the non-

tumorigenic epithelial cell line MCF-10A. The cytotoxic effects of
Tandyukisin, at a concentration of 10 μM, were quantitatively
assessed. The results, depicted in Figure 3A, indicated cell
lethality percentages of 75.7% ± 2.3% for MCF-7, 72.1% ± 1.8%
for A549, 67.3% ± 2.7% for A431, 60.3% ± 3.9% for H1299, 11.1% ±
1.2% for HL-60, and 8.9% ± 1.5% for MCF-10A, respectively.

The results demonstrate that the anti-tumor activity of
Tandyukisin is largely achieved by targeting EGFR.

3.3 Tandyukisin targets both wild-type EGFR
and its pathogenic mutants

In light of the significant challenge posed by drug-resistant
mutations in EGFR-associated diseases, where over 50% of patients
develop resistance, our research extended to evaluate the efficacy of
compounds against both wild-type (WT) EGFR and prevalent drug-
resistant mutants. Considering that the T790M point mutation in
exon 20 confers resistance to EGFR-targeted therapeutics, and
approximately two-thirds of patients treated with such drugs
develop this mutation, its significance is underscored (Pao et al.,
2005). Concurrently, the exon 19 deletion mutation (Ex19Del) and
the exon 21 L858R point mutation represent the predominant
pathogenic EGFR mutations, affecting the principal cohort treated
with oral EGFR inhibitors, and constitute over 80% of all EGFR
mutations (Rosell et al., 2009). Therefore, in our study on the enzyme
activity of EGFR pathogenic mutants, we prioritized the inclusion of
the T790M, L858R, and potentially the combined L858R/T790M
mutations to align with their clinical prevalence and therapeutic
relevance (Figure 3B, C; Supplementary Figure S1). The in vitro
kinase assays demonstrated that the four studied compounds
exhibited potent inhibition across these variants at nanomolar
concentrations. Specifically, Tandyukisin showcased notable
inhibitory concentrations (IC50) against WT EGFR, T790M,
L858R, and L858R/T790M mutants, with values of 10.6 ± 0.6,
32.6 ± 0.6, 3.1 ± 0.1, and 237 ± 28 nM, respectively (Figure 3B).
The IC50 values of positive control Staurosporine to WT, T790M,
L858R, and L858R/T790M EGFR were 119.1 ± 0.1, 0.4 ± 0.1, 19.3 ±
0.1, and 3.4 ± 0.1 nM, respectively (Figure 3C). Remarkably, the IC50

for Tandyukisin against WT EGFR was determined to be 10 nM,
revealing a potency 20-fold greater than that of the positive control
Staurosporine against the same target.

To further ascertain the specificity of Tandyukisin’s action, we
subjected it to tests against a panel of eight distinct tyrosine kinases.
The results from these experiments elucidated that Tandyukisin
exhibited selective inhibitory activity predominantly towards
tyrosine kinases within the EGFR family (Figures 3D, E).
Certainly, a more comprehensive evaluation of the selectivity and
safety of Tandyukisin necessitates the validation across a broader
spectrum of kinase types.

3.4 Tandyukisin efficiently promotes
concentration-induced EGFR stability in
MCF-7 cells

To confirm Tandyukisin directly bound EGFR in cells, CETSA
was conducted. Currently, CETSA is widely used in drug target
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discovery assay and is based on the thermal stability changes after
drugs bind to their targets (Martinez Molina et al., 2013; Jafari et al.,
2014). After treatment with Tandyukisin at 5, 10, 20 μM for 24 h, the
multiple aliquots of the cell suspension were heated at 55°C. The
heated cells were subsequently lysed and centrifuged to separate
soluble fractions from precipitated denatured EGFR. After thermal
denaturation, EGFR in the soluble fraction was examined by
Western blotting. As shown in Figure 3F; Supplementary Table
S3, compared with DMSO control, cells treated with Tandyukisin
showed a markable increase in the accumulation of EGFR in the
soluble fraction at the examined temperatures, indicating
the binding of Tandyukisin stabilized EGFR. At the protein level,
Tandyukisin could also enhance the thermal stability of
EGFR in a concentration-dependent manner, as demonstrated
at concentrations of 1.3, 2.5, 5, 10, and 20 μM
(Supplementary Figure S2).

3.5 Compounds specifically bind to EGFR by
disrupting EGF or ATP binding

To elucidate the direct interaction between EGFR and various
compounds, SPR was employed. Given the membranous nature of
EGFR, both its extracellular ligand-binding domain and
intracellular kinase domain were procured for SPR analysis. An
initial screening on a GST-immobilized chip was conducted to

identify any nonspecific binding to the GST tag, which, fortunately,
yielded no such interactions, as shown in Supplementary Figure S3.
The sensorgrams suggested that the observed response changes
were more attributable to bulk effects rather than specific
interactions. All compounds showed concentration dependent
binding responses for the two domains. The KD values of
compounds Tandyukisin B, Trichoharzin, Tandyukisin C and
Tandyukisin for EGFR intracellular kinase domain were 7.02,
6.34, 6.56 and 5.57 µM, respectively (Figure 4A, B;
Supplementary Figure S4A, B); while the KD values of
Tandyukisin B, Trichoharzin, Tandyukisin C and Tandyukisin
for EGFR extracellular ligand binding domain were 30.0, 7.98, 55.1,
and 101 μM, respectively Figure 4C, D; Supplementary
Figure S4C, D).

The interaction between EGF and EGFR’s extracellular
domain, known to trigger EGFR dimerization,
autophosphorylation, and subsequent cellular proliferation and
metastasis, was further explored (Citri and Yarden, 2006). A
binding competition assay with Trichoharzin, which
demonstrated the best affinity for the EGFR extracellular
domain, was conducted to assess its potential to inhibit EGF-
EGFR binding. SPR analysis confirmed a high-affinity interaction
between EGF and EGFR (26.1 nM, Supplementary Figure S5), with
Trichoharzin significantly inhibiting this interaction in a
concentration-dependent manner, reducing the binding affinity
of EGF to EGFR to 191, 372, and 1740 nM at concentrations of 125,

FIGURE 3
Compounds selectively target EGFR. (A) MTT assays of compound Tandyukisin for MCF-7, A549, A431, H1299, HL-60 and MCF-10A cells. (B)
Inhibition of Tandyukisin on EGFR kinases determined by ELISA assay. (C) Inhibition of Staurosporine on EGFR kinases determined by ELISA assay. (D)
Kinase profiling of Tandyukisin against eight human tyrosine kinases. The IC50 value of Tandyukisin for HER4 was 31.1 ± 0.1 nM, while the IC50 value of
Tandyukisin for other seven tyrosine kinases were larger than 100 μM. (E) Kinase profiling of Staurosporine against eight human tyrosine kinases. The
IC50 value of Staurosporine for FGFR1, FGFR2, FGFR3, HER4, ABL, ECK, FLT1 and FAKwere 8.3 ± 2.0, 7.7 ± 0.9, 23.9 ± 1.0, 30.5 ± 0.1 nM, 262 ± 19, 361 ± 90,
7.0 ± 0.6 and 4.0 ± 2.0 nM, respectively. (F) CETSA was performed to evaluate the binding effects of Tandyukisin on the thermal stability of EGFR. IC50

values are shown as the mean ± SD from at least three independent experiments. Staurosporine was the positive control. FGFR1/2/3: fibroblast growth
factor receptor 1/2/3, HER4: epidermal growth factor receptor 4, ABL: Abelson tyrosine-protein kinase, ECK: Epithelial cell kinase, FLT1: Vascular
endothelial growth factor receptor 1, FAK: Focal Adhesion Kinase.
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250, and 500 μM, respectively (Figures 4E–G). This represented a
7.3, 14.3, and 66.7-fold decrease in EGF binding affinity,
respectively. A dose dependent decrease in the binding affinity
for Trichoharzin upon addition of EGF at 0, 5, 10, and 20 nM was
also observed. The KD values of Trichoharzin against EGF at 2.5,
10, 20 nM incubated EGFR extracellular ligand binding domain
were 26.2, 40.6, and 56.2 µM, respectively, which were also 3.3, 5.1,
and 7.0 folds weaker than Trichoharzin binding alone
(Figures 4H–J).

Considering EGFR belongs to receptor tyrosine family, we also
examined the effect of ATP on compound binding by using EGFR
intracellular kinase domain immobilized sensor chip. After adding
1 mM ATP to HEPES-P running buffer, nearly all compounds
complete lost their binding ability to EGFR intracellular kinase
domain and exhibited KD values larger than 200 µM (Figure 4K,
L; Supplementary Figure S6). This observation suggests that the
presence of ATP significantly disrupts compound binding to the
intracellular kinase domain of EGFR.

SPR results indicated that compounds can disrupt EGFR
function by binding to EGF binding site, or ATP binding site, or
both sites. SPR results also support that compounds did not
aggregate under the experimental conditions.

3.6 Binding mode prediction

To elucidate the molecular interactions between the compounds
and specific domains of EGFR, computational docking studies were
performed using Glide (Friesner et al., 2004; Halgren et al., 2004),
focusing on the binding of Trichoharzin to the EGF binding site and
Tandyukisin to the ATP binding site.

The EGF/EGFR interaction interface is comprised of three
primary sites: site I located in domain I, and sites II and III
situated in domain III (Ogiso et al., 2002). At site I, the
hydrophobic interactions involve the side chains of Leu14, Tyr45,
Leu69, and Leu98 of EGFR with EGF, complemented by hydrogen
bonding between residues 15–18 of EGFR and EGF. Site II is
characterized by hydrophobic interactions involving Val350 and
Phe357 of EGFR, a salt bridge formation by the Asp355 side chain
with EGF, and van der Waals contacts between Phe357 and EGF.
Site III features hydrophobic interactions with Leu382, Phe412,
Val417, and Ile438 of EGFR, alongside a hydrogen bond formed
by the Gln384 side chain with EGF.

Based on the docking results, Trichoharzin mainly occupied site
I yielding a docking score of −6.2 kcal/mol (Figure 5A).
Trichoharzin was anchored into site I by five hydrogen bonds,

FIGURE 4
SPR dose response curves of Trichoharzin and Tandyukisin for EGFR. A-B. Trichoharzin (A) and Tandyukisin (B) bound to EGFR kinase domain
without ATP. C-D. Trichoharzin (C) and Tandyukisin (D) bound to EGFR ligand binding domain. E-J. SPR competition experiment performed between
Trichoharzin and EGF. In the presence of Trichoharzin at 125 (E), 250 (F), and 500 (G) µM, the KD values of EGF decreased to 191, 372, and 1740 nM,
respectively. (H–J). In the presence of EGF at 2.5 (H), 10 (I), and 20 (J) nM, the KD values of Trichoharzin reduced to 26.2, 40.6, and 56.2 µM,
respectively. K-L. Trichoharzin (K) and Tandyukisin (L) bound to EGFR kinase domain in the presence of ATP.
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including a donor and two acceptor interaction with Gln16, an
acceptor interaction with the polar side chain of Tyr45, and a donor
interaction with the Tyr101 backbone. Hydrophobic interaction also
exited between Trichoharzin and Leu 14 and Leu 69. Notably, the
shallow nature of site I results in substantial exposure of
Trichoharzin to the solvent.

The ATP binding site, a target for two generations of FDA-
approved ATP-competitive inhibitors for cancer treatment, involves
key residues such as Thr790, Met793, and Cys797 for drug-EGFR
interactions (Hossam et al., 2016). The docking model of
Tandyukisin highlighted seven EGFR residues in proximity
(Figure 5B), with five crucial hydrogen-bond interactions
involving donor and acceptor interactions with Cys797 and

Arg841, an acceptor interaction with the Asp855 backbone, and
donor interactions with the Thr854 and Thr790 backbones.
Hydrophobic interactions are also observed between Tandyukisin
and the alkyl side chains of Leu718 and Leu844. As illustrated in
Supplementary Figure S7, MD simulation revealed that Tandyukisin
could stably bind to the predicted sites within the kinetic simulation
timeframe of 100 ns.

These docking results corroborate the experimental findings
regarding the binding sites of the compounds, demonstrating a
consistent alignment with the observed competition results.
Considering that the pivotal residues facilitating the binding of
Trichoharzin to EGFR are situated within the ligand-binding
domain, and notwithstanding that the critical residues for the

FIGURE 5
Trichoharzin and Tandyukisin synergize to induce rapid cell death in MCF-7 cell line. (A) The binding mode of Trichoharzin to EGFR ligand binding
domain. (B) The bindingmode of Tandyukisin to EGFR kinase domain. (C)CI values for each Trichoharzin and Tandyukisin combinationwere quantified by
CompuSyn Software. CI values are heat mapped with lowest values in green and highest values in red.
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interaction of Tandyukisin with EGFR encompass Thr790, the
hydrogen bond length formed by Tandyukisin and
Thr790 measures 2.6 Angstroms. Consequently, the impact of
this hydrogen bond on the interaction between Tandyukisin and
EGFR appears non-decisive. This observation suggests a potential
rationale for Trichoharzin and Tandyukisin exhibiting inhibitory
activity against EGFR pathogenic mutants T790M and L858R.

3.7 Trichoharzin and Tandyukisin synergize
to induce rapid cell death in MCF-7

Given the enhanced therapeutic efficacy, reduced side effects,
and capability to circumvent multidrug resistance (MDR) associated
with combination therapy, this approach has become a cornerstone
in the treatment of cancer patients (Botham et al., 2014; Yang et al.,
2015). In light of this, and following the identification of a suite of
compounds exhibiting preferential binding to distinct sites on
EGFR, we opted to investigate the combined effects of
Trichoharzin, targeting the EGF binding site, and Tandyukisin,
aimed at the ATP binding site, through MTT assays designed to
assess their synergistic potential.

The synergy between Trichoharzin and Tandyukisin was
quantitatively evaluated using the Chou and Talalay method
(Chou, 2006), which calculates the Combination Index (CI). A
CI value less than one signifies a synergistic interaction, a CI
greater than one denotes antagonism, and a CI equal to one
indicates an additive effect. Among these, the lowest CI value is
indicative of the most potent synergistic interaction. The results of
synergistic experiments for Trichoharzin and Tandyukisin in cell
assays were shown in Figure 5C; Supplementary Figure S8. As can be
seen, the combination of Trichoharzin and Tandyukisin creates a
synergistic anti-tumor effect as CI values are lower than 1. The
relative strong synergistic interactions (CI values between 0.4 and 0.
6) were observed with Trichoharzin concentration ranging from 6.
25 to 50 μM, while Tandyukisin concentration ranging from 6.25 to
25 µM. When the concentration of Trichoharzin is 1.56 µM or the
concentration of Tandyukisin is 50 µM in the matrix, antagonistic
interaction was more likely observed. Moreover, the synergistic
effect of Trichoharzin and Tandyukisin on WT EGFR enzyme
activity was investigated. The experimental results demonstrated
a consistent synergistic effect almost across all concentrations of
Trichoharzin within the concentration range of 1.25–10 nM of
Tandyukisin, as depicted in Supplementary Figure S9. Synergistic
results further confirm our competition and docking results about
the binding sites of the compounds.

4 Discussion

From our in-house natural products library, we successfully
identified a novel EGFR inhibitor, Tandyukisin, characterized by a
unique chemical scaffold. Tandyukisin has demonstrated the ability
to inhibit cancer cell growth in the micromolar range, selectively
target EGFR-amplified breast cancer cell proliferation, and induce
apoptosis through Caspase-3 activation. It effectively inhibited both
wild-type and mutant forms of EGFR (T790M, L858R, and L858R/
T790M) with a concentration range from 3 to 240 nM, showcasing

pronounced selectivity for EGFR tyrosine kinase. The use of CETSA
demonstrated that Tandyukisin targeted EGFR in cells and
promoted concentration-induced EGFR stability. SPR assay
provided the exact binding affinity of Tandyukisin to EGFR.
Moreover, competition experiments between Tandyukisin or
Trichoharzin and ATP or EGF further confirmed the truth that
compound bound in the orthogonal site. Molecular docking studies
specified Cys797, Arg 841, Asp855, Thr854 and Thr790 were the key
residues to stabilize Tandyukisin in the site. In addition,
Tandyukisin and Trichoharzin used in combination can
accelerate the death of breast cancer cells.

This marks the inaugural report of Tandyukisin as an EGFR
inhibitor, although its anti-tumor properties were previously
identified in a study by Takeshi Yamada’s group in 2015, which
isolated a new decalin derivative from the marine sponge
Halichondria okadai (Yamada et al., 2015). They characterized
the structure of the compound using 1D and 2D NMR
techniques, and the compounds were then tested for their liver
cancer cell inhibitory activity. Marine organisms, thriving under
extreme environmental conditions, are prolific producers of
bioactive compounds with potential anti-tumor, antibacterial, and
antiviral properties (Bull et al., 2005). According to incomplete
statistics, more than 25,000 marine natural product compounds
have been studied so far, and they are expected to be further
developed into marine drugs and other marine biological
products. There are currently about 14 marine drugs approved
for marketing, and more than 50 marine drugs are in the clinical
trial stage (Ruiz-Torres et al., 2017), underscoring the marine
ecosystem’s vast potential for novel drug discovery, particularly
in oncology. However, due to the relatively low distribution
density of marine biological resources, and the anti-tumor active
substances in marine organisms are at the microgram or milligram
level, the large-scale preparation of active substances has become
one of the keys limiting factors in the development of marine anti-
tumor drugs.

Theoretically, the binding affinity of inhibitor (KD value) in the
orthogonal site should be coordinate with its enzymatic inhibition
ability (IC50 value). For Tandyukisin, its KD value is 5.57 µM, while
its EGFR inhibition activity IC50 value is about 10 nM. The
difference between KD and IC50 value is mainly caused by that
the compound may inhibit enzyme activity by inducing
conformational changes in the kinase domain. Immobilizing the
kinase domain on the chip will hinder the conformational changes of
the protein, so it showed weaker binding activity. Another reason
may be related to the inconsistent activity status of the protein under
different experimental conditions. The mechanism of Tandyukisin
inhibiting EGFR activity involves two main actions: firstly, by
directly occupying the ATP binding site, and secondly,
potentially by restricting the mobility of the kinase domain’s
rigid regions. This restriction could prevent the active site from
adopting a closed conformation, thereby stabilizing EGFR in an
inactive state. However, elucidating the precise mechanism of
inhibition necessitates further experimental and computational
investigations to fully understand how Tandyukisin influences
EGFR activity and conformation.

Although a small number of cancer patients can benefit from
EGFR inhibitors as monotherapy in patients with malignancies such
as breast cancer and non-small cell lung cancer, cancer cells may
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activate different mechanisms to evade the antitumor activity of
EGFR-targeted anti-tumor drugs. Consequently, combination
therapy involving EGFR inhibitors is increasingly favored due to
its potential to surmount acquired resistance, thereby enhancing the
responsiveness of drug-resistant cells and extending patient
progression-free survival (PFS). As per predictions from ADMET
lab3.0 (https://admetlab3.scbdd.com/), Tandyukisin demonstrates
low toxicity across three commonly utilized cell lines (RPMI-8226,
A549, HEK293) and exhibits minimal adverse effects on
neurological, genetic, and cardiac functions, among others,
indicating overall favorable performance. However, the
conjugated structure of Tandyukisin’s active double-bonded
carbonyl group may impact its distribution and metabolism,
potentially leading to renal and respiratory toxicity. Nonetheless,
Tandyukisin shows no inhibitory effects on most P450 isoenzymes
in the human body and exhibits excellent stability in human liver
microsomes (HLM), thereby not interfering with the
pharmacokinetic properties of other therapeutic drugs. Hence,
Tandyukisin presents itself as highly suitable for combination
therapy. We anticipate that our discovery of an EGFR inhibitor
with a novel scaffold will address the issue of low yield post-
completion of full chemical synthesis steps. However, before
Tandyukisin can progress to clinical trials, it necessitates
pharmacophore optimization, scaffold transition, and other
medicinal chemistry approaches to enhance its pharmacokinetic
properties and optimize drug efficacy. The strategic co-
administration of EGFR inhibitors has the potential to amplify
therapeutic outcomes and mitigate the risk of resistance
development. Of course, the safety and efficacy of such
combination therapies necessitate further comprehensive
investigation.

5 Conclusion

In this study, we have identified Tandyukisin as a novel EGFR
inhibitor capable of significantly suppressing the enzymatic
activity of both EGFR and its drug-resistant mutants at
nanomolar concentrations. Derived from compounds isolated
from marine organisms, Tandyukisin offers valuable insights for
the development of marine-derived antitumor drugs. The EGFR
receptor can activate three signaling pathways, namely, the JAK/
STAT signaling pathway involved in immune regulation, the
RAS-RAF-MEK pathway (MAPK/ERK pathway) involved in cell
proliferation, and the PI3K-AKT-mTOR pathway involved in cell
survival. Our research has demonstrated that EGFR inhibitors
can activate Caspase-3, increase BAX, and reduce BCL-2 to
promote early apoptosis of cells. However, further
investigation into molecular and protein-level mechanisms,
such as the impact of BCL-2 like protein 11 mRNA and
protein expression, and the phosphorylation levels of EGFR,
AKT, and ERK, should be pursued diligently. Despite the
current limitations in the yield of Tandyukisin impeding
further in vitro or in vivo experimental validation, the
identification of Tandyukisin could facilitate the development
of next-generation EGFR inhibitors and enable the investigation

of their potential synergistic effects with inhibitors that target
related pathways.
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Benserazide, a cystathionine
beta-synthase (CBS) inhibitor,
potentially enhances the
anticancer effects of paclitaxel via
inhibiting the S-sulfhydration of
SIRT1 and the HIF1-α/
VEGF pathway
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Cancer targeted therapy is essential to minimize damage to normal cells and
improve treatment outcomes. The elevated activity of Cystathionine beta-
synthase (CBS), an enzyme responsible for producing endogenous hydrogen
sulfide (H2S), plays a significant role in promoting tumor growth, invasiveness, and
metastatic potential. Consequently, the selective inhibition of CBS could
represent a promising therapeutic strategy for cancer. Currently, there is
much interest in combining paclitaxel with other drugs for cancer treatment.
This study aimed to investigate the efficacy of combining benserazide, a CBS
inhibitor, with paclitaxel in treating tumors. Firstly, we demonstrated CBS is
indeed involved in the progression of multiple cancers. Then it was observed
that the total binding free energy between the protein and the small molecule
is −98.241 kJ/mol. The release of H2S in the group treated with 100 μM
benserazide was reduced by approximately 90% compared to the negative
control, and the thermal denaturation curve of the complex protein shifted to
the right, suggesting that benserazide binds to and blocks the CBS protein. Next, it
was found that compared to paclitaxel monotherapy, the combination of
benserazide with paclitaxel demonstrated stronger antitumor activity in
KYSE450, A549, and HCT8 cells, accompanied by reduced cell viability, cell
migration and invasion, as well as diminished angiogenic and
lymphangiogenic capabilities. In vivo studies showed that the combined
administration of benserazide and paclitaxel significantly reduced the volume
and weight of axillary lymph nodes in comparison to the control group and single
administration group. Further mechanistic studies revealed that the combination
of benserazide and paclitaxel significantly suppressed the S-sulfhydration of
SIRT1 protein, thereby inhibiting the expression of SIRT1 protein and activating
SIRT1 downstream Notch1/Hes1 signaling pathway in KYSE450, A549, and
HCT8 cells. Meanwhile, we observed that benserazide combined with
paclitaxel induced a more significant downregulation of HIF-1α, VEGF-A,
VEGF-C, and VEGF-D proteins expression levels in KYSE450, A549, and
HCT8 cells compared to paclitaxel alone. These findings indicated that
benserazide enhances the anticancer effects of paclitaxel via inhibiting the
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S-sulfhydration of SIRT1 and down-regulating HIF-1α/VEGF signaling pathway. This
study suggests that benserazide may have potential as a chemosensitizer in
cancer treatment.
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benserazide, paclitaxel, SIRT1, HIF1-α, VEGF, cancer

1 Introduction

Cancer incidence and mortality are increasing in China, making
it a global cancer burden hotspot. Challenges like low early diagnosis
rates and drug resistance hinder effective treatment. The need to
enhance the effectiveness of chemotherapy is prompting researchers
to explore innovative approaches like targeted therapy, thus
providing new hope for cancer patients.

|Cystathionine beta-synthase (CBS) is an enzyme that
catalyzes the synthesis of H2S from homocysteine and cysteine
(Conter et al., 2020). H2S is a gasotransmitter that plays
important roles in various physiological processes, including
regulation of blood pressure, cardiovascular function, and
inflammation (Han et al., 2019). In recent years, there has

been growing interest in the role of CBS and H2S in cancer
development and progression. Studies have shown that the
elevated activity of CBS plays a significant role in promoting
tumor growth, invasiveness, and metastatic potential (Youness
et al., 2020; Padmanabhan et al., 2021; Santos et al., 2023).
Consequently, the targeted inhibition of CBS could emerge as
a promising therapeutic approach for cancer intervention.

Benserazide is a drug that inhibits the peripheral dopamine
decarboxylase enzyme, which is used in combination with levodopa
to treat Parkinson’s disease and Parkinson’s syndrome (Baba et al.,
2022; Yang et al., 2023). Recently, it has been discovered that
benserazide can also inhibit the activity of CBS protease by
binding to pyridoxal phosphate (PLP), a coenzyme of the CBS
protein (Druzhyna et al., 2016). Studies have shown that

FIGURE 1
The impact of CBS expression on tumor cell growth and metastasis. (A) Expression levels of CBS protein in various cancer cells and validation of
activity following CBS siRNA-mediated downregulation of CBS expression. (B–E) The effects of CBS downregulation on cancer cell migration, invasion,
angiogenesis, and lymphangiogenesis. The scale of the images in the wound healing assay is 500 μm. The scale of the images in the transwell and tube
formation assays is 200 μm. All data are expressed as mean ± standard deviation. pP < 0.05. CBS, cystathionine beta-synthase.
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benserazide has inhibitory activity on both HCT116 cells and drug-
resistant cells with high expression of CBS (Li et al., 2017; Untereiner
et al., 2018).

Paclitaxel is a natural anticancer drug that has been shown to
be effective against various types of cancer. However, the
development of resistance to paclitaxel and its toxic side
effects have limited its effectiveness when used alone (Abu

et al., 2019; Smith et al., 2022; Hashemi et al., 2023).
Currently, there is a lot of interest in combining paclitaxel
with other drugs for cancer treatment (Yu et al., 2020; Xu
et al., 2021; Škubník et al., 2023). This combination therapy
approach not only helps to reduce the toxic side effects of
chemotherapy but also allows for the reduction of the dosage
of traditional chemotherapy drugs. Additionally, this approach
can improve the overall curative effect of cancer treatment.

The purpose of this study was to investigate the potential
benefits of using a combination of benserazide and paclitaxel in
tumor treatment. The methodologies included the assessment of
benserazide as a CBS inhibitor using advanced techniques like
molecular docking (MD) and CETSA. Additionally, an exhaustive
examination of the synergistic effects of the benserazide and
paclitaxel combination was conducted through in vitro studies on
antitumor activity and in vivo research on the inhibition of tumor
lymph node metastasis, with the goal of gathering relevant data to
guide future therapeutic strategies that may improve
patient prognosis.

FIGURE 2
Analysis of the bingding mode of Benserazide with CBS protein. (A–C) 2D and 3D images of the molecular docking between Benserazide and CBS
protein. (D) The curve showing the change in the number of hydrogen bonds over time during the simulation process of the protein-ligand complex. (E)
The curves illustrating the changes in the protein’s RMSD, SASA, Rg, and RMSF over time during the simulation process of the protein-ligand complex.
RMSD, Root Mean Square Deviation; SASA, Solvent-accessible Surface Areas; Rg, rotation radius; RMSF, Root Mean Square Fluctuation.

TABLE 1 Analysis of protein ligand MMPBSA.

Energy Complex

Van der Waals Energy (KJ/mol) −121.873

Electrostatic energy (kJ/mol) −8.680

Polar solvation energy (KJ/mol) 49.798

Nonpolar solvation Energy (KJ/mol) −17.486

Total Binding Energy (KJ/mol) −98.241
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2 Materials

2.1 Cell lines

Human esophageal squamous cell line KYSE450 was donated by
XinxiangMedical College (Henan Province, China). Human lung cancer
cell line A549 was a gift from Professor Li Hong at Henan University.
Human colon cancer cell line HCT8 was donated by The Third Military
Medical University (Chongqing, China). Human vascular endothelial
cell (HUVEC) was generously donated by Shanghai University
(Shanghai, China). Human lymphatic endothelial cells (HLEC) were

purchased from Shanghai Binsui Biotechnology Co., Ltd. (Shanghai,
China). The cells were cultured in RPMI-1640 medium (Gibco, Grand
Island, New York, United States) supplemented with 10% fetal bovine
serum (FBS; Zeta Life, Inc., San Francisco, CA, United States) at 37°C 5%
CO2. All of cells were authenticated by STR.

2.2 Drugs

Benserazide (CAS: 14919-77-8) was procured from Selleck
Chemicals LLC (Houston, Texas, United States), while Paclitaxel

FIGURE 3
Benserazide binds to and blocks the activity of CBS in cancer cells. (A) Detection of H2S release from CBS recombinant protein after drug treatment
using themethylene bluemethod. All data are expressed asmean± standard deviation. pp < 0.05 vs. control group. #p < 0.05 vs. AOAA group. & p <0.05 vs.
BEN (10 μM) group. (B) The effect of benserazide on CBS expression in cancer cells. (C, D) CETSA to assess the binding capacity of Benserazide with CBS
in tumor cells. BEN, Benserazide; CBS, cystathionine beta-synthase; CETSA, Cellular Thermal Shift Assay.
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(CAS: MB1178-1) was sourced from Dalian Meilun Biotechnology
Co., Ltd. (Dalian, Liaoning, China). For cell experiments, paclitaxel
is dissolved in DMSO (Dimethyl sulfoxide), while benserazide is
dissolved in PBS (Phosphate Buffer Saline). In animal experiments,
paclitaxel is administered in saline with 1% Tween 80, and
benserazide is administered in saline. The dosages and
preparations of the drugs were based on references (Hu et al.,
2020; Zhou et al., 2020).

3 Methods

3.1 Investigation into the binding affinity of
benserazide with CBS protein

3.1.1 Molecular docking (MD)
Molecular docking uses the 3D structure of CBS protein in the

RCSB database, obtains the sdf structure of Benserazide through the
Pubchem database, and converts it into a PDB file using OpenBabel.

AutoDock Tools 1.5.6 software was used to dehydrate and
hydrogenate protein targets, and the active ingredient and target
protein formats were converted to pdbqt format. Finally, it is docked
through AutoDock Vina. The molecular dynamics (MD)
simulations were carried out by GROMACS 2020.3 software. The
amber99sb-ildn force field and the general Amber force field
(GAFF) were used to generate the parameter and topology of
proteins and ligands, respectively. The simulation box size was
optimized with the distance between each atom of the protein
and the box greater than 1.0 nm. Then, fill the box with water
molecules based on a density of 1. To make the simulation system
electrically neutral, the water molecules were replaced with Cl- and
Na + ions. Following the steepest descent method, energy
optimization of 5.0 × 104 steps was performed to minimize the
energy consumption of the entire system, and finally to reduce the
unreasonable contact or atom overlap in the entire system. After
energy minimization, first-phase equilibration was performed with
the NVT ensemble at 300 K for 100 ps to stabilize the temperature of
the system. Second-phase equilibration was simulated with the NPT

FIGURE 4
Benserazide inhibits the growth andmetastasis of tumor cells. (A–C) The impact of Benserazide on the viability of KYSE450, A549 and HCT8 cells. All
data are expressed as mean ± standard deviation. pp < 0.05 vs. BEN (0 μM) group. #p < 0.05 vs. BEN (100 μM) group. & p < 0.05 vs. BEN (50 μM)
group. (D–G) The effect of benserazide on the migration, invasion, angiogenesis, and lymphangiogenesis of KYSE450, A549 and HCT8 cells. The scale of
the images in the wound healing assay is 500 μm. The scale of the images in the transwell and tube formation assays is 200 μm. All data are
expressed as mean ± standard deviation. pp < 0.05 vs. control group. BEN, Benserazide.
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ensemble at 1 bar and 100 ps. The primary objective of the
simulation is to optimize the interaction between the target
protein and the solvent and ions so that the simulation system is
fully pre-equilibrated. All MD simulations were performed for 50 ns
under an isothermal and isostatic ensemble with a temperature of
300 K and a pressure of 1 atm.

3.1.2 CBS recombinant protein activity assay
CBS recombinant protein activity assay was designed to detect the

inhibitory activity of benserazide on CBS protein. The following is a
brief description of the method for detecting the activity of CBS
recombinant protein. First, different concentrations of benserazide
(14919-77-8, Selleck Chemicals LLC, Houston, Texas, United States)
and the positive control aminooxyacetic acid (AOAA) (C13408-1G,
sigma-aldrich, St. Louis, Missouri, United States) were added to a 96-
well plate. Then, 50 μL of active buffer containing human recombinant
CBS protein (5μg/well, Abt-P-1006, Beijing Ambition Biotechnology
Co., Ltd., Beijing, China), 50 mM Tris HCl (pH8.0), L-cysteine (2 mM
final concentration) (C0012, Solarbio Science & Technology Co.,Ltd.,

Beijing, China) and 5′-phospho pyridoxal 5′-phosphate (PLP) (5 mM
final concentration) (LP8221, Bomei Biotechnology Co.,Ltd., Hefei,
Anhui, China) was added to each well, followed by incubation at
37°C for 2 h. After incubation, 1% ZnAc (60 μL) (5970-45-6, Yinfeng
Chemical Co. , Ltd. Weifang, Shandong, China), 10% TCA (60 μL),
0.2% (w/v) N,N-dimethyl-p-phenylenediamine (10 μL) (6606, Tianjin
Chemical Reagent Institute Co. , Ltd., Tianjin, China) and 10% (w/v)
ammonium ferric sulfate (10 μL) were added. The plate was incubated
at room temperature in the dark for 15 min, followed by measuring the
absorbance at 650 nm using the EnSpire Multimode Reader
(PerkinElmer, United States). The H2S release amount was
calculated based on the absorbance to evaluate the activity of
CBS protein.

3.1.3 Cellular thermal shift assay (CETSA)
CETSA was used to detect the binding efficiency of benserazide

to CBS protein in tumor cells. Tumor cells treated with benserazide
or vehicle (control group) were lysed using RIPA buffer and divided
into seven groups. The protein extracts were heated at 37°C, 42°C,

FIGURE 5
Benserazide in combination with Paclitaxel suppresses the proliferation of tumor cells. (A) The effect of Benserazide in combination with Paclitaxel
on cell viability of KYSE450, A549 and HCT8 cells. All data are expressed as mean ± standard deviation. pp < 0.05 vs. control group. (B) The effect of
Benserazide in combination with Paclitaxel on cell proliferation of KYSE450, A549 and HCT8 cells. The scale of the images in the EdU assay is 200 μm.
(C–F) The effect of Benserazide in combination with Paclitaxel on the migration of KYSE450, A549 and HCT8 cells. The scale of the images in the
wound healing assay is 500 μm. All data are expressed as mean ± standard deviation. pp < 0.05 vs. control group. #p < 0.05 vs. PTX group. & p < 0.05 vs.
BEN group. BEN, Benserazide; PTX, Paclitaxel; EdU, 5-Ethynyl-2′-deoxyuridine.
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47°C, 52°C, 57°C, 62°C, and 67°C for 20 min each before undergoing
repeated freeze-thaw cycles to extract proteins.Western blot analysis
was then performed to detect the expression of CBS protein and
internal control protein at each heating temperature. The resulting
thermal melting curves for the benserazide-treated and control
groups were obtained by plotting the “CBS/Loading Control”
versus temperature.

3.2 In vitro study

3.2.1 MTS assay
The MTS assay was used to measure the cell viability in vitro. In

this study, the KYSE450, A549, and HCT8 cells were cultured with
test compounds in 96-well plates containing a final volume of
100 µL/well for 48 h. The MTS reagent (M8180, Solarbio Science
&Technology Co.,Ltd., Beijing, China) was then added to each well

and incubated with the cells for 4 h under standard culture
conditions. The absorbance at 490 nm was measured using the
EnSpire Multimode Reader (PerkinElmer, United States). These
results were expressed as a percentage of control values, which
represent the amount of formazan product produced by viable cells.

3.2.2 EdU assay
The EdU assay was performed to determine the cell proliferation

in vitro. In this study, the KYSE450, A549, and HCT8 cells were
cultured with test compounds in 96-well plates for 24 h. The EdU
assay kit (C10310-1, Guangzhou Ribbio Co., Ltd., Guangzhou,
China) was then used to evaluate cell proliferation by measuring
the number of EdU+ cells.

3.2.3 Wound healing assay
The wound healing assay is a commonly used method to

assess cell migration. In this study, the cells were seeded into six-

FIGURE 6
Benserazide in combination with Paclitaxel inhibits the migration and invasion of tumor cells. (A, B) The effect of Benserazide in combination with
Paclitaxel on the migration and invasion of KYSE450, A549 and HCT8 cells. The scale of the images in the transwell assay is 200 μm. (C–H) The statistical
analysis of migratory or invasion cells. All data are expressed as mean ± standard deviation. pp < 0.05 vs. control group. #p < 0.05 vs. PTX group. & p <
0.05 vs. BEN group. BEN, Benserazide; PTX, Paclitaxel.
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well plates at a density of 4×105 cells per well and a linear wound
was created by pipetting with a 10 μL nozzle. The cells were then
treated with test compounds and migration photos were taken at
0h and 24 h post-treatment. The gap closure rate was calculated
by comparing the distance between the edges of the wound at 0h
and 24 h.

3.2.4 Transwell assay
The transwell assay is a method for assessing cell migration and

invasion. In this study, the cells were seeded into the upper
compartment of the transwell chamber at a density of 2×104 cells
per well in 200 µL of serum-free medium for the migration assay or
with the matrix gel for the invasion assay. The lower chamber was
filled with 500 µL of medium containing 10% serum. After 24 h of
incubation, the cells on the upper surface of the membrane were
fixed with 4% paraformaldehyde for 10 min and then stained with
crystal violet for 30 min. The number of cells that had migrated or

invaded through the membrane to the lower surface was counted
under an inverted microscope.

3.2.5 Tube formation assay
This experiment aims to investigate angiogenesis. Initially,

100 μL of matrix glue was added to each well of a 24-well plate
and allowed to solidify for 30 min. Subsequently, 500 μL of
conditioned medium and either HUVECs (2 × 10̂5) or HLECs
(2 × 10̂5) were added to each well containing the matrix glue. The
plate was then incubated at 37°C and 5% CO2 for 6–8 h. Finally, the
capillaries formed were photographed under a 100× bright field
microscope, and the number of capillaries in each well was counted.

3.2.6 Western blot assay
The cells were lysed in a cell lysate containing 1% benzoyl

fluoride (PMSF), and the protein concentration was determined
using a BCA protein detection kit. Western blot analysis was then

FIGURE 7
Benserazide in combination with Paclitaxel prevents the S-sulfhydration of SIRT1 protein. (A, B) Benserazide in combination with Paclitaxel reduces
the level of CBS protein in KYSE450, A549 and HCT8 cells. (C) Benserazide in combination with Paclitaxel inhibits the production of H2S in KYSE450,
A549 and HCT8 cells. (D–G) Benserazide in combination with Paclitaxel downregulates the SIRT1 signal pathway in KYSE450, A549 and HCT8 cells. (H–I)
Benserazide in combination with Paclitaxel decreases the S-sulfhydration level of SIRT1 protein in KYSE450, A549 and HCT8 cells. All data are
expressed asmean ± standard deviation. The data pertaining to panel B (KYSE450 cells), panel C (A549 cells), and panel E (Hes1 protein) do not adhere to a
normal distribution. pp < 0.05 vs. control group. #p < 0.05 vs. PTX group. & p < 0.05 vs. BEN group. BEN, Benserazide; PTX, Paclitaxel; SIRT1, Sirtuin 1;
Notch1, Notch homolog 1; Hes1, Hairy and Enhancer of Split 1.
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performed using a standard protocol. The protein samples were
separated by electrophoresis on a gel plate and transferred to a
PVDF membrane. After being closed at room temperature for
2 h, the membrane was incubated with primary antibodies
overnight, washed three times with TBST buffer, and then
incubated with secondary antibodies at room temperature for
2 h. Finally, the Enhanced Chemiluminescence (ECL) Assay Kit
(PE0010, Solarbio Science &Technology Co.,Ltd., Beijing, China)
was used to visualize the protein bands. The primary antibodies:
CBS (14782, Cell Signaling Technology, Boston, United States),
VEGF-C (2445, Cell Signaling Technology, Boston,
United States), HIF-1α (20960-1-AP,Proteintech, Wuhan,
Hubei, China), VEGF-A (19003-1-AP, Proteintech, Wuhan,
Hubei, China), Notch1 (20687-1AP, Proteintech, Wuhan,
Hubei, China), GAPDH (AG019, Bieyotime, Zhengzhou,
Henan, China), SIRT1(CY5023, Abways, Shanghai, China),
Hes1(CY5649, Abways, Shanghai, China), VEGF-D
(CY10042,Abways, Shanghai, China).

3.2.7 Methylene blue assay
Methylene blue assay was performed to determine the levels

of H2S in tumor cells. L-cysteine (2 mM final concentration) and
5′-phospho pyridoxal 5′-phosphate (PLP) (5 mM final
concentration) were added to the tumor cells cultured in a 6-
well plate to promote H2S production. At the same time, 1%
ZnAc (500 µL) was dropped onto filter paper attached to the lid of
the 6-well plate to absorb the H2S released by the cells. After 24 h,
the filter paper was placed into an eppendorf tube containing
0.2% (w/v) N, N-dimethyl-p-phenylenediamine (500 µL), 10%
(w/v) ammonium ferric sulfate (50 µL), and 3 mL ddH2O. The
tube was incubated at room temperature for 20 min before
measuring the absorbance at 670 nm.

3.2.8 The maleimide assay
Maleimide is a commonly used thiol-modifying reagent,

and Cys residues are its reaction sites. Therefore, maleimide is
used to detect the sulfhydryl modifications of proteins.
Firstly, proteins are immunoprecipitated, and then maleimide
(E1271-1G, Henan Puyingmei Biotechnology Co., Ltd.,
Zhengzhou, Henan, China) selectively labels unmodified and
sulfonated cysteines. DTT (D1070-1, Solarbio Science
&Technology Co.,Ltd., Beijing, China) is then used to reduce
disulfides (-S-S-Mal). Finally, the samples are placed on
polyacrylamide gels for scanning to detect fluorescently labeled
proteins, and image analysis software is used for fluorescence
quantification.

3.2.9 ELISA
ELISA (Enzyme-Linked Immunosorbent Assay) was used

to measure the concentration of proteins in a sample. In this
case, VEGF-A, VEGF-C, and VEGF-D levels in the cell culture
supernatant were detected using ELISA kits (ELK1129, ELK1194,
ELK1195, ELK Biotechnology CO., LTD., Wuhan, China). The
optical density (OD) was measured the EnSpire Multimode
Reader (PerkinElmer, United States) at a wavelength of 450 nm.
By comparing the OD values obtained for different samples or
controls, we obtained the relative levels of VEGF-A, VEGF-C, and
VEGF-D in the cell culture supernatant.

3.3 In vivo study

C57BL/6J mice (Four-week-old, weighing 16–18 g) were housed
in sterile breeding cages, with six animals per cage, under constant
temperature (approximately 22°C), humidity (45%–65%), a 12-h
light/12-h dark cycle, minimal noise conditions, and provided with
ample access to food, water, and sterile bedding. After a 1-week
acclimation period in this environment, each mouse received a
subcutaneous injection of 1.5×106 AKR mouse esophageal cancer
cells into the right hind paw pad to establish a lymph node
metastasis model. The mice were then randomly divided into
four groups (control group, benserazide treatment group,
paclitaxel treatment group, benserazide plus paclitaxel treatment
group), six mice per group. The treatment groups received daily
intraperitoneal injections (benserazide 20 mg/kg, paclitaxel
5 mg/kg), while the control group received an equivalent volume
of saline. During the treatment, pain and distress were minimized
and alleviated through close monitoring of the mice’s behavior and
weight changes, environmental enrichment, and humane endpoints.
After 14 days, the mice were humanely sacrificed using cervical
dislocation. Immediately after sacrifice, Lymph nodes and visceral
organs such as the heart, liver, spleen, lungs, and kidneys were
harvested from mice and fixed in 10% paraformaldehyde for HE
staining. The experiment was conducted according to the methods
described in reference (Liu et al., 2015). This experiment was
approved by the Ethics Committee of Medical School of Henan
University (HUSOM 2020-095, 25 March 2020).

3.4 Statistical analysis

The experiments were conducted with at least three repetitions.
The data was presented as mean ± standard deviation (SD), and
analyzed using GraphPad Prism eight software. For comparing
paired data, the t-test is used to determine if there is a significant
difference between the means of two groups. When comparing
multiple groups of data, we first employ the Shapiro-Wilk test to
check for normality. For data that are normally distributed, one-way
Analysis of Variance (ANOVA) followed by Tukey’s multiple
comparisons test is used, whereas for data that do not follow a
normal distribution, such as those presented in Figure 7B
(KYSE450 cells), Figure 7C (A549 cells), Figure 7E
(Hes1 protein), Figure 8G (VEGF-A protein), Figure 8J (VEGF-
A/D proteins), and Figure 9C, the Kruskal–Wallis H test is utilized
to assess the significance of differences. Every possible comparison
between the study groups was considered. p < 0.05 was considered
statistically significant.

4 Results

4.1 CBS is involved in the progress of
multiple cancers

Previous research has indicated that Cystathionine β-synthase
(CBS) is highly expressed and contributes to the progression of
various types of cancer. Here, we further demonstrated that CBS is
highly expressed in KYSE450, NEC, MCF7, A549 and HCT8 cells
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(Figure 1A) and downregulation of CBS (Figure 1A) has been shown
to inhibit tumor cell migration and invasion, as well as suppress
angiogenesis and lymphangiogenesis (Figures 1B–E) in KYSE450,
A549 and HCT8 cells. This suggests that CBS plays an important
role in the progression of various types of cancer.

4.2 Benserazide inhibits CBS by forming a
stable complex with CBS protein

Benserazide is a peripheral dopamine decarboxylase inhibitor
that has been shown to have CBS protease inhibitory activity. To
verify the function of benserazide, we first analyzed its binding mode
with CBS protein using molecular docking. It is found that the
binding free energy of benserazide and CBS protein is −6.9 kcal/mol
and CBS protein contains several amino acid residues that are
capable of forming hydrogen bonds with benserazide, namely,
ALA195, THR299, ASN194, HIS203, and ASP309. Furthermore,

HIS203 is also able to engage in π-π interactions with benserazide.
Additionally, PRO170 of the protein can form Pi-Alkyl interactions
with benserazide. The bindingmode of benserazide to CBS protein is
shown in Figures 2A–C. Subsequently, molecular dynamics analysis
was employed to assess the stability of the conformation. The
analysis of Hydrogen bond, root mean square deviation (RMSD),
solvent-accessible surface areas (SASA), rotation radius (Rg) and
RootMean Square Fluctuation (RMSF) showed that benserazide and
CBS protein are able to bind stably (Figures 2D, E). To better explain
the interaction energy between protein and ligand, we used the gmx_
mmpbsa (https://jerkwin.github.io/gmxtool/) script to determine all
binding energies of protein-ligand complexes during the
equilibrium stage. The results showed that in the protein-ligand
complex system, the total binding free energy between protein and
small molecule is −98.241 kJ/mol (Table 1), indicating a stable
binding between protein and small molecule.

In addition, the inhibitory effect of benzserazide on CBS protein
was further investigated. It was discovered that the release of H2S in

FIGURE 8
Benserazide combined with paclitaxel inhibits angiogenesis and lymphangiogenesis through suppressing the HIF1-1α/VEGF pathway. (A–C) The
impact of Benserazide combined with Paclitaxel on angiogenesis and lymphangiogenesis induced by KYSE450, A549 and HCT8 cells. The scale of the
images in the tube formation assays is 200 μm. (D–G) The effect of Benserazide combined with Paclitaxel on the HIF1-1α/VEGF pathway in KYSE450,
A549 and HCT8 cells. (H–J) ELISA assay to detect intracellular VEGF-A, VEGF-C and VEGF-D levels. All data are expressed as mean ± standard
deviation. The data pertaining to panel G (VEGF-A protein) & panel J (VEGF-A/D proteins) do not adhere to a normal distribution. pp < 0.05 vs. control
group. #p < 0.05 vs. PTX group. & p <0.05 vs. BEN group. BEN, Benserazide; PTX, Paclitaxel; HIF-1α, Hypoxia-induced factor 1α; VEGF, Vascular Endothelial
Growth Factor.
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the 100 μMbenserazide-treated group was merely 7.5% of that in the
negative control, and significantly lower than that in the positive
control AOAA-treated group (Figure 3A). Furthermore, our
observations revealed that benserazide had an inhibitory effect on
the expression of CBS protein in cancer cells, as shown in Figure 3B.
Additionally, CETSA assay was performed to detect whether
benserazide can bind to CBS in cancer cells and it was found
that the amount of undegraded CBS protein increased in the
presence of benserazide, and the thermal melting curve of the
complex protein shifted to the right at the denaturation
temperature of 52°C–67°C (Figures 3C, D), indicating that
benzserazide can bind to CBS protein in cancer cells. The
findings suggest that Benserazide can inhibit the activity of CBS
protein by forming a stable complex with it.

4.3 Benserazide inhibits the growth and
metastasis of tumor cells

In order to investigate the role of benserazide in cancer cells, we
conducted a series of experiments. Our results from the MTT assay
showed that benserazide inhibited tumor cell growth in a
concentration-dependent manner (Figures 4A–C). Furthermore,

we examined the effect of benserazide on tumor cell metastasis
in vitro using a wound healing assay and a transwell assay. The
findings suggested that benserazide could impede the migratory and
invasive abilities of cancer cells (Figures 4D–F). In addition, our tube
formation experiment revealed that benserazide significantly
inhibited tumor cell angiogenesis and lymphangiogenesis when
compared to the control group (Figures 4D, G). These findings
suggest that benserazide possesses potential antitumor activity.

4.4 Benserazide enhances the antitumor
activity of paclitaxel by modulating the
SIRT1 pathway

In order to find a new therapeutic strategy that can increase the
sensitivity of tumor therapy while reducing the dose of traditional
chemotherapy drugs, we investigated the sensitization effect of
benserazide on paclitaxel. By administering a nontoxic dose of
benserazide (100 μM), we found that the combined
administration of benserazide and paclitaxel could significantly
reduce the viability of tumor cells (Figure 5A) and inhibit tumor
cell proliferation (Figure 5B), migration and invasion (Figures 5C–F,
6) more effectively than paclitaxel alone. These results suggest that

FIGURE 9
Benserazide combined with paclitaxel inhibits lymph node metastasis of mouse transplanted tumors. (A) Mouse pad transplantation tumor model.
(B, C) The effect of Benserazide combined with Paclitaxel on volume and weight of axillary lymph nodes. (D) H&E staining to detect the tumor cell
infiltration in the lymph nodes. The arrows indicate the infiltration of inflammatory or tumor cells. (E) The effect of Benserazide combined with Paclitaxel
on the body weight of mice. (F) H&E staining to detect the morphology changes of heart, liver, spleen, lung, and kidney of mice. All data are
expressed as mean ± standard deviation. The data pertaining to panel C do not adhere to a normal distribution. pp < 0.05 vs. control group. BEN,
Benserazide; PTX, Paclitaxel.
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the addition of benserazide can enhance the sensitivity of
chemotherapy drug, thereby increasing the efficiency of
tumor therapy.

SIRT1 upregulation has already been demonstrated in
various cancer cells, such as esophageal squamous cell
carcinoma (ESCC), lung cancer, and colon cancer. In addition,
some studies have found that the activation of Notch1/
Hes1 signaling pathway, as a downstream pathway of SIRT1,
can induce apoptosis in esophageal squamous cell carcinoma and
colon cancer cells, as well as inhibit their lymph node metastasis.
Furthermore, research has demonstrated that H2S can enhance
the expression of SIRT1 by facilitating its S-sulfhydration. In this
study, we examined the impact of benserazide on the
SIRT1 pathway to elucidate the mechanism by which CBS
inhibitor benserazide enhances paclitaxel’s antitumor activity.
Our investigation found that benserazide alone and in
combination with paclitaxel significantly decreased the level of
CBS/H2S system in KYSE450, A549, and HCT8 cells (Figures
7A–C). Western blot results showed that the combination of
benserazide and paclitaxel significantly inhibited the expression
of SIRT1 and caused an increase in the levels of
SIRT1 downstream proteins Notch1 and Hes1 in KYSE450,
A549, and HCT8 cells compared to paclitaxel alone (Figures
7D–G). Furthermore, maleimide assay results showed that the
combination of benserazide and paclitaxel significantly reduced
the levels of S-sulfhydration of SIRT1 in KYSE450, A549, and
HCT8 cells compared to paclitaxel alone (Figures 7H, I). These
findings suggest that benserazide inhibits SIRT1 signaling
pathway by preventing the S-sulfhydration of SIRT1, which in
turn potentiates the antitumor effects of paclitaxel.

4.5 Benserazide combined with paclitaxel
inhibits angiogenesis and
lymphangiogenesis through suppressing the
HIF1-1α/VEGF pathway

Angiogenesis and lyrmphangiogenesis are essential processes for
the metastasis of tumor cells. In this study, we investigated the effect
of benserazide combined with paclitaxel on angiogenesis and
lymphangiogenesis of tumor cells in vitro. Our results from the
tube formation experiment showed that the combined
administration significantly inhibited the ability of tumor cells to
induce neovascularization through HUVECs and HLECs
(Figures 8A–C).

The hypoxia-induced factor HIF-1α and VEGF play a crucial
role in tumor angiogenesis and lymphangiogenesis. Specifically,
HIF-1α can increase the expression of VEGF, which in turn
promotes both angiogenesis and lymphangiogenesis. In this
study, we observed that benserazide combined with paclitaxel
induced a more significant downregulation of HIF-1α expression
levels in KYSE450, A549, and HCT8 cells compared to paclitaxel
alone (Figures 8D–G). Additionally, we found that the
expression of VEGF-A, VEGF-C, and VEGF-D proteins was
significantly reduced in the combination treatment group
(Figures 8D–G). We further used ELISA to detect the levels
of VEGF-A, VEGF-C, and VEGF-D and observed that the
combination treatment group had lower levels of all three
proteins (Figures 8H–J). These findings indicate that
benserazide enhances the inhibitory effect of paclitaxel on
tumor cell angiogenesis and lymphangiogenesis via the HIF-
1α/VEGF pathway.

FIGURE 10
Diagram illustrating how benserazide augments the tumoricidal effect of paclitaxel. CBS, cystathionine beta-synthase; SIRT1, Sirtuin 1; Notch1,
Notch homolog 1; Hes1, Hairy and Enhancer of Split 1; HIF-1α, Hypoxia-induced factor 1α; VEGF, Vascular Endothelial Growth Factor.
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4.6 Benserazide combined with paclitaxel
inhibits lymph node metastasis of mouse
transplanted tumors

Based on the aforementioned results that benserazide in
combination with paclitaxel has an inhibitory effect on
angiogenesis and lymphangiogenesis, we aimed to further
investigate their in vivo activity when used together. To achieve
this, we established a mouse pad transplantation tumor model to
study their impact on lymph node metastasis (Figure 9A). Our
observations revealed that the combined administration of
benserazide and paclitaxel significantly reduced the volume and
weight of axillary lymph nodes in comparison to the control group
and single administration group (Figures 9B, C). Furthermore, H&E
staining results demonstrated that tumor cell infiltration in the
lymph nodes was also significantly lower in the combined
administration group compared to the single administration
group (Figure 9D). Additionally, the body weight of mouse and
the morphology of heart, liver, spleen, lung, and kidney of mice had
no significant differences in the combined administration group
when compared to the control group and single administration
group (Figures 9E, F). These findings suggest that benserazide in
combination with paclitaxel has a potent inhibitory effect on tumor
lymph node metastasis in vivo.

5 Discussion

As an advanced or metastatic tumor treatment, chemotherapy is
the primary option. Paclitaxel-based regimens are the most
commonly used chemotherapy treatments. Recent clinical trials
have focused on adding targeted therapies to chemotherapy. In
this study, we evaluated the therapeutic potential of benserazide, a
targeting CBS inhibitor, in combination with paclitaxel to inhibit
tumor growth and understand the mechanism of action of
these drugs.

Firstly, we verified whether benserazide targets and inhibits the
CBS protein. Molecular docking results showed that the binding free
energy of benserazide and CBS protein is −6.9 kcal/mol, and CBS
protein contains amino acid residues capable of forming hydrogen
bonds, π-π interactions, and Pi-Alkyl interactions with benserazide.
Additionally, it was discovered that benserazide significantly inhibits
the activity of recombinant CBS protein with a stronger inhibition
than AOAA. Furthermore, CETSA assay found that the presence of
benserazide increased the amount of undegraded CBS protein and
caused the thermal melting curve of the complex protein to shift to
the right at the denaturation temperature of 52°C–67°C, indicating
that benserazide can bind to CBS protein in cancer cells. Our
observations also revealed that benserazide had an inhibitory
effect on the expression of CBS protein in cancer cells. The
findings suggest that Benserazide Inhibits CBS by Forming a
Stable Complex with CBS Protein.

Next, we investigated the sensitization effect of benserazide on
paclitaxel in vitro and in vivo to find a new therapeutic strategy that
can increase the sensitivity of tumor therapy. We found that the
combined administration of a nontoxic dose of benserazide
(inhibitory rate of cells <10%) and paclitaxel could significantly
reduce the viability of tumor cells and inhibit tumor cell

proliferation, migration, invasion, angiogenesis, and
lymphangiogenesis more effectively than paclitaxel alone in vitro.
In addition, Benserazide combined with paclitaxel inhibits lymph
nodemetastasis of mouse transplanted tumors. These results suggest
that the addition of benserazide can enhance the sensitivity of
chemotherapy drugs, thereby increasing the efficiency of
tumor therapy.

To further explore the mechanism of benserazide enhancing
paclitaxel anticancer activity, we investigated the effect of the
combination of benserazide and paclitaxel on SIRT1 and HIF-1a
signaling pathways.

Sirtuin-1 (SIRT1) is a class-III histone deacetylase (HDAC), an
NAD + -dependent enzyme deeply involved in gene regulation,
genome stability maintenance, apoptosis, autophagy, senescence,
proliferation, aging, and tumorigenesis (Alves-Fernandes and
Jasiulionis, 2019). SIRT1 upregulation has already been
demonstrated in some cancer cells, such as esophageal squamous
cell carcinoma (ESCC), lung cancer, and colon cancer (Hong and
Pyo, 2018; Ma et al., 2018; Guo et al., 2021; Otsuka et al., 2022).
Furthermore, increased expression of SIRT1 has been found to
confer resistance to cisplatin in cancer cells (Cao et al., 2015;
Wang et al., 2022; Sun et al., 2023). Moreover, research has
demonstrated that H2S can enhance the expression of SIRT1 by
facilitating its S-sulfhydration (Wu et al., 2023), which involves
altering the Cys residues on the target protein to convert the
sulfhydryl group (R-SH) into a persulfide group (R-SSH). In this
study, we found that the combination of benserazide and paclitaxel
significantly inhibited the S-sulfhydration of SIRT1 protein and the
expression of SIRT1 protein, consequently activating downstream
Notch1/Hes1 signaling pathway in KYSE450, A549, and HCT8 cells.

The hypoxia-induced factor HIF-1α and VEGF play a crucial
role in tumor angiogenesis and lymphangiogenesis (Alam et al.,
2023; Song et al., 2023). Specifically, HIF-1α can increase the
expression of VEGF, which in turn promotes both angiogenesis
and lymphangiogenesis. In this study, we observed that benserazide
combined with paclitaxel induced a more significant
downregulation of HIF-1α, VEGF-A, VEGF-C, and VEGF-D
proteins expression levels in KYSE450, A549, and HCT8 cells
compared to paclitaxel alone. The results indicated that
Benserazide enhances the anticancer effects of paclitaxel via
inhibiting the S-sulfhydration of SIRT1 and enhancing the anti-
angiogenic effect of paclitaxel through downregulation of HIF-1α/
VEGF signaling pathway proteins expression.

This study suggests that benserazide may have potential as a
chemosensitizer in cancer treatment by enhancing the anti-cancer
effect of paclitaxel through the inhibition of S-sulfhydration of
SIRT1 and enhancing the anti-angiogenic effect of paclitaxel
through downregulation of HIF-1α/VEGF signaling pathway
proteins expression, as shown in Figure 10. This finding provides
a new insight into the development of combination therapy for
cancer treatment. In subsequent research, we will employ animal
xenograft models by transplanting human cancer cells into
immunodeficient mice to observe the impact of the drugs on the
growth of the transplanted tumors. Additionally, we will assess the
in vivo anticancer activity by measuring pharmacodynamic
parameters, such as drug concentration, bioavailability, and half-
life. It is hoped that benserazide may find application in the field of
oncology in the future.
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QL1604 combined with
bevacizumab as an innovative
first-line treatment for HCC
patient with extensive metastasis
who showed remarkable effect: a
case report

Yanzhi Wan, Keqin Tan and Hong Zhu*

Department of Medical Oncology, Cancer Center, West China Hospital, Sichuan University,
Chengdu, China

Hepatocellular carcinoma (HCC) is a common and highly malignant tumor with
poor outcomes, especially when it metastasizes. In this report, we present the
case of a 64-year-old male patient diagnosed with recurrence and multiple
metastases of HCC 7 years after surgery. As the tumor invaded the spinal canal
and pressed on the spinal cord, the patient experienced paralysis in the lower
limbs. After undergoing surgical resection for spinal decompression, the patient
chose an innovative regimen: QL1604 200mg every 3 weeks plus bevacizumab
675 mg every 3 weeks as first-line treatment. From July 2022 to February 2024,
the patient has regularly received the treatment. During the treatment, the
paralysis symptoms of the patient gradually improved, and the motor function
of the lower limbs completely returned to normal. When re-evaluated his spinal
cord injury, the Frankel grade of the patient was downgraded from C to E. The
tumor shrank to reach a state of PR and lasted for one and a half years.
QL1604 combined with bevacizumab demonstrated excellent efficacy and
minimal side effects in this patient. This new combined therapy holds
potential as a first-line treatment strategy.

KEYWORDS

hepatocellular carcinoma, QL1604, bevacizumab, intraspinal metastasis, paralysis

Introduction

Hepatocellular carcinoma (HCC) is the most common primary tumor of the liver and
has a very poor prognosis (Nagaraju et al., 2022). In China, HCC incidence is higher due to
the prevalence of hepatitis B infection among the majority of patients, resulting in a greater
malignant potential of HCC (Tanaka et al., 2011). HCC is known for its tendency to develop
portal tumor thrombosis, intrahepatic metastasis, and lung metastasis. However, bone
metastasis is rare in HCC (Bhatia et al., 2017).

For patients with advanced HCC, comprehensive treatment is crucial. Available
options include systemic treatments, such as immunotherapy and targeted therapy, and
local treatments, such as transarterial chemoembolization, hepatic artery infusion
chemotherapy, radiotherapy, and so on (Llovet et al., 2021). Sorafenib and lenvatinib
are the standard first-line single-agent targeted therapies for advanced HCC. In recent
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years, there have been breakthroughs in HCC treatment,
particularly in systemic therapies evolving from single-agent
targeted therapy to the combination of immunotherapy and
targeted therapy (Yang et al., 2023). Nevertheless,
immunotherapy combined with bevacizumab as the standard
first-line treatment for HCC has shown better efficacy and
fewer side effects (Ren et al., 2021).

In the case presented here, a patient with HCC developed
intraspinal metastasis, leading to compression of the spinal cord
and subsequent lower limb paralysis. Following emergency surgical
resection for metastasis and spinal decompression, the patient chose
QL1604 plus bevacizumab as the first-line treatment. QL1604 is a
highly selective, humanized anti-PD-1 monoclonal antibody (mAb).
It remains an experimental drug that has been studied in at least
three clinical trials for solid tumors (Huang et al., 2023).
Surprisingly, after using this treatment strategy, the patient
achieved a state of partial response (PR) and has maintained this
response for one and a half years. Throughout the treatment, adverse
reactions were minimal, and the paralysis was completely cured,
enabling the patient to move and resume normal daily life activities.
QL1604 combined with bevacizumab exhibited significant efficacy
in this patient. This case provides a new treatment plan for advanced
liver cancer patients, hoping that more patients can benefit from it.

Case presentation

Pre-treatment

A 64-year-old male patient diagnosed with chronic hepatitis B
infection for over 30 years ago underwent a radical complex liver
cancer resection in 2015. Following the surgery, the patient opted for
intermittent use of oral traditional Chinese medicine instead of any
antitumor therapy or regular follow-up. Unfortunately, in January
2022 (7 years after the surgery), the patient began experiencing

lumbosacral pain, which progressively worsened. Symptoms
included numbness in the lumbosacral and left hip area, difficulty
in walking, and paralysis. In March 2022, the patient visited our
hospital for a thorough diagnosis and subsequent treatment.

During the physical examination, the patient was found to have
decreased skin sensation below the left groin area, reduced tendon reflexes
in both knees, and decreasedmuscle strength in both lower limbs. Hewas
classified with “incomplete” injuries (grades C) using the Frankel system.
A positron emission tomography/computed tomography (PET/CT) scan
conducted in March 2022 revealed an increase in residual liver margin
glucose metabolism following the liver cancer surgery. Additionally,
abnormal glucose metabolism was observed in a nodule in their left
upper lung, first lumbar vertebrae, and left adnexa (Figure 1). A chest-
enhanced computed tomography (CT) scan showed a 1.3 × 1.5 cm lesion
in the left upper lung, suggesting possible recurrence and metastasis of
HCC. Besides, his liver function was Child-Pugh grade A and ECOG
performance status score was 2. As part of the diagnostic process and to
alleviate symptoms, the patient underwent surgery (lumbar-tumor
excision plus spinal decompression) on 1 April 2022. Intraoperatively,
extensive osteolytic destruction involving the lumbar and vertebral bodies
was observed. Preoperative and postoperative digital radiographs of the
thoracolumbar vertebrae were obtained, and the postoperative
pathological examination indicated metastatic carcinoma in the first
lumbar vertebrae. The results of immunohistochemistry staining of
lumbar biopsy tissue were: CK8/18 (+), Hepar (+), GATA-3 (−),
EMA (−), CK7 (−), CDX-2 (−), PAX-8 (−), GPC-3 (+), AFP (−),
confirming the metastasis of HCC. Starting from postoperative,
patients regularly use bisphosphonates and wear lumbar spine stents
for a long time to reduce the risk of bone adverse events.

In treatment

Two months post-surgery, following thorough discussions with
the patient, it was mutually agreed upon to enroll the patient in a

FIGURE 1
Positron emission tomography/computed tomography (PET/CT) images acquired before surgery on 17 March 2022.
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phase Ib/II clinical study to evaluates the safety, pharmacokinetics,
and initial efficacy of QL1706/QL1604 in combination with
bevacizumab for advanced HCC. Prior to enrollment, the patient
underwent comprehensive assessment of their condition. The
patient was diagnosed with stage C HCC of the Barcelona Clinic
Liver Cancer with Child-Pugh A and an ECOG performance status
score of 1. A baseline contrast-enhanced CT conducted in May
2022 confirmed a 1.7 × 1.5 cm reinforced nodule with lobed margins
in the upper lobe of the left lung, along with scattered multiple
lesions measuring 0.2–0.3 cm in both the lungs. Partial absence of
the liver with a lamellar residual margin, slightly low density, and a
slightly enhanced shadow were also observed. Furthermore, bone
disruption was noted in the 12th thoracic spine, first lumbar
vertebra, and left adnexa (Figure 2A). From July 2022 onward,
the patient has received regular treatment with QL1604 (200 mg)
every 3 weeks combined with bevacizumab (675 mg) every 3 weeks.
During the treatment, the patient underwent chest and abdominal
enhanced CT multiple times to reexamine their condition. Each
time, the efficacy of the treatment was assessed consistently as a PR
(Figures 2B, C).

Post-treatment

The most gratifying thing is that the patient’s quality of life has
significantly improved. Until now, the paralysis symptoms have been
completely resolved, and the patient had experienced minimal side
effects. After treatment, the lung metastasis decreased in size and the
bone destruction of the affected vertebrae had also diminished
(Figure 2D). There was a significant decrease in tumor markers
such as serum alpha fetoprotein (AFP) and protein induced by
vitamin K deficiency/antagonist II (PIVKA-II) of the patient.

Additionally, the patient’s clinical symptoms improved
significantly, and his Frankel grade was downgraded from C to E,
indicating that sensory and motor functions below the injury plane
have almost completely recovered. Furthermore, the patient’s ECOG
performance status score decreased from 1 to 0, reflecting a substantial
improvement in his overall health and functionality. Remarkably, the
patient has survived for over 2 year despite multiple systemic
metastases and have achieved a positive therapeutic outcome
without experiencing any serious treatment-related adverse
reactions. Until February 2024, the lung metastasis increased in
size, however, the patient is still maintain a good sensory and
motor function until now.

Discussion

HCC is the most common primary malignancy of the liver, with
a poor prognosis and a high rate of recurrence and metastasis
(Nagaraju et al., 2022). Even with curative-intent options, the
probability of recurrence and metastasis in patients with HCC
within 5 years remains as high as 70% (Akateh et al., 2019).
Moreover, epidemiological statistics show that in most of Asia
and Africa, 60% of HCC cases are associated with a long history
of HBV infection (Iavarone and Colombo, 2013). In the present case,
our patient developed HCC due to a long history of chronic hepatitis
without antiviral therapy. Unfortunately, it is worth noting that
patients with liver cancer and hepatitis B virus infection often have a
worse prognosis.

The patient initially experienced lumbosacral pain, followed by
paralysis and was diagnosed with HCC recurrence and metastasis
7 years after surgery. While extra-hepatic metastasis in HCC often
affects the lungs, bone metastases are relatively rare (Bhatia et al.,

FIGURE 2
Representative abdominal and chest-enhanced CT images acquired at different times during treatment. (A) Baseline CT images acquired on 12 May
2022. (B) CT image assessment performed on 6 December 2022. (C) CT image assessment performed on 12 April 2023. (D) CT images acquired on
19 September 2023. The red arrows indicate lung lesions, and black arrows indicate lumbar soft tissue.
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2017). In particular, metastatic epidural spinal cord compression
(MESCC) is a devastating complication of cancer, usually caused by
the metastasis of soft tissue to the epidural space. It is considered a
medical emergency, and if the patient is nonambulatory or
paraplegic, the chances of functional recovery are significantly
reduced. Treatment options for MESCC include corticosteroids,
radiotherapy, and surgery (Grant et al., 1994; Cole and Patchell,
2008). In the present case, due to the pressure of the tumor, the
patient’s symptoms progressed rapidly. Upon visiting the hospital,
the spinal cord compression symptoms were so severe that the
patient had lost the ability to move and was bedridden. Therefore,
the patient had to undergo an emergency surgery (lumbar tumor
excision plus spinal decompression) in April 2022. The
postoperative pathological result confirmed the metastasis of
HCC. Studies have shown that if MESCC progresses slowly,
decompression, even when performed 7 days after the initial
onset, can reverse neurological deficits (Rades and Abrahm,
2010). However, despite undergoing surgery, the patient
experienced compression symptoms for over a month and only
achieved partial relief of pain and neurological recovery.

Despite the breakthrough in the treatment of HCC in recent
years, the median survival time of HCC combined with bone
metastasis (BM) is less than half a year (Guo et al., 2019).
Unfortunately, The patient was found to have both bone and
lung metastases, which worsened his prognosis. Radiotherapy
and surgical treatment aim to alleviate pain symptoms in
patients, but cannot improve bone destruction caused by bone
metastasis (Kodama et al., 2007). The patient requires systemic
anti-tumor treatment.

In recent years, we entered the immune era of liver cancer
treatment. Immunotherapy combined with targeted therapy has
become a new research focus (Yang et al., 2023). Combination
treatment regimens for the first-line treatment of HCC,
including the use of atezolizumab + bevacizumab and
durvalumab + tremelimumab have been approved by FDA
(Kudo, 2022; Yang et al., 2023). In our country, a phase 2-
3 study (ORIENT-32) showed that in the first-line setting for
Chinese patients with unresectable HCC, there was a significant
effect of sintilimab (a PD-1 inhibitor) combined with
bevacizumab compared with sorafenib (Ren et al., 2021).
Immunotherapy combined with bevacizumab has become a
standard first line treatment for HCC which has shown better
efficacy and fewer side effects than a single target drug (Ren
et al., 2021). Previous studies have shown that the etiology of
HCC impacts the immune response and leads to unique
microenvironmental features. However, the
microenvironment of HBV-related HCC is more
immunosuppressive and depleted than that of non-viral-
related HCC. Therefore, HCC caused by chronic viral
hepatitis B may be more suitable for immunotherapy (Lim
et al., 2019; Llovet et al., 2022; Liu et al., 2023). Furthermore,
incorporating antiangiogenic drugs into immune checkpoint
inhibitors (PD-L1/PD-1) can enhance the antitumor immune
response by synergistically regulating the tumor vasculature and
immune microenvironment (Xing et al., 2021).

After extensive communication with the patient, the decision
was made to opt for QL-1604 (a PD-1 inhibitor) combined with
bevacizumab as the first-line treatment. The patient chose this

treatment plan primarily because anti-PD-1 immune checkpoint
inhibitor combined with bevacizumab is considered as a standard
treatment option in China (Ren et al., 2021), and also due to the poor
economic conditions of the patient’s family. The patient hoped to
treat the disease by participating in a free clinical trial. Bevacizumab,
a monoclonal antibody, targets vascular endothelial growth factor
and inhibits angiogenesis and tumor growth. Notably, this
medication stands as one of the first targeted therapies and the
first approved angiogenesis inhibitor.

In contrast, QL1604, an anti-PD-1 immune checkpoint
inhibitor, is a novel and unmarketed inhibitor. The clinical trial
protocol involved the regular use of the immunotherapy QL1604
(anti-PD-1) in combination with bevacizumab, along with
scheduled assessments. This new clinical trial aimed to further
explore the efficacy of immunotherapy in patients with advanced
HCC. It is important to note that this strategy is not a standard first-
line therapy, and no previous research has shown that
QL1604 combined with bevacizumab alone is an effective
treatment for a patient with advanced HCC.

A clinical study IMbrave150 has shown that the median
progression free survival (PFS) was 6.8 months in advanced HCC
patients treated with atezolizumab plus bevacizumab (Finn et al.,
2020). According to ORIENT-32, a clinical study in China, the
median PFS of patients treated with combination therapy of
sintilimab and bevacizumab was 4.6 months (Ren et al., 2021). A
Phase 3 HIMALAYA trial showed a median PFS of 3.8 months in
advanced HCC patients treated with Durvalumab combined with
Tremelimumab (Kudo, 2022). Surprisingly, the PFS of the patient
who treated with QL1604 + bevacizumab reached one and a half
years. Even better, the patient is now completely cured of his
paralysis. The patient is able to move freely, exceeding all
expectations. The synergistic effect of the combined drug
regimen surpasses that of individual treatments alone,
highlighting the potential of such combination therapies in HCC.
This case inspires us to conduct further investigations into the
combination treatment regimen for liver cancer and reaffirms the
significant role of immunotherapy alongside antivascular drugs in
managing HCC.

In this particular case, two challenging events occurred during
treatment. Specifically, before treatment, the patient developed
intraspinal metastasis, a series of symptoms of spinal cord
compression, and paralysis. Notably, few reports have focused on
the successful first-line treatment of such an advanced case of HCC
with QL1604 (a new PD-1 inhibitor) plus bevacizumab. There is still
relatively little information on the efficacy of immunotherapy for
bone metastases (Lasagna et al., 2021). The patient had
demonstrated a state of PR for one and a half years, resulting in
a notable improvement in the quality of life. Furthermore, the side
effects of the treatment were observed to be mild and tolerable.

Conclusion

With the continuous advancement of biological knowledge,
more and more new drugs have begun to be applied.
Additionally, the strategy of immunotherapy combined with
targeted therapy has been increasingly recognized in HCC
treatment. In this case, a patient with HCC in both lung and
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intraspinal metastasis experienced progression-free survival for one
and a half years after systemic therapy with QL1604 and
bevacizumab. Its efficacy was evaluated based on the patient’s
sustained PR and complete recovery from paralysis. Accordingly,
the combination of QL1604 and bevacizumab may be a better first-
line treatment than the individual drugs alone for HCC. However,
further prospective studies are required to confirm this hypothesis.
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Niraparib for the treatment of
metastatic ccRCC in a patient with
CDK12 and RAD51C mutations: a
case report

Xiaolong Yue1†, Chenkang Yang2†, Dandan Cao2* and Yue Li1*
1Medical Oncology Department, Affiliated Tumor Hospital, Harbin Medical University, Harbin, China,
2Genetron Health (Beijing) Co., Ltd., Beijing, China

Background: Niraparib, a poly ADP-ribose polymerase inhibitors (PARPi), has
been widely applied in the intervention of epithelial ovarian, fallopian tube, or
primary peritoneal cancer. Nevertheless, as of the present moment, there are
limited instances demonstrating favorable outcomes stemming from niraparib
therapy in patients with clear cell renal cell carcinoma (ccRCC).

Case presentation: Here, we report a case of a 50-year-old patient with ccRCC
who subsequently developed distant metastasis. The patient received
monotherapy with pazopanib and combination therapy with axitinib and
tislelizumab, demonstrating limited efficacy. Liquid biopsy revealed missense
mutations in the CDK12 and RAD51C of the homologous recombination repair
(HRR) pathway, suggesting potential sensitivity to PARPi. Following niraparib
treatment, the patient’s condition improved, with no significant side effects.

Conclusion: In summary, patients with ccRCC harboring HRR pathway gene
mutation may potentially benefit from niraparib. This will present more options
for ccRCC patients with limited response to conventional treatments.

KEYWORDS

ccRCC, PARPi, CDK12, RAD51C, niraparib

Introduction

Renal cell carcinoma (RCC) constitutes 90%–95% of kidney cancers in adults (Siegel
et al., 2018), encompassing clear cell RCC (ccRCC), papillary RCC (pRCC),
chromophobe RCC (chRCC), and other rare subtypes (Hsieh et al., 2017). Among
these, ccRCC is the most common subtype, accounting for about 75% of cases (Li et al.,
2019). It originates from renal tubule epithelial cells and is primarily managed through
surgical intervention. However, even after successful surgery, approximately 30% of
patients may experience postoperative metastasis (Hsieh et al., 2017). The standard of
care for metastatic ccRCC comprise anti-angiogenic agents, mammalian target of
rapamycin (mTOR) inhibitors, et al. (Yang et al., 2023). While a significant number
of individuals derive relief from standard treatment, there are cases where some
individuals fail to derive apparent benefits or eventually develop resistance to the
standard interventions (Posadas et al., 2013).

The U.S. Food and Drug Administration (FDA) has approved four poly ADP-ribose
polymerase inhibitors (PARPi): olaparib, niraparib, talazoparib, and rucaparib (Lai et al.,
2022). In alignment with other PARPi, niraparib is an innovative cancer treatment based on
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the synthetic lethality effect (Lai et al., 2022). Niraparib has been
widely applied in the intervention of epithelial ovarian, fallopian
tube, or primary peritoneal cancer. Recent literature suggests that
the applicability of PARPi, including niraparib, may extend to a
broader range (Eiriz et al., 2023). Niraparib elevated the objective
response rate (ORR) among ovarian cancer patients with HRD-
positive tumors, regardless of the presence of BRCAmutations (Eiriz
et al., 2023). On 11 August 2023, the FDA approved the combined
use of niraparib and abiraterone acetate for the treatment of
castration-resistant prostate cancer (mCRPC) in adult patients
with deleterious or suspected deleterious BRCA mutations.
Simultaneously, for other PARPi, on 30 June 2023, the FDA
expanded approval for talazoparib to include the care of prostate
cancer with mutations in multiple HRR pathway genes, such as
BRCA1, BRCA2, PALB2, ATM, ATR, CHEK2, FANCA, RAD51C,
NBN, MLH1, MRE11A, and CDK12 (Akbıyık and Ürün, 2023).

Olaparib, an earlier-generation PARPi compared to niraparib, is
presently under assessment as a monotherapy in a Phase II clinical
trial for patients with DDR-altered RCC, with an anticipated
completion date in 2025 (NCT03786796). Currently, there is
insufficient clinical evidence to support the efficacy of PARPi for
ccRCC patients with HRD. Here, we report for the first time a case of
a ccRCC patient with RAD51C and CDK12 mutations benefiting
from niraparib treatment.

Case description

In this case study, we outline the treatment course of a 50-year-
old patient diagnosed with ccRCC and a history of diabetes mellitus,
as depicted in Figure 1. In 2008, the patient was diagnosed with stage
II ccRCC in the right kidney and subsequently underwent a
nephrectomy. After the initial surgery, the patient abstained from

further medical interventions until the identification of lung
metastases in 2017. Subsequent surgery addressed recurrent lung
metastatic lesions, without other interventions. Postoperative
immunohistochemistry revealed expression of CD10, PAX-8, and
Vimentin, aligning with the patient’s medical history, indicating
metastatic ccRCC.

In September 2019, lung and brain metastases were identified,
prompting adherence to the treatment guidelines outlined by the
National Comprehensive Cancer Network (NCCN) (Jonasch,
2019). The patient initiated first-line pazopanib therapy at an
initial oral dose of 800 mg daily. However, after 1 month, the
patient presented elevated blood pressure and dizziness, resulting
in a reduction of the pazopanib dosage to a reduced oral intake of
600 mg per day. A year later, the patient presented with increased
somnolence, confusion, persistent headaches, and the CT image
revealed larger lesions in the lung and brain. Brain edema and
two nodular shadows in the right frontal lobe were also identified
through imaging. Following NCCN guidelines, the patient
initiated to a treatment consisting of axitnib (5 mg/day)
combined with tislelizumab (200 mg/day). During the
treatment, the patient developed persistent right shoulder pain.

In February 2021, the patient presented with severe headaches,
profound somnolence, substantial weight loss, and impaired
consciousness. While radiotherapy provided partial relief from
symptoms, by July 2021, there occurred worsening lung and
brain metastases, as well as concurrent pancreatic metastasis.
Comprehensive genomic profiling (Onco PanScan™) was
conducted, revealing two import gene mutations: the missense
mutation in CDK12 and RAD51C. Considering the limited
effectiveness with conventional treatments for the patient and the
identification of the gene mutations in the HRR pathway, we
recommend PARPi therapy. After discussing with her family, the
patient provided informed consent to participate in an

FIGURE 1
Overview of Treatment Interventions in a 50-Year-Old Patient Diagnosed with ccRCC.
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individualized treatment with niraparib at a daily dosage of 200 mg.
One week later, a blood test revealed thrombocytopenia, so the
dosage was reduced to 100 mg per day.

After taking 100 mg niraparib per day, the patient exhibited a
substantial alleviation of headaches without observable adverse
effects. The lesions remained stable, and her overall health
improved, including notable weight gain. Over the ensuing
2 years, routine check-ups conducted every 3 months revealed no
signs of metastasis and normal blood test findings. In March 2023,
liver imaging indicated the presence of metastasis, prompting liver
radiofrequency ablation. Subsequent Onco PanScan™ testing in
March failed to detect RAD51C and CDK12 mutations,
suggesting the potential development of drug resistance.
However, niraparib treatment was not discontinued (Figure 1). In
August of the same year, she experienced head and neck pain due to
atlantoaxial vertebral metastasis. She underwent percutaneous

vertebroplasty, which caused occlusion of pulmonary vasculature,
leading to a deterioration in her condition with an ECOG score of 4.
She passed away in October.

Discussion

The current standard treatment for metastatic ccRCC
encompass anti-angiogenic agents, mTOR inhibitors, and
immunotherapeutic drugs (Yang et al., 2023). After the
occurrence of distant metastasis for the patient, we initially
employed pazopanib and a combination of axitinib and
tislelizumab for treatment. Unfortunately, the efficacy of these
approaches proved to be limited, accompanied by significant side
effects. Consequently, we found it necessary to explore novel
treatment strategies.

FIGURE 2
Mutational Characteristics (A–C) and Predicted Pathogenicity (D) of HRR Genes in the Patient. (A)Mutation sites and mutation types of CDK12 and
RAD51C. Mutation reads for RAD51C (B) and CDK12 (C) in the tumor sample and the wild-type reads from the paired normal sample. (D) Prediction of
functional effects of RAD51C and CDK12 mutation sites by three algorithms.

TABLE 1 Patient information with deleterious co-mutations in CDK12 and RAD51C.

Sample ID Cancer type Amino acid variation

CDK12 RAD51C

TCGA-ZF-A9R7-01 Bladder Urothelial Carcinoma P707S R249C

P-8178 Colorectal Adenocarcinoma R983Q C176Y

TCGA-W3-AA1V-06 Cutaneous Melanoma P1005L R249C

P-0004688-T01-IM5 Upper Tract Urothelial Carcinoma R981C E89K

TCGA-AP-A059-01 Uterine Endometrioid Carcinoma P653H A279D

TCGA-A5-A0G2-01 Uterine Serous Carcinoma E928K R260Q
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In contemporary contexts, PARPi have brought about a
substantial transformation in the therapeutic landscape
concerning platinum-sensitive ovarian and breast cancers
(Marchetti et al., 2012; Robson et al., 2017). As early as 2014, the
FDA approved the utilization of PARPi for treating breast cancer in
individuals with BRCA1/2 germline mutations (Kim et al., 2015).
Historically, the effectiveness of PARPi in urological cancers was
believed to be constrained due to the infrequent occurrence of BRCA
germline mutation (Pletcher et al., 2021). Hence, there is a scarcity of
research on the utilization of PARPi for ccRCC. Despite this, existing
studies suggest PARPi potential effectiveness for ccRCC, especially
in cases where HRD are present, as demonstrated by experiments
conducted on cell lines (Pletcher et al., 2021). At the same time,
recent studies propose that the effectiveness of PARPi is not solely
dependent on BRCA deficiency but may also be affected by
mutations in other genes within HRR pathway (Boussios et al.,
2020). In a clinical trial of prostate cancer focusing on alterations in
the HRR genes, including BRCA1, BRCA2, PALB2, ATM, ATR,
CHEK2, FANCA, RAD51C, NBN,MLH1,MRE11A, and CDK12, the
group treated with talazoparib showed a significant improvement in
progression-free survival compared to the placebo group (Fizazi
et al., 2023). Soon afterwards, the FDA granted further approval for
the application of talazoparib in the treatment of prostate cancer
patients exhibiting mutations in HRR pathway genes, encompassing
CDK12 and RAD51C (Akbıyık and Ürün, 2023). Our analysis
identified ccRCC patients with co-mutations in the CDK12 and
RAD51C genes (Figure 2A), supported by multiple reads for these
mutations (Figure 2B, C). Harmfulness analysis of these mutations
was conducted, and various algorithm confirmed that there are
deleterious variations (Figure 2D). We propose that mutations in
CDK12 and RAD51C may impair the functionality of the HRR
pathway, causing HRD in the patient and rendering them sensitive
to PARPi. After niraparib administration, multiple lesions stabilized
and the status of her remains favorable (Figure 1).

CDK12 selectively regulates the expression of DDR pathway
genes by regulating transcription elongation, consequently causing
HRD. Earlier research believed the heightened susceptibility of
DDR genes to CDK12 loss, potentially attributable to their
extended sequences and decreased ratios of U1 snRNP binding
to intronic polyadenylation sites (Krajewska et al., 2019).
Regarding RAD51C, as established previously, RAD51C
deficiency leads to impaired RAD51-focus formation, and cell
lines with diminished RAD51C expression demonstrate
increased susceptibility to PARPi (Min et al., 2013). Hence, we
speculate that the manifestation of HRD in patients with dual
mutations in CDK12 and RAD51C is attributed to alterations in
both transcription elongation and RAD51-focus formation. We
identified 6 patients of co-mutations in the CDK12 and RAD51C
genes across various cancer types among 67,083 cancer patients in
the cBioPortal database (Table 1). We anticipate that future clinical
trials of this co-mutations will be conducted to benefit a broader
patient population. Our study contributes by presenting a ccRCC
patient with HRD benefiting from the use of PARPi, adding to the
growing body of evidence supporting the versatility of PARPi
across various cancer types.

To date, there are also reported instances of employing PARPi
in the management of renal cancer patients exhibiting defects in
the HRR pathway. A particularly noteworthy instance is

illustrated in the case study conducted by Olson et al. (Olson
et al., 2016), where a patient diagnosed with pRCC and possessing
an ATM mutation exhibited positive responses to PARPi.
Additionally, Lian et al. reported the first case of a ccRCC
patient benefiting from PARPi with a BAP1 frame shift
mutation (Lian et al., 2022). Similar to the case reported in this
article, the patient with a BAP1 frame shift mutation also
developed lung and brain metastases. After starting niraparib
treatment, the patient showed a partial response in the lungs
within 2 months. The intracranial lesion also shrank due to
radiotherapy, and the headache was completely relieved. This
patient developed new lesions in the lungs and brain 5 months
after treatment. In contrast, the patient reported in this article,
who had dual CDK12 and RAD51C co-mutations, did not develop
new metastases during approximately 15 months of treatment.
Furthermore, the case of co-mutations in the HRR pathway genes
ATR and BRCA2 has been reported in patients with ccRCC.
However, the patient with HRD has not received PARPi
therapy (Yang et al., 2021). This study presents, for the first
time, the therapeutic effects of PARPi in ccRCC with mutations
in genes associated with the mutation of RAD51C and CDK12.
Particularly noteworthy are cases harboring mutations in RAD51C
and CDK12 genes, where the effectiveness of PARPi treatment has
already gained FDA approval in prostate cancer.

In summary, for ccRCC patients with gene mutation in the HRR
pathway, particularly in CDK12 and RAD51C, PARPi demonstrate
favorable therapeutic efficacy. In China, a notable number of ccRCC
patients exhibit gene mutations in the HRR pathway (Chen et al.,
2022), offering novel insights into drug treatment possibilities for
individuals with ccRCC.

Conclusion

In summary, patients with ccRCC harboring HRR pathway gene
mutation may potentially benefit from niraparib. This will present
more options for ccRCC patients with limited response to
conventional treatments.
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1 Introduction

The prevalence of cancer in 2022, according to World Health Organization (WHO)
data, is 20 million new cases and 9.7 deaths. The comparison of death rates based on gender
is that 1 in 9 men and 2 in 12 women die from cancer (WHO, 2024). New cancer cases in the
United States (US) in 2024 will be 2,001,140, with 611,720 resulting in death (Siegel
et al., 2024).

Cancer is one of the leading causes of death worldwide, with the rate of adoption of new
drugs likely to be slower in clinical practice than expected. New drug development takes a
long time, with an average of 13 years at a cost of ~USD 2–3 billion (Zhang et al., 2020). This
condition has global health and financial burdens (Roth et al., 2018). Discovery and
development of new drugs to overcome this need to be done.

The drug repurposing method is a promising approach that will accelerate the research
and development cycle. This approach is more effective in terms of cost and time than drug
research and development using the de novo drug discovery approach (Tran and Prasad,
2020). Ibrexafungerp, approved by the FDA in 2021 as an antifungal derived from natural-
product-based small compounds, has excellent potential to be developed using repurposing
techniques to become a drug with other functions (Xu et al., 2022). The success of
repurposing techniques in the development of anticancer drugs that have been
approved by the FDA, such as a combination of aspirin, the antibiotic doxycycline,
mifepristone, and the amino acid lysine, is used to prevent cancer metastasis (Wan
et al., 2015).

The method used in this opinion article is a literature review. The literature review
process uses Pubmed, Scopus, and Springer databases with criteria for articles
published from 2015–2024. The article search method uses the query “repurposing
therapy” AND/OR “ibrexafungerp” AND/OR “vulvovaginal candidiasis” AND/OR
“cancer” AND/OR “computational screening” AND/OR “glucan synthase inhibitor”
AND/OR “triterpenoid” AND/OR “ROS” AND/OR “siRNA” AND/OR “cancer
mechanism” AND/OR “Tools” AND/OR “Computational” AND/OR “Artificial
Intelligence” AND/OR “In Silico” AND/OR “Deep Learning” AND/OR “Machine
Learning” AND/OR “bioinformatics.”
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2 Mechanism ibrexafungerp for
anticancer

Ibrexafungerp has antifungal activity by inhibiting (1,3)-β-D-
glucan synthase (Apgar et al., 2021). This mechanism gives

Ibrexafungerp a good toxicity profile in host cells. The
pharmacokinetic profile of Ibrexafungerp is well-classified, with
the ability to penetrate tissues and organs, such as the liver,
lungs, and skin. This pharmacokinetic profile is influenced by the
structure of Ibrexafungerp, which has a core phenanthropyran

FIGURE 1
(A) Mechanism of Ibrexafungerp in inhibiting the neddylation process and (B) Mechanism of Ibrexafungerp as a ROS modulator.
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carboxylic acid ring system at position 15 and 2-amino-2,3,3-
trimethyl-butyl ether at position 14, both of which are derivatives
of the naturally occurring hemiacetal triterpene glycoside
enfumafungin. The pharmacokinetic profile in animals shows
that Ibrexafungerp has a 30%–50% bioavailability when
administered orally and has poor penetration into the central
nervous system. In vitro studies show hydroxylation metabolism
by the CYP3A4 isoenzyme with primary excretion via bile. The
steady-state volume of distribution (Vss) profile in humans averages
600 L with high binding to protein, mainly albumin (Apgar et al.,
2021; Angulo et al., 2022).

The potential of Ibrexafungerp as a cancer therapeutics is based
on the use of antifungals, which have been used as anticancer agents.
Antifungals with anticancer activity include itraconazole,
rapamycin, griseofulvin, clotrimazole, ciclopirox, and nannocystin
A (Li et al., 2022; Mohi-ud-din et al., 2023). The mechanisms of
antifungal drugs that act as anticancers include the function of
increasing autophagy, reducing angiogenesis, increasing tumor
regression, and reducing metastasis (Mohi-ud-din et al., 2023).

Ibrexafungerp has a mechanism as a non-competitive glucan
synthase inhibitor and the exact mechanism as echinocandins as an
antifungal (Jallow and Govender, 2021; Shi et al., 2023; Kumar et al.,
2024). Ibrexafungerp’s activity includes a broad-spectrum anti-
candida fungicide against species resistant to azole drugs.
Capable Candida species associated with ibrexafungerp activity

include auris, dubliniensis, glabrata, guilliermondii, keyfr, krusei,
lusitaniae, parapsilosis, and tropicalis (Phillips et al., 2023). Activity
as a broad-spectrum antifungal, such as Candida species, indicates
that ibrexafungerp may have anticancer activity. The anticancer
activity of broad-spectrum antifungals such as the triazole group,
namely, itraconazole, is related to the mechanism of molecular
smoothened (SMO) D477G mutations, sterol carrier protein 2
(SCP2), voltage-dependent anion channel 1 (VDAC1), and
Niemann-Pick Type C 1 (NPC1) (Weng et al., 2023).

The mechanism of ibrexafungerp has the same action as
micafungin, which is one of the echinocandin classes of
antifungal agents. The mechanisms of action of Ibrexafungerp
and micafungin as antifungals may have mechanisms similar to
anticancer. The predicted mechanism of ibrexafungerp is to inhibit
the neddylation process by stabilizing ubiquitin-conjugating enzyme
2 M (UBE2M). This enzyme is essential in molecular mechanisms
such as DNA damage, apoptosis, and cell proliferation (Mamun
et al., 2023a). The prediction of the Ibrexafungerp mechanism can be
seen in Figure 1A (Mamun et al., 2023b; Mamun et al., 2023a; Yu
et al., 2020b; Zheng et al., 2021; Zhou et al., 2023).

Prediction of the mechanism of ibrexafungerp as a UBE2M
inhibitor can inhibit the neddylation pathway which can reduce
tumor-promoting factors and increase levels of tumor suppressors
thereby improving the occurrence of tumors and prognosis (Zheng
et al., 2021). Anticancers that target UBE2M in the neddylation

TABLE 1 Computational tools in cancer research.

Tools Function Web link Reference

The cancer proteome Atlas V3.0
(TCPA V3.0)

Supports research to visualize and analyze Reverse phase protein arrays
(RPPA) data

http://tcpaportal.org Chen et al. (2019)

DemixTallmaterial Supports research to estimate the proportion of specific cell types
(tumor, stromal and immune cells) simultaneously

https://github.com/wwylab/
DeMixTallmaterials

Wang et al. (2018)

The Cancer Genom Atlas
(TCGA)

Supports research as a Platform that has a catalog of analysis data in
large groups to study cancer genetics

https://www.genome.gov/Funded-
Programs-Projects/Cancer-Genome-Atlas

Tomczak et al.
(2015)

Tumor MAP Supports research for visualization and interactive analysis in exploring
patterns between tumor cells arranged relative to each other based on

their molecules

https://tumormap.ucsc.edu/ Gabriel et al.
(2020)

SurvNet Using one of the artificial intelligence (AI) methods, namely, Deep
Neural Network (DNN), which is used to analyze lung cancer survival

https://bioinformatics.mdanderson.org/
SurvNet/

Wang et al. (2021)

METABRIC, HapMap, Lincs,
KEGG, DrugBank

Identification of drug repurposing results of the best analysis for each
breast cancer subtype

Not Available (NA) Firoozbakht et al.
(2022)

shinyDeepDR The study of personalization of cancer treatment through analysis of
drug response to differences in genomic attributes

https://shiny.crc.pitt.edu/shinydeepdr/ Wang et al. (2024)

iODA Tools used for heterogeneous multi-omics data analysis http://www.sysbio.org.cn/iODA Yu et al. (2020a)

MLSP Bioinformatic analysis tools in breast cancer research to predict
molecular subtypes and prognosis

https://sujiezhulab.shinyapps.io/BRCA/ Zhu et al. (2022)

DEBay A tool that can be used in cancer research related to gene expression
through quantitative PCR data deconvolution

https://sourceforge.net/projects/debay Devaraj and Bose
(2020)

The HPV Induced Cancer
Resource (THInCR)

Tools used to explore the impact of HPV on cellular gene expression
(mRNA and microRNA), changes in gene methylation, and their

relationship to patient survival and features of the immune landscape

https://thincr.ca/ Salnikov et al.
(2022)

DAX-Net The model that utilizes Convolutional Neural Network (CNN) and
Transformer network for multiclass cancer classification

https://github.com/QuIIL/DAX-Net Bui et al. (2024)

ExplORRNet Tool for research related to miRNA expression profiles https://mirna.cs.ut.ee Lawarde et al.
(2024)
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process play a role in posttranslational modification mechanisms
and target protein activity. The neddylation process begins with
NEDD8 which is activated by E1 NEDD8-activating enzyme (NAE-
consists of NAE1 and UBA3). This activation process results in the
formation of the thioester-linked E1-NEDD8 complex which is then
transferred to the NEDD8-conjugating enzyme (E2)/UBE2M (Yu
et al., 2020b; Zheng et al., 2021). Ibrexafungerp inhibits the
NEDD8 mechanism in UBE2M so that it cannot proceed to the
next stage, namely, transferring NEDD8 from charged E2 to lysine
residues in its target (Zhou et al., 2023).

Ibrexafungerp has a structure that belongs to the triterpenoid
class (Angulo et al., 2022; Kumar et al., 2024). The triterpenoid
group has the potential to be a cancer chemotherapy agent with a
mechanism as a reactive oxygen species (ROS) modulator that can
regulate cell survival and function. The impact of ROS on cancer
cells is the mechanism of autophagy and ferroptosis (Endale et al.,
2023; Jiang et al., 2021; Lee et al., 2023; Ling et al., 2022; Zeng et al.,
2023). Autophagy works by causing cellular lipid accumulation and,
ultimately, cell death. Another mechanism is inducing ferroptosis,
which can cause increased chemosensitivity to chemotherapy drugs
that are used to treat cancer cells. The mechanism of ibrexafungerp
as a ROS modulator can be seen in Figure 1B (Ling et al., 2022).

3 Computational approaches
ibrexafungerp

The development of ibrexafungerp as a cancer therapeutic can be
done through 2 methods: experimental screening and computational
(virtual) screening (Oliveira et al., 2023; Prada Gori et al., 2023; Weth
et al., 2024). Experimental screening involves in vivo and in vitro
research with drug-based phenotypic screens and target-based high
throughput assays. Computational (virtual) screening methods
include signature matching (-omics data), artificial intelligence
(machine learning and deep learning), GWAS disease/target
associations, and chemical similarity and molecular docking (Weth
et al., 2024). A virtual screening server that can be used in
computational approaches in the development of drug repurposing
research, namely, DrugRep. The use of DrugRep in drug repurposing
research uses receptor-based and ligand-based screening systems
(Gan et al., 2023). Several tools can be used to develop anticancer
from Ibrexafungerp, some of which can be seen in Table 1.

4 Conclusion

Ibrexafungerp is predicted to have two anticancer mechanisms.
The anticancer mechanism is obtained by inhibiting the neddylation

stage by stabilizing UBE2M, and Ibrexafungerp acts as a ROS
modulator, which acts through cell death mechanisms with
autophagy and ferroptosis.
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Sugemalimab combined with
chemotherapy for the treatment
of advanced esophageal
squamous cell carcinoma: a
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Background: This study aims to systematically analyze the cost-effectiveness of
the combination therapy comprising sugemalimab and chemotherapy in the
management of advanced ESCC from the Chinese healthcare system
perspective.

Methods: An advanced ESCC patient simulation partitioned survival approach
model was developed to mimic the disease progression of patients undergoing
treatment with sugemalimab in combination with chemotherapy versus
chemotherapy alone. To ensure accuracy and precision, clinical data,
treatment costs, and utility values were collected from comprehensive clinical
trials and reliable economic databases. The cost-effectiveness analysis was
conducted by assessing the incremental cost-effectiveness ratio in relation to
the established willingness-to-pay threshold. One-way and probabilistic
sensitivity analyses were performed to assess the robustness of the model.

Results: The cumulative expenditure for the group of patients administered with
sugemalimab amounted to US$ 41734.87, whereas the placebo group was
associated with a total cost of US$ 22926.25. By evaluating the ICER, which
quantifies the additional cost incurred per QALY gained, a value of US$
61066.96 per QALY was determined. It is imperative to note that this ICER
value surpasses the predetermined threshold for WTP in China, set at US$
39,855.79 per QALY. Sensitivity analyses demonstrated that the results were
sensitive to the cost of sugemalimab, progression-free survival, and utility
values. These fluctuations did not result in a reversal of the study findings.

Conclusion: The combination of sugemalimab with chemotherapy for the
treatment of ESCC in China is currently not considered a cost-effective
therapeutic approach. However, it is suggested that additional reductions in
price may facilitate the potential for achieving cost-effectiveness.
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partitioned survival approach model

OPEN ACCESS

EDITED BY

Wagdy Mohamed Eldehna,
Kafrelsheikh University, Egypt

REVIEWED BY

Ahmed Amin,
Kafrelsheikh University, Egypt
João Pereira,
New University of Lisbon, Portugal

*CORRESPONDENCE

Zhiwei Zheng,
zhiweizheng@126.com

†These authors have contributed equally to this
work and share first authorship

RECEIVED 11 April 2024
ACCEPTED 10 June 2024
PUBLISHED 28 June 2024

CITATION

Cai H, Fang L and Zheng Z (2024), Sugemalimab
combined with chemotherapy for the
treatment of advanced esophageal squamous
cell carcinoma: a cost-effectiveness analysis.
Front. Pharmacol. 15:1396761.
doi: 10.3389/fphar.2024.1396761

COPYRIGHT

© 2024 Cai, Fang and Zheng. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 28 June 2024
DOI 10.3389/fphar.2024.1396761

121

https://www.frontiersin.org/articles/10.3389/fphar.2024.1396761/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1396761/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1396761/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1396761/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1396761/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1396761&domain=pdf&date_stamp=2024-06-28
mailto:zhiweizheng@126.com
mailto:zhiweizheng@126.com
https://doi.org/10.3389/fphar.2024.1396761
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1396761


1 Introduction

Esophageal cancer is recognized as one of the most prevalent
forms of cancer worldwide, ranking seventh in terms of incidence
and sixth in terms of mortality (Jiang et al., 2023). Disturbingly,
China bears the greatest burden of this disease, accounting for
approximately 50% of all global esophageal cancer cases and
deaths each year (Li L. et al., 2022). Esophageal squamous cell
carcinoma (ESCC) is an extremely aggressive and deadly
malignancy, predominantly found in Eastern Asia, primarily in
China (Morgan et al., 2022). It poses a significant health burden
in the region, warranting immediate attention. The prognosis for
advanced ESCC is exceedingly grim, with a 5-year survival rate of
less than 20% (Zhu et al., 2023). Consequently, urgent action is
required to devise effective and precise therapeutic approaches to
combat this devastating disease. The treatment of advanced ESCC is
challenging due to late-stage diagnosis, tumor invasion into adjacent
tissues, and distant metastasis. Current therapeutic approaches,
including surgery, chemotherapy, and radiation therapy, have
limited efficacy, and the development of resistance to these
treatments is a common occurrence (Yajima et al., 2021).
Therefore, there is a critical need to explore new treatment
options that can improve the survival and quality of life for
patients with advanced ESCC.

The emergence of immunotherapy has revolutionized the field
of cancer treatment (Thuss-Patience and Stein, 2022; Wu et al.,
2023). In particular, immune checkpoint inhibitors (ICIs), such as
programmed cell death protein 1 (PD-1) and its ligand PD-L1, have
demonstrated significant promise in the treatment of various
cancers, including ESCC. Several recent clinical trials have
provided compelling evidence of the efficacy of immune
checkpoint inhibitors in the treatment of advanced ESCC. One
notable ICIs that has demonstrated promising results in the
treatment of advanced ESCC is pembrolizumab, as shown in the
KEYNOTE-590 trial (Sun et al., 2021). This randomized, phase
3 trial investigated the efficacy of pembrolizumab in combination
with chemotherapy compared to chemotherapy alone as the first-
line treatment for patients with advanced ESCC. The results revealed
a significant improvement in overall survival, progression-free
survival, and objective response rate in the pembrolizumab
group, highlighting its potential as a valuable treatment option
for these patients. Similarly, nivolumab, another immune
checkpoint inhibitor targeting PD-1, has demonstrated
encouraging outcomes in advanced ESCC. The CheckMate
648 trial investigated the efficacy of nivolumab plus
chemotherapy as first-line treatment for patients with
unresectable advanced or metastatic ESCC (Doki et al., 2022).
The trial revealed a significant improvement in overall survival
and response rates compared to chemotherapy alone, further
supporting the use of immune checkpoint inhibitors in the
management of advanced ESCC. Recently, the use of
sugemalimab, a novel anti-PD-L1 antibody, has shown great
promise as a therapeutic option for patients with advanced
ESCC. The GEMSTONE-304 trial evaluated the efficacy and
safety of sugemalimab as first-line treatment in patients with
advanced ESCC(Li et al., 2024). The results of the GEMSTONE-
304 trial demonstrated significant improvements in overall survival
(OS), progression-free survival (PFS), and response rates in patients

receiving sugemalimab compared to those receiving chemotherapy
alone. The median OS was substantially prolonged in the
sugemalimab group, indicating a consistent and remarkable
survival benefit. Moreover, the sugemalimab combination therapy
exhibited a higher objective response rate and disease control rate
compared to chemotherapy alone, further highlighting its efficacy in
combating ESCC.

However, despite the promising initial results, there is a dearth
of comprehensive evaluation regarding the cost-effectiveness of
sugemalimab in combination with chemotherapy when compared
to chemotherapy alone. Cost-effectiveness analyses are essential
tools in healthcare decision-making processes, as they provide a
comprehensive evaluation of treatments by considering not only
their clinical effectiveness but also their cost implications (Rodriguez
and Caughey, 2013). Healthcare decision-making is often
confronted with limited resources, and cost-effectiveness analyses
assist in prioritizing interventions based on the potential returns on
investment. By comparing the costs and outcomes of different
treatment options, decision-makers can identify interventions
that provide the greatest health gains at a reasonable cost
(Turner et al., 2021). This helps promote efficient resource
allocation and ensures equitable access to healthcare services.
Thus, the lack of cost-effectiveness has hindered our
understanding of the economic implications of utilizing
sugemalimab therapy for advanced ESCC. In this comprehensive
study, our objective is to evaluate the incremental cost-effectiveness
ratio (ICER) of combining sugemalimab with chemotherapy, as
compared to the use of chemotherapy alone. This analysis will offer
critical insights into the financial implications associated with
achieving an additional unit of health benefit through the
adoption of sugemalimab in combination with chemotherapy.
The outcomes of this study will serve as a valuable resource for
decision-makers, who are tasked with allocating limited resources
efficiently. The results will aid in determining the optimal allocation
of healthcare funds while considering both the financial
sustainability and clinical effectiveness of treatment options.

2 Methods

2.1 Study design and data sources

We have developed a novel partitioned survival model (PSM) to
comprehensively assess the intricate relationship between cost
aspects and clinical benefits in patients with advanced ESCC. The
PSM categorizes patients into three distinct and mutually exclusive
states: progression-free disease, progressive disease, and death
(Figure 1). By incorporating a wide range of significant direct
healthcare expenditures, including medication costs, management
of adverse events, follow-up therapeutic interventions, and optimal
supportive care, our model provides a comprehensive framework for
evaluating the economic implications of ESCC treatment.

Survival data from the GEMSTONE-304 clinical trial was
collected using GetData Graph Digitizer (version 2.25) software.
This software reconstructs the raw data from survival curve prior
curves to simulate transfer probabilities.

To align with the designated observation time of the
GEMSTONE-304 clinical trial, we have selected a simulation
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period of 21 days per cycle. Because the overall 5-year survival rate
for ESCC ranges was 20%, we set the time horizon of our model to
10 years. Furthermore, our PSM analysis provides additional
support for this 10-year timeframe by demonstrating that nearly
all patients in the model would reach the terminal state within
this duration.

According to the latest China Guidelines for
Pharmacoeconomic Evaluations in 2020, we have established a
threshold for willingness-to-pay (WTP) at $39855.785 per
quality-adjusted life year (QALY), which was determined as three
times the national gross domestic product (GDP) per capita in 2023
(National Bureau of Statistics of China, 2023; Liu et al., 2020). The
incorporation of this WTP threshold enables us to compare the
incremental cost per QALY gained and assess the economic viability
of the intervention. The construction of the PSM framework was
executed using TreeAge Pro 2011 software.

3 Population and intervention

The model assumes that the study population is consistent with
participants in the GEMSTONE-304 trial. Between 19 December
2019, and 23 December 2021, a total of 785 patients were screened
for eligibility across 69 study centers in China. Out of these patients,
540 individuals who met the criteria were randomly assigned to two
groups in a 2:1 ratio. Specifically, 358 patients were allocated to
receive sugemalimab in conjunction with chemotherapy, while
182 patients were assigned to receive a placebo alongside
chemotherapy.All enrolled patients were of Asian ethnicity and
had a median age of 62.5 years (range, 40–75 years) and
63.0 years (range, 43–75 years) in the sugemalimab and placebo-
chemotherapy groups, respectively. The majority of patients had an
Eastern Cooperative Oncology Group (ECOG) performance status
score of 1 (79.1% in the sugemalimab group versus 78.6% in the

placebo-chemotherapy group). The proportion of male patients was
similar between the two groups, with 87.7% in the sugemalimab
group and 86.8% in the placebo-chemotherapy group. The majority
of patients in both treatment groups had stage IV tumors (90.2% in
the sugemalimab group versus 90.7% in the placebo-chemotherapy
group), and a similar proportion of patients hadmetastasis (79.6% in
the sugemalimab group versus 79.1% in the placebo-chemotherapy
group). The distribution of patients based on PD-L1 expression
levels was balanced in both treatment groups, with 57.0% and 57.1%
of patients having PD-L1 expression levels below 10% and 43.0%
and 42.9% having PD-L1 expression levels of 10 or higher in the
sugemalimab and placebo-chemotherapy groups, respectively (Li
et al., 2024).

The GEMSTONE-304 trial and our PSM assumes that the study
population included a total of 540 eligible patients who were
randomly assigned in a 2:1 ratio to receive either sugemalimab
along with chemotherapy (n = 358) or placebo along with
chemotherapy (n = 182). Participants were randomly allocated to
receive either sugemalimab (1,200 mg) every 3 weeks or a placebo
for a maximum of 24 months. Additionally, they will receive
chemotherapy every 3 weeks, comprising cisplatin (80 mg/m2, day
1) and 5-fluorouracil (800 mg/m2, day 1–4), for a total of six
treatment cycles.

The administration of subsequent anticancer therapy was
observed in 145 individuals (40.5%) within the sugemalimab-
chemotherapy cohort, whereas 88 participants (48.4%) received
comparable treatment in the placebo chemotherapy group. In
light of the cost-effectiveness analysis that needs to be conducted,
we have employed the assumption of utilizing a second-line
treatment of docetaxel in combination with a platinum-based
chemotherapy regimen for both treatment groups. However, due
to the considerable uncertainty surrounding the optimal selection of
third-line therapy, our study assumes the utilization of the best
supportive treatment regimen in the event of disease re-progression.

FIGURE 1
Study design model.
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4 Clinical data collection procedures

In this study, we extracted and reconstructed the survival curve
data from the GEMSTONE-304 clinical trial using the data
extraction tool GetData Graph Digitizer (http://www.getdata-
graph-digitizer.com, version 2.25) software.Our primary aim was
to extract and simulate the survival curves, encompassing both
overall survival and disease-free survival, by identifying the most
suitable statistical distributions. In the determination of the optimal
distribution, a combination of two principles was employed: firstly,
the akaike information criterion (AIC) and the Bayesian
Information Criterion (BIC) were utilized as the minimum
statistical criteria, and secondly, an intuitive visual inspection was
conducted to ensure that the simulated curves adhered to the
established clinical observation standards (Hoyle and Henley,
2011). The AIC and BIC values associated with the simulated
survival curves can be located in Supplementary Table S1.
Furthermore, Supplementary Figure S1 provides a graphical
depiction of the reconstructed distribution curves for each
respective group.

To enhance the efficacy of our model, we implemented a
simulation approach to generate survival times based on a log-
logistic distribution. This innovative technique allowed us to extend
the applicability of our model beyond the duration of the clinical
trial follow-up. By providing a robust estimation of the survival
function S(t), we aimed to offer a more comprehensive
understanding of the underlying dynamics of the studied
population. The survival function, denoted as S(t), plays a crucial
role in survival analysis as it quantifies the probability that an
individual survives beyond a given time point, t. In our study, we
employed the log-logistic distribution to model the survival
function,S(t) = 1/(1+λtγ). This parametric distribution holds
immense significance in survival analysis due to its flexibility in
capturing various shapes of survival curves.To effectively implement
the log-logistic distribution and estimate the parameters, we utilized
R software. The estimated values of the parameters, shape (γ) and
scale (λ) are presented in Table 1.

5 Cost sources and utility parameters

This study is conducted from the Chinese healthcare system
perspective. From this perspective, it can provide decision-making
for healthcare and promote rational pricing of medicines. We
consider costs related to medication, treatment of serious adverse
events caused by medications, follow-up treatment, best supportive
care, and expenses related to follow-up. The annual exchange rate

from Chinese Renminbi (RMB) to US dollars (US$) for
2023 was705 units of RMB per 100 US$(National Data, 2023).To
ensure accurate data on drug costs, we gathered national median
drug prices from the China Data Platform (https://data.yaozh.com/)
(YaoZH, 2024). Conversely, other costs were derived from pertinent
literature that has been previously published.

In order to evaluate the quality of life associated with health
status, utility values ranging from 0 to 1 were utilized within this
study. Unfortunately, explicit utility value data from the
GEMSTONE-304 clinical trial were unattainable. Consequently,
we procured utility values from previously published literature. It
is important to highlight and emphasize that these cost and utility
values obtained from the literature are factored into our sensitivity
analysis, which aims to determine the robustness of the results
yielded by our model by assessing their impact on the conclusions
drawn from our findings. Additionally, our model also accounts for
the negative utility associated with adverse drug events. Detailed
information regarding cost and utility values can be found
in Table 2.

6 Sensitivity analysis

This study utilized sensitivity analyses to enhance the robustness
of the model. Firstly, a one-way sensitivity analysis was conducted to
assess the impact of varying input parameters on the ICER. Each
input parameter was adjusted individually by ±25% to evaluate its
influence on the ICER. Additionally, the discount rate was varied
from 0% to 8%. The results of this sensitivity analysis were visually
represented using a tornado diagram, an effective tool for illustrating
the relative importance of each parameter in influencing the ICER.

In order to thoroughly evaluate and quantify the uncertainty
associated with estimating the ICER, a comprehensive and rigorous
probabilistic sensitivity analysis was carried out. This analysis
entailed the execution of 1000 Monte Carlo simulations, allowing
for a thorough exploration and investigation of a wide spectrum of
probabilistic scenarios. The main objective of the probabilistic
sensitivity analysis was to incorporate random sampling of input
parameters from specified probability distributions. This approach
ensured a robust and comprehensive assessment of the potential
variability in the ICER estimates, taking into account the intrinsic
uncertainty associated with each parameter. By sampling from
specified probability distributions, the analysis allowed for the
consideration of parameter values that were not only
deterministic, but also probabilistic in nature. This feature
enabled a more realistic and accurate representation of the
inherent uncertainty in the estimation of the ICER, considering

TABLE 1 Log-logistic survival model parameters.

Variable Sugemalimab plus chemotherapy cohort Placebo plus chemotherapy cohort

Log-logistic OS shape (γ) 1.707 1.975

Log-logistic OS scale (λ) 0.00937 0.00773

Log-logistic PFS shape (γ) 2.129 2.501

Log-logistic PFS scale (λ) 0.0173 0.0166

Abbreviations:OS: overall survival; PFS: Progression-Free Survival.
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the various sources of variability and randomness that influence the
input parameters. The results of this probabilistic sensitivity analysis
are effectively communicated through meticulously crafted
scatter plots.

7 Results

7.1 Cost-effectiveness outcomes

The total cost for the group receiving sugemalimab amounted to
US$41734.87, whereas the placebo group incurred a total cost of
US$22926.25. The administration of the sugemalimab regimen

resulted in a statistically significant increase of 0.31 QALYs
compared to the placebo group. However, this additional benefit
came at an incremental cost of US$18808.62. Consequently, the
calculated ICER was US$61066.96 per QALY gained, which exceeds
the WTP threshold of US$39855.79 per QALY in China. Thus, the
use of the sugemalimab regimen may not be deemed cost-effective
within the Chinese healthcare system. Table 3 provides a
comprehensive summary of the findings obtained in this analysis.

However, we discovered that reducing the price of sugemalimab
by 50% to only $919.92 per 600 mg resulted in an ICER of
US$39,547.54 per QALY gained. It is noteworthy that this ICER
value closely aligns with the WTP threshold of
US$39,855.79 per QALY.

TABLE 2 The parameters input of the model.

Parameters Input value Range Distribution Source

Minimum Maximum

TEAE rate of sugemalimab group (%)

Platelet count decreased 2.50 - - Beta Li et al. (2024)

Vomiting 2.00 Beta Li et al. (2024)

Nausea 0.80 - - Beta Li et al. (2024)

TEAE rate of placebo group (%)

Platelet count decreased 2.20 - - Beta Li et al. (2024)

Vomiting 2.10 - - Beta Li et al. (2024)

Nausea 2.20 - - Beta Li et al. (2024)

Medication costs (US$)

Sugemalimab (600 mg) 1839.85 1379.89 2299.81 Gamma YaoZH (2024)

Fluorouracil (500 mg) 29.12 21.84 36.40 Gamma YaoZH (2024)

Cisplatin (10 mg) 1.39 1.04 1.74 Gamma YaoZH (2024)

Cost of TEAE per cycle (US$)

Platelet count decreased 1523.82 1142.87 1904.78 Gamma Liu et al. (2023a)

Vomiting 71.00 53.25 88.75 Gamma Li et al. (2022b)

Nausea 101.15 75.86 126.44 Gamma Yang et al. (2021)

Subsequent therapy per cycle (US$) 639.75 479.81 799.69 Gamma Zheng et al. (2024)

Best supportive care (US$) 182.23 136.67 227.79 Gamma Liu et al. (2023b)

Follow-up cost per cycle (US$) 73.72 55.29 92.15 Gamma Liu et al. (2023a)

Utility

Progression-free disease 0.74 0.56 0.93 Beta Al-Batran et al. (2016)

Progressive disease 0.58 0.44 0.73 Beta Al-Batran et al. (2016)

Platelet count decreased 0.20 0.15 0.25 Beta Zheng et al. (2023a)

Vomiting 0.13 0.10 0.16 Beta Zheng et al. (2023a)

Nausea 0.13 0.10 0.16 Beta Zheng et al. (2023b)

Body surface area (m2) 1.72 1.29 2.15 Beta Zheng et al. (2023b)

Discount rate 5% 0 8% Beta Liu et al. (2020)

Abbreviations: TEAE:Treatment-emergent adverse event.
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8 Sensitivity analysis outcomes

The tornado diagram presented in Figure 2 depicts the
outcomes of one-way sensitivity analysis. The parameter that
exerted the greatest impact on the ICER across all populations
was the price of sugemalimab. However, it is worth noting that this
impact fluctuated within a range of ±25%, which still considerably
exceeded the WTP threshold. These fluctuations did not result in a
reversal of the study findings. Additionally, other parameters such
as PFS utility, PD utility, and Subsequent therapy costs also
influenced the ICER, albeit their impact gradually diminished. It
is of significance to emphasize that even variations of these
parameters within a range of ±25% did not yield significant
alterations in the analysis results. Consequently, the consistent

finding that the ICER value consistently surpasses three times
the GDP strengthens the stability of our findings.

In Figure 3, the ICER plane is visually partitioned into
quadrants, enabling a clear depiction of the distribution of the
1000 bootstrap replicates of the ICER. The resulting graph
provides valuable insights into the cost-effectiveness of various
interventions. Based on the findings derived from the analysis,
interventions falling within the North-East quadrant of the cost-
effectiveness plane, specifically below the linear ICER line,
are inferred to be perceived as cost-effective. The strategic
placement of the North-East quadrant on the cost-effectiveness
plane signifies interventions that demonstrate superior cost-
effectiveness in comparison to other alternatives. This
positioning suggests that the interventions in this quadrant

TABLE 3 The results of cost-effectiveness.

Group Sugemalimab group Placebo group

Result

Cost (US$) 41734.87 22926.25

QALYs 1.54 1.23

Incremental cost (US$) 18808.62 NA

Incremental QALY 0.31 NA

ICER (US$/QALY) 61066.96 NA

ICER, Incremental cost–effectiveness ratio; QALY, Quality-adjusted life year; NA, not applicable.

FIGURE 2
The outcomes of sensitivity analysis.
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possess a more favorable ICER ratio, indicating lower costs or
superior effectiveness relative to interventions in other quadrants.
Significantly, when considering the WTP threshold of
US$39855.79 per QALY, there is a mere 1.2% probability of
deeming the sugemalimab regimen as a more cost-effective
option compared to the placebo group.

9 Discussion

In recent years, there have been significant advancements in the
field of cancer treatment in China, particularly with the development
of innovative PD-1 inhibitors. These inhibitors have shown
promising results in terms of providing improved survival
benefits and clinical tolerability for patients suffering from
various types of cancer (Zhang et al., 2022a). One of the key
factors contributing to this positive trend is the implementation
of centralized price negotiation mechanisms, which aim to enhance
the accessibility and affordability of these treatments for patients
(Zhang et al., 2022b). The National Medical Products
Administration in China has played a crucial role in
strengthening regulatory capacity to ensure the safety and
efficacy of these innovative anti-cancer medicines. They have also
introduced priority procedures to expedite the development, review,
and approval of such drugs. These measures have not only
accelerated the availability of these treatments but have also
facilitated timely access for patients in need.

To address the concern of rapidly increasing healthcare costs,
value-based pricing and national medical insurance negotiations
have been pivotal in determining the coverage and reimbursement
of innovative drugs by the national medical insurance program (Si
et al., 2020). This approach ensures that the cost of these
medications aligns with the value they provide in terms of
patient outcomes and overall healthcare system sustainability.
Through these negotiations, drug prices have been reduced by
half, thereby significantly easing the financial burden on patients
while ensuring the long-term viability of the medical insurance
program (Tang et al., 2020). The Chinese government’s concerted
efforts in fostering innovation, streamlining regulatory processes,
and implementing cost-containment measures have paved the way
for the development and accessibility of groundbreaking cancer
therapies. These advancements not only offer new hope for cancer
patients in China but also contribute to the advancement of global
cancer treatment strategies.

Following our research, the utilization of sugemalimab as a
therapeutic intervention for advanced ESCC yielded results in terms
of an ICER of US $61,066.96 per QALY gained. It is noteworthy that
this ICER exceeds the WTP threshold of US$39,855.79 per QALY,
thereby indicating that sugemalimab does not meet the criteria for
being considered a cost-effective treatment option for this specific
condition in China.

Sensitivity analysis holds a critical position in both scientific inquiry
and decision-making processes, playing a crucial role in examining the
impact of changes in input variables on the outcomes of studies and

FIGURE 3
The outcomes of the ICER plane scatter plots.
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models. Through thorough investigation of the sensitivity of various
parameters, researchers can develop a deeper understanding of the
interdependent relationships and responsiveness of their findings to
individual factors. Notably, a consistent observation emerged that the
price of sugemalimab exhibited the most profound influence on the
ICER. However, even when modifying the parameters within a range
of ±25%, the resulting ICER consistently exceeded the threshold deemed
acceptable forWTP. This compelling discovery presents robust evidence
to substantiate the claim that the current pricing methodology for
sugemalimab is comparably costly and lacks cost-effectiveness in its
application to the treatment of advanced ESCC. The PSA result showed
that when considering the WTP threshold of US$39855.79 per QALY,
there is a mere 1.2% probability of deeming the sugemalimab regimen as
amore cost-effective option compared to the placebo group. However, if
we take into account a threshold increase to US$63,769.25 per QALY,
the sugemalimab regimen is found to be 58.10%more cost-effective than
the placebo group.

Currently, there is some research aimed at conducting economic
evaluations of immunotherapies for patients with advanced ESCC.
The economic evaluation of these treatments is of great importance,
as it helps to assess their cost-effectiveness and inform decision-
making regarding their inclusion in healthcare systems. For
example, a study by Xu et al. used a cost-effectiveness analysis to
compare the expenses and benefits of toripalimab versus standard
chemotherapy for ESCC. The findings of this study indicated that
toripalimab plus chemotherapy was likely to be the cost-effective
first-line option for patients with advanced ESCC compared with
chemotherapy alone (Kang et al., 2024). Another study by Liu et al.
focused on evaluating the cost-effectiveness of various second-line
immunotherapies for the treatment of ESCC patients. The
immunotherapies considered were camrelizumab, nivolumab,
pembrolizumab, sintilimab, and tislelizumab. Their results
demonstrated that sintilimab might be the optimal treatment
alternative for second-line therapy of advanced ESCC in China,
followed by tislelizumab and camrelizumab (Liu et al., 2024).

Our study distinguishes itself from previous publications in several
significant ways. Firstly, our research utilizes data from a unique
clinical trial, the GEMSTONE-304 trial, which sets it apart from
previous studies that may have relied on different trial data sources.
This inclusion of specific data enhances the credibility and reliability of
our findings. Moreover, our analysis incorporates a comprehensive
range of factors, such as treatment effects, adverse events, and costs.
This multidimensional approach underscores the robustness and
thoroughness of our investigation. Additionally, it is noteworthy
that no previous publication conducting a cost-effectiveness analysis
has specifically utilized data from the GEMSTONE-304 clinical trial.
This is an important aspect to highlight as it emphasizes the novelty
and originality of our study, as well as its potential to contribute to
existing literature in a unique and meaningful way.

We strongly advise against utilizing cost-effectiveness analyses,
especially the result of our study, as the sole basis for imposing
restrictions on the use of sugemalimab. Instead, we propose
employing these analyses to inform policy decisions and enhance
access to sugemalimab through improvements in the health insurance
system (Fang et al., 2021).We contend that cost-effectiveness analyses
can serve as a reliable methodological approach to objectively guide
recommendations aimed at reducing the prices of costly drugs. The
prevailing exorbitant costs associated with anticancer medications

pose an additional financial burden on individuals and the healthcare
system as a whole. Recognizing this issue, China has implemented
measures such as the centralized national procurement of medicines
to alleviate financial strains. Notably, successful negotiations between
the government and manufacturers in 2016 resulted in a significant
price reduction of gefitinib by over 50%.Drug pricing and national
reimbursement negotiation led to a marked decrease in prices and a
sharp increase in the utilization of negotiated anticancer medicines
(Mingge et al., 2023). The Chinese government is currently engaged in
proactive efforts to enhance the availability of novel oncology
medications. The accelerated pace of reimbursement decision-
making for domestically-produced drugs is perhaps attributed to
their competitive pricing advantages as well as the regulator’s
endeavors to foster innovation within the domestic pharmaceutical
sector (Liu et al., 2022).

Our research aimed to assess the affordability and value of
sugemalimab by conducting a comprehensive cost-effectiveness
analysis using the ICER. We discovered that reducing the price of
sugemalimab by 50% to only $919.92 per 600 mg resulted in an ICER
of US$39,547.54 per QALY gained. It is noteworthy that this ICER
value closely aligns with the WTP threshold of US$39,855.79 per
QALY. These findings underscore the considerable cost-effectiveness
of sugemalimab at the lower price. In essence, our results indicate that
aligning the ICER of sugemalimab with established WTP thresholds
presents an opportunity to expand access to cost-effective treatment
for a larger patient population. By strategically reducing the price of
sugemalimab, we can enhance the accessibility of this innovative
therapy to a broader range of individuals, ultimately maximizing its
cost-effectiveness.

This study has the following limitations. Firstly, by relying solely
on the GEMSTONE-304 study, there is an increased level of
uncertainty in the estimated parameters. The degree of rigor in
the conducted trial will inherently impact the reliability of the results
obtained. Moreover, as new survival data becomes available, our
findings may be subject to potential influences. In light of this, it is
imperative to consistently monitor and update these
findings.Secondly, it is imperative to acknowledge that in real-
world scenarios, the effectiveness of different interventions might
be enhanced when used in combination with other treatments, a
factor that our model fails to incorporate. Furthermore, our
investigation rests on certain assumptions regarding the cost of
subsequent treatment options after disease progression. However, in
practice, the choice of subsequent treatment regimen will vary based
on the specific circumstances of each patient. Encouragingly, our
one-way sensitivity analyses demonstrated that even when
modifying the estimated range of subsequent treatment regimens,
the ICER values consistently exceeded the WTP thresholds, thereby
further supporting our conclusions. Lastly, it is important to note
that our analysis did not encompass grade 1 or 2 adverse events. We
presumed that these events would have a minimal impact on clinical
outcomes, and subsequent sensitivity analyses corroborated that
adverse drug events do not significantly influence our findings.

10 Conclusion

Currently, the utilization of sugemalimab in combination with
chemotherapy as a therapeutic approach for the treatment of ESCC
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in China is not considered cost-effective. However, it is suggested
that if the price of sugemalimab is further reduced by 50% to only
$919.92 per 600 mg, it may achieving cost-effectiveness in China
from the current WTP threshold.
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Histone deacetylase 3 (HDAC3) is amember of the histone deacetylase family that
has emerged as a crucial target in the quest for novel therapeutic interventions
against various complex diseases, including cancer. The repositioning of FDA-
approved drugs presents a promising avenue for the rapid discovery of potential
HDAC3 inhibitors. In this study, we performed a structure-based virtual screening
of FDA-approved drugs obtained from DrugBank. Candidate hits were selected
based on their binding affinities and interactions with HDAC3. These promising
hits were then subjected to a comprehensive assessment of their biological
properties and drug profiles. Our investigation identified two FDA-approved
drugs, Imatinib and Carpipramine, characterized by their exceptional affinity
and specificity for the binding pocket of HDAC3. These molecules
demonstrated a strong preference for HDAC3 binding site and formed
interactions with functionally significant residues within the active site pocket.
To gain deeper insights into the binding dynamics, structural stability, and
interaction mechanisms, we performed molecular dynamics (MD) simulations
spanning 300 nanoseconds (ns). The results of MD simulations indicated that
Imatinib and Carpipramine stabilized the structure of HDAC3 and induced fewer
conformational changes. Taken together, the findings from this study suggest
that Imatinib and Carpipramine may offer significant therapeutic potential for
treating complex diseases, especially cancer.
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1 Introduction

Epigenetics has emerged as a critical field in understanding the
regulation of gene expression and its role in health and disease
(Zhang et al., 2020). One of the primary mechanisms in epigenetics
is histone modification, which encompasses acetylation and
deacetylation processes (Daskalaki et al., 2018). The addition and
removal of acetyl groups on histone proteins are dynamically
regulated by histone acetyltransferases (HATs) and histone
deacetylases (HDACs), respectively (Lee and Grant, 2019). These
modifications have a profound impact on chromatin structure,
influencing the accessibility of DNA to transcription factors and
RNA polymerase, thereby governing gene expression (Venkatesh
and Workman, 2015). Histone deacetylase 3 (HDAC3) is a pivotal
regulator of gene expression and chromatin structure that plays a
central role in epigenetic modifications (Chen et al., 2015). It is
crucially involved in various cellular processes, such as cell cycle
control, differentiation, and apoptosis, underscores its significance
in health and disease (Sarkar et al., 2020). Dysregulation of
HDAC3 activity has been implicated in several complex diseases,
making it an attractive target for therapeutic intervention (Sarkar
et al., 2020). In recent years, there has been a surge of interest in
developing HDAC3 inhibitors as potential therapeutic agents (Amin
et al., 2019; Sarkar et al., 2020).

One notable area of application for HDAC3 inhibitors is
anticancer therapy (Hu et al., 2019). However, achieving
selectivity and specificity for HDAC3 over other HDAC isoforms
is a critical challenge (Cheshmazar et al., 2022). The existence of
multiple HDAC isoforms with distinct functions necessitates the
design of molecules that target HDAC3 without affecting other
isoforms, to avoid potential off-target effects. Various FDA-
approved drugs, such as Imatinib and Carpipramine have great
potential to be explored as repurposed molecules against HDAC3-
associated diseases. Imatinib is a tyrosine kinase inhibitor initially
developed for chronic myeloid leukemia (CML) and later extended
to gastrointestinal stromal tumors (GIST) (Joensuu and
Dimitrijevic, 2001; Demetri, 2002). It widely exhibits promising
potential beyond its original indications that showcases efficacy in
various therapeutic areas (Stegmeier et al., 2010). Carpipramine is a
tricyclic antipsychotic primarily used for schizophrenia, and holds
promise for repurposing in cancer treatment, although its
application in this context remains largely unexplored (Kishi
et al., 2014).

In the realm of drug discovery, the repositioning of existing
FDA-approved drugs offers an attractive strategy for expediting the
development of new therapies (Cha et al., 2018). This approach
leverages the extensive knowledge of these molecules, including their
safety profiles, pharmacokinetics, and mechanisms of action, to
identify novel indications and therapeutic targets (Pushpakom
et al., 2019). The advantages of drug repositioning are manifold
(Hodos et al., 2016). Firstly, the drug development process is
accelerated, as many aspects of preclinical and early clinical
testing have already been conducted. Secondly, the safety and
tolerability profiles of these drugs have been established, reducing
the risk associated with novel molecules. Finally, the cost and
resources required for repositioning are often significantly lower
than those for de novo drug development (Cha et al., 2018). In the
context of HDAC3 inhibition, the repositioning of FDA-approved

drugs presents a rational and efficient approach. By screening these
molecules for their potential to interact with HDAC3 and modulate
its activity, we can identify promising candidates for further
development as HDAC3 inhibitors. This approach aligns with the
broader strategy of precision medicine, as it seeks to target specific
molecular pathways associated with diseases while minimizing
potential side effects.

The primary objective of this study is to perform structure-based
virtual screening of FDA-approved drugs sourced from DrugBank
(Wishart et al., 2018), with a focus on identifying molecules that can
serve as potential HDAC3 inhibitors. We have employed a multi-
step approach, including molecular docking and molecular
dynamics (MD) simulations, to select and characterize the
candidate molecules. Ultimately, we aim to identify and
characterize FDA-approved drugs with the potential to serve as
lead candidates for the development of HDAC3 inhibitors. These
inhibitors might have the potential to play a pivotal role in the
treatment of complex diseases, with a particular focus on cancer. The
implications of HDAC3 inhibition extend beyond cancer therapy,
encompassing a wide range of complex diseases. Epigenetic
modifications have been implicated in neurodegenerative
disorders (Kwon et al., 2016), metabolic syndromes (Carson and
Lawson, 2018), and autoimmune diseases (Ramming et al., 2014),
among others (Duthie, 2011). Overall, this study embarks on a
journey to explore the potential of repositioning FDA-approved
drugs as HDAC3 inhibitors, addressing the pressing need for novel
therapeutic strategies in the battle against complex diseases, with a
particular emphasis on cancer. The outcomes of this study may hold
transformative implications for the treatment of complex diseases,
opening doors to more precise and personalized therapeutic
interventions.

2 Materials and methods

2.1 Computational tools and web servers

This study was executed on an HP® Z840, a tower workstation
configured for dual-boot functionality with Windows 11 and
Ubuntu LTS, boasting 128 GB of RAM, 48 GB of dedicated GPU
memory, and a spacious 2 TB SSD. Throughout the study, a reliable
power source ensured uninterrupted operation, complemented by
high-speed internet connectivity. A variety of bioinformatics
software and online resources were employed for data analysis,
molecular docking, visualization, and MD simulations. To perform
molecular docking, we utilized well-established bioinformatics
software, including MGL Tools (Huey et al., 2012), AutoDock
Vina (Trott and Olson, 2010), and Discovery Studio (Biovia,
2017). These tools facilitated the reasonable prediction of ligand-
receptor interactions. For the visualization and in-depth analysis of
molecular structures and interactions, PyMOL (DeLano, 2002)and
VMD: Visual Molecular Dynamics (Humphrey et al., 1996) were
instrumental. These software tools allowed us to gain insights into
the binding modes and structural dynamics of the complexes.
Additionally, QtGrace (Turner, 2005) was employed for data
visualization and presentation. GROMACS (Van Der Spoel et al.,
2005) was employed to conduct all-atom simulations. This software
enabled us to explore the conformational changes, stability, and
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interaction dynamics of HDAC3 in complexes with the identified
molecules over an extended period. Several valuable online resources
were consulted throughout the study. The Protein Data Bank served
as a crucial source for retrieving the HDAC3 structure. Additionally,
DrugBank played a pivotal role in providing essential drug-related
information for the evaluation and analysis of the data.

2.2 Retrieval and processing of
HDAC3 structure and FDA-approved drugs

The atomic coordinates for the crystal structure of HDAC3 (PDB
ID: 4A69) (Watson et al., 2012) were sourced from the Protein Data
Bank (Berman et al., 2000). In preparation for virtual screening, we
removed all co-crystallized ligands and associated crystal water
molecules from the parent structure. These co-crystallized ligands
and associated crystal water molecules were removed to ensure that
the binding affinity of the screened drugs was not influenced by pre-
bound molecules. The resultant HDAC3 structure was refined and
prepared for subsequent analysis. To ensure the protein reaches its most
stable conformational state, the structure was subjected to energy
minimization after ligand removal. To facilitate this process, MGL
Tools, a versatile suite of software tools, was employed. Simultaneously,
we obtained a diverse library of 3,648 FDA-approved drugs from
DrugBank in the PDBQT file format. This library encompassed the
three-dimensional representations of these pharmaceutical molecules,
which were essential for our structure-based virtual screening analysis.
The inclusion of the HDAC3 structure and this comprehensive library
of FDA-approved drugs was fundamental to our investigation, enabling
precise molecular docking and the subsequent evaluation of potential
HDAC3 inhibitors among these molecules.

2.3 Molecular docking

Molecular docking approach was conducted to assess the
binding affinity of molecules towards HDAC3. AutoDock Vina
within the PyRx platform (Dallakyan and Olson, 2015) was used
for the docking screening. This approach allowed us to evaluate the
interactions between HDAC3 and the FDA-approved drugs. For the
molecular docking procedure, a structurally blind approach was
implemented, ensuring that all molecules were assessed without
bias. The docking grid dimensions were set to 67, 67, and 73 Å, while
the center coordinates for X, Y, and Z were specified as 42.751,
52.009, and 19.418, respectively. A grid spacing of 1 Å and an
exhaustiveness parameter of eight were chosen to ensure
thorough exploration of the binding conformations and to
maximize the accuracy of the binding affinity predictions.

2.4 Selection of hits

The initial selection of potential hits was a meticulous process
driven by their binding affinities and interactions with HDAC3. We
prioritized molecules that exhibited higher binding affinities for
HDAC3. This step allowed us to identify candidates with a strong
potential to modulate HDAC3 activity. To comprehensively assess
the interactions, all possible conformers of the selected molecules

were generated. We performed this step using Discovery Studio, a
versatile tool for molecular analysis and visualization. Subsequently,
we conducted a detailed interaction analysis of all the docked
conformers. This step enabled us to identify selective molecules
that interacted effectively with the binding pocket of HDAC3. In the
final stage of selection, we exclusively chose molecules that
demonstrated interactions with functionally significant binding-
site residues of HDAC3. This stringent criterion ensured that the
selected hits had the potential to influence the critical regulatory
aspects of HDAC3. Through this approach, we pinpointed a subset
of molecules that exhibited strong binding affinities and engaged
with functionally relevant residues in the HDAC3 binding site.
These molecules emerged as the most promising candidates for
further investigation and development as potential
HDAC3 inhibitors.

2.5 Molecular dynamics simulations

All-atom MD simulations play a crucial role in drug discovery,
particularly in understanding the dynamic behavior of proteins and
their interactions with ligands (Shukla and Tripathi, 2020). For an in-
depth exploration of the protein and protein-ligand complexes, MD
simulations were conducted. These simulations spanned a duration of
300 ns and involved both the free-HDAC3 and HDAC3 complexed
with the identified molecules, Imatinib and Carpipramine. The
simulations were performed at a constant temperature of 300 K with
the charmm36-jul2022 force field (Huang and MacKerell, 2013).
GROMACS version 5.1.2 served as the primary software tool for
this purpose. All systems, including free-HDAC3 and HDAC3 in
complex with Imatinib and Carpipramine, were immersed in a
cubic box of water with dimensions of 10 Å. The solvation was
achieved using the TIP3P model (Mark and Nilsson, 2001) through
the gmx solvate module. Prior to the simulations, an energy
minimization step was executed to remove unfavorable interactions.
This involved 1,500 steps of steepest descent energy minimization to
optimize the system’s stability. A controlled temperature ramp-up was
implemented during the equilibration phase, transitioning the system
from 0 K to the target temperature of 300 K. This was performed over a
1 ns period, maintaining constant volume and utilizing periodic
boundary conditions. Post-simulation, the resulting trajectories were
analyzed using various utilities available within GROMACS (Van Der
Spoel et al., 2005). These analyses allowed us to gain a comprehensive
understanding of the system’s behavior and interactions. All graphs and
figures, illustrating the outcomes of the MD simulations, were prepared
using QtGrace, enhancing the clarity and presentation of the results. A
comprehensive and detailed description of the MD simulation
procedures and parameters can be found in our recent publications
(Mohammad et al., 2020; Shamsi et al., 2021).

3 Result and discussion

3.1 Molecular docking: binding affinity
with HDAC3

Molecular docking plays a crucial role in understanding the
interactions between drugs and their target proteins at the molecular
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level (Singh et al., 2022). Here, we refined the results from an initial
pool of 3,648 molecules, strategically narrowing down the selection
to the top 10 hits. We have selected the top 10 hits from the pool of
3,648 molecules based on their binding affinity. This results in the
identification of compounds with binding affinity within the range
of −8.3 kcal/mol to −9.5 kcal/mol (Table 1). Notably, all these
selected FDA-approved drugs exhibited a binding affinity
surpassing that of the reference HDAC3 inhibitor, RGFP966
(Zhang et al., 2021). RGFP966 is a widely explored compound
that acts as a selective inhibitor of HDAC3 (Leus et al., 2016;
Zhang et al., 2021; Sun et al., 2022). This finding strongly
indicates the potential of these hit molecules as promising
candidates for the development of HDAC3 inhibitors. The
superior binding affinity displayed by these molecules
underscores their efficacy in interacting with HDAC3, suggesting
a high likelihood of successful inhibition. This outcome holds
significant promise for advancing our understanding of
HDAC3 inhibition and provides a foundation for further
exploration and development of novel therapeutic interventions.

3.2 Interaction analysis with HDAC3

Protein-ligand interaction analysis is a critical component of
drug discovery that provides valuable insights into the molecular
mechanisms underlying the efficacy and specificity of potential drug
candidates (Du et al., 2016). To gain a comprehensive understanding
of the interactions between selected 10 molecules and HDAC3, we
conducted a thorough analysis employing Discovery Studio. A total
of 90 docked conformers, derived from the output files of these
10 molecules, were generated for analysis. Each conformer was
examined for its interactions with HDAC3. During this analysis,
we observed that several docked conformations of these molecules
exhibited direct and specific interactions within the binding pocket
of HDAC3. These interactions were of particular interest, as they

indicated the potential of these molecules to modulate the activity of
HDAC3. Following the analysis, we have identified two FDA-
approved drugs, Imatinib and Carpipramine, which consistently
exhibited significant interactions with crucial binding-site residues
of HDAC3 (Figure 1). Both molecules were observed to bind in close
proximity to the active site residue His135 of the binding site,
displaying shared interactions with the reference inhibitor
RGFP966 (Figure 1A). Notably, these molecules formed multiple
hydrogen bonds with essential residues within the binding pocket
(Figure 1B–D). HDACs are metalloenzymes that require metal ions,
such as Zn2+, for catalytic activity (Nechay et al., 2016). Their metal-
binding sites are crucial for guiding inhibitor design to achieve
improved isozyme selectivity over promiscuous metal-chelating
agents. Imatinib and Carpipramine bind at the metal-binding site
on HDAC3, where the co-crystallized Zn2+ is located (Figure 1B, C)
(Watson et al., 2012). Importantly, all three molecules demonstrated
a commendable complementarity fit while effectively obstructing
the binding site. The insights gained from this comprehensive
interaction analysis shed light on the potential mechanisms
through which Imatinib and Carpipramine may impact the
functionality of HDAC3. This reinforces their viability as
promising candidates for HDAC3 inhibitors, underlining their
potential therapeutic significance.

Further, we conducted an in-depth analysis of the protein-ligand
interactions between HDAC3 and the Imatinib and Carpipramine. The
examination focused on their interactions with crucial binding-site
residues of HDAC3, with particular attention to their comparison with
the reference inhibitor RGFP966. Both Imatinib and Carpipramine
demonstrated substantial interactions with key binding-site residues of
HDAC3, suggesting a potential for therapeutic relevance. Notably, both
molecules exhibited shared interactions with the reference inhibitor
RGFP966, indicating their ability to engage the target site in a manner
similar to the established inhibitor (Figure 2).Moreover, bothmolecules
formed multiple hydrogen bonds and other interactions with essential
residues within the binding pocket, highlighting their strong binding
affinity. Specifically, Imatinib displayed a noteworthy interaction with
Asp92 and Tyr198, forming two hydrogen bonds (Figure 2A). On the
other hand, Carpipramine exhibited an evenmore extensive interaction
profile, establishing four hydrogen bonds with Asp92, Asp93, and
Phe200 (Figure 2B). When comparing the interactions of Imatinib
and Carpipramine with the reference inhibitor RGFP966, it was
observed that both molecules shared a common hydrogen bond
with Asp92 (Figure 2C). RGFP966 formed three hydrogen bonds
with His22, Gly91, and Asp92, emphasizing its crucial role in the
binding pocket. The shared interaction with Asp92 between the
investigated molecules and the reference inhibitor is particularly
significant in the context of drug discovery projects. This suggests
that both Imatinib and Carpipramine possess a binding profile that
aligns with the established inhibitor, potentially making them
promising candidates for further development.

3.3 Molecular dynamics simulations

3.3.1 Structural deviations and compactness
The binding of small molecules within a protein’s binding

pocket can induce significant conformational changes (Mobley
and Dill, 2009). One of the fundamental metrics used to assess

TABLE 1 Selected hits and their docking score with HDAC3.

S.
No.

Drug Binding
Energy
(kcal/
mol)

Ligand
Efficiency
(kcal/mol/
non-H
atom)

Torsional
Energy

1 Picloxydine −9.5 0.2969 0.6226

2 Aprepitant −9.0 0.2432 2.4904

3 Conivaptan −8.9 0.2342 1.2452

4 Eltrombopag −8.7 0.2636 2.1791

5 Dutasteride −8.6 0.2324 1.2452

6 Penfluridol −8.6 0.2389 2.8017

7 Deptropine −8.5 0.34 0.6226

8 Imatinib −8.5 0.2297 2.1791

9 Tadalafil −8.4 0.2897 0.3113

10 Carpipramine −8.3 0.2515 1.8678

11 RGFP966 −7.5 0.2778 2.1791
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these structural deviations and the overall stability of a protein is the
root mean square deviation (RMSD) (Maruyama et al., 2023). In the
simulation analysis, we observed average RMSD values for three

distinct systems: free HDAC3, HDAC3-Imatinib, and HDAC3-
Carpipramine complexes, which were found to be 0.37, 0.32, and
0.30 nm, respectively. A noteworthy observation in the RMSD plot is

FIGURE 1
Protein-ligand interactions. (A) Cartoon representation showing the docked molecules in the binding pocket of HDAC3. (B) Imatinib, (C)
Carpipramine, and (D) RGFP966 are shown in magnified view of HDAC3 binding site residues. Residues with polar interactions are labeled in black.

FIGURE 2
The detailed interactions between HDAC3 and the investigated molecules. (A) 2D structural representation HDAC3 residues interacting with
Imatinib, (B) Carpipramine, and, (C) RGFP966.
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a higher RMSD for free HDAC3 beyond the 120 ns mark. This
deviation can be attributed to the increased flexibility of the loop of
the HDAC3 structure. The RMSD plot provided valuable insights,
demonstrating that the binding of both Imatinib and Carpipramine
significantly stabilized HDAC3, resulting in fewer structural
deviations from its native conformation (Figure 3A). Although
some minor fluctuations were noted in the RMSD plot upon the
binding of Imatinib and Carpipramine, these can be attributed to
potential changes in the orientation of the molecules within the
HDAC3 binding pocket. However, the binding of Imatinib and
Carpipramine displayed consistently lower RMSD values in several
regions, indicating equilibration throughout the simulation and the
stability of HDAC3 (Figure 3A). This pattern can also be observed in
the probability distribution function of the data (Figure 3A,
lower panel).

To gain further insights into the local structural flexibility, we
examined the root-mean-square fluctuation (RMSF) of
individual residues in HDAC3 both in its native form and
upon binding with Imatinib and Carpipramine. The RMSF
plot revealed residual fluctuations in several regions of the
protein structure. However, the binding of Imatinib and
Carpipramine led to a noticeable reduction in these residual
fluctuations throughout the simulation, particularly in the
region spanning from the N-terminal to the C-terminal
(Figure 3B). These observations suggest that the binding of
Imatinib and Carpipramine stabilizes the overall structure of
HDAC3 and minimizes local structural fluctuations, particularly
in regions crucial for HDAC3 function. This enhanced structural
stability is indicative of the potential therapeutic efficacy of these
molecules as HDAC3 binders. To further support this
observation, the probability distribution function of the data

was examined (Figure 3B, lower panel). Consistent with the
RMSF analysis, this distribution function corroborates the
trend of reduced structural fluctuations in the presence of
Imatinib and Carpipramine, providing additional evidence for
the stabilizing effect of these molecules on HDAC3.

The radius of gyration (Rg) is a crucial metric directly associated
with the tertiary structure volume and overall conformational shape
of a protein (Lobanov et al., 2008). It provides valuable insights into
the stability of a protein, with a higher Rg indicating less tight
packing. We calculated the average Rg values for three systems: free
HDAC3, HDAC3-Imatinib, and HDAC3-Carpipramine complexes.
These values were determined to be 2.09, 2.08, and 2.07 nm,
respectively. The Rg plot revealed no major changes in the
packing of HDAC3 in the presence of Imatinib and
Carpipramine. While some slight fluctuations were observed after
the 40 ns mark in the MD trajectories, the Rg plot reached a stable
equilibrium throughout the 300 ns simulation (Figure 4A). The
consistency in the Rg plot indicated minimal structural deviation
in HDAC3 upon the binding of Imatinib and Carpipramine. To
further support this observation, the probability distribution
function of the data was examined (Figure 4A, lower panel).
Consistent with the Rg plot, the probability distribution function
highlighted the reliability of the data, emphasizing the minimal
structural deviation in HDAC3 when bound to Imatinib and
Carpipramine.

The solvent accessible surface area (SASA) corresponds to the
surface area of a protein that interacts with its environment
(Marsh and Teichmann, 2011). We calculated the average SASA
values for free HDAC3, HDAC3-Imatinib, and HDAC3-
Carpipramine complexes throughout the 300 ns MD
simulation. The calculated average SASA values were 173.80,

FIGURE 3
Structural dynamics of HDAC3 upon Imatinib and Carpipramine binding: (A) RMSD of HDAC3 in complex with Imatinib and Carpipramine. (B)
Residual fluctuations (RMSF) of HDAC3 and upon Imatinib and Carpipramine binding. Black, red and green represent values obtained for free HDAC3,
HDAC3-Imatinib and HDAC3-Carpipramine complexes, respectively.
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172.06, and 172.68 nm2 for free HDAC3, HDAC3-Imatinib, and
HDAC3-Carpipramine, respectively. Notably, there was a slight
increment in SASA values, potentially due to the tighter packing
of HDAC3 upon binding with Imatinib and Carpipramine
(Figure 4B). This observation suggests that the binding of
these molecules influenced the interactions between
HDAC3 and its surrounding solvent. The modest change in
SASA further supports the notion of enhanced stability and
compactness of the HDAC3 structure when in complex with
Imatinib and Carpipramine. Overall, the Rg and SASA analyses
reaffirm the structural stability and minimal conformational
shifts within HDAC3 upon binding with Imatinib and
Carpipramine, further highlighting their potential as
HDAC3 inhibitors. To reinforce this observation, we analyzed
the probability distribution function of the data (Figure 4B, lower
panel). The congruence between the probability distribution
function and the SASA plot underscores the trustworthiness of
the data, highlighting the negligible structural deviation in
HDAC3 when interacting with Imatinib and Carpipramine.

3.3.2 Dynamics of hydrogen bonds
Intramolecular hydrogen bonding plays a pivotal role in

maintaining protein stability (Yunta, 2017). The analysis of
intramolecular hydrogen bonds can provide valuable insights into
the overall stability of protein structures. Additionally,
intermolecular hydrogen bond analysis allows us to examine the
polar interactions between a protein and a ligand, shedding light on
the directionality and specificity of these interactions, a fundamental
aspect of molecular recognition (Menéndez et al., 2016). In our
pursuit to validate and assess the stability of HDAC3 in complex
with Imatinib and Carpipramine, we delved into the dynamics of
hydrogen bonds formed within a 0.35 nm distance during the
simulation (Figure 5A). During the simulation, we calculated an

average of hydrogen bonds within HDAC3 itself, revealing the
following values: 255 for free HDAC3, 259 for HDAC3-Imatinib,
and 262 for HDAC3-Carpipramine complexes (Figure 5B). These
findings illuminate the stability of intramolecular hydrogen bonds
within HDAC3 when it is complexed with Imatinib and
Carpipramine.

In the context of intermolecular calculations, we focused on
the number of hydrogen bonds formed between Imatinib and
HDAC3, as well as Carpipramine and HDAC3. Throughout the
simulation, an average of 2 hydrogen bonds were consistently
observed in both the Imatinib-HDAC3 and Carpipramine-
HDAC3 interactions. This analysis provides direct evidence of
the specific interactions occurring between the molecules and
HDAC3. The dynamics of hydrogen bonds further revealed that
Imatinib and Carpipramine bind within the active pocket of
HDAC3. During this interaction, they form between 3 and
4 hydrogen bonds with higher fluctuations and between 1 and
2 hydrogen bonds with more minor fluctuations (Figure 6). This
observation aligns closely with our molecular docking findings,
reinforcing the notion of strong and specific interactions
between Imatinib and Carpipramine with HDAC3 (Figure 6A,
B). The analysis of hydrogen bonds underscores the structural
stability of HDAC3 and emphasizes the robust and specific
binding of Imatinib and Carpipramine to the active site of
HDAC3, further solidifying their potential as effective
HDAC3 binders.

3.3.3 Secondary structure dynamics
To assess changes in the secondary structure of

HDAC3 resulting from the binding of Imatinib and
Carpipramine during the simulation, we calculated the structural
content of HDAC3. This analysis focused on key secondary
structure elements such as α-helix, β-sheet, and turn. For each

FIGURE 4
Compactness of HDAC3 upon Imatinib and Carpipramine binding: (A) Time evolution of radius of gyration (Rg). (B) SASA plot of HDAC3.
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time step, we quantified the average number of residues
participating in the formation of these secondary structure
elements and plotted these values over time. The findings
revealed that the secondary structure elements in
HDAC3 remained remarkably constant and equilibrated
throughout the entire simulation (Figure 7). No significant
alterations were observed in the secondary structure content of
HDAC3 upon the binding of Imatinib and Carpipramine
(Figure 7B, C). This observation underlines the robust stability of
the complexes and suggests that the structural integrity of HDAC3 is
well-maintained during the interaction with these molecules. The
preservation of secondary structure elements and minimal changes
in their content further support the hypothesis that Imatinib and
Carpipramine form stable complexes with HDAC3, emphasizing
their potential as promising HDAC3 inhibitors.

3.4 Principal component analysis

Principal component analysis (PCA) serves as a valuable tool to
explore the globalmotion of a protein, reducing this complexity to a few
principal motions characterized by eigenvectors (Muller Stein et al.,
2006). Here, we employed PCA to gain insights into the conformational
dynamics of free HDAC3, as well as HDAC3 in complex with Imatinib
and Carpipramine. The essential subspace of these complexes was
analyzed, providing a visualization of the tertiary conformations along
the first and second eigenvectors projected by the Cα atom (Figure 8).
The analysis revealed that HDAC3 explores a broad range of phase
spaces in the presence of Imatinib and Carpipramine, highlighting a
cluster of stable states (Figure 8A). Importantly, this observation
underscores that the protein maintains its overall conformational
stability and that no substantial shifts or switching in the global

FIGURE 5
Time evolution of hydrogen bonds. (A) Intra-HDAC3 hydrogen bonds in HDAC3 and (B) their PDF values.

FIGURE 6
Time evolution of hydrogen bonds. (A) Intermolecular hydrogen bonds between Imatinib and HDAC3, and (B) Intermolecular hydrogen bonds
formed between Carpipramine and HDAC3.
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motion of HDAC3 were observed after the binding of Imatinib
and Carpipramine (Figure 8B). These findings indicate that the
binding of Imatinib and Carpipramine does not induce significant
changes in the overall motion of HDAC3. The protein retains its
stability while accommodating the presence of these molecules,
which aligns with the earlier observations of structural and
interaction stability.

3.5 Free energy landscape analysis

To delve deeper into the conformational behavior of the systems,
we conducted an analysis of the Gibbs free energy landscapes (FELs)
using the first two eigenvectors (Figure 9). The FELs provide critical

insights into the energy landscapes of the different systems (Papaleo
et al., 2009). As depicted in Figure 9A, the FEL of free HDAC3 revealed
multiple stable global minima, primarily confined within 3 basins.
However, a striking change in conformational behavior was observed
when HDAC3 was in the presence of Imatinib and Carpipramine
(Figure 9B, C). The FELs for these complexes displayed a progression to
multiple energy minima, signifying the acquisition of numerous stable
states by HDAC3. These multiple energy minima suggest a stable and
diverse conformational landscape in the presence of Imatinib and
Carpipramine, indicative of the impact of these molecules on the
conformational folding of HDAC3. The alteration in the FELs
emphasizes the considerable influence of Imatinib and Carpipramine
on the conformational dynamics of HDAC3, further underlining their
potential as modulators of HDAC3 behavior.

FIGURE 7
Secondary structure content of (A) Free HDAC3 and (B) HDAC3 upon Imatinib (C) Carpipramine binding. *Structure = α-helix + β-sheet + β-bridge
+ Turn.

FIGURE 8
Principal component analysis. (A) 2D projections of trajectories showed different projections of HDAC3. (B) The time-evolution of the projection.
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4 Conclusion

In this study, we embarked on a comprehensive exploration of the
potential for repurposing FDA-approved drugs as inhibitors of
HDAC3. We employed a systematic approach that integrated
molecular docking, MD simulations, and structural analyses and
identified two repurposed drugs, Imatinib and Carpipramine,
targeting HDAC3. The analysis of binding affinities through
molecular docking pinpointed Imatinib and Carpipramine as potent
candidates with remarkable affinities towards HDAC3. Subsequent
MD simulations revealed that the binding of these molecules
substantially stabilized the HDAC3 structure, leading to fewer
structural deviations from its native conformation. The analysis of
hydrogen bonding dynamics unveiled strong, specific interactions
between Imatinib and Carpipramine with functionally crucial
residues of HDAC3. This validates our molecular docking findings
and supports the role of these molecules as potential
HDAC3 inhibitors. PCA elucidated the global motion of HDAC3,
revealing that it maintains stability while accommodating the presence
of Imatinib and Carpipramine. The FEL analysis underscored the
dynamic conformational behavior of HDAC3 in the presence of these
molecules, suggesting a more diverse landscape of stable states. In
summary, our study provides compelling evidence for the potential of
Imatinib and Carpipramine as effectiveHDAC3 repurposed inhibitors.
These molecules exhibit strong binding affinities and stabilize the
structural and dynamic behavior of HDAC3. Their ability to maintain
the protein’s structural integrity and preserve specific interactions
highlights their promise for therapeutic applications against a
spectrum of complex diseases, such as cancer. The findings of this
research contribute to the growing body of knowledge surrounding
drug repurposing and emphasize the potential of FDA-approved drugs
as valuable candidates for the development of novel therapeutic agents
targeting HDAC3.
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Nutrient vitamins enabled
metabolic regulation of
ferroptosis via reactive oxygen
species biology
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Weiqi Wang1*
1School of Pharmacy, Nantong University, Nantong, Jiangsu, China, 2School of Public Health, Nantong
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Vitamins are dietary components necessary for cellular metabolic balance,
especially redox homeostasis; deficient or excessive supply may give rise to
symptoms of psychiatric disorders. Exploring the nutritional and metabolic
pathways of vitamins could contribute to uncovering the underlying
pathogenesis of ferroptosis-associated diseases. This mini-review aims to
provide insights into vitamins closely linked to the regulation of ferroptosis
from the perspective of cellular reactive oxygen species biology. The
mainstream reprogramming mechanisms of ferroptosis are overviewed,
focusing on unique biological processes of iron metabolism, lipid metabolism,
and amino acid metabolism. Moreover, recent breakthroughs in therapeutic
interventions targeting ferroptosis via fully utilizing vitamin-based
pharmacological tools were overviewed, covering vitamins (B, C, E, and K).
Finally, mechanism insight related to vitamin-associated nutrient signaling was
provided, highlighting the pharmacological benefits of metabolically
reprogramming ferroptosis-associated diseases.
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ferroptosis, vitamins, nutrient signaling, metabolic regulation, reactive oxygen species

Introduction

Cell death can occur accidentally or controllably to maintain biological homeostasis by
the removal of unnecessary cells and cell debris. In particular, regulated cell death controlled
by interconnected signaling pathways is linked with tumorigenesis, apparently different
from accidental cell death (Tang et al., 2019; Tong et al., 2022). Since its discovery in 1973,
clinical oncology investigation has been devoted to promoting the development of
therapeutics that are efficient in apoptosis induction (Kerr et al., 1972; Peng et al.,
2022). In-depth studies of this lethal subroutine revealed the general characteristics of
cancers that are resistant to apoptosis, and induction of other regulated routes involving
necroptosis (Gong et al., 2019), autophagy (White, 2015), and pyroptosis (Yu et al., 2021),
and so on. Over the past decades, regulated cell death pathways have been extensively
studied in the field of cancer treatment, especially for newly emerging reactive oxygen
species (ROS) nanomedicine that is amenable to the therapeutic intervention of ferroptosis
execution. ROS-producing nanoparticles function by infiltrating cancerous tissues and
exploiting the altered redox balance prevalent in these cells. Once activated, they intensify
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intracellular oxidative stress beyond the threshold cancer cells can
manage, leading to uncontrolled lipid oxidation and membrane
damage-hallmark of ferroptosis.

Up to 2012, ferroptosis featured phospholipid peroxidation
driven by an iron-dependent manner, displaying significant
differences at morphological, biochemically, and genetic levels
(Dixon et al., 2012; Tang et al., 2020). Morphologically,
unrepaired cellular damage spreads in a wave-like pattern,
characterized by cytoplasmic and organelle ruptures, chromatin
condensation, and a rise in autophagosomes (Riegman et al.,
2020). Conceptually, ferroptosis was advanced to describe the
result of iron accumulation and lipid peroxides (LPO) from the
perspective of biochemistry (Liang et al., 2022). At present, GSH
depletion and GPX4 inhibition play a crucial role in the initiation of
ferroptosis, and other free radical-trapping targets involved
ferroptosis suppressor protein 1 (FSP1) and GTP cyclohydrolase
1 (GCH1) (Jiang et al., 2021). To date, the underlying molecular
mechanisms related to ferroptotic cell death have been extensively
studied for therapeutic purposes.

Intriguingly, recent preclinical evidence suggests that certain
malignancies are prone to chemoresistance and metastasis but are
exquisitely vulnerable to ferroptosis (Liang et al., 2019; Mou et al.,
2019; Lei et al., 2022). Consequently, modulating ferroptosis via
metabolic interventions has garnered significant attention (Wu
et al., 2020; Koppula et al., 2021). In this mini-review, we first
summarized the key metabolic reprogramming of ferroptotic cell
death, covering unique biological processes and
pathophysiological characteristics in terms of iron metabolism,
lipid metabolism, and amino acid metabolism. Further, we delve

into the nutritional vitamins harnessed to govern ferroptosis,
emphasizing their potential in tumor suppression and immune
surveillance, underscoring the therapeutic promise of metabolic
reprogramming in ferroptosis-linked diseases. Finally, we also
outlined the current understanding of induction/inhibition
mechanisms and conceptualized promising strategies that
contribute to ROS biology for collaborative ferroptosis
regulation.

Nutrient vitamins assosiated ferroptosis
regulation

The downstream regulatory network of ferroptotic cell death is
driven by the disequilibrium of redox hemostasis, owing to the
inactivation of reducing enzymes or lipid oxidation products. As
depicted in Figure 1, canonical nutrient vitamins actively participate
in metabolic reprogramming mechanisms governing ferroptosis
were outlined, including iron metabolism (Rizzollo et al., 2021),
lipid metabolism (Snaebjornsson et al., 2020), and amino acid
metabolism (Sies, 2021). Overall, vitamin B2 has been proven to
be efficient in promoting ROS production assisted by laser or
ultrasound irradiation, while B12 functions via methionine cycle
to promote ferroptosis execution. In contrast, vitamin C may
interfere in iron homeostasis, vitamin E act as endogenous
antioxidants participate in neutralizing excessive free radicals to
prevent oxidative damage of PUFA. Natural vitamin K is commonly
recognized for its role as a potent inhibitor of ferroptosis, whereas
synthetic variants can facilitate this process instead.

FIGURE 1
Schematic representation of metabolic processes of ferroptosis modulated by nutrient vitamins. The modulation of the ferroptosis process can be
facilitated by the presence of vitamin B, C, E, and K, which exert a multifaceted influence towards iron deposition, ROS accumulation, and radical-
trapping. Abbreviation: TFRC, transferrin receptor; NCOA4, nuclear receptor coactivator 4; LIP, labile iron pool; PUFA, polyunsaturated fatty acid; ACSL4,
acyl-CoA synthetase long-chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; LOX, lipoxygenase.
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Iron metabolism

Cancer cells exhibited strong iron dependency to support their
rapid proliferation, which is usually accompanied by upregulated
transferrin and downregulated ferroportin, thus can be harnessed to
therapeutic interventions of ferroptosis-associated diseases (Bao
et al., 2020; Bao et al., 2021). Excessive intracellular iron is
accompanied by highly oxidative stress that can propagate LPO
accumulation (Zhang S. et al., 2022; Zhu et al., 2022). Thus,
sensitizing cancer cells to oxidative damage and ferroptosis can
be orchestrated by modulating iron uptake, storage, utilization, and
export (Hassannia et al., 2019). Generally, cellular transport systems
function well to preserve iron homeostasis (Andrews and Schmidt,
2007; Bogdan et al., 2016). In brief, iron can be internalized by
circulating glycoprotein transferrin and discharged by ferroportin
(Zhang C. et al., 2020). The intracellular labile iron pool (LIP)
maintains a delicate balance normally and can be elevated by
transferrin-mediated uptake or autophagic degradation (Lin et al.,
2020). Inhibition of nuclear receptor coactivator 4 (NCOA4)
mediated ferritinophagic flux or abnormal expression of iron
metabolism proteins iron-responsive element binding protein
2 can dramatically decrease the vulnerability to ferroptosis (Fang
et al., 2021; Zhou H. et al., 2023). Especially, vitamin C may
interference iron metabolism by enhancing iron absorption. In
the biological system, iron is an essential micronutrient element
that can be engaged in hydroxyl radicals (•OH) formation through
the Haber-Weiss and Fenton reaction, relying on the cycle between
the ferrous (Fe2+) and ferric (Fe3+) states (Wang et al., 2020).
Vitamin C helps convert poorly absorbed Fe3+ into its more
absorbable Fe2+. Additionally, vitamin C acts as an antioxidant,
protecting against oxidative stress that are associated with iron
metabolism, thereby maintaining iron homeostasis and overall
metabolic health.

Lipid metabolism

Lipid peroxidation is one of the canonical processes catalyzed by
spontaneous autoxidation or endogenous enzymes that directly
contribute to promoting ferroptosis (Yang and Stockwell, 2016;
von Krusenstiern et al., 2023). At present, the widely recognized
pathway is excessive peroxidation of polyunsaturated fatty acid
(PUFA), comprising arachidonic acid and adrenic acid (Bazinet
and Layé, 2014; Kagan et al., 2016). PUFAs, especially long-chain
ones like ω-3 and ω-6 LCPUFAs, readily oxidize due to their
numerous double bonds, rendering them susceptible to free
radical assault. Vitamin E, an effective fat-loving antioxidant, acts
as a membrane shield, with heightened importance in PUFA-dense
areas. It directly neutralizes free radicals, halting their damaging
cascade to preserve PUFAs. Teaming up with trace elements like
selenium, it enhances the body’s antioxidant shield, defending both
PUFAs and other cellular elements against oxidative stress.
Additionally, vitamin E regulates metabolic interactions with
PUFAs, impacting the progression of ferroptosis.

Generally, the peroxidation process of PUFA-containing
phospholipids can be divided into three steps. Firstly, acyl-CoA
synthetase long-chain family member 4 (ACSL4) converts the PUFA
into acylated form (Gan, 2022). Then, lysophosphatidylcholine

acyltransferase 3 (LPCAT3) participates in the process of
esterifying acyl Co-A derivatives, incorporating PUFAs into
phospholipid membranes (Hashidate-Yoshida et al., 2015).
Finally, peroxidation occurs to form lipid hydroperoxide under
the catalysis of lipoxygenase (LOX) (Stoyanovsky et al., 2019).
Excessive oxidation of PUFA-containing phospholipids might
disrupt the integrity of biological membranes, eventually
decomposing into reactive toxic aldehydes (such as
hydroxynonenal or malondialdehydes) facilitating ferroptosis
execution (Dyall et al., 2022). Vitamin K1 has also emerged as a
potent blocker of ferroptosis, a controlled cellular death mechanism
linked to lipid oxidation. Research from Kolbrink et al. (Kolbrink
et al., 2022) demonstrated its effectiveness in stopping ferroptosis in
cellular models, reversing cell death and suggesting its potential in
treating issues arising from oxygen deprivation and restoration
cycles, like tissue injury. These discoveries emphasize vitamin K’s
pivotal role, via unconventional metabolic pathways, in regulating
ferroptosis-related diseases and its promise as a target for innovative
therapies. Besides, the antioxidant mechanism of nutrient vitamins
involves FSP1-triggered reduction, sustaining its radical-trapping
properties to interrupt ferroptosis pathways.

Amino acid metabolism

In the biological system, extracellular glutamate and cystine are
transported into the cell by amino acid transporter receptors system
Xc−, while inhibiting the function of system Xc− can decrease the
intracellular cysteine and GSH content (Koppula et al., 2021; Xiong
et al., 2021). The cysteine required for GSH synthesis is generally
obtained by the transsulfuration pathway of sulfur transfer from
homocysteine to cysteine (Stockwell et al., 2020; Lee and Roh, 2022).
GPX4 can protect cells from ferroptosis by reducing the lethal
PUFA-containing phospholipid hydroperoxides (PL-OOH) into
phospholipid alcohols (PL-OH) (Yang et al., 2014). Overall, the
existing intracellular GSH/Xc−/GPX4 antioxidant defense system is
of great importance in maintaining cellular redox homeostasis.

Moreover, the methionine-synthase cycle has been proven to be
relevant to metabolic process of ROS generation, in which vitamin
B12 plays a crucial role as a cofactor. It primarily functions to
regenerate methionine, an essential amino acid, from homocysteine.
The methionine cycle, involving SBP-1/SREBP1 and lipogenesis, is
crucial for how early-life B12 levels influence later health outcomes.
Research indicates that a lack of vitamin B12 early in life can result in
elevated fat levels and toxic lipid accumulation, notably long-chain
polyunsaturated fatty acids (LC-PUFAs), during adulthood, which
triggers ferroptosis in reproductive cells (Qin et al., 2022). From the
perspective of these signaling pathways, amino acid metabolism is
crucial for the regulation of intracellular redox balance, especially
amino acid-related metabolic processes, which could significantly
affect the therapeutic effect of ferroptosis.

Metabolic regulation of ferroptosis
with vitamins

Multiple nutrients including exogenous fatty acids and amino
acids have been reviewed to regulate redox homeostasis and
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ferroptosis execution (Koppula et al., 2018; Qi et al., 2021). However,
the underlying mechanism of vitamins and ferroptosis and
corresponding nutrient signaling related to ferroptosis regulation
is still limited. Vitamins are dietary components that have
functioned for therapeutic applications over the past decades
(Saghiri et al., 2017; Di Tano et al., 2020; Hou et al., 2020). In
this section, vitamins B, C, E, and K are essential for regulating
cellular homeostasis that directly linked to ferroptotic cell death has
been overviewed.

Vitamin B

The vitamin B family generally serves as enzyme cofactors
carrying out essential cellular functions, such as energy
metabolism, DNA synthesis, and phospholipids metabolism
(Lindschinger et al., 2019). B-group vitamins are water-soluble;
the metabolic half-life is only a few hours and must be
supplemented daily in most cases (Tardy et al., 2020). Existing
evidence indicates that insufficient or excessive supply of B
vitamins may elicit oxidative stress and modulate the expression
of numerous pathogenic genes (Kennedy, 2016; Peterson et al.,
2020). As a proof-of-concept, assembled Vitamin B2 nanocrystals
have been exploited to favor the massive production of ROS under
blue light irradiation taking advantage of optical waveguiding
properties (Fei et al., 2019). Inspired by these interesting
properties, Zhou et al. subtly reported the strategy by
combining Vitamin B2 and trivalent iron in a self-assembly
nanostructure (VFNC) for multiple ferroptosis regulation

(Figure 2A; Zhou M. et al., 2023). This vitamin B2-ferric
nanocomplex exhibited appropriate size and favorable
biocompatibility. Activated by ultrasound, VB2 could contribute
to producing a significant quantity of lethal 1O2 to inhibit cell
proliferation. Simultaneously, the disassembled nanocomplex will
release Fe3+ ion, which could generate •OH through the Fenton
reaction and destroy the System Xc−-GSH-GPX4 antioxidant
defense system. The downregulated GPX4 and SLC7A11 protein
and more LPO accumulation suggested the effective facilitation of
metformin to VFNC-based ferroptosis therapy (Figures 2B,C). The
synergistic sonodynamic/ferroptotic therapy and the coactivation
effect of metformin could exert a superadditive anti-tumor effect
by completely disintegrating the redox homeostasis and
antioxidant defense system of triple-negative breast cancer.
Overall, this coordination-driven self-assembly system provides
a general strategy for nutritional vitamins in clinical applications.

Recently, Qin et al. established the impact of early vitamin
B12 insufficiency in ferroptosis induction (Figure 3A; Qin et al.,
2022). Vitamin B12 sufficiency has no adverse impact on germ cells;
however, early vitamin B12 deficiency leads to ferroptosis in germ
cells and causes obesity and infertility. Mechanistically, vitamin
B12 deficiency directly affects the methionine cycle-SBP-1/sterol
regulatory element-binding protein-1 (SREBP1)-adipogenesis axis,
resulting in the accumulation of polyunsaturated fatty acids and
heightened peroxidation levels, which was significantly suppressed
by the addition of B12 supplementation (Figures 3B,C). Overall, this
study highlights the relationship between vitamin B12 deficiency
and ferroptosis in early life, providing a potential target for the late-
life treatment of the disease in adulthood.

FIGURE 2
Schematic illustration of VFNC-based ferroptosis therapy towards triple-negative breast cancer. (A) Schematic of the preparation process and
therapeutic mechanism of the VFNC nanoplatform. (B) Immunofluorescence staining of GPX4. (C) CLSM images of LPO accumulation. Adapted with
permission from Zhou M. et al. (2023). Copyright (2023) John Wiley & Sons, Inc.
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Vitamin C

In biological systems, vitamin C exists in different redox forms,
including ascorbate, ascorbate radical, dehydroascorbic acid (DHA),
2,3-l-diketoglutonate (2,3-DKG), oxalic acid, and so on. Specifically,
the ascorbyl radical is generated upon donating electrons to ferric
iron, leading to the formation of superoxide anion (•O2

−) and H2O2,
while ascorbate in pharmacologic concentration can contribute to
the suspended formation of •OH (Szarka et al., 2021).

In addition, vitamin C can affect iron metabolism by inhibiting
the degradation of ferritin, increasing the synthesis of ferritin, and
thus promoting iron absorption (Wang X. et al., 2021). This cellular
death pathway shows similar characteristics to erastin-mediated
ferroptosis (Liu et al., 2022). Although vitamin C as an
anticancer therapeutic is still up for debate, ongoing recent
clinical trials are investigating the combination of
pharmacological ascorbate with concurrent radiochemotherapy.
Various studies have demonstrated the enhanced therapeutic
effect of employing vitamin C to treat troublesome non-small cell
lung cancer (NSCLC) (Ou et al., 2020). Recently, a nanocatalytic
sensitizer strategy with vitamin C involved has been proposed for
treating metastatic NSCLC (Figure 4A; Wang et al., 2022). In this
nanotherapy platform, the rational encapsulation of vitamin C and

ferrous iron within the liposome enabled the reversible redox cycle.
The ferrous ions can interact with hydrogen peroxide, yielding
highly reactive •OH radicals, inducing lipid peroxidation (LPO)
and ultimately triggering ferroptosis. As shown in Figure 4B, cells
underwent oxidative stress and formed vacuolated mitochondria
after drug administration. In addition, vitamin C is oxidized to
produce DHA, which consumes intracellular GSH, resulting in
decreased GPX4 expression (Figure 4C). Moreover, this effective
nanocatalytic platform can simultaneously solve the problem of
resistance to the kinase inhibitor oxitinib in metastasis NSCLC.

It is a widely recognized fact that mitochondria serve as the
primary organelles responsible for iron metabolism within cells.
Consequently, the development of mitochondria-targeting
ferroptosis platforms has demonstrated promising antitumor
effects (Gan et al., 2023). Nevertheless, recent studies have
revealed that the rational design of lysosome-targeting systems
capable of inducing ferroptosis may yield significant outcomes.
These findings broaden our understanding of the complex
mechanisms involved in ferroptosis and suggest novel therapeutic
strategies for targeting this process. For instance, Chen et al.
successfully synthesized a lysosome-targeting ferroptosis
nanoplatform (Figure 5; Chen et al., 2022). The synthesis process
and chemical structures of the components of VC@N3AMcLAVs

FIGURE 3
(A) Mechanism of action of early-life B12 in programming of adult health. (B,C) Heatmap and quantification of lipid species with maternal
B12 supplementation. Reproduced with permission (Qin et al., 2022). Copyright 2022, Cell Press.
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are thoroughly outlined in Figures 5A,B. Notably, the incorporation
of morpholine enabled the nanotherapeutic platform to specifically
target lysosomes. Once inside the lysosome, the nanosystem
interacts with excess GSH leading to the reduction of lipoic acid
and oxidation of vitamin C. Additionally, the oxygen present in the
lysosome is converted to hydrogen peroxide. Furthermore, this
efficient redox cycle facilitates the conversion of ferric ions to
ferrous ions through the degradation of ferritin within the
lysosome, further enhancing the antitumor effects of ferroptosis.
The produced excess hydrogen peroxide will interact with the
ferrous ions to produce highly oxidizing •OH. Due to the
depletion of GSH and deficiency of catalase, large numbers of
ROS will destroy the redox homeostasis of lysosomes and result
in the complete breakdown of the lysosomes membrane, inducing
the release of proteolytic enzymes and other substances into the
cytosol. This lysosomal membrane permeabilization will cause
irreversible damage to tumor cells, resulting in efficient
ferroptosis therapy (Figure 5C). The system successfully uses the

interaction between the external vitamin C and the intracellular
GSH to cause the irreversible death of tumor cells, which provides a
new option for effective anticancer therapy. This design offers a
promising approach for precision delivery and enhanced antitumor
effects through ferroptosis induction in lysosomes.

Recently, vitamin C at pharmaceutical dosage has been
demonstrated to be efficient in strengthening the antineoplastic
effect by eliciting host immune systems (Ngo et al., 2019). In
particular, high-dose vitamin C treatment exhibits great synergy
in potentiating the efficacy of immune checkpoint therapy (Magrì
et al., 2020). Exploring vitamin C-mediated immunomodulation, Yu
et al. proposed hybrid core-shell vesicles (HCSVs) to augment
ferroptosis-based therapy by an exogenous circularly polarized
magnetic field, as well as responsive magnetic resonance imaging
capability (Yu et al., 2020). The HCSVs were constructed by
encapsulating ascorbic acid within poly lactic-co-glycolic acid,
and the iron oxide nanocubes were embedded into the outer
layer. Under the external magnetic field, the vesicle structure is

FIGURE 4
(A) Schematic illustration of the tumoricidal effect of combination therapy of VF/S/A@CaP and AHP-DRI-12. (B) The cryo-electron microscope
images of H1975/AR cells from the control group or Vc–Fe(II)@CaP group. The red triangle serves as a marker for healthy mitochondria, whereas the
yellow triangle signifies vacuolated mitochondria that have sustained severe oxidative damage. (C) The expression levels of GPX4 and COX2 in both
H1975 and H1975/AR cells have been assayed. Reproduced with permission (Wang et al., 2022). Copyright (2022), John Wiley & Sons, Inc.
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destroyed along with the release of ascorbic acid to interact with
magnetic iron oxide. Ascorbic acid can oxidize ferric ions to produce
ferrous ions, which could induce subsequent Fenton chemical
reaction processes. Subsequently, the Fenton reaction leads to
ferroptosis-mediated cancer inhibition by excessive LPO
accumulation. Concurrently, the elevated oxidative stress could
induce the activation of dendritic cells and infiltration of
cytotoxic T lymphocytes to exert an immunomodulatory effect.
During the reduction of magnetic iron oxide by ascorbic acid,
the iron-based magnetic resonance imaging signal provides an
efficient strategy for visualization of the Fenton reaction.

Vitamin E

As an endogenous radical-trapping antioxidant, vitamin E is a
general term for tocopherol substances exhibiting multiple health
benefits. Vitamin E comprises different forms of tocopherol and
tocotrienol generally functions by the electron-transport coupled
enzymatic mechanisms to prevent oxidative damage (Peh et al.,
2016; Blaner et al., 2021). For ferroptosis execution, vitamin E
actively binds to the PUFA substrate to favor the protective
effects against LPO propagation (Hu et al., 2021). Recently,

Zhang et al. revealed the anti-ferroptotic defense of nutrient
vitamin E for chronic neurological diseases (Zhang X. et al.,
2022). Mechanistically, vitamin E exerts neuroprotective effects
largely by inhibiting LOX-15, and vitamin E pretreatment can
reduce neuronal damage in pentylenetetrazol-induced epileptic
rats. In addition, tetrahydrobiopterin (BH4) has been screened
out to protect lipids from autoxidation in synergy with vitamin E
(Soula et al., 2020). Metabolism-focused screens demonstrated that
BH4 biosynthesis is essential for GPX4 inhibition, and can
regenerate from its oxidative forms upon dihydrofolate reductase
(DHFR), maintaining sustained anti-ferroptotic function.
According to the autoxidations of STY-BODIPY, BH4 had
similar ferroptosis-inhibitory effects in comparison to α-
tocopherol (α-TOH). In the liposomal system, the combination
of BH4 and α-TOH yielded superior anti-ferroptosis defenses,
partially because of the scavenging of α-TOH-derived radicals.

Vitamin K

Vitamin K is a general term referring to a group of structurally
related compounds that possess a common naphthoquinone ring.
These compounds encompass both natural and synthetic forms,

FIGURE 5
The schematic illustration outlines the process of enhancing ROS-mediated lysosomal membrane permeabilization for cancer ferroptosis therapy.
(A) The designmethods of VC@N3AMcLAVs. (B) The variousmolecular structures from the composition of VC@N3AMcLAVs. (C) Lysosome-targeting process
of VC@N3AMcLAVs and the specific mechanism to promote ROS-mediated lysosomal membrane permeabilization for efficient ferroptosis therapy.
Adapted with permission from Chen et al. (2022). Copyright (2023) John Wiley & Sons, Inc.

Frontiers in Pharmacology frontiersin.org07

Wu et al. 10.3389/fphar.2024.1434088

148

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434088


including phylloquinone (known as vitamin K1) found primarily in
plants, menaquinones (vitamin K2) found in animal products, and
synthetic analogs such as vitamin K3 and menaquinone-4 (MK4)
(Welsh et al., 2022). The primary biological role of vitamin K is
serving as a cofactor for the γ-carboxylation process, which is crucial
in preventing excessive hemorrhaging and osteoporosis. This

cofactor function is vital for maintaining bone health and blood
coagulation (Wallin and Hutson, 2004; Shearer and Okano, 2018).
Recently, vitamin K1 as the predominant dietary form has been
investigated as a potential ferroptosis suppressor (Kolbrink et al.,
2022). In 2022, Kolbrink et al. proved that vitamin K1 can
participate in ferroptosis inhibitory systems, providing

FIGURE 6
The anti-ferroptotic mechanism of non-canonical vitamin K cycle. (A)Mechanism of vitamin K supplying VKH2 to GGCX via the alternative vitamin K
reduction pathway. (B) The possible recycling pathway of α-tocopherol via the CoQ10/VK-hydroquinone transformation process. (C) The cell viability
and (D) lactate dehydrogenase (LDH) release from GPX4-KO mouse embryonic fibroblasts (Pfa1 cells) treated with different conditions (three forms of
vitamin K and liproxstatin-1 (Lip1) as a ferroptosis inhibitor). (E) The cellular morphology images of RSL3-treated HT-1080 cells were observed
irrespective of whether MK4 was present. (F) Proportional levels of oxidized phospholipids are visualized through heatmaps during an 8-h exposure to
RSL3 in Pfa1 cells (Mishima et al., 2022). Copyright (2021) Springer Nature.
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pharmacological control of ischemia-reperfusion injury (Kolbrink
et al., 2022). In the NIH3T3 cells, the frequency of cell death in the
RSL3 group and RSL3 + vitamin K1 group was observed to be 80.8%
and 2.2%, respectively. Both vitamin K1 (10 μM) and ferrostatin-1
(1 μM) could remarkably counteract the cytotoxicity by inhibiting
RSL3-induced ferroptosis at the cellular level. As evidenced by the
phosphatidylserine accessibility, vitamin K1 can also reverse
ferroptotic cell death by inhibition of FSP1 and mitochondrially
dihydroorotate dehydrogenase (DHODH). For renal ischemia-
reperfusion, vitamin K1 had a protective effect on acute kidney
injury by inhibiting tubular necrosis and ACSL4 expression. Overall,
vitamin K1 demonstrated great therapeutic potential for many
diseases associated with ferroptosis by targeting multiple
inhibitory pathways. Apart from vitamin K1, variant synthetic
menadione has recently been proven to rescue cells from
ferroptosis by GPX4 deletion (Mishima et al., 2022). As depicted
in Figure 6A, vitamin K elicits ferroptotic inhibitory function that
largely depends on FSP1-mediated reduction. In the canonical
vitamin K cycle, vitamin K is typically reduced to vitamin K
hydroquinone (VKH2), which is generally recognized as the
radical-trapping antioxidant (Figure 6A). However, VKH2 is
easily oxidized to vitamin K epoxide and then converted to
vitamin K quinone losing antioxidant activity, this process is also
known as warfarin poisoning. Intriguingly, FSP1 was able to form a
direct cycle from vitamin K to VKH2, maintaining lipid radical-
trapping activity to attenuate ferroptosis (Figure 6B). In pfa1 cells,
MK4 is the most efficacious form of vitamin K derivatives in
preventing ferroptosis induced by GPX4 deletion or knockdown

(Figure 6C). The significantly reduced release percentage of lactate
dehydrogenase further indicated the protective effect of three forms
of vitamin K derivative (PK/MK4/Menad) against cell death
(Figure 6D). In particular, the presence of MK4 was able to
successfully prevent HT-1080 cells from undergoing pathologic
changes associated with ferroptosis induced by RSL3 (Figure 6E).
Lipid peroxidation is a key process in ferroptosis, where the
accumulation of lipid peroxides leads to membrane damage and
ultimately cell death. By reducing the level of lipid peroxide, the
three forms of vitamin K can mitigate the progression of ferroptosis
(Figure 6F). This finding suggests that vitamin K may act as an
efficient antioxidant or regulate cellular processes that lead to lipid
peroxidation, thereby protecting cells from ferroptosis. Overall,
vitamin K metabolism is thought to play a critical role in
ferroptosis-associated disease, acting as a natural active ingredient
in anti-ferroptotic therapy through the non-classical vitamin
K cycle.

Furthermore, the synthetic variant menadione (vitamin K3) is
known to be a notable anti-inflammatory drug, which can
exacerbate ROS generation to achieve therapeutic effects against
bacteria or viruses at appropriate wavelengths (Wang R. et al., 2021).
Given that, vitamin K3 and its derivatives have been employed in the
field of ROS-based nanomedicine aiming at achieving improved
therapeutic index (Yang et al., 2018; Wellington et al., 2020;
Chauhan et al., 2023). Utilizing iron ion therapy, nanoscale
coordination polymers known as Fe-NQA have been suggested as
a potential tumor treatment method, capable of initiating the Fenton
reaction while simultaneously suppressing antioxidant activity

FIGURE 7
The preparation and action mechanism of Fe-NQA for augmenting tumor ferroptotic therapy. (A) Schematic illustration of Fe-NQA NPs induced
ferroptotic therapy. (B) The LSCM images of LPO and Fe2+ detected in CT26 cells after incubation of cells with saline, FeCl3, NQA, and Fe-NQANPs (scale
bar: 50 μm). Adapted with permission from Zhang Z. et al. (2020). Copyright (2020) Springer Nature.
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(Figure 7; Zhang Z. et al., 2020). The Fe-NQA was prepared by one-
step coordination self-assembly of Fe3+ and 6-[2-(3-methyl)
naphthoquinolyl]hexanoic acid (NQA). The NQA can not only
facilitate semiquinone radical formation but also inhibit
GPX4 activation by binding cysteine or selenocysteine residues.
After internalization, Fe-NQA disassembles in a pH-responsive
manner to form a sustained cycle favoring the Fenton reaction
by catalyzed cytochrome P450 reductase. Additionally, Fe-NQA
sustains GPX4 inactivation, and this cellular death can be reversed
by ferroptosis inhibitors. The staining process employed
FerroOrange and BODIPY-C11 probes, revealing that the level of
lipid peroxide (LPO) in CT26 cells incubated with Fe-NQA
nanoparticles was notably elevated compared to the group treated
with normal saline (Figure 7B). Taken together, Fe-NQA can
synergistically initiate ferroptosis execution, enabling efficient
tumor regression, metastasis prevention, and radiotherapy
sensitization.

Conclusion and perspectives

Ferroptosis has achieved unprecedented outcomes since coined
in 2012, and therapeutic intervention has been demonstrated to be
tightly linked to neurodegeneration, viral infection, and
cardiovascular disease. Especially for malignant tumors,
proferroptotic stimulation has sufficiently indicated significant
impacts on the inhibition, development, and metastasis of tumor
cells. Existing research has sufficiently indicated ferroptosis inducers
or inhibitors, and compartmentalized by regulatory networks
involves iron, amino acids, and lipids metabolism. Elucidating
these metabolism networks may be critical for therapeutic benefit
in various ferroptosis-associated pathophysiological contexts.
However, the complicated ferroptosis-based crosstalk between
multiple nutrients and metabolic regulation of cellular
homeostasis is still limited, especially in the field of vitamin-
based essential nutrients.

The administration of nutritional vitamin supplements could
potentially serve as an effective approach to modulate sublethal
ferroptosis-associated disorders. To date, essential vitamins enabling
the regulation of redox homeostasis and LPO generally depend on
perturbing ROS hemostasis. However, the current understanding of
ROS biology is orchestrated by complex molecular pathways
comprising different cell death modalities. Conversely, the
interplay between the mechanism of ferroptotic cell death and its
associated factors with nutrient signaling remains relatively
unexplored.

Furthermore, metabolism regulation of iron availability, cystine
deprivation, and ROS biology has yielded insight into the nutrient
vitamins in remodeled biological hemostasis. However,
interconnected metabolism pathways are highly complex, which
is also referred to as metabolic plasticity. The modulation of
ferroptosis may involve various endogenous substrates, and
vitamins could potentially play a role in other forms of
controlled cell death. Nevertheless, the intricate interactions and
transitions between ferroptosis and other cell death mechanisms
remain elusive.

Finally, the pathophysiological signals of ferroptotic cell death
must be unambiguously elucidated stem from the fact that these

effectors are directly related to the therapeutic potential of
ferroptosis-associated disease. Stratifying ferroptosis sensitivity in
patients holds promise for conferring significant health benefits in
clinical practice. Current oxidative lipidomics is largely time-
consuming, while other reliable molecular imaging methodologies
are relatively not enough to favor real-time monitoring of this
regulated cell death modality. There is an urgent need for
advanced techniques and reagents capable of monitoring
treatment processes, in order to rigorously assess the pathological
significance of ferroptosis.
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Case report: Pyrotinib and tegafur
combined with radiotherapy
achieved notable response in
HER2-amplified rectal cancer
with multiple metastases after
multiline treatments

Peng Huang1,2†, Feng Wen1,3† and Xin Wang1,3*
1Division of Abdominal Tumor Multimodality Treatment, Cancer Center, West China Hospital, Sichuan
University, Chengdu, Sichuan, China, 2Department of Medical Oncology, Cancer Center, West China
Hospital, Sichuan University, Chengdu, Sichuan, China, 3Department of Radiation Oncology, Cancer
Center, West China Hospital, Sichuan University, Chengdu, Sichuan, China

Metastatic colorectal cancer (mCRC) is characterized by significant phenotypic
heterogeneity at the molecular level and presents a poor prognosis.
Chemotherapy is commonly employed as the primary treatment option.
Nevertheless, the advantages of chemotherapy are constrained, underscoring
the critical necessity for novel treatment protocols aimed at enhancing patient
outcomes. Human epidermal growth factor receptor 2 (HER2) has been
recognized as a promising therapeutic target in mCRC. Pyrotinib, an
innovative irreversible dual tyrosine kinase inhibitor targeting HER2, effectively
inhibits cancer progression in various types of human cancers. Here, we present a
case of a 39-year-old female with metastatic rectal cancer showing amplification
of HER2. Despite resistance to multiple therapies, including trastuzumab and
pertuzumab, the patient exhibited a remarkable therapeutic response to
pyrotinib, tegafur combined with radiotherapy. This case provides evidence for
the feasibility and potential efficacy of deploying pyrotinib in the salvage
treatment of mCRC patients with HER2 amplification even though resistant to
other anti-HER2 drugs.

KEYWORDS

rectal cancer, HER2, pyrotinib, multiline treatments, radiotherapy

1 Introduction

Colorectal cancer (CRC) represents a significant contributor to cancer-related
morbidity and mortality worldwide, with rectal cancer cases estimated to be
46,220 in the United States (Shin et al., 2023; Siegel et al., 2024). Approximately
25%–40% of rectal cancer patients are represented with distant metastases at initial
diagnosis, which is the primary cause of therapy failure (van Gijn et al., 2011; Fokas
et al., 2014). Rectal cancer holds a high potential for metastasizing to the liver, lung, and
bone (He et al., 2023). Brain metastases represent the most prevalent type of
intracranial tumors in adults, yet they infrequently originate from rectal cancer
(Boire et al., 2020).
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Multidrug combination regimens such as FOLFOX and
FOLFIRI have been recognized as standard therapies for
metastatic rectal cancer (Biller and Schrag, 2021). Nevertheless,
chemotherapy has significant ceiling effects in the context of
long-term toxic events and multi-drug resistance (Kim, 2015). In
recent years, advances in comprehending the molecular and genetic
complexities of cancer have paved the way for introducing more
effective treatment modalities into the later-line treatments for rectal
cancer, out of which molecularly targeted therapy has been well-
characterized and plays a crucial role in clinical management
(Ohishi et al., 2023).

Human epidermal growth factor receptor 2 (HER2), encoded by
the oncogene ERBB2, belongs to the epidermal growth factor
receptor (EGFR) family (Oh and Bang, 2020). Many other solid
tumors exhibit high levels of HER2 expression, including gastric
cancer, urothelial carcinoma, lung cancer and biliary tract cancer
(BTC), and anti-HER2 drugs have exhibited great therapeutic
benefits in clinical settings (Lamberti et al., 2020; Mollica et al.,
2020; Ricci et al., 2021; Rizzo et al., 2021). For example, in the global
basket study SUMMIT, for nine patients with ERBB2-mutated BTC,
the overall response rate (ORR) was 22% (Hyman et al., 2018).
Additionally, a partial response (PR) was observed in a patient with
HER2-amplified gallbladder cancer in a phase I study with the
HER2-targeted bispecific antibody ZW2567 (Oh and Bang, 2020).
Evidence has revealed that HER2 amplification comprises
approximately 2%–11% of metastatic CRC (mCRC) patients with
poor prognosis (Greally et al., 2018). The potent antitumor activity
of HER2-targeted inhibitors on patients with HER2 amplification
has been presented (Greally et al., 2018). Regarding evidence from
clinical guidelines, trastuzumab plus pertuzumab has been
recommended as the late-line treatment for HER2-amplified
metastatic CRC that becomes refractory to chemotherapy (Meric-
Bernstam et al., 2019). Pyrotinib is an orally administered,
irreversible tyrosine kinase inhibitor (TKI) of the pan-ErbB
receptor, which has been authorized for the therapy of HER2-
amplified breast cancer in recurrent and neoadjuvant settings
(Blair, 2018). Moreover, it exerts a potent antitumor effect in
other HER2-amplified solid tumors including lung cancer and
gastric cancer (Li et al., 2017; Blair, 2018; Niu et al., 2023).
Herein, we report a rare case of rectal cancer harboring
HER2 amplification with multiple metastases in the brain, scalp,
lung, pancreatic head, and both kidneys, who has been treated with
standard chemotherapy and several HER2 inhibitors, finally
achieved notable response (nearly complete response) from
pyrotinib and tegafur combined with radiotherapy (Figure 1).

2 Case presentation

In August 2019, a 39-year-old female patient was admitted to
our hospital presenting with a constellation of intestinal symptoms
including changes in stool consistency, bloody stool, and tenesmus.
The patient was diagnosed with pulmonary tuberculosis 10 years
ago. After undergoing anti-tuberculosis treatment, the condition
improved. In addition, the patient has no history of smoking or
alcohol consumption and has no family history of malignant or
genetic diseases. After being seen by the attending physician, the
patient underwent further relevant examinations. Whole-abdominal
enhanced CT has revealed a lobulated soft tissue mass of 3.0 cm ×
2.2 cm in the rectal wall. Chest CT showed bilateral old pulmonary
tuberculosis. Then, the patient underwent a proctoscopy and biopsy.
At a distance of 3–6 cm from the anal verge, an ulcerative-type
neoplasm is observed, with a congested and ulcerated base,
surrounded by mucosal ramparts resembling a dam, involving
approximately half of the circumference of the lumen, leading to
relative luminal narrowing. The histopathologic examination
revealed high-grade intraepithelial neoplasia and mucosal
intraepithelial carcinoma formation. The tumor stage was
cT3N0M0. Then the patient accepted a neoadjuvant chemo-
radiotherapy regimen comprising four treatment cycles of
mFOLFOX6 (oxaliplatin, leucovorin, and fluorouracil), one
treatment cycle of XELOX, (oxaliplatin and capecitabine) along
with external irradiation with a dosage of 50.4Gy/28f. After that, an
imaging examination revealed the significant shrinkage of
the tumor.

On 20 February 2020, the patient underwent low anterior
resection for rectal cancer. Postoperative histological examination
confirmed the diagnosis of moderately differentiated
adenocarcinoma of the rectum, pT3N0M0, TRG2.
Immunohistochemical analyses suggested “MLH1 (+), MSH2 (+),
MSH6 (+), PMS2 (+), Ki–67:50%.” After surgery, three cycles of the
mFOLFOX6 regimen were given in the adjuvant chemotherapy
setting. Then, capecitabine maintenance therapy was followed in
December 2020. Subsequent regular follow-ups showed no
progression of the disease.

In August 2021, the countercheck of chest CT showed several
bilateral pulmonary nodules, while the biggest one was in the upper
lobe of the right lung near the mediastinal soft tissue, which was
about 1.8 cm × 1.5 cm in size, suggesting tumor metastasis. Palliative
chemotherapy with mFOLFOX6 regimen was given for one cycle
and the patient spontaneously discontinued the treatment. After
that, the patient received treatment with Chinese herbs and was lost

FIGURE 1
Time diagram of the treatment from August 2019 to May 2024 of the patient. PD, progressive disease; CR, complete response.
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to follow-up. From March to June 2022, the patient continued to
grow three masses on the scalp which were mistaken for abscesses by
herself, and did not receive proper treatment. Then, a constellation
of symptoms including intermittent head pain, nausea, vomiting,

fatigue, left upper limb and facial twitches were presented. In August
2022, the patient was admitted to our hospital again. Enhanced CT
revealed multiple nodules in the parieto-occipital regions and the
largest one is about 2.5 cm × 1.5 cm accompanied by significantly

FIGURE 2
(A) Brain and scalp radiotherapy plans (51Gy/17f). (B) Mediastinum and vertebral body radiotherapy plans (mediastinum: 56Gy/8f, vertebral body:
40Gy/5f). (C) Whole brain radiotherapy (24Gy/8f) and additional dose of all intracranial and scalp lesions (24Gy/8f).

TABLE 1 Gene alterations of the NGS results based on the metastatic scalp specimens.

Genes Variations Copy number/abundance

KRAS Negative —

NRAS Negative —

BRAFV600E Negative —

NTRK2 Negative —

NTRK3 Negative —

MLH1 Negative —

MSH2 Negative —

MSH6 Negative —

PMS2 Negative —

RNF43 NM_017763.4
C.953-1GsT amplification

42%

ERBB2 NM_004448.2 amplification 66.8

FGFR1 NM_023110.2 amplification 5.2

MCL1 NM 021960.4 amplification 4.0

CDK6 NM_001145306.1 amplification 3.0

EGFR NM_005228.3 amplification 3.0

RAD50 NM_005732.3 deficiency 1.4

WRN NM_000553.4 deficiency 1.4

KRAS, kirsten rat sarcoma viral oncogene homolog; NRAS, neuroblastoma rat sarcoma viral oncogene homolog; BRAF, v-raf murine sarcoma viral oncogene homolog B1; HER2, human

epidermal growth factor receptor 2; NTRK1, neurotrophic tyrosine kinase, receptor, type 1; FGFR1, fibroblast growth factor receptor 1; MCL1, myeloid cell leukemia-1; CDK6, cyclin-dependent

kinase 6; EGFR, epidermal growth factor receptor; NGS, next-generation sequencing.
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increased tumor markers (CA199 > 1,000 U/mL, CEA >83.7 U/mL).
Moreover, a 2.0 cm × 1.6 cm metastatic node was found in the right
frontal cortex. Besides that, metastatic signs were found in both
kidneys and the head of the pancreas and the metastatic lesion in the
right upper lobe of the lung has increased in size compared to
previous CT images. Biopsy of scalp metastases showed that skin
metastases tended to originate from rectal cancer. Further
immunohistochemistry showed CK20 (+), CDX2 (+), CK7 (−),
CK5/6 (−), TIF-1 (−), Ki–67: 80% and HER2 diffuse positive.
Capecitabine following the head radiotherapy (51Gy/17f) was
performed (Figure 2A). After radiotherapy, the symptoms of
headache and limb twitching have significantly improved. The
CT re-examination revealed the shrunk tumor mass both in the
scalp and brain, which indicated a great therapeutic response to
radiotherapy. Then, the next-generation sequencing (NGS)
(1,021 genes; Chengdu Huachuang Qide Medical laboratory Co.,
LTD., Chengdu, China) based on scalp specimens revealed theHER2
amplification (copy number: 66.8), while RAS and BRAF were
negative. The detailed results are listed in Table 1. Based on the
NGS results, the second-line regime: six treatment cycles of
mXELIRI (Irinotecan and capecitabin) combined with
trastuzumab was initiated on 28 October 2022. The patient
tolerated this new regime well, with no apparent side effects.

During treatment, the best therapeutic effect is PR. In April
2023, progressive disease was evaluated based on the imaging
manifestations of enlarged nodules of the lung, pancreatic head,
centrum of the 7th thoracic vertebrae, right kidney and scalp, while
paraaortic lymph node metastasis was also presented. The patient
volunteered for a Phase II clinical study and was treated with six
cycles of RC48-ADC on 26 April 2023. The RC48-ADC represents a
new antibody-drug conjugate (ADC) targeting HER2, which
specifically transports the cytotoxic compound monomethyl
auristatin E (MMAE) to HER2-positive tumor cells (Hong et al.,
2023). Previous clinical trials have demonstrated its good tolerability
and potential effectiveness in HER2-positive advanced bladder
cancer (Sheng et al., 2021; Hong et al., 2023). The disease
condition was stable during treatment. Reexaminations from July
2023 indicated the progression of lung and scalp lesions along with
hoarseness and back pain. Then the patient was withdrawn from the
clinical trial. In August 2023, the patient received trastuzumab +
pertuzumab, followed by mediastinal and pyramidal radiotherapy
with a dosage of 56Gy/8f, and 40Gy/5f respectively (Figure 2B).
However, the enhanced CT examination revealed obvious
enlargement of the scalp tumor in September 2023. Then tegafur,
pyrotinib combined with head radiotherapy (48Gy/16f) was
recommended by the oncologists in October 2023 (Figure 2C).

FIGURE 3
Clinical images of the patient.
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Notably, follow-up examination revealed significant shrinkage of
scalp and brain metastases. Besides, the multiple metastases in the
lung, pancreatic head, both kidneys and paraaortic lymph nodes
were also dramatically shrunk (Figure 3). Until the submission of the
case report, the patient had survived for over 33 months since post-
operative recurrence and now continues to receive the combination
treatment of pyrotinib and tegafur and a notable response (nearly
complete response in brain and scalp metastases) had been achieved.
Currently, close follow-up is still underway.

3 Discussion

HER2, encoded by the ERBB2 gene, will be overexpressed when the
ERBB2 gene is amplified (Oh and Bang, 2020). HER2 serves as a
significant oncogenic driver in mCRC (Chitkara et al., 2023). Regimens
involving dual anti-HER2 drugs have shown significant antitumor
activity in the relapsed setting (Chitkara et al., 2023). The regime of
trastuzumab in conjunction with lapatinib achieved an objective
response in 8 (30%) of 27 patients with HER2 amplification and
KRAS exon 2 wild-type tumors in the HERACLES-A trail (Sartore-
Bianchi et al., 2016). Notably, the median OS and PFS of 46 weeks (95%
CI 33–68 weeks) and 21 weeks (95% CI 16–32 weeks) (Sartore-Bianchi
et al., 2016). Nevertheless, almost all cases that achieved an objective
response in this study developed acquired resistance, mirroring the
dilemma observed in theMypathway study (Sartore-Bianchi et al., 2016;
Meric-Bernstam et al., 2019). Mypathway was a multiple-basket phase
II study that assessed the antitumor activity of the regime of
trastuzumab in combination with pertuzumab in patients with solid
tumors (Meric-Bernstam et al., 2019). This study included 69 CRC
patients with KRAS wild-type and HER2-overexpressed tumors, out of
which 22 (31.9%) achieved objective responses. However, in the setting
of KRAS-mutant CRC, the ORR was only 8%, which indicated the
limited antitumor activity of trastuzumab plus pertuzumab (Meric-
Bernstam et al., 2019). Trastuzumab deruxtecan is an antibody–drug
conjugate that has been approved in metastatic, HER2-overexpressed
gastric and breast cancer in the United States (Jørgensen, 2023). The
DESTINY-CRC01 study was a signal arm, phase II clinical trial that
demonstrated the clinical benefits of trastuzumab deruxtecan in
78 patients with RAS wild-type and HER2-expressed mCRC (Siena
et al., 2021). Patients with HER2 3+ status received the highest ORR of
57.5% (95%CI 40.9–73.0) (Siena et al., 2021). Interestingly, the ORRs of
trastuzumab deruxtecan treatment in patients with or without prior
anti-HER2 therapy were 43.8% and 45.9% respectively, which showed
the rationality of applying trastuzumab deruxtecan in the later line
treatment after prior anti-HER2 treatment (Siena et al., 2021).
Moreover, the multicenter DESTINY-CRC02 trial further assessed
the antitumor response of trastuzumab deruxtecan in HER2-
amplified mCRC patients (NCT04744831) (Zheng-Lin et al., 2023).

Although the anti-HER2 regime exhibits great value in cancer
therapy, however, the drug resistance impedes its clinical
application. It is acknowledged that EGFR and HER2 activate the
RAS/RAF/ERK pathway to promote cell division, as well as the
phosphatidylinositol 3-kinase (PI3K)/PTEN/AKT pathway to
facilitate cell growth and survival (Rusnak et al., 2001).
Dysregulation in the downstream pathway leads to resistance to
targeted agents. In HER2-overexpressed solid tumors, PTEN was
identified as a predictive biomarker of trastuzumab resistance

(Tekesin et al., 2019; Yokoyama et al., 2021). Belli et al. showed
that abnormal changes in MEK and PIK3CA can give rise to
resistance to anti-HER2 agents in mouse models of HER2-
amplified CRC (Belli et al., 2019). However, in our case,
activating mutations of PIK3CA or MEK and decreased
expression of PTEN was not detected in scalp metastasis samples.
Notably, the amplification of fibroblast growth factor receptor 1
(FGFR1) was observed in the NGS testing. FGFR family of receptor
tyrosine kinases mediate various cellular processes by dimerizing
and activating the downstream signal network, including mitogen-
activated protein kinase (MAPK) and PI3K/AKT (Sami and Karsy,
2013). María et al. revealed that FGFR1 amplification was associated
with a poor response to anti-HER2 treatment (Gaibar et al., 2022). In
the cohort comprised breast cancer patients who received
trastuzumab and pertuzumab, the pathological complete response
rate was lower among those harboring FGFR1 amplification (Gaibar
et al., 2022). Moreover, Ariella et al. reported that lapatinib +
trastuzumab-resistant tumors exhibited increased FGFR
phosphorylation, which led to significant stromal alterations in
the tumor microenvironment and decreased tumor uptake of
drugs (Hanker et al., 2017). These findings indicate that
abnormal activation of the FGFR pathway is linked to primary or
intrinsic resistance to therapeutic blockade of HER2.

Pyrotinib inhibits the autophosphorylation of the HER2,
therefore suppressing the MAPK and PI3K/Akt signaling
pathways (Blair, 2018). Several studies have demonstrated that
the dual anti-HER2 regime of pyrotinib in combination with
trastuzumab has shown significant anti-tumor activity in
HER2 amplification, RAS wild-type mCRC patients who have
become refractory to chemotherapy (Chang et al., 2022; Fu et al.,
2023; Zhou et al., 2023). In our case, despite the resistance to
trastuzumab + pertuzumab, pyrotinib demonstrated a remarkable
clinical response. While trastuzumab and pertuzumab exclusively
target HER2, pyrotinib also significantly inhibits EGFR signaling
(Blair, 2018; Han et al., 2022). Furthermore, pyrotinib has shown
high selectivity when assessed against a wide range of diverse
kinases, including c-Kit, platelet-derived growth factor receptor β,
kinase insert domain receptor, c-Src, and c-Met (Li et al., 2017).
Thus, pyrotinib might manifest diverse effects through multiple
mechanisms that differ from those of previous anti-HER2
medications, which could partially account for the exceptional
response to pyrotinib in our case.

Interestingly, HER2 has been reported to be linked with adaptive
radiation resistance, while HER2 inhibition is a promising strategy
for overcoming radioresistance (Khan et al., 2024). Pyrotinib
treatment reduced the cyclin D1 and cyclin-dependent kinase 4
(CDK4) levels for increasing G0/G1 arrest, resulting in the enhanced
anti-proliferation effects of radiotherapy in esophageal cancer cells
(Lian et al., 2020). Niu et al. discovered that pyrotinib in
combination with radiotherapy achieved more tumor remission
in the xenograft model (Niu et al., 2023). Mechanistic
investigations have revealed that pyrotinib blocked the activation
of the ERK signaling pathway mediated by radiation (Niu et al.,
2023). Moreover, pyrotinib also promoted DNA damage, induced
cell apoptosis, and enhanced senescence, which contributed to
increased radiosensitivity (Niu et al., 2023). Brain metastasis
frequently leads to mortality in patients with HER2-positive
breast cancer. The standard treatment predominantly involves
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whole-brain radiotherapy (Kim et al., 2024). Tian et al. assessed the
effectiveness of pyrotinib in conjunction with WBRT in patients
with HER2-positive brain metastatic breast cancer (Tian et al.,
2022). The oral administration of pyrotinib, combined with
radiotherapy, significantly enhanced the ORR, and PFS in
patients with HER2-positive brain metastases, without increasing
adverse events (Tian et al., 2022). Furthermore, pyrotinib improved
the radiosensitivity of HER2-positive breast cancer cell lines
cultured in vitro (Tian et al., 2022). The findings suggest that
pyrotinib could be an efficacious agent to increase tumor
radiosensitivity and improve clinical prognosis in patients with
HER2-positive brain metastatic breast cancer. Moreover, small
TKIs such as pyrotinib has been demonstrated to possess
enhanced blood-brain barrier permeability and specific anti-
intracerebral tumor efficacy (Garcia-Alvarez et al., 2021). Besides,
radiotherapy modifies the blood-brain barrier permeability, leading
to an increase in the influx of drugs into the brain (Li et al., 2023).
And the synergistic effects of pyrotinib combined with radiotherapy
contribute to the great therapeutic response in our case.

The limitations of our case stem from the absence of tissue or
liquid biopsy findings following the resistance of trastuzumab plus
pertuzumab, making it challenging to determine the tumor’s genetic
status and elucidate the resistance mechanisms. If the patient’s
condition deteriorates once more, NGS testing based on tissue or
blood specimens is required to identify potential therapeutic targets
and exploit alternative salvage therapies. Moreover, after the
discovery of scalp and brain metastases in the patient, we
implemented a treatment strategy combining mXELIRI
chemotherapy with the anti-HER2 drug trastuzumab. However,
NGS testing revealed EGFR amplification in the patient. If we
had concurrently used an anti-EGFR drug at that time, it might
have led to a better therapeutic outcome.

4 Conclusion

HER2 is recognized as a promising target for mCRC. In this case
report, we presented the case of a patient with treatment-resistant
HER2-amplified mCRC who achieved a prolonged response to
pyrotinib plus tegafur in combination with radiotherapy
following resistance to trastuzumab and pertuzumab. In
conclusion, pyrotinib demonstrates activity in the salvage
treatment of mCRC patients with HER2 amplification even
though resistant to other anti-HER2 drugs. Further studies are
needed to validate this finding.
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CAR-T therapy pulmonary
adverse event profile: a
pharmacovigilance study based
on FAERS database (2017–2023)

Jing Shi1,2, Xinya Liu1,3, Yun Jiang2, Mengjiao Gao2, Jian Yu2,
Yuanming Zhang1* and Li Wu2*
1Xinjiang Medical University, Urumqi, China, 2Department of Oncology Cardiology, Xinjiang Medical
University Cancer Hospital, Urumqi, China, 3The Fifth Affiliated Hospital of Xinjiang Medical University,
Urumqi, China

Background: Chimeric antigen receptor T-cell (CAR-T) therapy, a rapidly
emerging treatment for cancer that has gained momentum since its approval
by the FDA in 2017, involves the genetic engineering of patients’ T cells to target
tumors. Although significant therapeutic benefits have been observed, life-
threatening adverse pulmonary events have been reported.

Methods: Using SAS 9.4 with MedDRA 26.1, we retrospectively analyzed data
from the Food and Drug Administration’s Adverse Event Reporting System
(FAERS) database, covering the period from 2017 to 2023. The analysis
included the Reporting Odds Ratio Proportional Reporting Ratio Information
Component and Empirical Bayes Geometric Mean to assess the association
between CAR-T cell therapy and adverse pulmonary events (PAEs).

Results: The FAERS database recorded 9,400 adverse events (AEs) pertaining to
CAR-T therapies, of which 940 (10%) were PAEs. Among these CAR-T cell-related
AEs, hypoxia was the most frequently reported (344 cases), followed by
respiratory failure (127 cases). Notably, different CAR-T cell treatments
demonstrated varying degrees of association with PAEs. Specifically, Tisa-cel
was associated with severe events including respiratory failure and hypoxia,
whereas Axi-cel was strongly correlated with both hypoxia and tachypnea.
Additionally, other CAR-T therapies, namely, Brexu-cel, Liso-cel, Ide-cel, and
Cilta-cel, have also been linked to distinct PAEs. Notably, the majority of these
PAEs occurred within the first 30 days post-treatment. The fatality rates varied
among the different CAR-T therapies, with Tisa-cel exhibiting the highest fatality
rate (43.6%), followed by Ide-cel (18.8%).

Conclusion: This study comprehensively analyzed the PAEs reported in the
FAERS database among recipients of CAR-T cell therapy, revealing conditions
such as hypoxia, respiratory failure, pleural effusion, and atelectasis. These CAR-T
cell therapy-associated events are clinically significant and merit the attention of
clinicians and researchers.

KEYWORDS

chimeric antigen receptor T cells, CAR T cell therapy, FAERS database, real-world study,
pharmacovigilance analysis, pulmonary adverse events
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1 Introduction

CAR-T cell therapy involves genetically modifying a patient’s
T cells to recognize specific tumor antigens. These engineered cells
are then cultured ex vivo and reinfused to launch a targeted attack
against the patient’s cancer (Abramson et al.). Since the approval of
the first chimeric antigen receptor T-cell (CAR-T) therapy,
Tisagenlecleucel (tisa-cel), on 30 August 2017, the landscape of
chimeric antigen receptor T-cell (CAR-T) products has evolved
significantly. As of September 2023, the U.S. Food and Drug
Administration (FDA) has granted approval to six CAR-T
products. These products and their indications are listed in
Table 1 (Munshi et al., 2021; Martin et al., 2023).

Compared with traditional drugs, CAR-T therapy has shown
remarkable efficacy in multiple clinical trials for the treatment of
hematological malignancies (Maude et al., 2018; Abramson et al.,
2020; Jacobson et al., 2022; Wang et al., 2023). Certain
experimental data have demonstrated response rates and 1-
year survival rates exceeding 60% and 50%, respectively
(Schuster et al., 2019). Multiple drug regulatory agencies,
including the FDA, have approved over 300 clinical trials of
CAR-T cell therapy for both hematological and solid tumors. The
use of CAR-T cells is expected to increase rapidly in the coming
years, thereby benefiting more patients.

Although CAR-T therapy has shown promising results in
numerous clinical trials, potential life-threatening or fatal
toxicities cannot be ignored, such as cytokine release syndrome
(CRS) and neurotoxicity (Neelapu et al., 2018). Rare adverse events
(AEs), such as pulmonary or cardiovascular-related AEs, have also
been reported (Alvi et al., 2019; Ganatra et al., 2020; Lefebvre et al.,
2020). In a study evaluating the safety of CAR-T cells, 103 patients
(8.53%) developed respiratory, thoracic, and mediastinal AEs. The
most common type of AE in the respiratory system is hypoxia,
which can lead to respiratory failure. Common comorbidities
include dyspnea, pleural effusion, pulmonary edema, acute
respiratory distress syndrome, and pneumonia (Chen et al.,
2022). With multiple new CAR-T treatments approved in recent
years, treatment choices may depend on product safety, in addition
to efficacy.

Comprehensive studies on the potential toxicities associated with
CAR-T therapy are currently lacking. In addition, clinical trials have
inherent limitations in the detection of rare drug reactions.
Consequently, spontaneous reports of adverse events have emerged
as a vital source of information for identifying new safety signals,
especially in post-market safety databases, such as FAERS. To effectively
sift through these safety signals in a vast volume of reports, researchers
have devised data-mining algorithms based on the concept of
‘disproportionality.’ This analysis detects statistical anomalies by
comparing the reporting frequencies of a specific drug with those of
all other drugs in a database (Michel et al., 2017). Commonmetrics used
in disproportionality analysis include the Proportional Reporting Ratio
(PRR), Reporting Odds Ratio (ROR), Information Component (IC),
and Empirical Bayes Geometric Mean (EBGM). Recent publications
have advocated the use of this approach (Wang et al., 2021; Yu et al.,
2021; Tian et al., 2022; Yang et al., 2022; Chen et al., 2023), arguing that
it can offer valuable insights to healthcare decision makers in
formulating treatment strategies.

2 Materials and methods

2.1 Data sources

This was an observational, retrospective, pharmacovigilance study
that utilized the FAERS database, a global repository of post-market
safety reports. With SAS 9.4 and MedDRA 26.1, given the approval of
the first CAR-T product in 2017, we decided to initiate our data
collection from that year. Additionally, we chose to include data
until the third quarter of 2023 as this represents the most recent
and comprehensive dataset available to us. We analyzed the data
from 2017 to 2023. The study screened reports within the database
that contained any of the following trade or generic names of the drugs:
“axicabtagene,” “ciloleucel,” “yescarta,” “axi-cel,” “KTE-C19,”
“tisagenlecleucel,” “kymriah,” “tisa-cel,” “CTL019,” “brexucabtagene,”
“autoleucel,” “tecartus,” “KTE-X19,” “lisocabtagene maraleucel,”
“breyanzi,” “JCAR017,” “idecabtagene,” “vicleucel,” “abecma,”
“bb2121,” “ciltacabtagene,” “autoleucel,” “carvykti” and “JCARH125,”
This study utilized the FAERS database from Q1 2017 to Q2 2023.

TABLE 1 FDA-Approved car-t cell therapies and indications.

Proper name Abbreviated name Indications

Tisagenlecleucel Tisa-cel • Pediatric and Young Adult B-cell Precursor Acute Lymphoblastic Leukemia (ALL)
• Adult Large B-cell Lymphoma
• Adult Follicular Lymphoma (FL)

Axicabtagene-ciloleucel Axi-cel • Adult Patients with Large B-cell Lymphoma
• Relapsed or Refractory Large B-cell Lymphoma in Adults
• Relapsed or Refractory Follicular Lymphoma (FL) in Adults

Brexucabtagene autoleuce Brexu-cel • Adult Patients with Relapsed or Refractory Mantle Cell Lymphoma (MCL)
• Adult Patients with Relapsed or Refractory B-cell Precursor Acute Lymphoblastic Leukemia (ALL)

Lisocabtagene maraleucel Liso-cel • Adult Patients with Large B-cell Lymphoma
• Chronic Lymphocytic Leukemia or Small Lymphocytic Lymphoma in Adults
• Relapsed or Refractory Follicular Lymphoma in Adults
• Relapsed or Refractory Mantle Cell Lymphoma in Adults

Ciltacabtagene autoleucel Cilta-cel • Adult Patients with Relapsed or Refractory Multiple Myeloma

Idecabtagene vicleucel Ide-cel • Adult Patients with Relapsed or Refractory Multiple Myeloma
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2.2 Data deduplication

Spontaneous data collection often results in duplications or
withdrawals/deletions from the database. The FDA’s official
guidelines outline the rules for data deduplication and report
deletion. This study strictly adhered to the data cleansing criteria.
Initially, duplicate reports were removed using the FDA’s method:
selecting PRIMARYID, CASEID, and FDA_DT from the DEMO
table, and sorted by CASEID, FDA_DT, and PRIMARYID. Among
identical CASEIDs, the report with the most recent FDA_DT is
retained; if the CASEID and FDA_DTmatch, a higher PRIMARYID
is chosen. Since Q1, 2019, the quarterly data packages have included
deletion lists. After deduplication, the reports of CASEIDs on these
lists were removed.

2.3 Data extraction

Adverse events (AEs) in the FAERS were coded using preferred
terms (PTs) classified by MedDRA, which consists of 27 system
organ classes (SOCs). All signal PTs and their corresponding SOCs
were included, Specifically, “SOC = Respiratory, Thoracic, and
Mediastinal Disorders” is designated as pulmonary adverse events
(PAEs) in the context of this study. The clinical characteristics of
CAR-T cell-related reports were extracted, including sex, age,
reporting region, reporter, and indications. We also calculated
the incidence of AEs caused by different CAR-Ts and the
proportion of serious outcomes, defined as life-threatening or
leading to hospitalization, disability, or death.

2.4 Data deduplication

During the data deduplication process, we first addressed
duplicate entries by identifying and selecting the most recent and
comprehensive records based on the CASE and FDA_DT fields
(i.e., records with the latest FDA_DT or a higher ISR number).

Subsequently, we focused on data inconsistencies, validating the
values of each field, and deciding whether to retain, correct, or delete
abnormalities. Additionally, missing values were appropriately
handled by either filling or deleting depending on their
significance and impact on the overall dataset. Furthermore, the
integrity of the data was ensured by verifying each step of the
cleaning process and comparing it with the original data.

2.5 Data mining

Disproportionality analysis was conducted to detect potential
signals of AEs caused by CAR-T therapy. This analysis compared the
proportion of CAR-T cell therapy AEs reports with the proportion
of reports on all other drugs. Algorithms such as the ROR, PRR, IC,
and EBGM were used. The equations and corresponding thresholds
for the algorithms are listed in Table 2. Only AEs with signals
detected by all four algorithms were included in this study.

3 Results

3.1 Descriptive analysis

Between January 2017 and September 2023, 9,400 CAR-T-
related AE were recorded, including 940 PAEs (10%), with some
patients potentially experiencing multiple occurrences. The retrieval
process is illustrated in Figure 1.

With the sequential approval of CAR-T therapy, the incidence of
PAEs has increased annually (Figure 2), and males were found to
experience these events more frequently (538 cases, 57.23%) than
females (350 cases, 37.23%). Most reported patients were between
18 and 65 years of age, with a median age of 59 years. These reports
originated primarily in the United States (64.04%), followed by
France (3.40%). The number of reports on this topic is increasing
annually. More than 80% of the reports were submitted by
healthcare professionals, including 41.60% physicians (Table 3).

TABLE 2 Algorithms used for signal detection.

Algorithms Equation Criteria

ROR ROR � (a/c)
(b/d) � ad

bc
lower limit of 95% CI > 1, N ≥ 3

95%CI = eln (ROR)±1.96 (1/a+1/b+1/c+1/d)̂0.5

PRR PRR � a/(a+b)
c/(c+d) PRR ≥ 2 and χ2≥ 4, N ≥ 3

χ2 � (ad−bc)2(a+b+c+d)
( a+b)(a+c)(c+d)(b+d)

IC IC = log2
a(a+b+c+d)
(a+b)(a+c) lower limit of 95% CI > 0, N ≥ 3

95%CI = E (IC) ± 2V(IC)̂0.5

EBGM EBGM � a(a+b+c+d)
(a+c)(a+b) lower limit of 95% CI > 2, N ≥ 3

95%CI � eln(EBGM)±1.96
�������
(1a+1

b+1
c+1

d)
√

Equation: a: number of reports containing both the target drug and target adverse drug reaction

b: number of reports containing other adverse drug reaction of the target drug

c: number of reports containing the target adverse drug reaction of other drugs

d: number of reports containing other drugs and other adverse drug reactions

95%CI, 95% confidence interval; ROR, Reporting Odds Ratio; PRR, Proportional Reporting Ratio; IC, Information Component; EBGM, Empirical Bayes Geometric Mean.

Frontiers in Pharmacology frontiersin.org03

Shi et al. 10.3389/fphar.2024.1434231

163

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1434231


3.2 Disproportionality analysis

3.2.1 Signal values associated with CAR-T therapies
Figure 2 shows the signal intensity of the CAR-T cell-related

PAEs. Hypoxia showed the highest number of reports (n = 344) and
the strongest signal in the AE signal calculation method (IC = 4.09,
ROR = 17.54), as well as a large number of reports of respiratory
failure (n = 127) with strong signals (IC = 1.69, ROR = 3.25).

Other PAEs include Pleural effusion (IC = 1.84, ROR = 3.61), Acute
respiratory failure (IC = 1.66, ROR = 3.16), Pulmonary hemorrhage
(IC = 1.9, ROR = 3.74), Acute respiratory distress syndrome (ARDS)
(IC = 1.54, ROR = 2.93), Organizing pneumonia (IC = 1.85, ROR =
3.62), Respiratory distress (IC = 1.49, ROR = 2.81), Pharyngeal
hemorrhage (IC = 2.05, ROR = 4.15), and others. Furthermore, all
detected safety signals must be confirmed using all four methods,
including the PRR and EMBG. The complete data are shown in Figure 3.

FIGURE 1
The main steps in the processing of the FAERS database.

FIGURE 2
The number of CAR-T-related PAEs reported to the FAERS each year.
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3.2.2 Analysis of the quantity and distribution of
PAEs in CAR-T therapies

As shown in Figure 4A, Hypoxia and Respiratory failure
were the most frequently occurring PAEs in all CAR-T therapies,
significantly outnumbering the other types. Notably, Pleural
effusion is also a prominent issue, especially with Tisa-Cel
and Axi-Cel. Although Atelectasis, Acute respiratory failure,
and acute respiratory distress syndrome are less common,
they still occur. Analysis of the data in Figure 4B revealed
940 adverse respiratory events following six CAR-T cell
treatments. Tisa-Cel and Axi-Cel were associated with higher
adverse event totals. Specifically, Tisa-Cel had 367 events,
including 158 hypoxic and 50 respiratory failure cases. Axi-
Cel reported 406 events, with 143 hypoxia and 50 respiratory
failure instances. Conversely, Cilta-Cel demonstrated superior
respiratory safety with only 26 reported events. Brexu-Cel, Ide-
Cel, and Liso-Cel resulted in 82, 32, and 27 events, respectively.
Respectively.

3.2.3 Analysis of signal spectra of PAEs following
different CAR-T therapies

We further analyzed the signals of specific AEs across the
different CAR-T cell therapies. Reports with fewer than 3 cases
were excluded to prevent false positives. Using the lower limit of the
95% confidence interval of the information component (IC025) as a
metric, we created a heat map for safety signals based on IC025
(Figure 5). Based on the aforementioned results, we determined that
an IC025 greater than 0 constituted a safety signal, indicating a
stronger correlation between the drug or treatment and a specific AE
with increasing values.

When considering different therapies individually, Tisa-cel has
been found to be associated with the highest diversity of AEs.
Among the 19 PTs detected, 13 demonstrated safety signals,
including serious clinical AEs, such as respiratory failure
(IC025 = 1.32), acute respiratory failure (IC025 = 1.14),
pulmonary hemorrhage (IC025 = 0.63), lung opacity (IC025 =
0.66), and ARDS (IC025 = 0.41). Additionally, Tisa-Cel

TABLE 3 Main characteristics of the CAR-T reports.

Clinical characteristics Patients with PAEs (940 Total (9400)

Gender

Female (%) 350 (37.23) 2853 (30.35)

Male (%) 538 (57.23) 4671 (49.69)

Missing (%) 52 (5.53) 1876 (19.96)

Age

<18 (%) 132 (14.04) 577 (6.14)

≥18, <65 (%) 383 (40.75) 3278 (34.87)

65≤ (%) 302 (32.13) 2496 (26.56)

Missing (%) 123 (13.09) 3049 (32.44)

Media (IQR) 59 (30,69) 61 (46,69)

Country

United States(%) 602 (64.04) 6021 (64.05)

France (%) 32 (3.40) 391 (4.16)

Spain (%) 16 (1.70) 295 (3.14)

Germany (%) 26 (2.77) 291 (3.10)

Italy (%) 7 (0.74) 230 (2.45)

Other (%) 257 (27.34) 2172 (23.11)

Reporter type

Healthcare profession (%) 754 (84.81) 7756 (82.51)

Physician (%) 391 (41.60) 3679 (39.14)

Pharmacist (%) 307 (32.66) 3261 (34.69)

Other health-professional (%) 96 (10.21) 816 (8.68)

Consumer (%) 72 (7.66) 965 (10.27)

Missing (%) 74 (7.87) 679 (7.22)
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demonstrated strong safety signals in hypoxia (IC025 = 4.01) and
tachypnea (IC025 = 2.71).

Axi-cel has been found to be associated with nine AEs, with
relatively strong associations in hypoxia (IC025 = 3.56) and
tachypnea (IC025 = 2.46), and also demonstrating safety signals
in pleural effusion (IC025 = 1.66) and respiratory
failure (IC025 = 1.02).

Brexu-cel has been found to be associated with five AEs,
including respiratory failure (IC025 = 1.22) and pleural
effusion (IC025 = 0.83).

Liso-cel showed safety signals for the three AEs, with the
strongest association with pleural effusion (IC025 = 1.71).

Ide-Cel was only been found to be associated with hypoxia
(IC025 = 1.37) and tachypnea (IC025 = 0.90).

Interestingly, the safety signal spectrum of Cilta-Cel was distinct
from those of other CAR-T therapies. It does not exhibit a
correlation with the commonly observed AEs of hypoxia and
tachypnea, and instead shows a safety signal solely in respiratory
failure (IC025 = 1.16) among all AEs.

3.3 Time to onset

Figure 6 illustrates the time difference between the initiation of
CAR-T treatment and the occurrence of PAEs, including the overall
median and interquartile range (IQR) of the time of onset of these
events after each type of CAR-T treatment. No significant
differences were observed in the incidence of AEs between the
CAR-T therapies. Most adverse reactions occurred within
0–30 days, with Cilta-Cel exhibiting the longest average onset
time of 10 days (IQR: 1–18). The median onset time for AEs of
other CAR-T therapies was between 1–8 days. After integrating and
analyzing the data, we found that the majority of PAEs following
CAR-T cell therapy occurred within 30 days of treatment,

comprising 89.97% of all reported cases. Furthermore, the
median time to onset of these events was 2 days, with an
interquartile range (IQR) of 1–7 days.

3.4 Fatality proportion

Figure 7 shows the fatality rates of PAEs following CAR-T cell
therapy. According to database statistics, Tisa-cel had the highest
number of deaths (160 out of 367 cases, 43.6%) and Axi-cel had the
highest incidence of PAEs (406 cases) among all CAR-T therapies,
with 141 patients (34.7%) experiencing death. Among the 32 cases of
PAEs associated with Ide-cel, only six resulted in death, representing
the lowest mortality rate of 18.8%. The mortality rates of the PAEs
associated with Brexu-cel and Liso-cel were 28.0% and 33.3%,
respectively. Finally, Cilta-cel had 26 cases of PAEs related to it,
of which 13 resulted in death, with a mortality rate of 50%. Because
of the short time since its market release and the limited overall
sample size, the relatively high fatality rate observed may be
influenced by “small sample bias.” It is necessary to conduct
further analyses with a larger sample size in the future to more
accurately assess the fatality rate.

4 Discussion

4.1 Overview of PAEs associated with CAR-
T therapy

In recent years, CAR-T cell therapy has demonstrated
remarkable therapeutic efficacy in the field of antitumor
treatment; however, safety concerns have become increasingly
prominent. To the best of our knowledge, this is the first
comprehensive analysis of PAEs associated with CAR-T therapy.

FIGURE 3
The positive signal distribution of CAR-T treatment for PAEs using standardized MedDRA queries. PT, preferred term; ROR, reporting odds ratio; CI,
confidence interval; PRR, proportional reporting ratio; χ2, chi-information component; IC, information component; IC025, the lower limit of 95% CI of
the IC; EBGM, empirical bayesian geometric mean; EBGM05, the lower limit of 95% CI of EBGM.
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From January 2017 to September 2023, 9,400 CAR-T related
AE reports were documented, with PAEs accounting for 940 cases
(10%), indicating a significant incidence of PAEs associated with
CAR-T therapy. With the widespread use of this therapy, the
annual incidence of PAEs has increased, posing a major safety
concern. Male patients (57.23%) were more prone to these events
than female patients (37.23%), suggesting that factors such as
physiological and immune system characteristics, drug
metabolism, lifestyle habits, and smoking history affect the
occurrence of PAEs in CAR-T therapy. The median age of the
patients was 59 years, mainly in the age range of 18–65 years old,
representing middle-aged individuals. This age group exhibits a
gradual decline in physiological functions, including the
decreased functionality of the lungs, heart, liver, and kidneys.
In addition, they experience hormonal changes that are often
accompanied by the emergence of chronic diseases. This
physiological decline may affect drug metabolism and the
efficacy of CAR-T therapy, leading to variations in the
incidence of PAEs among individuals (Kaddu-Mulindwa et al.,
2022). Regarding the source of reports, the majority of the reports
originate from the United States (64.04%), followed by France
(3.40%). Differences in reporting sources are believed to be

primarily attributable to disparities in the development of
healthcare systems and regulatory frameworks among
countries; thus, they cannot be directly linked to geographical
differences. More than 80% of the reports were submitted by
healthcare professionals, emphasizing their crucial role in
monitoring and reporting the safety of CAR-T cell therapy and
ensuring the credibility of the reports.

4.2 CAR-T therapy and the causal link
to PAEs

In CAR-T cell therapy, CRS is one of the most common adverse
reactions, with symptoms ranging from mild infusion reactions and
fever to systemic symptoms, such as hypotension (Murthy et al.,
2019; Sterner et al., 2019), hypoxia, capillary leak, and organ
dysfunction (Srivastava et al., 2019; Castellarin et al., 2020;
Labanieh et al., 2022). The consensus criteria set by the
American Society for Transplantation and Cellular Therapy
(ASTCT) indicate a direct correlation between the severity of
CRS and degree of hypoxic symptoms (Lee et al., 2019). The
MSKCC team identified objective factors for distinguishing CRS

FIGURE 4
Quantitative overview of adverse events in car-t therapies. (A)Number of different types of PAEs across car-t therapies. (B) Proportional distribution
of PAEs among car-t therapies.
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severity in early clinical trials and established a corresponding
grading system. Notably, hypoxia is a pivotal factor, with an
FiO2 of 40% marking the boundary between grades 2 and 3, and
the need for intubation is defined as grade 4 CRS (Park et al., 2018).
Our study showed that hypoxia was the most common pulmonary
AE following CAR-T therapy, which is consistent with previous
research and clinical practice (Shalabi et al., 2020).

During CAR T-cell therapy, genetically modified cells
specifically target and eliminate tumor cells. In this process,
cytokines such as IFN-γ and TNF-α are released, activating the

body’s endogenous immune cells and initiating a series of
inflammatory reactions. The lungs, with their unique
physiological structure characterized by a thin endothelial cell
layer and a dense vascular network, are prime sites for the
accumulation and action of these inflammatory mediators. As
cytokines accumulate and CAR-T cells proliferate, inflammatory
factors infiltrate the lungmicrovasculature and cause endothelial cell
damage. Ultimately, this results in compromised lung function,
tissue edema, and a spectrum of subsequent adverse reactions
ranging in severity.

FIGURE 5
Heatmap for safety signals based on the lower limit of the 95% confidence interval of the information component (IC025).

FIGURE 6
Days from CAR-T infusion to adverse event onset.
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4.3 Manifestations of CAR-T therapy-
associated PAEs

Patients with lung injury commonly experience hypoxia and
tachypnea; however, specific AEs are associated with certain
CAR-T treatments. Tisa-cel, Axi-cel, and Brexu-cel showed
stronger associations with respiratory failure and distress than
the other therapies. Although some researchers attribute severe
PAEs primarily to CRS, alternative views exist (Lichtenstein et al.,
2021; Chohan et al., 2023). In a study of CAR-T cells targeting
high-activity mesothelin (MSLN), two patients developed
progressive hypoxemia within 48 h of infusion, aligning with
CRS clinically and laboratorily. One patient died of respiratory
failure, and autopsy revealed acute lung injury, widespread T-cell
infiltration, and CAR T-cell accumulation in the lungs.
Upregulated MSLN expression in damaged lung cells may lead
to dose-limiting toxicity (Haas et al., 2023), suggesting that CAR-
T cell therapy may induce targeted tissue damage owing to
dynamic antigen expression in normal cells. Vigilant
monitoring is crucial for mitigating risks during treatment.

Our study revealed a correlation between CAR-T therapy and
AEs diagnosed through imaging examinations, including pleural
effusion, atelectasis, lung consolidation, and organizing pneumonia.
Compared with AEs based on subjective experiences, such as
hypoxia and tachypnea, these events exhibit lower numbers and
signal intensities. This discrepancy can be attributed to the
diagnostic challenges associated with imaging, which may lead to
the underestimation or oversight of mild or ambiguous cases.
Physicians also tend to prioritize reporting AEs based on
subjective experiences given their accessibility to direct patient
perceptions and descriptions. Current studies indicate that
specific findings from imaging modalities, such as CT, play a
pivotal role in the early detection and prompt intervention of
AEs, emphasizing the crucial significance of PET/CT in
managing AEs following CAR-T therapy (Smith et al., 2022), The
establishment of standardized imaging examination mechanisms is
imperative in clinical practice.

4.4 Onset timing and fatality rate of PAEs

We observed variations in the reported mortality rates across
the different CAR-T therapies. Tisa-Cel, which has been
associated with 159 fatalities, had the highest death toll,
raising concerns. The increased number of deaths could
potentially be attributed to factors such as target specificity,
cell expansion dynamics, duration of persistence, and cytokine
storms. Moreover, it is essential to recognize that the extended
market duration and extensive patient population of Tisa-Cel
could potentially lead to an increased number of reported
fatalities. Although axi-cell therapy is associated with the
highest number of PAEs, its relatively low mortality rate may
suggest some advantages in managing PAEs. However, this does
not imply that Axi-Cel is entirely safe for lung function, as a
substantial number of AE reports still emphasize the need for
further optimization. Despite the limited number of cases, the
high mortality rate associated with Cilta-Cel therapy is
noteworthy. Given the Cilta-Cel ‘s relatively recent market
entry, this could be due to its initial inexperience or other
unknown factors, necessitating deeper evaluations and
investigations into its safety profile. In addition, we believe
that the voluntary nature of reporting in the FAERS database
results in certain AEs, particularly moderate and severe AEs, that
receive heightened attention and extensive reporting owing to
their salience and severity. Conversely, mild events may be
overlooked or inadequately reported because of a lack of
salience or insufficient attention. This phenomenon of
selective reporting contributes to the emergence of
information bias, which is a significant factor accounting for
the unusually high mortality rates and other adverse outcomes
associated with such adverse events in the database.

We obtained some findings regarding the time of occurrence of
AEs. Nearly 80% of CAR-T cell-related PAEs occur within 30 days,
mainly due to immune responses and cytokine cascades resulting
from interactions between CAR-T cells and tumor cells, thereby
increasing the risk of Cytokine Release Syndrome (CRS), we firmly

FIGURE 7
Fatalities due to PAEs from various CAR-T therapies.
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advocate that prompt identification and immediate intervention are
essential for managing short-term Adverse Events (AEs), which
must be accomplished through rigorous monitoring at the initiation
of treatment. However, monitoring discrepancies might affect the
initially high incidence, and a decrease in monitoring frequency over
time could lead to missed diagnoses of mild or asymptomatic events.
We investigated the differences in pulmonary AE onset times among
the six CAR-T cell treatments but found no significant variations.
This minor similarity suggests a shared level of lung safety, which is
potentially linked to common treatment mechanisms, components,
and strategies. However, limitations in data collection and analysis,
such as an insufficient sample size for detecting subtle distinctions or
measurement biases, lead to high consistency and caution against
definitive conclusions. Further research is required to validate and
enhance our understanding of these observations.

5 Limitations

Data from the FAERS database may be incomplete or missing,
thus impeding the comprehensive assessment of the safety of
CAR-T therapy. Patient data were mainly obtained from the
USA, potentially leading to ethnic and regional disparities.
Moreover, most patients in this study had received
prior anticancer treatments, which might have influenced the
safety evaluations of CAR-T therapy. Disproportionality analysis
also has significant limitations in drug safety assessments. This
method relies heavily on spontaneously reported data, which lack
accurate information on reaction incidence rates, thus impeding
the comprehensive assessment of adverse drug reactions.
Furthermore, the presence of reporting biases and
confounding factors may severely affect the analytical
results, thereby diminishing their accuracy. Therefore,
a disproportionality analysis can only provide
preliminary hypotheses and must be combined with other
methodologies to ensure the accuracy and comprehensiveness
of the evaluation.

6 Conclusion

This study comprehensively described the PAEs reported in
the FAERS database for patients receiving CAR-T cell therapy,
including conditions such as hypoxia, respiratory failure, pleural
effusion, and atelectasis. These events are associated with a
higher incidence and risk in patients undergoing CAR-T cell
therapy, can severely impact breathing, and are life-threatening.
To minimize these risks, physicians should consider
preconditioning drugs, fine-tune CAR-T doses, and alternative
treatment plans. Lung issues associated with CAR-T therapy are
clinically significant and require attention from both doctors and
researchers.
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Programmed cell death (PCD) is essential for cellular homeostasis and defense
against infections, with inflammatory forms like pyroptosis and necroptosis playing
significant roles in cancer. Pyroptosis, mediated by caspases and gasdermin proteins,
leads to cell lysis and inflammatory cytokine release. It has been implicated in various
diseases, including cancer, where it can either suppress tumor growth or promote
tumor progression through chronic inflammation. Necroptosis, involving RIPK1,
RIPK3, and MLKL, serves as a backup mechanism when apoptosis is inhibited. In
cancer, necroptosis can enhance immune responses or contribute to tumor
progression. Both pathways have dual roles in cancer, acting as tumor
suppressors or promoting a pro-tumorigenic environment depending on the
context. This review explores the molecular mechanisms of pyroptosis and
necroptosis, their roles in different cancers, and their potential as therapeutic
targets. Understanding the context-dependent effects of these pathways is
crucial for developing effective cancer therapies.

KEYWORDS

pyroptosis, necroptosis, cancer, inflammation, anti-cancer drugs

1 Introduction

Programmed cell death (PCD) is a fundamental biological process crucial for maintaining
cellular homeostasis, eliminating damaged cells, and defending against infections. PCD can be
categorized into inflammatory and non-inflammatory pathways. The inflammatory forms of
PCD include pyroptosis and necroptosis, which play significant roles in various pathological
conditions, including cancer, infections, and inflammatory diseases. Unlike non-inflammatory
forms such as apoptosis, autophagy, and phagoptosis, inflammatory cell death is characterized
by the release of pro-inflammatory cytokines and cellular contents that can provoke strong
immune responses. Understanding the molecular mechanisms and roles of these inflammatory
cell death pathways is essential for developing novel therapeutic strategies.

Pyroptosis was initially observed in macrophages infected with Shigella and Salmonella
(Boise and Collins, 2001), and has since been implicated in a variety of diseases, including
cancer. Pyroptosis is a form of programmed cell death distinguished by its reliance on
caspases, particularly caspase-1, -4, -5, and -11, leading to the cleavage of gasdermin
proteins that form pores in the cell membrane (Shi et al., 2014). This process results in cell
lysis and the release of inflammatory cytokines such as IL-1β and IL-18. The discovery of
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non-classical pyroptosis pathways involving caspase-3 and caspase-
8, as well as the roles of other gasdermin family members like
gasdermin E (GSDME) and gasdermin C (GSDMC), has expanded
our understanding of this complex cell death mechanism (Wang
et al., 2017).

Necroptosis, another formof inflammatory programmed cell death,
is mediated by receptor-interacting protein kinases-1/-3 (RIPK1 and
RIPK3) and mixed lineage kinase domain-like protein (MLKL). Upon
activation by death receptors or pathogen recognition receptors,
RIPK1 interacts with RIPK3 to form a necrosome, which
subsequently phosphorylates MLKL. The phosphorylated MLKL
translocates to the plasma membrane, forming disruptive pores that
lead to cell swelling, membrane rupture, and the release of damage-
associated molecular patterns (DAMPs). Necroptosis is often a backup
mechanism when apoptosis is inhibited, playing a crucial role in
immune responses and disease pathogenesis.

Inflammatory programmed cell death, encompassing both
pyroptosis and necroptosis, contributes significantly to cancer
biology. In the tumor microenvironment, these pathways can either
suppress tumor growth by eliminating malignant cells or promote
tumor progression through chronic inflammation and immune
evasion. For instance, in non-small cell lung cancer (NSCLC),
elevated gasdermin D (GSDMD) expression has been linked to
increased tumor invasion and metastasis, while the induction of
pyroptosis can lead to cancer cell apoptosis. Similarly, in breast
cancer, gasdermin B (GSDMB) expression correlates with enhanced
cell invasion and poor prognosis. Conversely, activating pyroptosis or
necroptosis pathways in colorectal cancer cells has shown potential in
overcoming chemoresistance and inhibiting tumor growth.

The dual roles of pyroptosis and necroptosis in cancer underscore
the complexity of these pathways. While they can act as tumor
suppressors by triggering inflammatory cell death, they can also
facilitate a pro-tumorigenic environment through the release of
inflammatory mediators. This paradox highlights the importance of
precisemodulation of these pathways in cancer therapy. Research efforts
are increasingly focused on understanding the context-dependent effects
of pyroptosis and necroptosis, aiming to harness their therapeutic
potential while mitigating adverse inflammatory responses.

2 Mechanisms of pyroptosis

2.1 Inflammasome-mediated canonical
pyroptosis pathway

The inflammasome is a multiprotein complex that includes
major types such as NLRP1, NLRP3, NLRC4, and AIM2. Upon

exposure to exogenous or endogenous microbial infections,
stimulatory factors, or damage signals, pattern recognition
receptors (PRRs) and DAMPs recognize and bind to their
respective ligands, forming the inflammasome complex. This
complex subsequently promotes the maturation of pro-caspase-
1 into active caspase-1. Caspase-1 then processes various
inflammatory cytokines (e.g., IL-1β, IL-6, and IL-18) into their
mature forms (Wang et al., 2024). Concurrently, caspase-1
cleaves GSDMD into its active form, GSDMD-N, which
translocates to the cell membrane to form pores. The formation
of these pores facilitates the rapid release of mature inflammatory
cytokines into the extracellular space, triggering an amplified
inflammatory response in the surrounding environment, leading
to cell swelling, bubbling, and eventual death. This pathway,
dependent on inflammasomes, caspase-1, and GSDMD, is known
as the classical pyroptosis pathway.

2.2 Non-canonical pyroptosis pathway

Recent studies have demonstrated that some forms of pyroptosis
do not rely on the inflammasome. Lipopolysaccharides (LPS) can
directly bind to and activate caspase-4, -5, and -11, promoting the
cleavage and maturation of GSDMD, thus inducing the non-
canonical pyroptosis pathway (Shi et al., 2014). For instance, the
Yersinia effector protein YopJ inhibits the activity of TGF-β-
activated kinase 1 (TAK1), leading to the caspase-8-mediated
cleavage of GSDMD (Orning et al., 2018). Additionally,
granzyme A (GZMA), secreted by cytotoxic lymphocytes, can
induce pyroptosis through the cleavage of GSDMB (Zhou et al.,
2020), and neutrophil elastase (ELANE) can induce pyroptosis via
GSDMD cleavage (Kambara et al., 2018). These findings suggest that
the pathways leading to pyroptosis are complex, with an increasing
number of non-inflammasome-mediated pyroptosis mechanisms
being discovered.

3 Mechanisms of necroptosis

Necroptosis can be activated by factors such as the tumor
necrosis factor receptor (TNFR) superfamily, T-cell receptors,
pattern recognition receptors, and oxidative stress (Lalaoui et al.,
2015). Taking the classic TNF/TNFR signaling pathway as an
example, the binding of TNF to TNFR1 induces the formation of
a membrane complex. This complex includes the inhibitor of
apoptosis proteins (IAP) family members cIAP1 and cIAP2,
which ubiquitinate RIPK1. The ubiquitination of
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RIPK1 promotes the activation of nuclear factor kappa-B (NF-κB)
and mitogen-activated protein kinase (MAPK) signaling pathways,
leading to the transcription of downstream genes, including FLICE-
like inhibitory protein (c-FLIP), which inhibits the activity of
caspase-8 (Wright et al., 2007; Bertrand et al., 2008). Under
normal conditions, RIPK1 and RIPK3 are cleaved and inactivated
by caspase-8. However, during necroptosis, the inactivation of
caspase-8 prevents the cleavage of RIPK1 and RIPK3.
Subsequently, RIPK1 and RIPK3 undergo phosphorylation to
form the necrosome, which phosphorylates and oligomerizes
MLKL. The oligomerized MLKL complex translocates to the cell
membrane to form pores, initiating necroptosis (Cho et al., 2009;
Sun et al., 2012; Murphy et al., 2013).

Recent studies have revealed that, beyond the classical RIPK3-
MLKL signaling pathway, RIPK3 can also induce necroptosis
through phosphoglycerate mutase 5 (PGAM5) and calcium/
calmodulin-dependent protein kinase II (CAMK II). PGAM5 has
two isoforms, PGAM5L and PGAM5S. Upon activation,
RIPK3 phosphorylates PGAM5L, which then binds to PGAM5S
on the mitochondrial membrane. The PGAM5L/PGAM5S complex
induces mitochondrial fission by dephosphorylating dynamin-
related protein 1, leading to necroptosis.

4 Lung cancer

4.1 Necroptosis and lung cancer

Lung cancer encompasses various types with complex etiologies,
and recent research into necroptosis has opened new avenues for its
treatment. Studies have shown that RIPK3 expression is significantly
lower in NSCLC patients, correlating with poor chemotherapy
outcomes (Lim et al., 2021). Ectopic expression of
RIPK3 markedly increases the sensitivity of lung cancer cells to
chemotherapeutic agents such as cisplatin, etoposide, vincristine,
and adriamycin (Wang Q. et al., 2020). Traditionally, cisplatin was
believed to exert its anticancer effects by inducing apoptosis in lung
cancer cells. However, recent findings suggest that cisplatin also
mediates its effects through RIPK1-RIPK3-MLKL-dependent
necroptosis (Jing et al., 2018). Another study indicates that the
compound HS-173 induces necrosis in lung cancer cells by
enhancing RIPK3 expression and activating the RIPK3/MLKL
signaling pathway (Park et al., 2019). Furthermore, 2-methoxy-6-
acetyl-7-methyljuglone (MAM) exerts anticancer effects by
targeting RIPK1, causing oxidative stress, and inducing necrosis
in A549 and H1299 lung cancer cells (Sun et al., 2019). Additionally,
tanshinol A has been shown to mediate necroptosis in lung cancer
cells via MLKL, independent of RIPK1 and RIPK3 activation, by
directly inducing MLKL phosphorylation and oligomerization (Liu
et al., 2020).

4.2 Pyroptosis and lung cancer

Research has demonstrated that GSDMD expression is
significantly elevated in NSCLC and is associated with tumor cell
invasion and metastasis (Gao et al., 2018), knockout of GSDMD,
while not leading to pyroptosis, induces apoptosis when the

pyroptotic signaling pathway is activated. Furthermore, the active
component of Paris polyphylla, polyphyllin VI, induces pyroptosis
in NSCLC cells by activating the NLRP3-Caspase1-GSDMD
signaling pathway (Teng et al., 2020). Cucurbitacin B also
induces pyroptosis in NSCLC cells by directly binding to Toll-
like receptor 4 (TLR4) and activating NLRP3 and GSDMD (Yuan
et al., 2021). Moreover, the classical chemotherapeutic agent
cisplatin can induce pyroptosis in A549 lung cancer cells by
activating Caspase-3, which cleaves GSDME to produce GSDME-
N (Zhang CC. et al., 2019). The oncogenic LncRNA-XIST regulates
the proliferation, invasion, and migration of NSCLC cells (Sun et al.,
2017; Wang X. et al., 2018; Liu A. et al., 2019; Zhang J. et al., 2019).
Knockdown of LncRNA-XIST significantly elevates reactive oxygen
species levels in A549 cells, inducing pyroptosis in cancer cells (Cui
et al., 2019; Liu J. et al., 2019).

Contrary to the aforementioned findings, some studies have
reported different outcomes. Wang et al. (2016) demonstrated that
LPS combined with ATP enhances the proliferation and migration
of A549 cells by activating the NLRP3 inflammasome. Salidroside,
on the other hand, reduces LPS-induced inflammasome activation,
thereby inhibiting the proliferation and migration of A549 cells (Ma
et al., 2021). Liang et al. (2020) found that tumor-derived exosomal
TRIM59 promotes lung cancer progression by modulating
macrophages to a tumor-promoting phenotype through
ABHD5 proteasomal degradation, which in turn activates the
NLRP3 inflammasome signaling pathway and promotes IL-
1β secretion.

5 Colorectal cancer

5.1 Necroptosis and colorectal cancer

Colorectal cancer (CRC) ranks as the fourth most common
cancer worldwide, claiming nearly 700,000 lives annually.
Investigating necroptosis and pyroptosis offers promising avenues
for discovering new therapeutic strategies for CRC. Studies have
demonstrated that bufogenin mediates necroptosis through the
upregulation of RIPK3 and phosphorylation of MLKL, effectively
inhibiting CRC development and metastasis (Han et al., 2018).
Additionally, the small molecule GDC-0326 induces necroptosis
in CRC cells by modulating RIPK1 and RIPK3. When combined
with 5-fluorouracil (5-FU), GDC-0326 significantly overcomes 5-
FU resistance in CRC treatment, enhancing its anticancer efficacy
(Zhang et al., 2021). SMYD2, a histone methyltransferase, is
implicated in various cancers. Research indicates that
SMYD2 expression is significantly elevated in both human and
murine colorectal cancer tissues. The absence of SMYD2 sensitizes
colon tumor cells to TNF-induced apoptosis and necroptosis.
Further studies reveal that SMYD2 targets RIPK1, inhibiting its
phosphorylation and thereby preventing necroptosis (Yu
et al., 2022).

However, conflicting views exist regarding the role of
necroptosis in CRC. Some studies suggest that PGAM5,
downstream of RIPK3, is upregulated in CRC, contributing to
cancer progression by affecting NADPH production and lipid
metabolism (Zhu et al., 2020). Elevated RIPK3 expression is also
observed in mouse models of colitis-associated cancer and human
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CRC. RIPK3 knockout mice are protected against dextran sulfate
sodium (DSS)-induced colitis-associated cancer (Liu ZY. et al.,
2019). Since necroptosis is associated with increased
inflammation, which is a risk factor for colitis and subsequently
CRC, excessive necroptosis may accelerate cancer progression
through heightened inflammatory responses.

5.2 Pyroptosis and colorectal cancer

Research indicates that the antitumor drug lobaplatin mediates
ROS/JNK/Bax signaling, inducing pyroptosis via caspase-3/-9-
dependent GSDME cleavage, thereby exerting its antitumor
effects (Yu et al., 2019). Notably, even when GSDME is knocked
out, lobaplatin still induces tumor cell death through apoptosis,
demonstrating its robust antitumor activity (Yu et al., 2019).
Multiple studies have shown that inflammasome-mediated
pyroptosis can suppress tumorigenesis. Mice deficient in NLRP1,
NLRP3, NLRC4, AIM2, or pyrin inflammasomes exhibit
significantly higher tumor incidence (Allen et al., 2010; Hu et al.,
2010; Williams et al., 2015; Wilson et al., 2015; Sharma et al., 2018).
Additionally, NLRP1 expression is markedly lower in colorectal
cancer tissues compared to normal tissues (Chen et al., 2015). The
antitumor drug 5-aza-2-deoxycytidine inhibits CRC progression by
restoring NLRP1 expression, suggesting that NLRP1 is a potential
therapeutic target for CRC (Chen et al., 2015).

The intestinal epithelial barrier is crucial for maintaining gut
homeostasis. Its impairment can lead to immune dysregulation and
inflammatory responses, accelerating CRC progression. Bauer et al.
(2010) found that NLRP3 plays a critical role in DSS-induced colitis.
NLRP3 knockout mice exhibit significantly less severe colitis
compared to wild-type mice after DSS administration. Moreover,
the absence of IL-18 and its receptor protects mice from DSS-induced
colitis (Nowarski et al., 2015). Contrarily, other studies report that
NLRP1b, NLRP3, and pyrin promote epithelial barrier regeneration
and prevent CRC progression in early stages by secreting IL-18 (Allen
et al., 2010; Dupaul-Chicoine et al., 2010; Zaki et al., 2010). ASC and
caspase-1 knockout mice are also more susceptible to DSS-induced
colitis and colitis-associated colorectal cancer (Dupaul-Chicoine et al.,
2010; Hirota et al., 2011). These findings suggest that inflammasomes
maintain gut homeostasis, reducing inflammation and CRC
incidence. The discrepancy in conclusions may arise because
inflammasome-mediated IL-18 production aids epithelial barrier
regeneration and reduces inflammation in early CRC stages, while
excessive cytokine release in advanced stages may accelerate cancer
progression. Therefore, pyroptosis plays a significant role in CRC
development and treatment, though its mechanisms warrant further
investigation.

6 Breast cancer

6.1 Necroptosis and breast cancer

Breast cancer, a malignant tumor originating from the
uncontrolled proliferation and malignancy of breast epithelial
cells, is the most common malignancy worldwide (Karamanou
et al., 2020). The etiology of breast cancer is complex, involving

immutable genetic factors andmodifiable factors such as obesity and
exogenous hormones. Recent research into necroptosis and
pyroptosis has provided new insights for breast cancer treatment.
Studies have identified Z-DNA binding protein 1 (ZBP1) as a crucial
regulator of necroptosis in breast cancer cells. The absence of
ZBP1 disrupts necroptosis during tumor development, and
glucose deprivation triggers ZBP1-dependent necroptosis (Baik
et al., 2021). Additionally, 5-fluorouracil (5-FU) induces
necroptosis in breast cancer cells by activating RIPK1 when
caspases are inhibited (Zhang et al., 2018). Shikonin inhibits the
proliferation of human triple-negative breast cancer cells, with a
dose-dependent increase in RIPK1 expression (Yuan et al., 2021). In
vitro studies have shown that the combination of Goniothalamin
and the caspase inhibitor Z-VAD-FMK activates the RIPK1-RIPK3-
MLKL pathway, inducing necroptosis in human breast cancer
MDA-MB-231 cells (Khaw-On et al., 2019).

6.2 Pyroptosis and breast cancer

Pyroptosis is also closely related to the development and treatment
of breast cancer. Various antibiotics can induce pyroptosis in breast
cancer cells by upregulating PD-L1 and GSDMC expression and
activating Caspase-8 (Hou et al., 2020). Docosahexaenoic acid
(DHA) exerts anticancer effects by activating Caspase-1 and
GSDMD to induce pyroptosis in breast cancer cells, an effect that
can be abolished by Caspase-1 inhibitors (Pizato et al., 2018). Human
umbilical cord mesenchymal stem cell-conditioned medium
(hUCMSC-CM) can mediate pyroptosis in human breast cancer
cells (MCF7) through both NLRP1 and Caspase-4 pathways. When
Caspase-4 expression is knocked down, hUCMSC-CM induces
pyroptosis via the classical NLRP1 pathway; conversely, knocking
down NLRP1 leads to pyroptosis through the non-classical Caspase-
4 pathway (Jiao et al., 2020). On the other hand, inflammasomes and
the inflammation they mediate are closely associated with breast cancer
progression. GSDMB is highly expressed in breast cancer cells and is
linked to cancer cell invasion and metastasis (Hergueta-Redondo et al.,
2014). The activation of inflammasomes and pyroptosis-derived IL-1β
is essential for the proliferation, invasion, andmigration of breast cancer
cells (Voronov et al., 2003). Tumor growth and metastasis are
significantly reduced in NLRP3 knockout mice, with primary and
metastatic tumors associated with elevated IL-1β levels. Blocking IL-
1β with an IL-1R antagonist inhibits tumor growth and metastasis in
breast cancer models (Guo et al., 2016). Obesity increases the risk of
breast cancer, and studies by Kolb et al. indicate that the tumor
microenvironment in obesity induces tumor-infiltrating myeloid cells
via the NLRC4 inflammasome, which activates IL-1β. IL-1β, in turn,
drives breast cancer development through adipocyte-mediated
expression of vascular endothelial growth factor A (VEGFA) and
angiogenesis (Kolb et al., 2016).

7 Liver cancer

7.1 Necroptosis and liver cancer

A research investigates the pivotal role of necroptosis in both
human and murine models of non-alcoholic steatohepatitis
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(NASH), shedding light on its contribution to hepatocyte death and
inflammation (Afonso et al., 2015). Similarly, Gautheron et al.
(2014) uncover a positive feedback loop between RIPK3 and JNK
in driving hepatocyte death and liver inflammation in NASH.
Moreover, Schneider et al. (2017) elucidate the tumor-suppressive
function of receptor-interacting protein kinase 1 (RIPK1) in
hepatocellular carcinoma (HCC), inhibiting a TNF receptor-
associated factor 2 (TRAF2)-dependent pathway to liver cancer.
Although another study focuses on the regulatory role of APF long
non-coding RNA (lncRNA) in autophagy and myocardial
infarction, it underscores the broader relevance of non-coding
RNAs in cellular processes (Wang et al., 2015). Collectively, these
findings underscore the intricate involvement of necroptosis in liver
pathophysiology, highlighting its potential as a therapeutic target for
managing liver diseases, including NASH and HCC.

7.2 Pyroptosis and liver cancer

Research has demonstrated that NLRP3 expression is
significantly downregulated or even completely lost in HCC,
with this deficiency promoting cancer progression (Wei et al.,
2014). The same research group later discovered that 17β-
estradiol (E2) can inhibit the further development of HCC by
upregulating NLRP3 (Wei et al., 2015). This upregulation
activates NLRP3-mediated pyroptosis, ultimately leading to
cancer cell death and exerting anticancer effects (Wei et al.,
2019). On the other hand, some studies suggest that excessive
activation of NLRP3 is closely associated with hepatitis, liver
fibrosis, and cirrhosis (Wree et al., 2014; Mridha et al., 2017; Xie
et al., 2020), all of which increase the risk of liver cancer.
Additionally, knocking out interleukin-1 receptor-associated
kinase 1 (IRAK1) can inhibit the progression of HCC by
blocking the MAPKs/IL-1β pathway through
NLRP3 suppression (Chen et al., 2020). Furthermore,
anisodamine inhibits HCC cell growth, induces apoptosis, and
modulates inflammatory cytokine levels by suppressing
NLRP3 activation (Li et al., 2020). Direct targeting of the
NLRP3 inflammasome also inhibits HCC proliferation,
metastasis, and invasion (Fan et al., 2014). These studies
collectively suggest that inflammasomes and pyroptosis play
critical roles in the development and treatment of HCC.
However, the conclusions are not entirely consistent, and the
precise mechanisms of action require further elucidation.

8 Gastric cancer

8.1 Necroptosis and gastric cancer

Necroptosis-related genes (NRGs) have been found to be
dysregulated in gastric cancer, suggesting their potential as
biomarkers for early diagnosis and prognosis. For instance,
studies have identified key NRGs such as CCT6A and FAP,
which can effectively predict early Gastric Cancer (GC) and its
prognosis. These genes are linked to the response to immunotherapy
and immune checkpoint inhibitors, indicating their relevance in
personalized cancer treatment strategies. The immunogenic nature

of necroptosis could be exploited to enhance anti-cancer immune
responses in GC patients (Gong et al., 2019).

A study identified a set of necroptosis-related genes and
developed a risk score model to predict prognosis and
therapeutic potential in GC patients. This model revealed that
patients with higher risk scores had worse clinical outcomes and
lower immune cell infiltration, suggesting a correlation between
necroptosis and immune response in GC (Wu et al., 2023).
Furthermore, necroptosis was found to be triggered by the TNF
pathway in myeloid cells, altering the glycolysis pathway and
impacting cell functions such as proliferation and migration (Wu
et al., 2023).

Additionally, another study highlighted the role of necroptosis-
related lncRNAs in distinguishing between “cold” and “hot” tumors
in GC. These lncRNAs were associated with different immune
infiltration patterns and clinical outcomes, indicating that
necroptosis might influence the tumor microenvironment and
response to immunotherapy (Zhao et al., 2021).

8.2 Pyroptosis and gastric cancer

Multiple subtypes of the GSDM protein family are closely
associated with gastric cancer, though their roles differ. GSDMA,
GSDMC, and GSDMD are downregulated in gastric cancer tissues
or models andmay act as tumor suppressor genes (Saeki et al., 2009).
The downregulation of GSDMD activates the STAT3 and PI3K/PKB
signaling pathways and accelerates the S/G2 phase transition by
regulating cell cycle-related proteins, significantly promoting tumor
proliferation both in vitro and in vivo (Wang WJ. et al., 2018). In
contrast, GSDMB may function as an oncogene in gastric cancer. It
is either not expressed or expressed at very low levels in normal
gastric tissue, moderately expressed in precancerous tissue, and
highly expressed in cancerous tissue, indicating its potential
involvement in gastric cancer development (Komiyama et al., 2010).

Helicobacter pylori infection is closely related to various gastric
diseases, including gastric cancer (Graham, 2014; Hardbower et al.,
2014), primarily through the induction of chronic inflammation that
leads to chronic gastritis and subsequent gastric cancer. Research by
Kim et al. (2013) has shown that dendritic cells infected with H.
pylori synergistically produce IL-1β via the TLR2/NOD2 and
NLRP3 pathways. Subsequently, Semper et al. (2014) confirmed
that H. pylori activates NLRP3 to mediate IL-1β production. The
cytotoxin-associated gene A (CagA), a major virulence factor of H.
pylori, mediates the invasion and migration of gastric cancer cells
through the NLRP3 pathway (Zhang X. et al., 2020).

Moreover, NLRP3 itself is closely associated with gastric cancer.
NLRP3 is significantly upregulated in gastric cancer tissues,
mediating the secretion of IL-1β, which promotes epithelial cell
proliferation and tumor development. H. pylori can decrease the
expression of miR-22, an NLRP3 inhibitor, thereby enhancing
NLRP3 expression (Li et al., 2018). However, there are differing
views on the role of NLRP3 in gastric cancer. Diosbulbin-B
effectively increases the sensitivity of gastric cancer cells to the
chemotherapeutic drug cisplatin by downregulating PD-L1 to
activate NLRP3-mediated pyroptosis and inhibit cancer stem cell
(CSC) properties, thereby sensitizing cisplatin-resistant gastric
cancer cells to cisplatin (Li et al., 2021). LncRNA ADAMTS9-
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AS2 acts as a tumor suppressor in gastric cancer cells by activating
NLRP3-mediated pyroptosis via miR-223-3p, thereby enhancing
cisplatin sensitivity (Ren et al., 2020).

The dual role of NLRP3 in the development and treatment of
gastric cancer could be due to its involvement in inflammatory
infiltration during early cancer development, where NLRP3-
mediated inflammation accelerates cancer progression.
Conversely, during gastric cancer treatment, NLRP3-mediated
pyroptosis can be exploited to induce cancer cell death, achieving
anticancer effects.

9 Leukemia

9.1 Necroptosis and leukemia

Inhibitor of apoptosis proteins (IAPs) impede programmed cell
death through various mechanisms and are associated with poor
prognosis in acute myeloid leukemia (AML) (Tamm et al., 2000;
Lück et al., 2011; Fulda and Vucic, 2012). The second mitochondria-
derived activator of caspases (SMAC) can bind to and inactivate
IAPs. Consequently, researchers have developed SMAC mimetics to
induce necroptosis in apoptosis-resistant AML cells. Studies
demonstrate that SMAC mimetics enhance AML cell sensitivity
to apoptosis more effectively than birinapant; the combination with
the caspase inhibitor IDN-6556, which blocks caspase-8 activity, can
potentiate the anti-cancer effects of birinapant by triggering
necroptosis (Brumatti et al., 2016) Another SMAC mimetic, BV6,
mediates necroptosis by regulating TNF-α and its downstream
RIPK1-RIPK3-MLKL signaling pathway. Moreover, BV6 induces
necroptosis in apoptosis-resistant patient-derived AML cells
(Safferthal et al., 2017). When used in conjunction with standard
chemotherapeutic agents such as cytarabine, azacitidine, and
decitabine, BV6 promotes necroptosis in resistant AML cells,
thereby enhancing their eradication. Several clinical studies on
SMAC mimetics for leukemia treatment are underway, offering
promising new strategies and potential drug discoveries for
combating leukemia.

9.2 Pyroptosis and leukemia

A study (Wang et al., 2017) demonstrated that chemotherapy
drugs can induce pyroptosis in leukemia cells by activating caspase-
3, which cleaves GSDME, leading to the formation of pores in the
cell membrane and subsequent cell death. This process not only
eliminates leukemia cells but also enhances the anti-leukemic effects
of chemotherapy through the release of pro-inflammatory cytokines.

Another study (Urwanisch et al., 2021) further elucidated the
role of the NLRP3 inflammasome in leukemia, showing that it
mediates IL-1β release through both GSDMD-dependent and
independent mechanisms. This dual pathway highlights the
complex regulation of pyroptosis in leukemic cells and its impact
on the inflammatory environment within tumors.

Zhang Z. et al. (2020) identified GSDME as a key player in anti-
tumor immunity in leukemia. They found that GSDME activation
induces pyroptosis in leukemia cells and enhances immune system
recognition and attack on these cells. This suggests that targeting

GSDME-mediated pyroptosis could be a promising therapeutic
strategy to boost immune responses against leukemia.

Fang et al. (2020) detailed the mechanisms by which pyroptosis
is activated in leukemia cells, primarily through the caspase-1 and
caspase-4/5/11 pathways. The cleavage of GSDMD during
pyroptosis results in pore formation in the cell membrane,
leading to cell lysis and the release of pro-inflammatory cytokines
like IL-1β and IL-18. This process can effectively eliminate leukemia
cells and stimulate an anti-tumor immune response. However, they
also highlights the potential adverse effects of chronic inflammation
associated with pyroptosis, which may contribute to tumor
progression and resistance. Therefore, while pyroptosis offers a
promising mechanism for anti-leukemic therapy, further research
is needed to optimize therapeutic strategies that maximize its
benefits and mitigate its inflammatory risks.

10 Other cancers

In addition to the common cancers mentioned above,
research indicates that necroptosis and its key targets are
involved in the development and progression of various other
cancers. For example, reduced expression of RIPK3 has been
observed in head and neck squamous cell carcinoma
(McCormick et al., 2016), melanoma (Geserick et al., 2015),
primary malignant mesothelioma (Tan et al., 2021), and
prostate cancer (Wang KJ. et al., 2020). In these cancers,
decreased RIPK3 expression is associated with cancer
progression, metastasis, and shortened overall survival
(Nugues et al., 2014; Geserick et al., 2015; Conev et al., 2019).
Similarly, reduced MLKL expression has been noted in ovarian
cancer (He et al., 2013), cervical squamous cell carcinoma (Ruan
et al., 2015), colon cancer (Li et al., 2017), and in patients with
early resected pancreatic adenocarcinoma, correlating with
decreased overall survival (Colbert et al., 2013). Furthermore,
downregulation of RIPK1 expression in head and neck squamous
cell carcinoma has been closely linked to disease progression
(McCormick et al., 2016). These findings suggest that
necroptosis, akin to apoptosis, serves as a natural barrier
against cancer development.

However, in certain cancers, the expression of necroptosis
and its key targets is elevated. In pancreatic ductal
adenocarcinoma, high levels of RIPK1, RIPK3, and MLKL are
observed (Seifert et al., 2016; Wang W. et al., 2018; Ando et al.,
2020). Knockout of RIPK3 or inhibition of RIPK1 can prevent the
further development of KrasG12D-induced pancreatic ductal
adenocarcinoma in mice (Seifert et al., 2016), and gemcitabine
chemotherapy further increases the expression of RIPK1 and
RIPK3 in cancer tissues. Elevated RIPK1 expression is also
associated with poor prognosis in glioblastoma patients (Park
et al., 2009), and high levels of phosphorylated MLKL correlate
with poor prognosis and reduced overall survival in esophageal
cancer patients (Liu et al., 2016). Additionally, studies have
shown that RIPK1 expression is significantly elevated in
human lung cancer samples and mouse lung tumor models,
suggesting its role as a critical target in cancer induction
(Wang et al., 2013). Recent research has found that
dabrafenib, a drug used for treating melanoma, inhibits MLKL
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phosphorylation by disrupting the interaction between
RIPK3 and MLKL (Li et al., 2014).

11 Emerging therapeutic strategies and
prognostic tools in pyroptosis-driven
cancer treatment

Recent advances in cancer research have underscored the
significance of pyroptosis-related gene (PRG) signatures as
promising prognostic tools and biomarkers across various cancer
types. For instance, in breast cancer, 4 PRGs (GPX4, GSDMD,
GSDMC, and IL18) were found to predict survival outcomes and the
immune landscape of the tumor. This signature was linked to
immune cell infiltration and tumor progression, making it a
valuable tool for assessing patient prognosis and guiding
therapeutic decisions (Gong et al., 2022).

Similarly, in HCC, a study identified a set of 52 differentially
expressed PRGs, including key genes like IL-1β, NLRP3, and TP53,
which were associated with patient survival and response to
treatment. The genetic mutations and expression variations of
these PRGs were analyzed, revealing their potential as prognostic
markers (Fang et al., 2022). Moreover, the model not only predicted
patient survival but also correlated with immune cell infiltration
levels in the tumor immune microenvironment (TIME).

Pyroptosis plays a critical role in shaping the TIME. The release
of inflammatory cytokines and DAMPs during pyroptosis not only
leads to the death of tumor cells but also recruits and activates
various immune cells, including macrophages, dendritic cells, and
cytotoxic T lymphocytes (ChenQ. et al., 2024; Li and Jiang, 2023; Hu
et al., 2024). This inflammatory response can enhance the
immunogenicity of the tumor, leading to a more robust anti-
tumor immune response. For instance, the activation of the
NLRP3 inflammasome in tumor-associated macrophages and the
subsequent pyroptosis can shift the immune balance from an
immunosuppressive to an immunostimulatory state, potentially
improving the efficacy of immunotherapies such as checkpoint
inhibitors (Sun et al., 2024).

The ability of pyroptosis to modulate the TIME has significant
implications for cancer immunotherapy. By enhancing the infiltration
and activation of cytotoxic T lymphocytes and other effector immune
cells, pyroptosis can potentially overcome the immunosuppressive
barriers often encountered in the tumor microenvironment.
Furthermore, the induction of pyroptosis and necroptosis in tumor
cells may synergize with existing immunotherapeutic approaches, such
as PD-1/PD-L1 blockade, by increasing the visibility of the tumor to the
immune system (Liang et al., 2024; Yu et al., 2024). Targeting pyroptosis
pathways, therefore, holds promise not only as a direct anti-cancer
strategy but also as a means to enhance the effectiveness of
immunotherapies.

Nanomaterials have emerged as promising tools in cancer
therapy due to their unique physicochemical properties, such as
high surface area and tunable surface chemistry, which enable
them to interact with biological systems in novel ways. Recent
research highlights how these materials, such as mannose-doped
metal-organic frameworks, can trigger pyroptosis through
pathways like the PERK pathway. For instance, Fe₃O₄@NH₂-
MIL-100 nanoparticles doped with mannose have been shown to

induce pyroptosis in tumor cells effectively. This effect is
achieved by enhancing the activation of GSDMD, leading to
cancer cell death (Jin et al., 2023). Another study designed
fluorescent nanoprobes composed of AS1411 aptamer and
nucleus-targeting peptide on gold nanoparticles to effectively
capture and track the nucleolin distribution and expression
during pyroptosis triggered by electrical stimulation, which
hold great potential for cellular studies of cancer-related
diseases (Kong et al., 2024). However, increased biomedical
applications of nanomaterials raise considerable attention
concerning their toxicological effects. Mesoporous silica
nanoparticles (MSN) could trigger liver inflammation and
hepatocyte pyroptosis through NLRP3 inflammasome
activation, which was caused by MSN-induced ROS generation
(Zhang et al., 2018).

The integration of pyroptosis-inducing agents with established
cancer therapies, such as chemotherapy and immunotherapy, has
shown promising potential in enhancing therapeutic outcomes.

11.1 Combining pyroptosis-inducing agents
with chemotherapy

Chemotherapy is a cornerstone of cancer treatment, but
resistance to chemotherapeutic agents remains a significant
challenge. Recent studies suggest that inducing pyroptosis in
conjunction with chemotherapy could overcome this resistance.
For example, Diosbulbin-B effectively increases the sensitivity of
gastric cancer cells to the chemotherapeutic drug cisplatin by
downregulating PD-L1 to activate NLRP3-mediated pyroptosis
(Li et al., 2021). This is particularly relevant in chemoresistant
cancers, where inducing pyroptosis can overcome resistance
mechanisms and improve treatment outcomes.

11.2 Combining pyroptosis-inducing agents
with immunotherapy

The integration of pyroptosis-inducing agents with
immunotherapy represents another promising avenue. Pyroptosis
can lead to the release of damage-associated DAMPs and pro-
inflammatory cytokines, which can potentiate anti-tumor immune
responses. The use of immune checkpoint inhibitors, such as PD-1/
PD-L1 blockers, in combination with pyroptosis-inducing agents, has
been proposed to enhance the recruitment and activation of immune
cells within the tumor microenvironment (Yu et al., 2024). This
combination could potentially turn “cold” tumors, which are
immunologically inactive, into “hot” tumors, making them more
responsive to immunotherapy (Chen X. et al., 2024).

The combination of pyroptosis-inducing agents with other
therapeutic modalities holds great promise for improving cancer
treatment outcomes. Future research should focus on optimizing
the timing, dosage, and sequence of these combinations to
maximize their therapeutic efficacy while minimizing potential
adverse effects. Additionally, exploring the molecular
mechanisms underlying the synergistic interactions between
pyroptosis and other treatments will be crucial for the
development of novel therapeutic strategies.
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12 Discussion and conclusion

Existing anticancer drugs primarily aim to induce apoptosis in
cancer cells; however, cancer cells frequently develop resistance to
apoptosis, leading to drug resistance. Consequently, bypassing
apoptotic pathways to induce cancer cell death is crucial.
Concurrently, an increasing body of research demonstrates that
necroptosis and pyroptosis play vital roles in cancer progression,
metastasis, prognosis, and immunosurveillance. Inducing
necroptosis or pyroptosis through pharmacological means has
emerged as a novel therapeutic approach to circumvent apoptosis
resistance in cancer treatment. Nevertheless, the precise roles of
these processes in cancer development remain contentious.

Studies indicate that RIPK3 is underexpressed in two-thirds of
cancer cell lines, suggesting that the inhibition or absence of the
necroptosis pathway may facilitate cancer progression (Graham,
2014). Pharmacological restoration or activation of necroptosis has
been shown to effectively kill cancer cells. Conversely, some studies
reveal that proteins in the necroptosis pathway are overexpressed in
certain cancers, and activating necroptosis can lead to cancer cell
metastasis and immunosuppression (Dupaul-Chicoine et al., 2010;
Kim et al., 2013; Semper et al., 2014). Pyroptosis presents a similar
dichotomy: some studies suggest that activation of inflammasomes
or pyroptosis pathways promotes tumor microenvironment
formation and accelerates cancer progression, while others
demonstrate that drugs can induce cancer cell death by activating
these pathways to achieve anticancer effects.

The “dual roles” of necroptosis and pyroptosis in cancer are
not entirely contradictory. On one hand, necroptosis and
pyroptosis can induce a robust immune response by releasing
DAMPs and various immunomodulatory cytokines, thereby
activating dendritic cells and enhancing antitumor immunity.
This can effectively address tumor resistance, especially in
cancers resistant to apoptosis, by inducing cancer cell death
through programmed cell death pathways. On the other hand,
as inflammatory programmed cell death modes, necroptosis and
pyroptosis are accompanied by elevated inflammation levels,
which significantly promote tumorigenesis and progression.
Inflammation may enhance tumor angiogenesis, increase
cancer invasiveness, and create an immunosuppressive tumor
microenvironment. Early anti-inflammatory treatment in tumors
can effectively inhibit tumor progression and malignancy
transformation (Coussens and Werb, 2002).

Moreover, although numerous compounds and drugs have
been identified that can induce inflammatory programmed cell
death and show potential anticancer activity, most studies remain
limited to in vitro experiments or animal models. The feasibility of
these compounds as anticancer drugs requires further evaluation
in vivo and in clinical trials. Additionally, while drug-induced
inflammatory programmed cell death can effectively kill tumor
cells, it remains unclear whether this will exacerbate inflammation
in adjacent tissues and normal tissues, accelerate the formation of
the tumor microenvironment, and promote the transformation of
normal tissue into cancerous tissue. Therefore, improving the
“target specificity” of such drugs to cancer tissues and reducing
their effects on normal tissues is crucial. In summary,
inflammatory programmed cell death is closely associated with
the development and progression of various cancers. Further

research in this area holds promise for the development of
novel anticancer drugs.

13 Summary

13.1 Beneficial aspects of necroptosis and
pyroptosis in cancer treatment

1. Cancer cell elimination: Both necroptosis and pyroptosis are
forms of programmed cell death that lead to the destruction of
cancer cells. They can serve as alternative mechanisms to
apoptosis, especially in cancer cells that have developed
resistance to apoptotic pathways.

2. Immune system activation: The inflammatory response
induced by necroptosis and pyroptosis can stimulate the
immune system to recognize and attack cancer cells. The
release of DAMPs and cytokines during these processes can
enhance the anti-tumor immune response.

3. Overcoming drug resistance: Many cancer therapies aim to
induce apoptosis in cancer cells. However, some cancer cells
develop resistance to apoptosis. Necroptosis and pyroptosis
can bypass these resistance mechanisms, providing an effective
way to kill apoptosis-resistant cancer cells.

4. Synergistic Effects with Chemotherapy: Compounds that induce
necroptosis or pyroptosis can be used in combination with
traditional chemotherapeutic agents to enhance their efficacy.
This combination can lead to improved outcomes in cancer
treatment by targeting cancer cells through multiple pathways.

13.2 Detrimental aspects of necroptosis and
pyroptosis in cancer treatment

1. Chronic inflammation: The inflammatory response triggered
by necroptosis and pyroptosis, while beneficial in the short
term, can lead to chronic inflammation if not properly
regulated. Chronic inflammation is a known risk factor for
cancer development and progression.

2. Damage to surrounding tissue: The inflammatory nature of
necroptosis and pyroptosis can cause collateral damage to
surrounding healthy tissues. This non-specific damage can
result in adverse side effects and limit the therapeutic
window of treatments that induce these forms of cell death.
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A case report: deep and durable
response to low-dose lenvatinib
and tislelizumab in an elderly
patient with advanced
intrahepatic cholangiocarcinoma

Pei Zhang†, Xin Wang†, Ruizhen Li, Xiaoying Li, Ke Cheng* and
Dan Cao*

Division of Abdominal Tumor Multimodality Treatment, Cancer Center, West China Hospital, Sichuan
University, Chengdu, Sichuan, China

Background: Older patients with advanced cholangiocarcinoma lack systemic
therapy standards. These people have a high risk of chemotherapy, accompanied
by adverse reactions and even discontinuation of treatment.

Case presentation: We report a 78-year-old female subject with advanced
intrahepatic cholangiocarcinoma presenting with unresectable lesions
involving the hepatic veins, along with extensive metastatic lymph nodes. After
the geriatric assessment, capecitabine was utilized for only one cycle owing to
adverse events (AEs). Next, a combination of low-dose lenvatinib and tislelizumab
was administrated as a second-line treatment, which resulted in remarkable early
tumor shrinkage. The following individual lenvatinib taper enabled a manageable
safety profile and durable deep response. A near-complete response was
achieved, with the primary tumor significantly reducing from 5.6 cm × 4.7 cm
to nearly complete disappearance, accompanied by complete regression of
lymph nodes, and both progression-free survival and overall survival
exceeding 24 months.

Conclusion: The case provides valuable insights that could influence future
treatment strategies for older patients with advanced cholangiocarcinoma
who are unsuitable for chemotherapy. The dose-individualized
chemotherapy-free regime of lenvatinib and tislelizumab might be used in
similar cases to improve their outcomes.

KEYWORDS

intrahepatic cholangiocarcinoma, lenvatinib, tislelizumab, elderly patient, deep and
durable response
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Background

Cholangiocarcinoma has a poor prognosis, with a 5-year OS rate
of less than 20% (Raggi et al., 2022). The combination of gemcitabine
and cisplatin is currently the first-line standard treatment for
advanced biliary system tumors (Valle et al., 2010). Adding PD-
1/PD-L1 immunotherapy to chemotherapy further benefits patient
survival (Oh et al., 2022; Kelley et al., 2023). However, data from
patients older than 75 years are relatively scarce. Another study
notes that older patients have more chemotherapy side effects,
making them more likely to undergo dosage modification or
discontinue treatment (Kalsi et al., 2014). Therefore, introducing
geriatric assessment and exploring chemotherapy-free options
becomes particularly important (Hurria et al., 2011). The
combination of PD-1 inhibitors and VEGFR-TKIs represents a
promising therapeutic strategy. Tislelizumab, in combination with
lenvatinib, has demonstrated notable antitumor activity with a

favorable safety profile in hepatocellular carcinoma (Xu et al.,
2024). Additionally, emerging small-scale studies suggest
potential efficacy in cholangiocarcinoma (Zhang et al., 2021).
Against this background, we report an elderly patient diagnosed
with advanced cholangiocarcinoma who received individualized
dose-reduced combined targeted therapy and immunotherapy,
exhibiting both safety and durable deep tumor remission, thereby
offering a chemotherapy-free option for elderly patients with
cholangiocarcinoma.

Case presentation

A 78-year-old woman presented with upper abdominal pain.
Subsequent contrast-enhanced computed tomography (CT) scan in
July 2021 revealed a 5.6 cm× 4.7 cmmass in the right hepatic lobe, with
extension into the right hepatic vein. Additionally, swollen lymph

FIGURE 1
(A) Prior to treatment, CT showed a soft tissue mass located in the right lobe of the liver (size 5.6 cm × 4.7 cm), with increased and enlarged lymph
nodes in the perigastric, hepatoportal area, hepatogastric ligament, and para-abdominal aorta, which were partially fused, and most of them were
metastatic from lymph nodes (2021-07-12). (B) CT showed that after four cycles of treatment, compared with the 2021-07-12 CT, the primary tumor in
the right lobe of the liver was significantly reduced (size 3.1 cm × 3.0 cm), and the caudate lobe lesion was a newmetastasis. The hepatic portal area
and hepatogastric ligament, cardiophrenic angle area, and para-abdominal aorta metastasis were significantly reduced compared to the previous area.
(C) CT on 2022-11-29 showed that after 24 courses of treatment, the primary tumor in the right lobe of the liver almost disappeared, the residual low-
density lesions weremost likely to be necrotic, and somemetastases in the liver almost disappeared. Compared with before, the size of the hepatic portal
area and hepatic and gastric ligaments, cardiopulmonary angle area, and para-abdominal aortic lymph nodes continued to shrink. (D) CT on 2024-01-
05 shows that after 42 courses of treatment, all lesions have almost completely disappeared compared with 2022-11-29 CT.
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nodes were observed around the stomach, portal area, hepatogastric
ligament, and para-aortic region, encircling the superior mesenteric
arteries and veins (Figure 1). Poorly differentiated adenocarcinoma
was confirmed by biopsy, and immunohistochemistry displayed CK7
(+), PCK (+), GPC3 (weak, +), and Ki-67 (+, ~80%), with other
markers being negative, including HER-2 (0). Elevated CA19-9
(42.10 U/mL) and alpha-fetoprotein (AFP) (11.30 ng/mL) were
tested, with PIVKA-II under the normal range. The patient had a
history of atrial tachycardia and heart failure and underwent
radiofrequency ablation without a hepatitis history. Next-generation
sequencing (NGS) analysis of the tumor identifiedMET amplification,
low tumor mutational burden (TMB-L), and microsatellite stability
(MSS) (Tables 1, 2). Consequently, the patient was diagnosed by the
multidisciplinary team (MDT) with unresectable intrahepatic
cholangiocarcinoma with multiple abdominal lymph node
metastases, classified as clinical stage cT2N1M0 IIIB.

The geriatric assessment score of 5 categorizes the patient as low
risk for chemotherapy (Table 3) (Hurria et al., 2011), with favorable
performance status (Karnofsky Performance Status (KPS) of 80,
Eastern Cooperative Oncology Group (ECOG) PS of 1). Without
chemotherapy contraindications, capecitabine (1,500 mg orally
twice daily from day 1 to 14) and tislelizumab (200 mg
intravenous on day 1, every 3 weeks) were administered as the
first-line treatment, with each treatment cycle lasting 3 weeks.
However, after only one cycle, the patient discontinued
chemotherapy due to grade 2 hand-foot syndrome, fatigue, and
diarrhea. The grade 2 hand–foot syndrome, fatigue, and diarrhea
observed in this patient are consistent with those reported in other
studies involving capecitabine and tislelizumab in similar age groups
(van Beek et al., 2018; Zhu et al., 2022).

Subsequently, a reduced-dose lenvatinib (4 mg orally daily)
combined with tislelizumab (200 mg intravenous every 3 weeks)
was administered as a second-line treatment in August 2021.

After four cycles (October 2021), the hepatic lesion shrank with
substantially reduced enhancement, and significant regression of

abdominal lymph nodes was observed, achieving a partial response
(PR), as illustrated in Figure 1. Concurrently, the patient
experienced grade 2 diarrhea. A study indicated that if persistent
or intolerable grade 2 or 3 AEs occur during lenvatinib treatment,
therapy should be paused until symptoms improve, then resumed at
the same or a lower dose (Kim et al., 2022). Therefore, we modified
the dose to 4 mg every other day, maintaining efficacy while
reducing adverse effects.

Under the following repeated cycles, the lesions continuously
decreased in size (Supplementary Figure S1), ensuring good efficacy
and satisfactory quality of life (QOL). Consequently, the patient
declined further local invasive treatments.

By the 24th treatment cycle (November 2022), over 90%
decrease in liver lesion size and complete disappearance of
abdominal lymph nodes were observed. Lenvatinib (4 mg every
other day) plus tislelizumab (200 mg every 3 weeks) were
administered as maintenance therapy. By January 2024, the
patient had achieved near-complete response (near-CR), as
illustrated in Figure 1, with a duration of response (DOR) close
to 26 months and a progression-free survival (PFS) exceeding
28 months. A series of serum tumor markers, including CEA,
CA199, and AFP, were monitored throughout the treatment
period. All markers remained relatively stable, with no significant
fluctuations (Supplementary Figure S2). The patient was still
receiving the regimen as of follow-up in June 2024 (Figure 2).
Throughout the second-line therapy, the patient experienced
grade 2 thrombocytopenia and grade 1 rash, both effectively
managed with proper intervention.

Discussion

In recent years, with the introduction of immune checkpoint
inhibitors, the treatment prospects for cholangiocarcinoma have
significantly improved. The results of the TOPAZ-1 and Keynote

TABLE 1 Copy number variation detection results.

Gene Transcription book Variation type Functional area Number of copies

MET NM_000245.2 Amplification All exons 7

JUN NM_002228.3 Amplification All exons 4.4

TABLE 2 Genome variation detection results.

Gene Transcription book Base change Amino acid change Functional area Mutation frequency (%)

TP53 NM_000546.5 c.812A>T p.E271V EX8 13.5

EP300 NM_001429.3 c.785G>T p.G262V EX3 9.1

HGF NM_000601.4 c.337G>C p.G113R EX3 8.6

SMARCA4 NM_003072.3 c.3555A>T p.Q1185H EX26 8.1

CDH23 NM_022124.5 c.7847A>G p.N2616S EX55 4.7

TP53 NM_000546.5 c.392A>T p.N131I EX5 4.1

ERBB2 NM_004448.2 c.874G>T p.G292C EX7 3.9

ABL2 NM_007314.3 c.2222C>T p.A741V EX12 3.5
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966 studies showed that combining PD-1/PD-L1 inhibitors with
gemcitabine and cisplatin significantly improves OS in advanced
biliary tract cancer (Oh et al., 2022; Kelley et al., 2023). However,
clinical data on elderly cholangiocarcinoma patients remain limited.
Elderly patients face unique challenges in terms of immune function
and tolerance, leaving us with little knowledge about the
effectiveness and safety of treatments in this population (Pawelec,
2019; Zhang et al., 2023). Therefore, research on treatments for
elderly cholangiocarcinoma patients urgently needs to be
strengthened, and even case reports on elderly patients are of
great interest.

Elderly patients with cholangiocarcinoma typically have lower
tolerance and high requirements for QOL, making traditional
chemotherapy regimens potentially unsuitable. Chemotherapy is
not contraindicated for elderly patients, but previous literature
emphasizes the importance of geriatric assessment (Hurria et al.,
2011). Therefore, we conducted a thorough geriatric assessment for

this elderly female patient before chemotherapy, and her score was 5.
After excluding chemotherapy contraindications, we chose the
single-agent chemotherapy capecitabine combined with
immunotherapy as the first-line treatment. However, the patient
could not tolerate the toxicity of capecitabine and refused further
chemotherapy, so we switched to targeted therapy combined with
immunotherapy. In targeted therapy, isocitrate dehydrogenase
(IDH) 1 inhibitors and fibroblast growth factor receptor (FGFR)
inhibitors have been approved by the Food and Drug
Administration for cholangiocarcinoma patients with certain
genetic mutations (Lodl et al., 2023). However, most patients
cannot choose precision-targeted therapy based on genetic
mutations. Many clinical studies of anti-angiogenic targeted
drugs combined with PD-1/PD-L1 antibodies are underway
(Hack et al., 2020). For patients without driver gene mutations or
without microsatellite instability-high (MSI-H) status, anti-
angiogenic TKIs enhance synergy with immunotherapy through

TABLE 3 The results of the geriatric assessment score.

Risk factor Score

Age >72 years 2

Cancer type GI or GU 0

Chemotherapy dosing, standard dose 2

No. of chemotherapy drugs, polychemotherapy 0

Hemoglobin <11 g/dL (male), 10 < g/dL (female) 0

Creatinine clearance (Jelliffe, ideal weight) < 34 mL/min 0

Hearing, fair or worse 0

No. of falls in last 6 months, one or more 0

IADL: Taking medications, with some help/unable 0

MOS: Walking one block, somewhat limited/limited a lot 0

MOS: Decreased social activity because of physical/emotional health, limited at least sometimes 1

FIGURE 2
Schematic representation of the course of antitumor therapy. First-line treatment consisted of capecitabine (1,500 mg po bid d1-14) plus
tislelizumab (200 mg ivgtt d1, q3w), which was not tolerated by the patient. Subsequently, it was changed to lenvatinib (4 mg po qd) plus tislelizumab
(200 mg ivgtt d1, q3w). After one cycle, the patient developed second-degree diarrhea, and the dose was reduced to lenvatinib (4 mg po qod) plus
tislelizumab (200mg ivgtt d1, q3w), and the efficacywas PR after three cycles of the reduced treatment; the efficacy is still PR to date. QOL: quality of
life; po: per os (oral); bid: bis in die (twice a day); d1-14: day 1–14; ivgtt: intravenous drip; d1: day 1; q3w: every 3 weeks; qd: quaque die (every day); qod:
every other day; PR: partial response.
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mechanisms such as inhibiting angiogenesis and improving T-cell
infiltration in the tumor microenvironment (Lee et al., 2020). These
treatment options should be tailored based on the patient’s specific
genetic characteristics and condition.

There are few reports on the application of lenvatinib combined
with tislelizumab in cholangiocarcinoma (Ding et al., 2021).
However, this combination therapy has shown significant
antitumor activity and manageable toxicity in patients with
unresectable hepatocellular carcinoma (Xu et al., 2023). A study
evaluating lenvatinib combined with toripalimab as a first-line
treatment for advanced intrahepatic cholangiocarcinoma
demonstrated an objective response rate (ORR) of 32.3%, with
good tolerability (Jian et al., 2021). Another study investigating
lenvatinib combined with sintilimab as a second-line treatment in
chemotherapy-refractory advanced intrahepatic
cholangiocarcinoma patients presented an ORR of 93.8% in those
with high PD-L1 expression (TPS≥10%) (Ding et al., 2022).
Additionally, a study enrolled 40 patients of lenvatinib combined
with a PD-1 inhibitor as a second-line therapy and reported a disease
control rate of 75.0%, with manageable treatment-related AEs (Xie
et al., 2022). Based on these findings, our study further emphasizes
the potential value of lenvatinib combined with tislelizumab in
elderly patients, particularly those over 75 years old, highlighting
the importance of individual dose adjustments in the clinical
management of this age group.

Noteworthily, although lenvatinib was administrated at an
extreme dose (4 mg every other day), a deep and durable
response was observed, with achieved PFS for nearly 3 years,
whether the combination treatment as maintenance therapy
could be used as a stop-and-go strategy with low dosage
lenvatinib or drug withdrawal. Based on evidence from metastatic
colorectal cancer, a maintenance strategy provides significant
clinical benefits compared to complete drug holidays or continued
treatment (Esin and Yalcin, 2016). This patient received combination
treatment as maintenance therapy at a low dosage for nearly 3 years
without intolerable toxicity. Similarly, researchers have reported that
another patient with advanced intrahepatic cholangiocarcinoma
showed a dramatic response to first-line therapy and a PD-1
inhibitor combined with capecitabine as maintenance therapy,
resulting in ongoing PFS (Wang et al., 2021). Therefore, the
optimal strategy for maintenance therapy should still be
individualized, even when using chemotherapy-free regimens.

Changes in metabolism and the immune system may alter the
pharmacokinetics of lenvatinib in elderly patients, potentially
enhancing its efficacy (Wildiers et al., 2003). Additionally, tumors
that appear hypervascular on imaging indicate a high dependency
on angiogenesis, making them more likely to be sensitive to
lenvatinib, which could result in a better therapeutic response
(Yamamoto et al., 2014; Huang et al., 2021). Moreover,
lenvatinib can modify the tumor microenvironment, facilitating
T-cell infiltration and synergizing with PD-1 inhibitors (Lu et al.,
2021; Kato et al., 2019). These mechanisms may contribute to the
sustained antitumor effects observed even at low doses.

Additionally, locoregional therapies such as liver resection,
radiofrequency ablation, microwave ablation, radiotherapy,
transarterial chemoembolization, etc., were used in unresectable
liver-only or liver-dominant intrahepatic cholangiocarcinoma
(Owen et al., 2023). MDT suggested stereotactic body

radiotherapy could be used as a suitable locoregional treatment
after deep PR was achieved, whereas invasive treatments were
refused by the patient.

Among elderly patients with advanced disease, especially highly
malignant tumors like cholangiocarcinoma, maintaining
independence and QOL were more highly valued than survival
or temporary tumor regression. Management of adverse events in
patients treated with immunotherapy or targeted therapy was
crucial. Fortunately, this elder presented mild treatment-related
adverse events, grade 2 diarrhea, and fatigue, and these
symptoms were significantly relieved after dose reduction.
Individual dosage modification reduces the risk during
medication in elderly patients.

Conclusion

Elderly patients lack standardized treatment protocols,
making personalized therapy particularly important. The
combination of lenvatinib and tislelizumab showed a deep and
durable response, as well as prolonged survival in this patient.
After experiencing side effects, individualized dose reduction is
crucial, and low-dose treatment ensures efficacy without
detrimental impact on QOL.

Lenvatinib and tislelizumab were effective and safe. For further
validation, cohort studies or randomized controlled trials with large
samples are needed. Trials should include patients with other
tumors, older patients, and patients intolerant to chemotherapy.
Furthermore, long-term follow-up in similar patients is needed to
confirm therapy efficacy and monitor late-onset AEs and resistance.
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Case report: Treatment with
ensartinib shows good response
to SQSTM1-ALK fusion in lung
adenocarcinoma
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Lung cancer is a prevalent malignancy, with the rearrangement of the anaplastic
lymphoma kinase (ALK) gene being responsible for a minority of cases of non-
small cell lung cancer (NSCLC). NSCLC patients harboring ALK fusion proteins
demonstrate sensitivity to ALK tyrosine kinase inhibitors (TKIs). In this report, we
describe the case of a female patient with metastatic lung adenocarcinoma,
identified through NGS to carry a rare inverted SQSTM1-ALK (S5, A20) fusion. The
patient received ensartinib as first-line therapy, resulting in a partial response (PR).
At the time of publication, the patient’s condition remained favorable. We have,
for the first time, identified the presence of SQSTM1-ALK fusion in pericardial
effusion, with the favorable response to ensartinib validating the oncogenic
potential of SQSTM1-ALK fusion. The substantial advancements and extensive
utilization of NGS have facilitated the identification of rare fusion variants.

KEYWORDS

SQSTM1-ALK, rearrangement, lung cancer, targeted therapy, ensartinib

Introduction

Lung cancer is a prevalent malignancy, and those with specific molecular genetic
alterations in the ALK, BRAF, or EGFR genes have been endorsed by the US Food and Drug
Administration (FDA) as first-line targeted therapies. Rearrangement of the anaplastic
lymphoma kinase (ALK) gene is observed in 2%–7% of NSCLC patients, and is particularly
frequent in younger individuals, non-smokers, and those with adenocarcinoma (Kwak et al.,
2010). NSCLC patients harboring ALK fusion proteins demonstrate sensitivity to ALK
tyrosine kinase inhibitors (TKIs).

Approximately half of the cases are diagnosed at an advanced, metastatic stage.
Advanced lung cancer may result in the occurrence of pericardial effusion. Due to the
close relationship between the cardiovascular and pulmonary systems, it is common for
patients with advanced lung cancer to exhibit pericardial effusion, bloody pericardial
effusion, and metastasis of cancer cells. Typically, only a restricted amount of biopsy
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material is available for companion diagnosis using NGS panels. In
this report, we depict a case study of a patient with metastatic lung
adenocarcinoma who declined direct tumor biopsy sampling and
instead opted for pericardial effusion extraction for diagnostic
purposes. Subsequent testing revealed the presence of SQSTM1-
ALK fusion. Subsequent to treatment with ensartinib, the ailment
was accurately diagnosed via initial limited samplings, thereby
obviating the need for multiple rebiopsies.

Case description

A female patient in her 60s, who is Chinese and of Zhuang
nationality, with a junior high school education level, married status, a
farmer by occupation and in poor economic condition, presented with
chest pain accompanied by dyspnea andwas diagnosed with advanced
metastatic lung adenocarcinoma upon examination. The patient had
no history of smoking and alcohol consumption. Neither her parents

nor her siblings have a history of lung cancer. The clinical stage was
T2bN2M1a, with no extrathoracic metastases detected upon
radiological follow-up. Due to the patient’s decision to decline a
lung tumor biopsy, pericardial effusion was obtained for HE staining,
which revealed that tumor cells comprised 85% of the sample
(Figure 1). TTF1 immunohistochemistry results confirmed that the
malignant pericardial effusion originated from metastasis of lung
adenocarcinoma (Figure 2). The ALK immunohistochemistry test
also showed positive results (Figure 3). Following the confirmation of
pericardial effusion as tumor metastasis, DNA of tumor cells was
extracted from the effusion for genetic testing.

The presence of SQSTM1-ALK in the pericardial effusion
sample was validated through next-generation DNA sequencing
(NGS) using a 160-gene panel provided by Shanghai Zhongyou
Inspection & Medical Co., Ltd. The genetic testing report (using the
GenarsR system from Shanghai Yinji Technology Co., Ltd) revealed
the location of the SQSTM1 breakpoint at Exon5 chr5:179255851,
and the ALK breakpoint at Exon20 chr2:29447094. A 39-base pair
inversion of the ALK gene was observed at the breakpoint location,
as illustrated in Figures 4, 5. The patient was also found to harbor an
unidentified MSH6 S346C mutation. This fusion has not previously
been documented in cases of lung adenocarcinoma, and the Sanger
verification results are provided in Figure 6.

Following treatment with ensartinib at 225 mg QD, the patient
exhibited a decrease in CEA level from 104.97 ng/mL to 5.25 ng/mL,
and a reduction in carbohydrate antigen 125 level from 312.50 μg/
mL to 43.84 μg/mL after 1 month. Additionally, the chest CT scan
revealed a reduction in tumor size (Figures 7, 8) as well as pericardial
effusion (Figures 9, 10). After 6 months of treatment, the tumor size
remained the same as after 1 month of treatment (Figure 11). After
6 months of treatment, the condition of pericardial effusion and
pleural effusion (Figure 12).

Discussion

In this report, we present the case of a 60-year-old female
diagnosed with advanced lung adenocarcinoma harboring the

FIGURE 1
Tumor cell content.

FIGURE 2
TTF1 immunohistochemical results.

FIGURE 3
ALK immunohistochemical results.
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rare SQSTM1-ALK fusion, which had metastasized to the
pericardium. While several ALK inhibitors have been approved
for ALK-rearranged non-small cell lung cancer (NSCLC), this is
the first documented case of using Ensartinib to treat a patient with
this specific fusion. Our findings show that Ensartinib demonstrated
significant efficacy, After 1 month of treatment, the patient achieved
partial response (PR), and the effect was sustained for at least
6 months without any observable toxicity. This suggests that

Ensartinib may be a promising therapeutic option for lung
adenocarcinoma patients with the SQSTM1-ALK fusion, though
complete remission (CR) was not achieved during the
observation period.

Ensartinib was chosen over other ALK inhibitors such as
Crizotinib and Alectinib based on its demonstrated superiority in
preclinical and early clinical trials. Ensartinib has shown a broader
inhibitory profile, effectively targeting ALK mutations, including

FIGURE 4
Breakpoint of SQSTM1 gene.

FIGURE 5
Inversion of 39BP base at breakpoint of ALK gene.
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those resistant to first- and second-generation inhibitors. This
makes it a suitable first-line treatment, especially for patients
with brain metastases, as Ensartinib crosses the blood-brain
barrier more efficiently (Wang et al., 2023). Additionally, the

patient’s overall health status and multiple metastases influenced
the decision to use Ensartinib, as a more comprehensive systemic
control was needed. Given the limited data on the effectiveness of

FIGURE 6
SQSTM1-ALK fusion.

FIGURE 7
Tumor condition before treatment.

FIGURE 8
Tumor size after 1 month of treatment.

FIGURE 9
Pericardial effusion condition before treatment.

FIGURE 10
Pericardial effusion and pleural effusion after 1 month
of treatment.
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other ALK inhibitors in patients with SQSTM1-ALK fusion,
Ensartinib presented a novel approach for this case.

Although the patient did not experience any drug-related toxicity,
Ensartinib’s potential side effects should still be considered, especially
in comparison to other ALK inhibitors such as Alectinib and
Crizotinib. Common side effects of Ensartinib include skin rash,
elevated liver enzymes, and fatigue (Zhou et al., 2023). The
absence of any significant side effects in this patient is particularly
noteworthy, given the advanced stage and the presence of multiple
metastases. In contrast, Alectinib and Crizotinib are often associated
with gastrointestinal disturbances and muscle pain, with Crizotinib
also known to cause higher incidences of vision problems (Zhou et al.,
2023). The good tolerability of Ensartinib in this case suggests that it
could be an effective treatment for patients unable to endure the side
effects of other ALK inhibitors.

The SQSTM1-ALK fusion has been identified in other cancers,
such as inflammatory myofibroblastic tumors (IMT), epithelioid
fibrous histiocytoma (Dickson et al., 2018), and large B-cell
lymphoma (d’Amore et al., 2013). However, the disease course
and treatment responses in these cancers differ from those in

lung adenocarcinoma. For example, a 46-year-old male with
SQSTM1-ALK-positive IMT responded significantly to Alectinib,
with a 17-month progression-free survival (Honda et al., 2019). In
our patient, the presence of cardiac and brain metastases at diagnosis
suggested a more aggressive disease progression. This suggests that
the presence of the SQSTM1-ALK fusion in lung adenocarcinoma
may lead to rapid progression, emphasizing the need for prompt and
aggressive treatment strategies.

The role of STAT3 inhibitors in treating SQSTM1-ALK fusion-
positive cancers, as well as the combination of ALK and
STAT3 inhibitors, warrants further investigation. In lymphoma
cases involving SQSTM1-ALK fusion, STAT3 phosphorylation
plays a key role in pathogenesis (d’Amore et al., 2013). Exploring
whether this mechanism similarly contributes to lung
adenocarcinoma could open new therapeutic avenues, particularly
for combined treatment strategies with ALK and STAT3 inhibitors.
Moreover, resistance to second-generation ALK inhibitors
highlights the need to assess third-generation inhibitors such as
Lorlatinib, which has shown efficacy in overcoming resistance
mutations (Lin et al., 2024). Clinical trials investigating Lorlatinib
in SQSTM1-ALK fusion-positive patients could provide valuable
insights into the long-term management of resistant cases.

Conclusion

This study presents the inaugural successful treatment of lung
adenocarcinoma patients positive for SQSTM1-ALK with
pericardial effusion using ensartinib. The outcomes indicate that
ensartinib may be considered as an effective therapeutic option in
the presence of SQSTM1-ALK. These findings hold significant
implications for clinical practice, emphasizing the necessity of
genetic testing and tailored treatment approaches for lung
adenocarcinoma.
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Heat shock protein 90 (HSP90) is a pivotal molecular chaperone with
multifaceted roles in cellular health and disease. Herein, we explore how
HSP90 orchestrates cellular stress responses, particularly through its
partnership with heat shock factor 1 (HSF-1). PU-H71, a selective inhibitor of
HSP90, demonstrates significant potential in cancer therapy by targeting a wide
array of oncogenic pathways. By inducing the degradation of multiple client
proteins, PU-H71 disrupts critical signaling pathways such as MAPK, PI3K/Akt,
JAK/STAT, EGFR, and mTOR, which are essential for cancer cell survival,
proliferation, and metastasis. We examined its impact on combating triple-
negative breast cancer and enhancing the effectiveness of carbon-ion beam
therapy, offering new avenues for cancer treatment. Furthermore, the dual
inhibition of HSP90A and HSP90B1 by PU-H71 proves highly effective in the
context of myeloma, providing fresh hope for patients with this challenging
malignancy. We delve into its potential to induce apoptosis in B-cell lymphomas
that rely on Bcl6 for survival, highlighting its relevance in the realm of hematologic
cancers. Shifting our focus to hepatocellular carcinoma, we explore innovative
approaches to chemotherapy. Moreover, the current review elucidates the
potential capacity of PU-H71 to suppress glial cell activation paving the way
for developing novel therapeutic strategies for neuroinflammatory disorders.
Additionally, the present report also suggests the promising role of PU-H71 in
JAK2-dependent myeloproliferative neoplasms. Eventually, our report sheds
more light on the multiple functions of HSP90 protein as well as the potential
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therapeutic benefit of its selective inhibitor PU-H71 in the context of an array of
diseases, laying the foundations for the development of novel therapeutic
approaches that could achieve better treatment outcomes.

KEYWORDS

Hsp90, PU-H71 (NSC 750424), tumorigenesis, apoptosis, oncogenic signals

1 Introduction

Heat shock proteins (HSPs) denote a class of highly conserved
proteins playing a pivotal role in safeguarding the cells against
several forms of stress. Notably, HSPs are central to a range of
cellular functions including protein folding, unfolding, assembly,
and disassembly. According to their molecular weight, HSPs are
classified into main four subgroups, namely, HSP90, HSP70, HSP60,
and the small HSP family (Table 1) (Hu et al., 2022). Conspicuously,
HSP90 is a leading chaperone protein indispensable for correcting
misfolded proteins. On the other hand, HSP70 functions by binding
to partially unfolded protein fragments inhibiting their clumping.
Meanwhile, HSP60 plays a fundamental role in the proper folding of
proteins within specific cellular compartments (e.g., mitochondria).
Lastly, the small HSP family, including HSP27, suppresses the
aggregation of misfolded proteins (Navarro-Zaragoza et al.,
2021). In times of stress, such as exposure to high temperatures,
HSPs play a critical role in cell survival by latching onto and
stabilizing damaged or partially unfolded proteins until the
stressful conditions subside and normal cellular conditions are
restored (Kakkar et al., 2014). This allows the proteins to
undergo proper folding with the assistance of HSPs. The initial,
inactivated state of the HSP90 chaperone cycle is denoted by the
closed conformation. Upon binding of ATP, a structural alteration
occurs in HSP90, causing it to transition into the open state. In this
open state, HSP90 exhibits increased ATPase activity and becomes
receptive to client proteins, which can then engage with it for protein
folding (Figure 1) (Youssef et al., 2023). HSPs are classified
according to their broad structural classes as described in Table 1.

Inactive Hsp90 (open conformation) forms a dimer at its C
terminus, leaving the N termini unassociated, while the Hsp70-
captures client proteins and delivers them to Hsp90 with the help of
co-chaperones. The co-chaperone Hop binds to both Hsp70 and
Hsp90 through its TPR domains, acting as a scaffold to facilitate the
transfer of the client protein from Hsp70 to Hsp90 (intermediate
complex). Additional co-chaperones, including peptidyl-prolyl cis-
trans isomerases (PPIase), associate with Hsp90, leading to the
formation of an asymmetric complex. Subsequently, Hsp70 and
Hop dissociate, and the co-chaperone p23 replaces them, forming
the closed late conformation, where ATP hydrolysis occurs,
resulting in the release of the client protein.

Heat shock protein 90 (HSP90) plays a crucial role as a key
molecular helper, vital for safeguarding the functional stability and
survival of cells when confronted with changing stress factors.
Within the purview of HSPs, HSP90 has gained rising attention,
fundamentally this could be ascribed to its crucial role in an array of
normal physiological cellular processes as well as those correlated
with disease progression. Through direct connections, HSP90 was
reported to keep proteins associated with cell death in a state that is
resistant to programmed cell death (Peng et al., 2022). The wide

range of functions exerted by HSP90 is likely attributed to its ability
to serve as a helper for numerous client proteins playing
indispensable roles in health disorders such as cancer and
neurodegenerative diseases (Sumi and Ghosh, 2022).

Targeting and inhibition ofHSP90were achieved by a class of drugs
that have been classified as HSP90 inhibitors capable of destabilizing
and degrading HSP90 client proteins, with subsequent suppression of
multiple oncogenic signaling pathways simultaneously. This multi-
target approach suggests that HSP90 inhibitors could be promising
therapeutic agents for various neoplasms (Magwenyane et al., 2022).
Notably, HSP90 inhibitors, such as geldanamycin derivatives (e.g., 17-
AAG and 17-DMAG) and resorcinol-based compounds (e.g.,
ganetespib), displayed potent anti-cancer activity in preclinical trials
and are currently undergoing clinical trials evaluating their safety
profiles. The therapeutic benefit of HSP90 inhibitors could
potentially exceed anticancer therapy. Markedly, ongoing studies are
investigating their potential benefit in neurodegenerative disorders and
other health conditions (Luo et al., 2010). HSP90 inhibitors are
summarized in Table 2. Table 2 shows the classes of
HSP90 inhibitors. The structural diversity of HSP90 inhibitors
allows for the development of various drug candidates for cancer
and other diseases.

2 Role of HSP90 in tumorigenesis

HSP90 is a crucial molecular chaperone that plays a significant
role in cancer biology by facilitating the proper folding, stabilization,
and functional regulation of numerous proteins that are essential for
tumorigenesis (Birbo et al., 2021). As a prominent member of the
heat shock protein family, HSP90 assists in maintaining cellular
proteostasis, particularly under the stress conditions often
encountered in cancer cells. Its importance in cancer has led to
extensive research focusing on HSP90 as a therapeutic target, given
its involvement in various oncogenic processes.

HSP90 is known to interact with over 200 client proteins, many
of which are involved in critical signaling pathways that control cell
growth, survival, andmetastasis (Kamal et al., 2004; Xu and Neckers,
2007; Sun et al., 2021). Among these client proteins are receptor
tyrosine kinases such as human epidermal growth factor receptor 2
(HER2) and epidermal growth factor (EGFR) (Wang et al., 2016),
which are essential for transmitting growth signals from the
extracellular environment into the cell interior. HSP90 also
interacts with key signaling molecules such as AKT and SRC,
which are critical for cell survival and proliferation (Rong and
Yang, 2018). HSP90 is also required for the stability and function
of transcription factors such as hypoxia inducible factor (HIF-1) and
p53, which are responsible for regulating hypoxia responses and
controlling the cell cycle, respectively (Albadari et al., 2019; Shirai
et al., 2021).
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Furthermore, HSP90 stabilizes cell cycle regulators such as
CDK4 and CDK6, which are required for cell cycle progression
(Sager et al., 2022). In cancer cells, HSP90 protects mutated and
overexpressed oncoproteins that would otherwise be degraded. This
protective mechanism is especially important because cancer cells
frequently experience high levels of cellular stress as a result of rapid
proliferation and abnormal protein synthesis. As a result,
HSP90 expression levels are typically two to ten times higher in
cancer cells than in normal cells (Solárová et al., 2015; Birbo et al.,

2021). This overexpression has been linked to a poor prognosis and
increased resistance to various therapeutic interventions,
highlighting the role of HSP90 in cancer progression.

Hanahan andWeinberg identified several hallmarks of cancer in
which HSP90 plays a role. These characteristics include self-
sufficiency in growth signals, apoptosis evasion, long-term
angiogenesis, and increased tissue invasion and metastasis
(Hanahan and Weinberg, 2011). HSP90 allows tumor cells to
thrive even in adverse conditions such as nutrient deprivation or

TABLE 1 Classification and characteristics of HSPs.

Classification Subclassification and characteristics

HSP90 HSP90α is primarily found in the cytoplasm

HSP90β is found in the mitochondria

HSP70 Constitutive HSP70 (HSC70) is found in the cytoplasm

Inducible HSP70 (HSP72) is produced in response to cellular stress

HSP60 HSP60 (cytosolic)

HSP60 (mitochondrial)

HSP40 Constitutive HSP40 is found in the cytoplasm

Inducible HSP40 is produced in response to cellular stress

Small HSPs HSP27 is involved in the regulation of the actin cytoskeleton

HSP20 is involved in protection against cellular damage

FIGURE 1
HSP90 cycle.
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therapeutic stress by stabilizing oncogenic proteins involved in these
processes (Jaeger and Whitesell, 2019). This ability to support
malignant characteristics highlights the potential of targeting
HSP90 in cancer therapy as a way to disrupt these critical
pathways and induce tumor regression. Understanding the post-
translational modifications (PTMs) of HSP90, such as
phosphorylation, acetylation, and S-nitrosylation, is critical
because they regulate chaperone activity and influence cancer
development (Caruso Bavisotto et al., 2020).

3 Post-translational modifications
of HSP90

3.1 Phosphorylation: key modulator of
HSP90 function

Phosphorylation is one of the most studied HSP90 PTMs, and it
has a significant impact on chaperone activity. Several kinases, such
as SRC, BRAF, and casein kinase II (CK2), phosphorylate HSP90,
affecting its ability to interact with client proteins (Bachman et al.,
2018; Firnau and Brieger, 2022; Zhang et al., 2022). For example,
SRC phosphorylates HSP90 at Tyr301, which is required for vascular
endothelial growth factor receptor 2 (VEGFR2)-mediated
angiogenesis, a critical process in tumor growth (Miyata et al.,
2013). HSP90 modulates apoptosome formation via
phosphorylation of Ser226 and Ser255, highlighting its role in
apoptosis regulation (Mollapour and Neckers, 2012). In leukemia,
reduced phosphorylation at these sites strengthens the interaction
between HSP90 and APAF1, inhibiting cytochrome c-induced
apoptosome assembly and contributing to chemoresistance (Ho
et al., 2012).

Client kinases such as WEE1 phosphorylate HSP90, resulting in
a feedback loop that improves its chaperoning ability for other
kinases such as HER2 and CDK1 (Zhang et al., 2024). This
interaction demonstrates the complexities of HSP90’s regulatory
mechanisms in cancer. Interestingly, WEE1-mediated

phosphorylation can reduce the efficacy of HSP90 inhibitors such
as geldanamycin and 17-AAG, posing a challenge for therapeutic
strategies. A better understanding of phosphorylation sites may lead
to new approaches for sensitizing cancer cells to HSP90 inhibitors
and overcoming resistance (Mollapour et al., 2010; Iwai et al., 2012;
Lokeshwar, 2012).

3.2 Acetylation: impact on client
protein stability

Acetylation of HSP90 is another important post-translational
modification that can affect its chaperone activity. This modification
frequently causes destabilization of client proteins, as seen when
histone deacetylase (HDAC) inhibitors or HDAC6 silencing
increase HSP90 acetylation levels (Liu P. et al., 2021). Acetylation
of several lysine residues on HSP90 impairs its ability to bind client
proteins and co-chaperones, including p23, resulting in decreased
chaperone efficiency (Woodford et al., 2016; Liu et al., 2023).
Importantly, the combination of HDAC inhibitors and
HSP90 inhibitors has synergistic effects in certain cancers,
particularly leukemia, while antagonistic effects are seen in some
solid tumors (Krämer et al., 2014; Chen et al., 2020). These findings
emphasize the tumor-specific nature of HSP90 acetylation and the
complexities of using combination therapies.

3.3 S-nitrosylation: nitric oxide’s role in
HSP90 inhibition

S-nitrosylation, or the modification of HSP90 by nitric oxide
(NO) at Cys597, adds another layer of regulation by inhibiting the
chaperone’s ATPase activity. This PTM impairs HSP90’s ability to
stabilize client proteins, especially in endothelial cells where NO-
mediated S-nitrosylation inhibits angiogenesis (Siragusa and
Fleming, 2016; Rizza and Filomeni, 2020). Interestingly,
exogenous NO can inhibit HSP90 in cancer cells, resulting in

TABLE 2 HSP90 inhibitors.

Inhibitor Name Mechanism of Action Reference

Geldanamycin Binds to the N-terminal ATP-binding pocket, inhibiting its chaperone function Miyata (2005)

17-AAG (Tanespimycin) Similar mechanism to Geldanamycin but with improved pharmacokinetics Modi et al. (2011)

17-DMAG A more soluble derivative of Geldanamycin that inhibits HSP90 Mellatyar et al. (2018)

IPI-504 Inhibits HSP90 by binding to the N-terminal domain Akram et al. (2018)

NVP-AUY922 Targets the N-terminal ATP-binding site of HSP90 Ueno et al. (2012)

Ganetespib (STA-9090) Inhibits the chaperone activity of HSP90 by binding to its N-terminal domain Youssef et al. (2023)

AT13387 Binds to the N-terminal domain, disrupting client protein interactions Smyth et al. (2012)

PU-H71 Inhibits HSP90 activity by targeting its ATPase function Trendowski (2015)

Debio0932 (formerly CUDC-305) Dual inhibitor of both HSP90 and HDAC Wu et al. (2023)

Pimitespib (TAS-116) Inhibits the NF-κB signaling pathway by blocking HSP90 activity El-Kashef et al. (2022)

CNF-2024 Targets the ATP-binding site of HSP90, disrupting its function Lopes et al. (2007)

SNX-5422 Targets the N-terminal domain but was abandoned due to ocular toxicity issues Chen et al. (2021)
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telomere shortening and reduced telomerase activity, both of which
are required for cancer cell immortality (Trepel et al., 2010; Solárová
et al., 2015). This finding lends credence to the theory that
manipulating NO levels may have therapeutic potential in
HSP90-driven cancers.

3.4 HSP90’s role in nuclear and
chromatin events

Aside from its cytoplasmic functions, HSP90 influences several
nuclear events, including the regulation of steroid hormone
receptors, such as androgen and estrogen receptors. These
receptors, which move between the cytoplasm and the nucleus,
are essential in hormone-driven cancers such as breast and prostate
cancer (Baker et al., 2018; Kaziales et al., 2020). HSP90 regulates
their localization, stability, and transcriptional activity, influencing
cancer progression.

HSP90 also interacts with key transcription factors such as heat
shock transcription factor 1 (HSF1), which controls the expression
of heat shock proteins in response to stress. Inhibition of HSP90 can
prolong HSF1 activity, resulting in enhanced heat shock responses,
which could be used in cancer therapy (Kijima et al., 2019; Cyran
and Zhitkovich, 2022). Furthermore, HSP90 stabilizes the
transcriptional repressor BCL6 in diffuse large B-cell lymphoma,
HSP90 stabilizes the transcriptional repressor BCL6 in diffuse large
B-cell lymphoma, which promotes tumorigenesis by inhibiting
tumor suppressor genes such as TP53 (Xu-Monette et al., 2012).
Targeting HSP90 in such situations may deactivate these genes and
promote cancer cell apoptosis.

HSP90’s involvement in chromatin remodeling expands its role
in cancer. The chaperone promotes the activity of chromatin-
modifying enzymes, including the histone methyltransferase
SMYD3, which is overexpressed in hepatocellular carcinoma and
colorectal cancer. HSP90 increases SMYD3 activity, which
contributes to the transcription of genes that promote cancer cell
proliferation (Abu-Farha et al., 2011; Giakountis et al., 2017).
Inhibiting HSP90 in these cancers can reduce SMYD3 activity,
providing another therapeutic target.

4 HSP90 and heat shock factor 1 (HSF1)

Under stress, the heat shock response (HSR) is stimulated/
triggered, leading to the upregulation of various cytoprotective
HSPs. HSPs mediate cellular protective effects by alleviating the
drastic consequences of aberrantly folded and distorted proteins,
thus lessening their detrimental effects on the cell (Collier and
Benesch, 2020). In mammals, cellular response to stress could
result in destroying cellular proteins and it is principally
regulated by the activation of HSF-1. Significantly, HSF-1
could regulate the expression of heat shock genes (Chang
et al., 2021). Of note, HSF-1 activation involves multiple steps
that start with oligomerization, then nuclear translocation and
accumulation, and finally undergo post-translational
modifications (Masser et al., 2020). HSP90 is implicated in
controlling the activity of HSF. HSP90 forms a binding
interaction with HSF-1, maintaining the monomeric form of

the transcription factor under normal, non-stressed conditions.
When the cell experiences stressors, such as exposure to elevated
temperatures (heat shock), or when the function of HSP90 is
disrupted, HSF-1 becomes detached from the HSP90 complex
(Chin et al., 2023). This release leads to the activation of HSF-1
and its transformation into a trimeric form, and it then moves
into the cell nucleus, where HSF-1 initiates an HSR, marked by
the synthesis of HSPS such as HSP70 and HSP40 activator
(Schmauder et al., 2022).

5 PU-H71

PU-H71 (Figure 2) is a potent small-molecule inhibitor that
targets HSP90. HSP90 is frequently overexpressed in various
cancers, contributing to the stabilization and activity of
numerous proteins involved in tumor growth and survival,
making it a critical therapeutic target (Mahajan et al., 2024;
Rastogi et al., 2024).

PU-H71 binds with high affinity to the ATP-binding site of
HSP90, inhibiting its chaperone activity. This binding disrupts the
proper folding of client proteins, leading to their ubiquitination and
subsequent proteasomal degradation (Schopf et al., 2017). The loss
of these client proteins impairs several oncogenic signaling
pathways, thereby inhibiting tumor cell proliferation and
inducing apoptosis.

Preclinical studies have demonstrated that PU-H71 exhibits
significant antitumor activity across a variety of cancer cell lines

FIGURE 2
Chemical structure of PU-H71 (8-[(6-iodo-1,3-benzodioxol-5-
yl)sulfanyl]-9-[3-(propan-2-ylamino)propyl]purin-6-amine).
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and xenograft models, particularly those dependent on HSP90 client
proteins for growth and survival. These studies have highlighted the
ability of PU-H71 to induce tumor regression and prolong survival
without causing significant toxicity to normal tissues (Ambati et al.,
2014; Trendowski, 2015; Martinet et al., 2022).

Clinical evaluations of PU-H71 have also shown promise. Phase
I clinical trials have focused on determining the maximum tolerated
dose, pharmacokinetics, and preliminary efficacy of PU-H71 in
patients with advanced solid tumors and hematological
malignancies. Results from these studies indicate that PU-H71 is
well-tolerated and demonstrates antitumor activity, with
manageable side effects predominantly involving gastrointestinal
disturbances and reversible transaminase elevations. PU-H71 has
been included in six clinical studies (NCT03166085; NCT03373877;
NCT01581541), of which three (NCT03935555; NCT01393509;
NCT01269593) are still active or recruiting, indicating that PU-
H71 is the most promising purine-based inhibitor of HSP90
(Gerecitano et al., 2015; Speranza et al., 2018; Pemmaraju
et al., 2019).

5.1 PU-H71: Discovery

PU-H71 was developed through a rational drug design approach
aimed at creating more selective and potent inhibitors of HSP90,
compared to previous generations. It is part of a class of compounds
synthesized from a purine scaffold, designed to improve both the
specificity and solubility of the drug. Earlier compounds like
PU3 and PU24FCl, which also targeted HSP90, were optimized
through structure-activity relationship studies, refining molecular
structures to enhance binding affinity and therapeutic efficacy
(Messaoudi et al., 2008). Through this process, PU-H71 emerged
as one of the most effective inhibitors, with an IC50 value of
approximately 50 nM for HSP90 in epichaperome-containing
cells (Ambati et al., 2014).

5.2 Pharmacokinetics of PU-H71

The pharmacokinetics of PU-H71 were thoroughly
investigated during clinical trials. One of the key findings was
the compound’s mean terminal half-life of approximately 8.4 ±
3.6 h, indicating a relatively stable elimination profile across the
range of doses tested (Speranza et al., 2018). Biodistribution
studies utilizing positron emission tomography imaging
revealed that PU-H71 selectively accumulates in tumor tissues
that express epichaperomes, with a tumor retention rate observed
in about 58% of patients (Dunphy et al., 2020). This tumor-
selective accumulation is a promising feature that underscores
the drug’s potential as a targeted therapy.

In terms of metabolism, in vitro studies revealed that PU-H71
undergoes limited biotransformation, with the primary
metabolic pathways involving S-oxidation and
O-demethylation (Speranza et al., 2018). Metabolites were
present in plasma samples but accounted for less than 10% of
the parent drug’s concentration, suggesting that metabolism has
a minimal impact on the overall pharmacologic activity of PU-
H71 (Speranza et al., 2018).

5.3 Development of PU-H71

Preclinical studies have demonstrated that PU-H71 exhibits
significant antitumor activity across a variety of cancer cell lines
and xenograft models, particularly those dependent on HSP90 client
proteins for growth and survival. These studies have highlighted the
ability of PU-H71 to induce tumor regression and prolong survival
without causing significant toxicity to normal tissues (Ambati et al.,
2014; Trendowski, 2015; Martinet et al., 2022).

Following successful preclinical testing, the first-in-human clinical
trial of PU-H71 was initiated to evaluate its safety, tolerability, and
pharmacokinetic profile. This phase I study involved patients with
advanced solid tumors who had not responded to standard therapies.
The trial followed a dose-escalation design, with doses ranging from
10 to 470 mg/m2, administered intravenously on days 1 and 8 of a 21-
day treatment cycle (De Almeida et al., 2020). The results indicated that
PU-H71 was well-tolerated at the tested doses, with no dose-limiting
toxicities observed. However, some patients experienced grade 2 and
3 adverse events, which were closely monitored. The positive safety
profile allowed for the continuation of the drug’s clinical evaluation in
subsequent trials. PU-H71 has been included in six clinical studies
(NCT03166085; NCT03373877; NCT01581541), of which three
(NCT03935555; NCT01393509; NCT01269593) are still active or
recruiting, indicating that PU-H71 is the most promising purine-
based inhibitor of HSP90 (Gerecitano et al., 2015; Speranza et al.,
2018; Pemmaraju et al., 2019).

6 Mechanism of action of PU-H71

PU-H71 demonstrates a high degree of selectivity for the ATP-
binding sites of HSP90 that are specifically integrated into tumor
epichaperome complexes (Dunphy et al., 2020). This selective binding
is of paramount importance, as it significantly reduces the potential for
off-target effects on healthy tissues where HSP90 does not exist in this
altered form (Speranza et al., 2018; Li and Luo, 2023). The unique
conformational landscape of HSP90 in tumors allows PU-H71 to engage
with its ATP-binding sites effectively (Trendowski, 2015; Tramentozzi
and Finotti, 2019). Upon binding, PU-H71 induces critical
conformational changes in the HSP90 structure, which stabilizes client
protein-HSP90 complexes. This stabilization is not merely a passive
interaction; it actively facilitates the recruitment of these complexes to the
proteasome, the cellular machinery responsible for degrading misfolded
or unneeded proteins (Caldas-Lopes et al., 2009; Li et al., 2018).
Consequently, this process leads to the degradation of oncogenic
proteins that are essential for tumor cell survival and proliferation. By
disrupting the stability of these proteins, PU-H71 effectively undermines
the tumor’s ability to maintain its malignant characteristics, thereby
presenting a targeted therapeutic strategy against cancer.

The epichaperome represents a highly interconnected network
of chaperone proteins that plays a critical role in supporting various
cellular processes associated with tumor biology, including
proliferation, survival, and invasion (Hadizadeh Esfahani et al.,
2018). Within this network, HSP90 acts as a central hub,
facilitating the proper folding and function of numerous client
proteins that are often dysregulated in cancer. When PU-H71
inhibits HSP90’s activity, it disrupts the integrity of this
epichaperome network. The destabilization caused by PU-H71
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leads to a significant reduction in the functionality of the
epichaperome, impairing its ability to support tumor cell
processes. As a result, tumor cells become more susceptible to
stressors and less capable of maintaining their survival and
proliferative advantages (Speranza et al., 2018; Jhaveri et al.,
2020). Ultimately, this disruption contributes to increased tumor
cell death, highlighting PU-H71’s potential as an effective
therapeutic agent in targeting cancer through the modulation of
chaperone networks. By interfering with the epichaperomes’
formation and function, PU-H71 not only targets individual
oncogenic proteins but also undermines the broader chaperone-
dependent mechanisms that tumors rely on for their growth and
resilience.

7 Molecular mechanisms of PU-H71

Targeting HSP90 by PU-H71 disrupts multiple signaling pathways
critical for cancer cell survival, proliferation, and metastasis. The
compound exhibits a broad spectrum of anti-cancer activities by

inducing the degradation of client proteins involved in key pathways
such as Mitogen-Activated Protein Kinase (MAPK), Phosphoinositide
3-Kinase (PI3K)/protein kinase B (Akt), and Janus kinase (JAK)/signal
transducers and activators of transcription (STAT) (Figure 3).
Additionally, PU-H71 enhances the efficacy of other therapeutic
agents and sensitizes cancer cells to treatments like radiation. This
multi-faceted approach makes PU-H71 a promising candidate for
cancer therapy, addressing the complexity and heterogeneity of
tumor biology. Table 3 outlines the various mechanisms through
which PU-H71 exerts its anti-cancer effects.

7.1 Epichaperomes

Epichaperomes are novel type of molecular structures formed by
the assembly of chaperones and co-chaperones, representing a
significant advance in our understanding of cellular stress
responses, particularly in cancer and neurodegenerative disorders
(Rodina et al., 2016). Unlike traditional chaperones, which help with
protein folding and aggregation temporarily, epichaperomes form

FIGURE 3
Molecular mechanisms of PU-H71.
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TABLE 3 Molecular mechanisms of PU-H71.

Molecular mechanism Pathways Effect of PU-H71 Reference

Epichaperomes PU-H71 binds to Hsp90 within epichaperomes, dismantling
them without affecting normal chaperone function
The disassembly of epichaperomes restores normal protein-
protein interactions, reversing pathological changes in cancer
cells

Joshi et al. (2021)

MAPK Signaling Ras/Raf/MEK/ERK PU-H71 downregulates Ras, Raf-1, MEK, and ERK, reducing cell
proliferation and survival. Disrupts Raf-1 stabilization, inducing
degradation of Raf-1 and other oncoproteins. Increases
radiosensitivity through p38α MAPK activation

Caldas-Lopes et al. (2009)

Apoptosis Inhibits Raf-1, downregulating MAPK pathway, reducing anti-
apoptotic factors, enhancing pro-apoptotic factors like Bcl-2
degradation, and leading to increased cell death

Caldas-Lopes et al. (2009)

Cell Cycle Induces G2/M phase arrest by downregulating cyclins and CDKs
essential for cell cycle progression

Liu et al. (2021a)

Tyrosine kinase 2 (Tyk2) JAK/STAT, MAPK,
PI3K/Akt

Inhibits Tyk2, disrupting cytokine and growth factor signaling,
leading to anti-proliferative and pro-apoptotic effects in cancer
cells

Caldas-Lopes et al. (2009)

Protein Kinase C (PKC) PKC Signaling Induces degradation of PKC by preventing HSP90 chaperoning,
reducing PKC-mediated signaling

Yamaki et al. (2011)

ATP Metabolism Inhibits Ras/Raf/MAPK pathway, reducing glycolytic ATP
production. Decreases PDK1 and Akt activity, reducing oxidative
ATP production

Bahar et al. (2023)

DNA double-strand breaks (DSB) DNA Repair Sensitizes cancer cells to radiation by inhibiting DSB repair
pathways, increasing persistence of γ-H2AX foci, reducing
RAD51 foci and DNA-PKcs phosphorylation

Lee et al. (2016), Nickoloff et al.
(2017)

Unfolded Protein Response (UPR) ER Stress Disrupts HSP90 function, inducing ER stress, activating UPR,
leading to apoptosis via ATF4 and CHOP.

Usmani et al. (2010)

Mitochondrial pathway of apoptosis Apoptosis Downregulates Bcl-2, upregulates Bax, permeabilizes
mitochondrial membrane, releases cytochrome c, activates
caspases

Gallerne et al. (2013), Graner et al.
(2017)

Endoplasmic reticulum (ER) HSP90 Protein Folding Could Target gp96 (HSP90B1), destabilizes client proteins,
enhancing anti-myeloma drug efficacy

Usmani et al. (2010)

B-cell lymphoma 6 (Bcl6) Transcription Inhibits HSP90, destabilizing Bcl6, disrupting its interaction with
co-repressors, leading to reduced proliferation and survival of
Bcl6-dependent lymphoma cells

Cerchietti et al. (2009)

Hepatocyte growth factor receptor (HGFR) c-Met Signaling Inhibits HSP90, leading to c-Met degradation, reducing tumor
growth

Breinig et al. (2009)

Protein kinase B (Akt) PI3K/Akt Signaling Inhibits HSP90, leading to Akt degradation, reducing
phosphorylation at Thr308 and Ser473, disrupting survival and
proliferation pathways

Giulino-Roth et al. (2017)

Insulin-like growth factor receptor 1 (IGF1R) PI3K/Akt, MAPK Inhibits IGF1R, reducing downstream signaling, promoting
apoptosis, and inhibiting cell proliferation

Ambati et al. (2014)

Cyclin Dependent Kinase 4 (CDK4) Cell Cycle Downregulates CDK4, cyclin D1, and phosphorylated Rb,
inhibiting G1 to S phase transition, causing cell cycle arrest

Knudsen and Witkiewicz (2017)

Interferon (INF) Inflammatory
Response

Reduces IFNγ release, inhibiting activation of inflammatory
pathways

Lisi et al. (2013)

Janus kinase 2/signal transducers and
activators of transcription 3 (JAK2/STAT3)

JAK/STAT Signaling Inhibits HSP90, leading to degradation of JAK2 and decreased
phosphorylation of STAT3 and STAT5, inhibiting their
transcriptional activity

Jego et al. (2019)
Niu et al. (2021)

Human Epidermal Growth Factor Receptor 2
(HER2)

Receptor Tyrosine
Kinase

Inhibits HSP90, leading to HER2 degradation, reducing
activation of downstream signaling pathways like PI3K/Akt and
MAPK, promoting apoptosis and reducing cell proliferation

Kale et al. (2020)

Epidermal Growth Factor Receptor (EGFR) Receptor Tyrosine
Kinase

Inhibits HSP90, leading to degradation of EGFR, reducing its
activation and downstream signaling pathways like PI3K/Akt
and MAPK, inhibiting cell proliferation and survival

Martinelli et al. (2017), Salama et al.
(2019), Guerra et al. (2021)

(Continued on following page)
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stable oligomeric complexes that remain in cells, fundamentally
altering cellular proteostasis (Joshi et al., 2018; Yan et al., 2020;
Ginsberg et al., 2021). These long-lived structures are critical in
modulating protein-protein interactions (PPIs) within cells,
especially under chronic stress conditions (Rodina et al., 2023;
Chakrabarty et al., 2024). The formation of epichaperomes in
diseased tissues provides new insights into disease mechanisms as
well as potential therapeutic avenues, making them a promising
intervention target.

Epichaperomes are derived from the chaperome, a network of
over 300 chaperones and associated factors that regulate protein
folding and quality control under normal conditions (Inda et al.,
2020). However, epichaperomes differ from conventional
chaperones in terms of stability and function. They serve as
scaffolding platforms, reorganizing PPIs and altering cellular
function in response to chronic stress, particularly in cancer cells
(Ginsberg et al., 2023). Their specificity for diseased cells and tissues,
as opposed to the widespread presence of traditional chaperones in
healthy cells, makes them an appealing therapeutic target. In cancer,
epichaperomes promote cell survival by supporting hyperconnected
PPI networks, allowing malignant cells to survive in hostile
microenvironments and evade therapeutic treatments (Digwal
et al., 2022). Tumors with high epichaperomes expression often
exhibit heightened vulnerability to specific inhibitors that disrupt
these pathological structures.

A key therapeutic discovery is that small molecules, such as PU-
H71, can selectively target epichaperomes and dismantle them
without interfering with normal chaperone activity (Jhaveri et al.,
2020). PU-H71 binds to Hsp90 within the epichaperome and
induces conformational changes that cause the epichaperome to
disassemble into its constituent chaperones. The disassembly of
epichaperomes restores normal interactome structures, reversing
pathological PPI changes. This therapeutic strategy has shown
particular promise in cancers like Ras-driven pancreatic cancer,
which has redundant signaling pathways that contribute to drug
resistance (Joshi et al., 2021). In these cases, epichaperomes
maintain interactome hyperconnectivity, which occurs when
cancer cells rely on highly connected networks of PPIs to survive.
Approximately 50%–60% of tumors express epichaperomes, with
those displaying the highest levels of epichaperomes expression
being characterized by extreme interactome hyperconnectivity
and increased vulnerability to therapeutic interventions (Merugu
et al., 2020). Furthermore, the breakdown of the epichaperome
causes significant changes in cellular signaling pathways involved in
survival and proliferation. For instance, decreased phosphorylation
of key signaling proteins such as phospho-SYK and phospho-STAT5
has been documented, highlighting the downstream effects of
epichaperome disruption on oncogenic signaling cascades (Roboz
et al., 2018).

This approach exploits the vulnerability in cancer cells by
pharmacologically manipulating epichaperome-mediated protein-

protein interaction (PPI) networks. By forcing the interactome to
reach maximum hyperconnectivity, cancer cells become more
sensitive to existing therapies (Joshi et al., 2021). This strategy
reactivates pre-existing protein pathways, preventing cancer cells
from utilizing alternative signaling mechanisms to evade treatment.
Unlike traditional therapies that target specific genetic mutations or
protein aberrations, this method aims to control the entire
interactome, thereby shutting down compensatory pathways that
contribute to drug resistance (Rodina et al., 2016; Carter et al., 2023).
Experiments in pancreatic cancer models, including cell lines,
patient biospecimens, and xenografts, show that
pharmacologically induced hyperconnectivity significantly
improves the efficacy of current treatments (Joshi et al., 2021).
By priming cancer cells with PU-H71 to induce a hyperconnected
state, the efficacy of previously ineffective therapies was increased.
This novel treatment paradigm represents a promising approach to
overcoming drug resistance in cancers marked by high
epichaperome expression and interactome plasticity (Joshi et al.,
2021). PU-H71, by inducing hyperconnectivity, targets entire PPI
networks rather than individual molecular nodes, resulting in a
more comprehensive and effective therapeutic strategy.

In clinical settings, PU-H71 has shown promising results,
especially in cancers with high epichaperome levels. Preclinical
and early clinical trials have shown that patients with acute
myeloid leukemia, which is characterized by elevated
epichaperome expression, respond well to PU-H71 treatment,
with some achieving long-term remission (Li and Adams, 2023;
Seipel et al., 2023). These findings highlight the potential of PU-H71
as a therapeutic agent in cancers where the epichaperome plays an
important role in disease progression.

7.2 Mitogen-activated protein kinase kinase
(MAPK) signaling

PU-H71 treatment leads to a potent reduction in the
proliferative, anti-apoptotic, and invasive potential of tumors.
Among the pathways affected, PU-H71 induces downregulation
of components of the Ras/Raf/MAPK pathway, contributing to its
anti-proliferative effects (Pastena et al., 2024). In chronic
myelogenous leukemia cells, PU-H71 was shown to identify the
aberrant signalosome, with a focus on the Raf-MAPK pathway
(Moulick et al., 2011). By inhibiting HSP90, PU-H71 destabilizes
oncoproteins associated with the MAPK pathway, leading to their
downregulation and impairment of downstream signaling (Seipel
et al., 2023). PU-H71 has also been found to increase the
radiosensitivity of breast cancer cells metastasized to visceral
organs. The radiosensitizing effect of PU-H71 in combination
with radiation therapy correlates with increased activation of
p38α MAPK (García-Flores et al., 2023). Remarkably, recent
studies have identified p38α MAPK as a potential tumor

TABLE 3 (Continued) Molecular mechanisms of PU-H71.

Molecular mechanism Pathways Effect of PU-H71 Reference

Mammalian Target of Rapamycin (mTOR) PI3K/Akt/mTOR Inhibits HSP90, leading to degradation of mTOR, disrupting
mTORC1 and mTORC2 signaling, reducing cell growth,
proliferation, and survival

Giulino-Roth et al. (2017)
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suppressor owing to its capacity to interfere with malignant cell
transformation via regulating tissue homeostasis. This effect could
be ascribed to modulating signals that balance cell proliferation and
differentiation or induce apoptosis. As previously noted, PU-H71-
mediated inhibition of HSP90 could improve the response of tumor
cells to radiotherapy through modulation of p38 MAPK signaling.

Additionally, PU-H71 was reported to target MAPK pathways
thus consequently decreasing tumor cell resistance to other anti-
cancer treatment regimens enhancing their efficacy. Furthermore,
combined administration of PU-H71 and the anti-cancer
prodigiosin, displayed remarkable synergistic effects against
malignant cells, that could be ascribed to targeting different
aberrantly regulated pathways including MAPK (Anwar
et al., 2020).

Moreover, PU-H71 was documented to disrupt the stabilization
of v-Raf-1 (Raf-1) and other oncogenic proteins, leading to their
degradation (Trendowski, 2015). It is noteworthy to highlight that,
Raf-1 is a critical component of the MAPK signaling cascade
aberrantly activated in cancer cells (Beeram et al., 2005).

Besides, PU-H71 anticancer properties could be due to the
reported downregulation of the components of the Ras/Raf/
MAPK pathway. The activation of such a pathway is initiated by
Ras (a small GTPase) phosphorylation and activation by growth
factor receptors. Subsequently, activated Ras interacts with Raf-1,
leading to activation of the latter (Terrell andMorrison, 2019; Nolan
et al., 2021; Ullah et al., 2022). Herein, the pathway activation could
be disrupted by PU-H71 treatment through hampering Ras-Raf-
1 interaction, thereby inhibiting Raf-1 activation and consequent
downstream signaling through MEK and ERK, which are essential
for cell proliferation and survival (Caldas-Lopes et al., 2009; Ambati
et al., 2014).

Intriguingly, PU-H71 was reported to induce apoptosis in
cancer cells that could be also ascribed to the observed Raf-1
inhibition. Also, MAPK pathway suppression following PU-H71
treatment resulted in a significant downregulation of anti-apoptotic
factors that triggered the degradation of pro-survival proteins like
B-cell lymphoma-2 (Bcl-2) (Gallerne et al., 2013). The restoration of
balance between pro-apoptotic and anti-apoptotic signals leads to
increased malignant cell death (Yamaki et al., 2011).

Anti-cancer effects of PU-H71 could result from its capacity to
induce G2/M phase arrest interfering with cell cycle progression.
This could be linked to the reported downregulation of cyclins and
cyclin-dependent kinases (CDKs) that are necessary for cell cycle
progression (Liu H. et al., 2021). In addition, Raf-1 inhibition with
subsequent suppression of the MAPK pathway could probably
contribute to the reported cell cycle arrest (Bahar et al., 2023).

7.3 Tyrosine kinase 2 (Tyk2)

Tyk2 belongs to the Janus kinase (JAK) family of tyrosine
kinases, which are closely implicated in cytokine and growth
factor signaling pathways playing an essential for cancer
progression (Wöss et al., 2019). Tyk2 was reported to be
aberrantly activated in different types of neoplasms (e.g., acute
myeloid leukemia, and solid tumors including breast cancer)
(Wöss et al., 2019). Aberrant activation of Tyk2 was documented
to facilitate a range of abnormal characteristics of cancer cells

including abnormal cellular growth and proliferation alongside
invasion. Fundamentally, abnormal Tyk2 activation results in the
activation of downstream signaling cascades, among these the signal
transducers and activators of transcription (STAT), MAPK, and
Phosphoinositide 3-kinase (PI3K)/Protein Kinase B (Akt) pathways
were reported to be the most important. Meanwhile, suppression
Tyk2 cascade was shown to interrupt such oncogenic signaling
cascades, which could potentially contribute to its anti-tumor
effects in preclinical cancer models (Caldas-Lopes et al., 2009;
Kucine et al., 2015).

Remarkably, HSP90 is pivotal for Tyk2 stability and function
(Akahane et al., 2016; Reynolds and Blagg, 2024), where
HSP90 suppression following PU-H71 treatment has been
reported to cause Tyk2 and inactivation of Tyk2, in various
cancer models. In an earlier investigation on triple-negative
breast cancer (TNBC) cells, PU-H71 exposure caused a
remarkable downregulation of multiple oncogenic proteins,
including components of the Ras/Raf/MAPK pathway. This could
lead to further downregulation of Tyk2 (Ravandi et al., 2003; Dimri
and Satyanarayana, 2020).

7.4 Protein kinase C (PKC)

HSP90 is important for the stability and function of many
protein kinases like PKC (Kawano et al., 2021). PU-H71 binds to
HSP90 and prevents it from chaperoning and stabilizing client
proteins like PKC (Yamaki et al., 2011). Without the support of
HSP90, PKC becomes misfolded and targeted for proteasomal
degradation. This leads to a reduction in cellular PKC levels and
inhibition of PKC-mediated signaling. The PKC family consists of
10 isozymes that regulate diverse cellular processes (Kawano et al.,
2021). By inhibiting HSP90, PU-H71 is expected to affect multiple
PKC isoforms simultaneously. However, the relative potency of PU-
H71 against each PKC isoform has not been reported.

PU-H71 has been shown to downregulate components of the
MAPK signaling pathway, which includes PKC. Specifically, PU-
H71 induces the degradation of activated Akt, a key PKC substrate
(Yamaki et al., 2011). The documented suppression of PKC
signaling has markedly contributed to reported PU-H71
antitumor effects against TNBC. In addition to the reported
effects on PKC, PU-H71 also has demonstrated suppression of
activated glial cells in experimental autoimmune
encephalomyelitis (EAE) and an animal model of multiple
sclerosis (Lisi et al., 2013). Additionally, PU-H71’s anti-
inflammatory properties could be mediated through the
inhibition of PKC and other inflammatory signaling pathways.

7.5 Adenosin triphosphate (ATP)

Interestingly, PU-H71-mediated downregulation of Ras/Raf/
MAPK pathway components was shown to (Bahar et al., 2023)
decrease the rate of glycolytic ATP generation and consequently be
implicated in regulating glycolysis and ATP production. Besides,
HSP90 was reported be principally involved in regulating the 3-
phosphoinositide-dependent protein kinase-1 (PDK1)-Akt
signaling pathway (Basso et al., 2002; Xue et al., 2014; Bao et al.,
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2021). Markedly, HSP90 inhibition by PU-H71 could trigger
PDK1 degradation, subsequently suppressing the Akt pathway
that would then lead to a profound decline in both the activity of
mitochondrial metabolism and oxidative ATP production
(Mookerjee et al., 2017).

Moreover, PU-H71 was reported to promote apoptosis as well as
degradation of oncogenic proteins that drive both uncontrolled cell
proliferation (Speranza et al., 2018) this effect could be mainly
mediated by reducing the demand for ATP by these cellular
processes, plus decreasing overall ATP utilization.

7.6 DNA double-strand breaks (DSB)

Particularly, PU-H71 has a significant capability of sensitizing
malignant cells to heavy ion radiation that could be owing to the
observed inhibition of DSB repair pathways (Lee et al., 2016) as well
as increasing the persistence of γ-H2AX foci that represent markers
of unrepaired DSBs, in irradiated tumor cells (Lee et al., 2016). This
finding suggests PU-H71-induced impairment of radiation-induced
DSB repair mechanisms. Also, the displayed sensitization of
malignant cells to radiation was attributed to the decreased
formation of RAD51 foci as well as diminished phosphorylation
of DNA-PKcs in irradiated tumor cells. Reportedly, both
RAD51 and DNA-PKcs are DNA repair proteins central to
homologous recombination and non-homologous end-joining
DSB repair pathways, respectively. Moreover, RAD51 was
reported to be upregulated in several neoplasms and it was
responsible for chemoresistance, poor cancer prognosis, as well a
higher incidence of metastasis (Nickoloff et al., 2017). Significantly,
PU-H71 was shown to improve the efficacy of radiotherapy via
suppressing radiation-induced DSB repair in irradiated tumor cells
(Lee et al., 2016) eventually leading to increased cell death.

PU-H71-induced restraining of DSB repair could potentially be
implicated in the observed sensitization of various cancer cell lines to
heavy ion radiation, including, human lung cancer cells (Lee et al.,
2016). As previously reported, PU-H71 promoted the cytotoxic
properties of heavy ion radiation as reflected by both reduced
clonogenic survival and increased cell death. Interestingly, the
reported radio-sensitizing actions of PU-H71 were explicit to
tumor cells and did not affect the survival of normal human
fibroblasts (Li et al., 2016). Such precise sensitization,
recommends PU-H71 as a novel therapeutic agent for enhancing
the efficacy of heavy ion radiotherapy.

7.7 Unfolded protein response (UPR)

PU-H71 displayed complex and multiple effects on the UPR
including several mechanisms eventually promoting malignant cell
apoptosis. Firstly, it was noted that PU-H71 could generate
Endoplasmic reticulum (ER) stress probably by suppressing
HSP90 normal function. The documented inhibition of
HSP90 function accelerates the compilation of both unfolded or
misfolded proteins in the ER, triggering the UPR (Gallerne et al.,
2013). Of note, UPR represents a cellular response to ER stress that
objectively restores protein homeostasis through upregulating
certain chaperones including Glucose-regulated protein 78

(GRP78), GRP94, and calreticulin. Outstandingly, PU-H71
triggers the UPR through the induction of the splicing of X-box
binding protein 1 (XBP1) mRNA, defined as a key marker of UPR
activation (Gallerne et al., 2013).

The main aims of UPR include restoration of protein
homeostasis or induction of apoptosis if the stress persists.
Apoptosis induction is potentially through activating the
downstream transcription factors such as transcription factor 4
(ATF4) and C/EBP homologous protein (CHOP) promoting the
expression of pro-apoptotic genes (Rah et al., 2016; Hu et al., 2019).

7.8 Mitochondrial pathway of apoptosis

One of the major actions of PU-H71 is the activation of the
mitochondrial pathway of apoptosis via upregulation of pro-
apoptotic proteins (e.g., Bcl-2-Associated X Protein (Bax))
alongside downregulation of anti-apoptotic proteins (Bcl-2)
followed by enhanced permeabilization of the mitochondrial
membrane with subsequent release of cytochrome c and caspases
activation (Gallerne et al., 2013; Graner et al., 2017).

Mechanistically, the capacity of PU-H71 to trigger apoptosis was
underlined by activating this mitochondrial pathway in multiple
cancer cell lines such as melanoma, cervix, colon, liver, and lung
cancer cells (Rastogi et al., 2024). Interestingly, previous findings
displayed that PU-H71-induced apoptosis could potentially
attenuate malignant cell resistance attributed to overexpression of
the anti-apoptotic protein Bcl-2 (Gallerne et al., 2013). Previous
findings also highlighted the remarkable contribution of the pro-
apoptotic protein Bax to PU-H71-induced apoptosis where Bax-
deficient cells were shown to resist PU-H71-elicited apoptosis
(Kubra et al., 2020). Conversely, such resistance was partially
overcome by combined administration of PU-H71 treatment with
other anticancer therapies (e.g., cisplatin or melphalan) (Gallerne
et al., 2013). In addition to apoptosis induction, PU-H71 was shown
to cause cell cycle arrest at the G2-M phase that could be mediated
through cyclin D1 downregulation (Ambati et al., 2014).

7.9 Endoplasmic reticulum (ER) HSP90

Over the past decade, gp96 or HSP90B1 also referred to as grp94,
the ER HSP90 family member, has attracted distinct attention. This
attention was due to gp96’s remarkable role in chaperoning
antigenic peptides, enabling their presentation in the antigen-
cross-presentation pathway (Marzec et al., 2012; Duan et al.,
2021). Outstandingly, immunizations utilizing pure tumor-
derived gp96-peptide complexes have displayed promising
preclinical and clinical results in the treatment of multiple
myeloma (Randazzo et al., 2012). In-vitro investigations
demonstrated that bortezomib (disturbing protein anti-myeloma
drug), rendered gp96 knockdown cells more susceptible. In addition,
gp96 knockdown cells demonstrated a remarkable sensitivity to
thalidomide alongside increased cell death induced by genotoxic
drugs like melphalan and doxorubicin. These outcomes suggest that
gp96 could potentially be involved in diminishing the efficacy of
anti-myeloma therapies, meanwhile, gp96 knockdown augmented
myeloma cells’ response to those agents (Usmani et al., 2010).
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Nevertheless, gp96 knockdown negatively affected the anti-
myeloma activity of PU-H71 suggesting that the acute cytotoxic
effect of HSP90 inhibitors is mediated through modulating both
cytosolic HSP90 in addition to gp96 in the ER. PU-H71 displayed
in vitro anti-myeloma efficacy as well. These findings highlight that
HSP90 inhibitors, including PU-H71, target both cytosolic
HSP90 and the ER-resident HSP gp96 to exert their anti-
myeloma effects.

7.10 B-cell lymphoma 6 (Bcl6)

BCL6 is identified as a master transcription factor regulating T
follicular helper cell proliferation, which is central to germinal center
development and B cell proliferation. Remarkably, mutations in
BCL6 could result in the development of B cell lymphomas that
could be owing to unchecked B cell growth, therefor such mutations
could be used as diagnostic markers for B cell lymphomas and other
cancers (Mintz and Cyster, 2020).

Interestingly, HSP90 plays a pivotal role in the stability as well as
the function of the transcription factor BCL6 (Hoter et al., 2018)
Herein, PU-H71 binding to the N-terminal ATP/ADP pocket of
HSP90 leads to a prominent inhibition of its ATPase activity plus a
profound disruption of HSP90 chaperone function with consequent
BCL6 destabilization and degradation (Sidera and Patsavoudi,
2014), reducing its activity. This effect was reflected by the
reported decline in luciferase activity of BCL6 target promoters
in cell lines following exposure to PU-H71.

The downregulation of BCL6 by PU-H71 is thought to be
mediated through multiple mechanisms including, reduced
stability and increased degradation of the BCL6 protein (Sidera
and Patsavoudi, 2014); disruption of the interaction between
BCL6 and its transcriptional co-repressors, such as Silencing
Mediator of Retinoid and Thyroid hormone receptors (SMRT),
Nuclear receptor corepressor (N-CoR), and BCL6 corepressor
(BCoR) (Briones, 2010; Kuai et al., 2018; McLachlan et al., 2022);
Interference with the autoregulatory loop that maintains high
BCL6 expression in lymphoma cells (Yang and Green, 2019); and
derepression of BCL6 target genes involved in cell cycle control,
DNA repair, metabolism, and immune regulation. This results in the
suppression of the proliferation and survival of BCL6-dependent
lymphoma cells, making PU-H71 a promising therapeutic agent for
BCL6-driven lymphomas.

7.11 Hepatocyte growth factor
receptor (HGFR)

The hepatocyte growth factor receptor (HGFR), also known as
c-Met, is a receptor tyrosine kinase that is primarily expressed on
epithelial cells. Its only known high-affinity ligand is hepatocyte
growth factor (HGF) (Fu et al., 2021). The binding of HGF to c-Met
activates the receptor, leading to tyrosine phosphorylation and
activation of downstream signaling pathways such as MAPK,
STAT, and PI3K/Akt (Zhang et al., 2018). Deregulated c-Met
signaling, due to factors like receptor overexpression, ligand
overexpression, or activating mutations, is implicated in the
development, progression, and metastasis of many human

cancers. Therefore, c-Met represents an attractive target for anti-
cancer therapies, and various agents targeting the HGF/c-Met
pathway are under development, including small molecule
inhibitors, antibodies, and decoy receptors (Matsumoto et al., 2017).

PU-H71 was found to potently increase the degradation of
c-Met as a client protein to HSP90. Treatment with PU-H71
resulted in reduced c-Met protein levels and decreased
phosphorylation/activation of c-Met in various cancer cell lines.
The inhibition of c-Met by PU-H71 was associated with reduced
tumor growth in preclinical cancer models, without causing
significant toxicity (Speranza et al., 2018). The mechanism by
which PU-H71 inhibits c-Met is through its ability to bind and
inhibit the HSP90 chaperone. By disrupting the HSP90-c-Met
interaction, PU-H71 leads to the destabilization and degradation
of the c-Met receptor, thereby suppressing its oncogenic signaling
(Giulino-Roth et al., 2017). This indirect targeting of c-Met via
HSP90 inhibition represents a promising therapeutic approach for
cancers driven by deregulated c-Met activity.

7.12 Protein kinase B (Akt)

HSP90 was found to have an important role in the PDK1-Akt
signaling pathway through binding to PDK1. Meanwhile,
proteasome-dependent degradation of PDK1 was demonstrated
following HSP90 inhibition by PU-H71 (Yamaki et al., 2011).
Akt is a client protein of HSP90 and requires HSP90 for its
stability and activation. PU-H71 binds to the N-terminal ATP/
ADP pocket of HSP90, inhibiting its ATPase activity. This leads to
the destabilization and degradation of Akt by the proteasome
(Giulino-Roth et al., 2017). Akt activation requires
phosphorylation at two regulatory sites: Thr308 in the activation
segment by PDK1 and Ser473 in the hydrophobic motif by
mTORC2 (Baffi et al., 2021). The binding of PU-H71 to
HSP90 inhibits the phosphorylation of Akt at these sites,
preventing its activation (Giulino-Roth et al., 2017). The
degradation of PDK1 by PU-H71 also reduces the
phosphorylation of Akt at Thr308.

Active, phosphorylated Akt regulates a panel of proteins that
control proliferation, growth, survival, and metabolism (Hoxhaj and
Manning, 2020). Inhibition of Akt by PU-H71 disrupts these
downstream pathways. For example, Akt phosphorylates and
inactivates the Bcl-2-associated death promoter (proapoptotic
protein Bad) (Trendowski, 2015; Seipel et al., 2023). Degradation
of Akt by PU-H71 leads to dephosphorylation of Bad, allowing it to
induce apoptosis. Additionally, Akt phosphorylates the forkhead
box O (FoxO) transcription factors, inducing their nuclear exclusion
and inhibition (Orea-Soufi et al., 2022). This effect was restrained by
PU-H71 suppressing Akt activity, leading to nuclear localization of
FoxO with subsequent upregulation of genes involved in cell cycle
arrest and apoptosis.

7.13 Insulin-like growth factor receptor
1 (IGF1R)

Insulin-like growth factor receptor 1 (IGF1R), represents a
receptor tyrosine kinase crucial for mediating the effects of
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insulin-like growth factor 1 (IGF-1) (Ambati et al., 2014). Upon
binding to IGF1R, IGF-1 activates the receptor’s intrinsic kinase
activity, leading to autophosphorylation and activation of
downstream signaling cascades essential for promoting cell
growth, proliferation, and survival, including PI3K/Akt and Ras/
Raf/MEK/ERK (Tahimic et al., 2013).

Significantly, PU-H71 was reported to specifically target
IGF1R inhibiting its phosphorylation and then consequently
suppressing downstream signaling pathways that eventually
led to decreased proliferation and apoptosis induction in
malignant cells. Earlier investigations reported that PU-H71
could effectively decrease the viability of various cancer cell
lines overexpressing IGF1R (Breinig et al., 2011; Terwisscha
Van Scheltinga et al., 2014; Trendowski, 2015). Remarkably,
suppression of IGF1R signaling following PU-H71 treatment
led to a marked inhibition of other signaling trajectories
pivotal for malignant cell survival leading to increased efficacy
of chemotherapeutic agents potentially through induction of
apoptosis (Bulatowicz and Wood, 2022).

Significantly, the PI3K/Akt pathway is a principal signaling
cascade activated by IGF1R. Following IGF1R activation, PI3K is
recruited and then activated, which in turn activates Akt. Of note,
Akt promotes cell proliferation and survival through stimulating
protein synthesis and inhibition of apoptotic pathways. PU-H71’s
inhibition of IGF1R was reported to decrease Akt activation, thereby
inducing apoptosis and inhibiting malignant cell proliferation (Gao
et al., 2019).

Similar to the PI3K/Akt pathway, the Ras/Raf/MEK/ERK
pathway was shown to be inhibited after IGF1R signaling
suppression by PU-H71 leading to reduced cell proliferation and
induction of apoptosis (Caldas-Lopes et al., 2009).

7.14 Cyclin-dependent kinase 4 (CDK4)

Cyclin Dependent Kinase 4 (CDK4) is defined as a serine/
threonine kinase that plays a pivotal role in cell cycle
progression. Initially, it complexes with cyclin D and
phosphorylates the retinoblastoma protein (Rb) inducing the
release of E2F transcription factors that in turn activate the
expression of the genes required for the G1 to S phase transition
(Pandey et al., 2019). Conversely, PU-H71 was reported to suppress
CDK4, this effect could be mediated through either promoting
degradation of HSP90 client proteins, including CDK4
(Serwetnyk and Blagg, 2021) or downregulating CDK4 (Knudsen
and Witkiewicz, 2017).

A previous in-vitro study on breast cancer cells displayed
that, PU-H71 attenuated CDK4 and induced G1 phase cell cycle
arrest. Notably, PU-H71 exposure induced a profound
suppression of the CDK4/cyclin D/Rb pathway through
reducing protein expression of CDK4 and cyclin D1 with a
subsequent decline in Rb phosphorylation (Pimienta et al.,
2011). Additionally, PU-H71 demonstrated a prominent effect
on other HSP90 client proteins central to abnormal cell
proliferation, survival, and drug resistance, including
epidermal growth factor receptor (EGFR), mammalian target
of rapamycin (mTOR) and human epidermal growth factor
receptor 2 (HER2) (Trendowski, 2015).

7.15 Interferon (INF)

The binding of PU-H71 to HSP90 will lead to the disruption of
interferon (IFN) signaling. PU-H71 treatment reduces the release of
IFNγ from activated T cells (Lisi et al., 2013). IFNγ is a key cytokine
that mediates inflammatory and anti-viral responses. PU-H71
inhibits the activation of astrocytes by lipopolysaccharide and
IFNγ, as measured by reduced nitric oxide synthase 2 (NOS2)
expression and nitrite production where Activated astrocytes
secrete inflammatory mediators like nitric oxide (Lisi et al., 2013).

The exact molecular mechanisms by which PU-H71 modulates
interferon signaling are not fully elucidated. However, it likely
involves the destabilization of key signaling proteins in the IFN
pathway, such as JAK and STATs (Koppikar et al., 2012; Mbofung
et al., 2017; Kuykendall et al., 2020). Degradation of these proteins
by the proteasome upon HSP90 inhibition would impair IFN-
induced gene transcription and the inflammatory response.

7.16 Janus kinase 2/signal transducers and
activators of transcription 3 (JAK2/STAT3)

PU-H71 has shown promising antineoplastic effects in
preclinical models of malignancies driven by aberrant JAK/
STAT signaling (Kucine et al., 2015). PU-H71 can directly bind
to oncogenic JAK2 mutants, such as JAK2V617F, which are
common driver mutations in myeloproliferative neoplasms
(MPNs) (Jego et al., 2019). This binding leads to the
proteasomal degradation of mutant JAK2, abrogating its
constitutive activation.

By binding to HSP90, PU-H71 disrupts the chaperone complex
that maintains JAK2 in an active conformation. This results in a
dose-dependent inhibition of JAK2 kinase activity and reduced
phosphorylation of its downstream substrates (Rampal et al., 2014).

JAK2-mediated STAT3/STAT5 phosphorylation is a rate-
limiting step in the activation of such oncogenic signaling
cascade (Halim et al., 2020). Yet, STAT3/STAT5 phosphorylation
was mitigated following PU-H71 exposure, which consequently
prevented their dimerization, nuclear translocation, and
transcriptional activity (Niu et al., 2021).

7.17 Human epidermal growth factor
receptor 2 (HER2)

HER2 is a receptor tyrosine kinase that plays a crucial role in
regulating the rate of cellular proliferation as well as cell survival.
HER2 upregulation was reported to induce a remarkable increase in
the rate of cell proliferation alongside apoptosis inhibition,
contributing to the pathogenesis as well as the development of an
array of malignancies, chiefly breast cancer (Hsu and Hung, 2016).
Of note, approximately 20%–30% of diagnosed breast cancer cases
demonstrated HER2 overexpression. Herein, HER2-positive tumors
significantly demonstrated more aggressive behavior and poor
prognosis compared to HER2-negative tumors (Cheng, 2024).
Moreover, HER2 overexpression was documented in other
malignancies (e.g., gastroesophageal adenocarcinomas, ovarian
cancers, and endometrial cancers) (Iqbal and Iqbal, 2014).
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HER2 activation involves its dimerization with other members
of the ErbB family of receptors followed by provocation of
downstream signaling axes, particularly, the PI3K/Akt and
MAPK pathways (Elster et al., 2015) promoting cell proliferation,
survival, and metastasis, highlighting HER2 as a significant
druggable molecular target in our fight against cancer.

Conspicuously, HSP90 inhibition following PU-H71 treatment
was shown to disrupt the chaperone’s interaction with
HER2 stimulating its degradation and then reducing its levels in
cancer cells (Li and Luo, 2023). Furthermore, PU-H71-mediated
downregulation of HER2 expression was stated. Additionally, PU-
H71 exposure displayed a significant impact on key oncogenic
cascades indispensable for cancer cell survival and proliferation
namely, ERK1/2 and Akt (Kale et al., 2020). The observed
inhibition of these signaling cascades consequent to PU-H71
treatment could potentially induce significant cytotoxic effects in
different molecular types of breast cancer, among which triple-
negative breast cancer (TNBC) is the most important owing to the
reported resistance to conventional therapies. This multimodal
approach suggested that PU-H71 could be a promising candidate
for the treatment of HER2-positive and other aggressive
cancer types.

7.18 Epidermal growth factor
receptor (EGFR)

EGFR is a key receptor tyrosine kinase, that belongs to the ErbB
family that plays a pivotal role in regulating cellular proliferation as
well as survival. EGFR is mostly overexpressed in a range of
neoplasms (e.g., lung, brain and neck cancers) (Roskoski, 2014).
Therefore, EGFR represents a potential druggable target for the
development of novel targeted cancer therapies.

EGFR activation results in subsequent activation of other
downstream cascades including PI3K/Akt pathway, Ras/Raf/
MEK/ERK pathway, and Phospholipase C γ1 (PLCγ1)/PKC
pathway (Martinelli et al., 2017; Salama et al., 2019; Guerra et al.,
2021). Therefore, HSP90 inhibition by PU-H71 resulted in EGFR
destabilization as well as degradation suppressing the activation of
downstream cascades. This was shown to increase the sensitivity of
cancer cells to conventional anti-cancer agents, especially, malignant
cells harboring mutant forms of EGFR, which are often dependent
on HSP90 for their stability (Lee et al., 2016).

7.19Mammalian target of rapamycin (mTOR)

As previously stated, mTOR represents a key serine/threonine
protein kinase central to regulating cell metabolism, growth, and
survival in response to various environmental cues such as growth
factors, nutrients, energy levels, and stress signals (Wu and Storey,
2021). In addition, The mTOR pathway was defined as a chief
oncogenic pathway that contributed significantly to the
pathogenesis of an array of malignancies as it was aberrantly
hyperactivated by mutational activation of its upstream regulators
(Popova and Jücker, 2021).

Notably, mTOR forms two distinct complexes, mTOR complex
1 (mTORC1) and mTOR complex 2 (mTORC2) both are key

regulators of principal cellular processes. Significantly,
mTORC1 is the primary regulator of protein synthesis,
lipogenesis, and autophagy, while mTORC2 plays a remarkable
role in regulating cell survival and cytoskeleton organization
(Szwed et al., 2021). In cancer cells, constitutive activation of the
mTOR pathway promotes several hallmarks of cancer, including
increased protein synthesis, lipid metabolism, and inhibition of
autophagy, which are vital for rapid cell growth and
proliferation. Dysregulation of mTOR signaling has been
implicated in various types of cancer, including lung, breast,
liver, renal, pancreatic, and prostate cancers. PU-H71 was found
to disrupt the mTOR pathway, leading to decreased protein
synthesis and enhanced apoptosis in cancer cells (Giulino-Roth
et al., 2017). This mechanism contributes to the therapeutic
efficacy of PU-H71 in targeting mTOR-driven cancers.

PU-H71 exerts its effects through a range of molecular
mechanisms targeting various pathways. It downregulates Ras,
Raf-1, and ERK in MAPK signaling, reducing cell proliferation,
enhancing radiosensitivity, and inducing G2/M phase arrest by
disrupting cyclins and CDKs. PU-H71 inhibits Tyk2, impacting
JAK/STAT, MAPK, and PI3K/Akt pathways to induce anti-
proliferative and pro-apoptotic effects. It also induces PKC
degradation by preventing HSP90 chaperoning. By inhibiting
ATP production, PU-H71 disrupts glycolytic and oxidative
metabolism. It activates mitochondrial apoptosis pathways,
downregulating Bcl-2 and upregulating Bax, and targets ER
HSP90 to destabilize client proteins. The drug affects HGFR by
disrupting its stability and function, thereby reducing tumor growth.
PU-H71 also inhibits Akt and IGF1R, affecting survival pathways
and promoting apoptosis. It reduces inflammatory responses by
decreasing IFNγ release and inhibits JAK2/STAT3 signaling. Finally,
it targets HER2 and EGFR, reducing their activation and
downstream signaling, thus inhibiting cell proliferation and
promoting apoptosis.

8 Impact of PU-H71 on cancer

8.1 Impact on triple-negative breast cancer

Triple-negative breast cancer (TNBC) accounts for about 12% of
all breast tumors and is more prevalent in premenopausal women of
African and African-American heritage (Howard and Olopade,
2021). TNBCs are defined by their low degree of differentiation,
and a significant majority of them are classified within the primary
subtype of breast cancers based on gene manifestation analysis
(Cserni et al., 2021; Fusco et al., 2022). In breast cancer, there is
the existence of the molecular chaperone protein identified as
HSP90. HSP90 plays a critical role in maintaining a substantial
reservoir of active and properly folded oncoproteins. It has a distinct
affinity for its activated form, serving as a safeguarding “biochemical
buffer” that shields cancer-promoting oncogenes (Kunachowicz
et al., 2024). TNBCs are distinguished by the absence of estrogen,
progesterone, and HER2 receptor expression. Because there are no
specific targets and targeted therapies available, as well as the diverse
molecular makeup of TNBCs, the current treatment guidelines
primarily rely on conventional chemotherapy. While this
approach proves effective for certain patients, it leads to early
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relapse in a substantial portion of instances and does not offer a cure
for individuals with metastatic TNBC (Medina et al., 2020; Vagia
et al., 2020). The HSP90 inhibitor PU-H71 has demonstrated
remarkable efficacy against these tumors. This agent has been
shown to produce forcible and enduring anti-tumor impacts in
TNBC xenografts, counting instances of full reaction and tumor
reversion, free from inducing harm to the host (Anwar et al., 2020).
Importantly, TNBC tumors have displayed continued
responsiveness to PU-H71 retreatment for multiple cycles,
extending over more than 5 months, with no signs of resistance
or toxicity. Both in laboratory experiments (in vitro) and in living
organisms (in vivo). PU-H71 has proven highly effective in
consistently reducing and deactivating these proteins. It has been
identified several mechanisms contributing to its anti-proliferative
effects, including the suppression of factors in the Ras/Raf/MAPK
pathway and the triggering of apoptosis by breaking down activated
Akt and Bcl-xL. Additionally, PU-H71 inhibits various signaling
pathways such as NF-κB, Akt, ERK2, Tyk2, and PKC, which
collectively decrease the influential domination of TNBC (Caldas-
Lopes et al., 2009; Ozgur and Tutar, 2014; He and Hu, 2018;
Scott, 2018).

PU-H71’s cytotoxicity was evaluated in TNBC cell lines MDA-
MB-468, MDA-MB-231, and HCC-1806 employing a test that
measures ATP degrees (Caldas-Lopes et al., 2009). It had been
noted that PU-H71 effectively prevented the expansion of these cells
at concentrations known to bind to HSP90, indicating a correlation
between its anti-tumor activity and its interaction with HSP90
(Chiosis et al., 2008). In an experiment conducted over a 48-h
incubation period using an intensification of PU-H71 that was 5- to
10-fold more than its IC50 for expansion prevention (1 M), PU-H71
exhibited notable cytotoxicity (Anwar et al., 2020). Using PU-H71 as
a data collection method offers preclinical evidence that achieving a
comprehensive response is possible across molecularly diverse
TNBC tumors using a single agent, an HSP90 inhibitor. The data
collected with PU-H71 suggests that the variability in the
effectiveness of other HSP90 inhibitors in TNBC tumors is not
primarily due to a decrease in the number of HSP90-present tumors.
Instead, it suggests that differences in their effectiveness may be
attributed to factors unrelated to the target (HSP90), which remain
undisturbed. In contrast to approaches that exclusively target
specific proteins or signaling pathways within TNBC cells, PU-
H71’s exceptional efficacy can be linked to its capacity to suppress
HSP90, whether in laboratory settings (in vitro) or within living
organisms (in vivo). HSP90 is a protein that forms complexes with
numerous proteins pivotal for the cancerous characteristics of
TNBC. PU-H71 induces concurrent instability and decrease of
several crucial TNBC oncoproteins, a lot of which contribute to
processes such as cell proliferation, anti-apoptotic capabilities, and
metastasis.

8.2 Impact as cancer cell sensitizer for
carbon-ion beam therapy

Carbon-ion radiotherapy (CIRT) has shown its efficacy in
treating a range of tumor types, including lung cancer, prostate
cancer, and bone/soft tissue cancer (Kamada et al., 2015). However,
there is ongoing potential for further progress in the field of CIRT,

especially in terms of effectively managing radioresistant tumors
while minimizing adverse effects on healthy tissues. Radiosensitizers
play a crucial role in enhancing radiotherapy by making tumor cells
more responsive to radiation, enabling the achievement of similar
therapeutic effects with lower radiation doses (Xie et al., 2019).
While there is a wealth of research on radiosensitizers for X-ray-
based therapies, there has been relatively limited investigation into
radiosensitizers specifically designed for use with carbon-ion beams
(Yanagi et al., 2009).

The prospect of targeting HSP90 for cancer treatment holds
significant potential owing to its elevated expression in cancer cells
in contrast to normal cells, and cancer cells exhibit a greater
dependence on HSP90 for their survival (Jhaveri et al., 2012).
Numerous inhibitors of HSP90 have been formulated and have
demonstrated promising treatment efficacy; however, their
therapeutic potential has been constrained due to associated
toxicity. In several preclinical investigations, PU-H71 has
demonstrated therapeutic efficacy in various preclinical models
and is presently undergoing clinical trials. While CIRT has been
effective in controlling tumors, there remains an opportunity for
enhancement, particularly in terms of achieving tumor-specific
radiosensitization (Li et al., 2016; Sokol and Durante, 2023).

There are currently two phase I clinical trials in progress,
involving patients with solid tumors or lymphoma, So there is
growing interest in PU-H71 as a promising novel drug (Li et al.,
2016). PU-H71, regarded as one of the strong potential
HSP90 inhibitors, is a resultant of PU-3 that has been created to
possess both dispersibility and targeted binding affinity to the ATP-
binding sites of HSP90 (Li et al., 2016). HSP90 operates through a
sophisticated cycle regulation by ATP combination and dissociation.
PU-H71 inhibits the function of HSP90 by preventing ATP from
binding to it (Jhaveri et al., 2012). Inhibiting HSP90 represents an
appealing approach to combined therapy, as there have been
numerous reports indicating that HSP90 inhibitors can induce
significant and lethal damage to tumor cells when used in
binding with X-ray radiation therapy (Segawa et al., 2014). There
have been only a limited number of studies examining the enhancing
sensitivity of HSP90 inhibitors on high-LET C-ions, and the results
of these studies remain a topic of debate and discussion (Musha
et al., 2012). While PU-H71 when examined in isolation, there were
no signs of toxicity to LM8 cells, it was demonstrated that after 24 h
of incubation, PU-H71 significantly heightened the sensitivity of
LM8 cells to both X-ray and C-ion exposure (Li et al., 2016). Due to
the potent cell-killing capabilities of C-ions, making tumors more
responsive to high-LET radiation, including C-ion therapy, through
combination with other treatments, such as anti-cancer
medications, can be particularly challenging (Li et al., 2016).
Achieving successful combination therapy can indeed be
complex. The potency of the standard treatment in a
combination therapy approach should ideally surpass the
effectiveness of each therapy component. Additionally, the side
effects of the combined treatment must be less severe than the
cumulative side effects regarding every specific therapy
(Schirrmacher, 2019). Consequently, optimized doses for
combinatorial treatment often should be administered at lower
levels than the individual treatment doses to strike a balance
between maximizing therapeutic benefit and minimizing adverse
effects (Reece et al., 2007). PU-H71 has demonstrated the ability to
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sensitize LM8 cells at a dosage that doesn’t disrupt cellular
homeostasis. This suggests that PU-H71 holds noteworthy
radiosensitizing qualities for CIRT (Li et al., 2015).

The potentially lethal impact of radiation on cells is primarily
attributed to the induction of DNA double-strand breaks (DSBs)
(Mladenov et al., 2013), HSP90 client proteins are prevalent in
numerous DSB-associated proteins. Consequently, the focus was on
exploring protein expression in the context of DSB repair and paying
special attention to RAD51 and Ku70 levels (Pennisi et al., 2015;
Khurana et al., 2016). These proteins play crucial roles in the
primary cellular repair pathways, namely, homologous recombination
andnon-homologous end joining. Treatmentwith PU-H71 alone caused
a reduction in RAD51 expression in LM8 cells (Ren et al., 2014). This
suggests that PU-H71’s ability to enhance the sensitivity of C-ion therapy
may also involve the non-homologous end-joining DSB repair pathway.
Nevertheless, further investigation is necessary to fully elucidate the exact
mechanism responsible for PU-H71’s radiosensitizing effect.

8.3 Impact on myeloma

In preclinical research, several HSP90 inhibitors have
demonstrated effectiveness against myeloma, and at least three of
these drugs have proceeded to Phase I/II clinical trials for the
treatment of relapsed/refractory myeloma (Cavenagh et al., 2017).
Preclinical studies utilizing PU-H71 in the treatment of diffuse large
B-cell lymphoma and triple-negative breast cancer have indicated
significant efficacy while causing minimal hematological or non-
hematopoietic toxicity (Usmani et al., 2010). It is worth noting that
the effectiveness of PU-H71 in treating multiple myeloma has not
been thoroughly studied. However, in both IL-6 independent cell
lines and IL-6 reliant cell line INA-6, PU-H71 has demonstrated
comparable anti-myeloma efficacy (Usmani et al., 2010). Moreover,
PU-H71 has exhibited in vitro synergy with other commonly used
anti-myeloma medications. Additionally, PU-H71 has been shown
to activate the UPR and induce apoptosis through the caspase-
dependent pathway (Usmani et al., 2010). Over the past decade,
there has been considerable research into the ER HSP90 family
member known as gp96, or HSP90B1, also referred to as grp94. This
research has been driven by gp96’s role in chaperoning antigenic
peptides, enabling their presentation in the antigen-cross-
presentation pathway (Marzec et al., 2012; Duan et al., 2021).
Immunizations utilizing pure tumor-derived gp96-peptide
complexes have demonstrated promising preclinical and clinical
outcomes in the treatment of multiple myeloma (Qian et al., 2009).
To assess the in vitro effectiveness of anti-myeloma drugs when
gp96 was absent, researchers established a stable gp96 knockdown
human myeloma cell line. The results aligned with expectations:
bortezomib, known for disturbing protein balance, rendered
gp96 knockdown cells more susceptible (Hua et al., 2013).
Additionally, gp96 knockdown cells displayed heightened
vulnerability to thalidomide, whose mechanism of action remains
unidentified, as well as increased cell death induced by genotoxic
drugs like melphalan and doxorubicin (Bagratuni et al., 2010; Hua
et al., 2013). These findings imply that gp96 may play a role in
reducing the efficacy of these anti-myeloma medications, and its
absence amplified the sensitivity of myeloma cells to these agents
(Usmani et al., 2010). However, the absence of gp96 had a significant

negative impact on the anti-myeloma activity of PU-H71. This
information indicates that HSP90 inhibitors affect not only
cytosolic HSP90 but also gp96 in the ER, contributing to their
acute cytotoxic effects (Hua et al., 2013). The novel purine-based
HSP90 inhibitor, PU-H71, displayed in vitro anti-myeloma efficacy
as well. These findings highlight that HSP90 inhibitors, including
PU-H71, target both cytosolic HSP90 and the ER-resident HSP
gp96 to exert their anti-myeloma effects. It is imperative to initiate a
phase I clinical trial to assess the therapeutic efficacy of PU-H71 in
individuals with refractory myeloma.

8.4 Effect on B-Cell lymphomas

The function of HSP90 and the impact of HSP90 inhibitors in
the most popular kind of lymphoid malignancies, such as diffuse
large B-cell lymphomas (DLBCL) that come from germinal center
B-cells, remain largely unexplored and not well understood (Klein
and Dalla-Favera, 2008). Bcl6, which is the most common oncogenic
protein in DLBCL, has been identified as a client protein of
HSP90 based on observations of how DLBCL cells respond to
HSP90 inhibitors (Cerchietti et al., 2009; Calvo-Vidal et al.,
2021). The interaction between HSP90 and Bcl6 influences the
biology of normal germinal center B-cells as well as the
pathophysiology of DLBCL to varying degrees (Ci et al., 2008).
The functional and physical connection between HSP90 and
Bcl6 may, in part, illustrate that treatment by directly controlling
both Bcl6 mRNA and protein (Cerchietti et al., 2010). It is suggested
that both mechanisms contribute to maintaining stable Bcl6 levels,
although it is challenging to determine the precise extent to which
HSP90 influences Bcl6 mRNA stability versus Bcl6 protein stability.

To establish germinal centers, where B-cells undergo affinity
maturation, normal B-cells must undergo an upregulation process.
HSP90may play a role in supporting B-cell development by assisting
in the accumulation of Bcl6 within germinal center B-cells, especially
considering its localization in the nuclei of healthy Centro blasts
(Hatzi and Melnick, 2014). These findings suggest that BCL6, which
is part of a larger gene family subject to post-transcriptional
regulation, could indeed function as a gene responsive to stress
conditions (Cerchietti et al., 2009; Fernando et al., 2019; Liu et al.,
2022). The fact that Bcl6 is a key target of HSP90 inhibitors in
DLBCL aligns with the idea that it is essential for the survival of a
subgroup of DLBCLs. This concept gains support from studies
involving PU-H71, which showed that a version of Bcl6 resistant
to degradation was enough to protect DLBCL cells (Culjkovic-
Kraljacic et al., 2016). Studies like these emphasize the
importance of discovering drugs that can enhance the
effectiveness of conventional anti-lymphoma therapies while
reducing their toxicity. It is noteworthy that HSP90 inhibitors
have the propensity to accumulate preferentially within
lymphomas for an extended period compared to normal tissues.
In this regard, PU-H71 stands out as an exceptionally effective and
fine-tolerated anti-lymphoma drug in vivo. Furthermore, finding
that PU-H71 can play a role in the depression of Bcl6 target genes,
that cause DNA damage checkpoints, raises the possibility that such
medications could increase the cytotoxic activity of chemotherapy
drugs. This effect was observed in various lymphoid cell lines,
including DLBCLs (Zhao and Houry, 2005; Shinozaki et al., 2006).
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8.5 Impact on human
hepatocellular carcinoma

There has been a suggestion that HSP90might be involved in the
progression of hepatocellular carcinoma (HCC), potentially
contributing to the hepatocarcinogenesis process (Mohammed
et al., 2023a). Several factors that promote hepatocarcinogenesis,
such as hepatocyte growth factor receptor, protein kinase B, IGF1R,
cyclin-dependent kinase 4, and v-raf-1 murine leukemia viral
oncogene homolog 1 exhibit abnormal expression and increased
activity when influenced by HSP90. In general, HSP90 regulates the
stability and activity of proteins represented as “client proteins,”
(Saber et al., 2020; El-Kashef et al., 2022; Hasan Khudhair et al.,
2022; Shaaban et al., 2022; Mohammed et al., 2023a; Mohammed
et al., 2023b) and this is how it impacts protein homeostasis. Its
activity is driven by adenosine triphosphate and involves dynamic
interactions with co-chaperones (Workman et al., 2007; Pearl et al.,
2008). The development of HCC is believed to be influenced by the
upregulation of HSP90 in conjunction with increased CDK4 activity
(Pascale et al., 2005). HCC typically leads to liver damage (Abdel-
Ghany et al., 2015; Saber et al., 2018; Abdelhamid et al., 2022).
Considering that geldanamycin analogs, which are
HSP90 inhibitors, often cause dose-limiting hepatotoxicity, using
HSP90 inhibition with these drugs may not be a suitable treatment
option for this type of cancer (Pearl et al., 2008). Novel
HSP90 inhibitors that do not contain the benzoquinone
component found in geldanamycin, which is believed to
contribute to hepatotoxicity, may offer potential prospects for
HSP90 inhibition in the therapy of HCC in the future (Pearl
et al., 2008). HCC is a major global health concern, with over
500,000 new cases diagnosed annually. It ranks as the sixth most
common cancer worldwide (Abd El-Fattah et al., 2022; Nasr et al.,
2023; Saber et al., 2023). Its incidence is on the rise globally (Nasr
et al., 2023), and notably, it is the fastest-growing reason for cancer-
related deaths among men in the United States (Bruix et al., 2004;
El–Serag and Rudolph, 2007). Hepatitis B virus (HBV) and hepatitis
C virus (HCV) infections are the primary factors contributing to the
development of HCC. However, almost any condition that results in
cirrhosis, with alcoholism being a prominent example, can
potentially lead to the development of hepatocarcinogenesis
(Farazi and DePinho, 2006; Abdelhamid et al., 2021).

The prognosis for HCC remains unfavorable because it is often
diagnosed at an advanced stage, and tumor recurrence is relatively
common (Bruix et al., 2004). Worrisome increases in HCV infection
rates are raising concerns about the possibility of an impending
HCC pandemic. This underscores the critical and immediate need
for effective treatments to address this growing public health issue
(El–Serag and Rudolph, 2007). Inhibiting HSP90 simultaneously
reduced various factors that promote hepatocarcinogenesis,
suppressed the growth of HCC tumors, and induced apoptosis
(Nouri-Vaskeh et al., 2020). The use of non-quinone compounds
as HSP90 inhibitors appears to be a promising treatment strategy for
HCC. In animal studies, the non-quinone HSP90 inhibitor, PU-
H71, specifically accumulated in tumors, effectively inhibited the
growth of HCC tumors, and was well-tolerated, suggesting a low risk
of severe liver toxicity (Breinig et al., 2009). In in vivo experiments,
the non-quinone HSP90 inhibitor PU-H71 demonstrated no
adverse effects on liver function, and no toxicity was observed

(Speranza et al., 2018). This finding underscores the growing
evidence that non-quinone HSP90 inhibitors are well-tolerated in
living organisms (Rodina et al., 2007; Chandarlapaty et al., 2008;
Eccles et al., 2008). The quick removal of PU-H71 from the liver,
combined with its effective retention in tumors, improves the
advantageous therapeutic characteristics of non-quinone
HSP90 inhibitors for treating HCC. Additionally, the fact that
PU-H71 treatment did not substantially affect ERK, AKT, or
CDK4 in mouse livers further supports this conclusion (Breinig
et al., 2009). These findings build upon prior research involving a
different non-quinone HSP90 inhibitor, emphasizing the potential
advantages of such inhibitors for HCC therapy (Chandarlapaty
et al., 2008).

8.6 Impact on glial cells

Geldanamycin (GA) and radicicol are natural compounds
known for their ability to inhibit the N-terminal ATPase activity
of HSP90. HSP90 primarily acts as a chaperone to oversee a set of
proteins known as “client proteins” during the final stages of their
maturation and folding, especially as they near their native,
functional configuration. HSP90 is heavily involved in various
signal transduction processes (Barginear et al., 2008). When
compounds like radicicol inhibit the ATPase activity of HSP90,
client proteins detach from the chaperone (Roe et al., 1999). Among
these client proteins, transcription factors like HSF-1 can become
activated, while others may either lose their function or be marked
for degradation by the proteasome. The removal of HSF-1 from
HSP90 facilitates its movement into the nucleus, where it initiates
the heat shock response (HSR). The use of HSP90 inhibitor drugs to
stimulate the HSR pharmacologically can efficiently inhibit the pro-
inflammatory activation of glial cells and enhance clinical outcomes
in conditions such as experimental autoimmune encephalomyelitis
(EAE) (Lisi et al., 2013; Seasons et al., 2024). The anti-inflammatory
impacts of the HSR appear to be conveyed through a decrease in the
activation of the NF-κB transcription factor (Schroeder et al., 2024).
Ansamycins, including GA, are indeed potent HSP90 inhibitors.
Nevertheless, their practical use in clinical settings is restricted due
to notable toxicity concerns and stability challenges (Chiosis et al.,
2004). PU-H71 is recognized as a potent HSP90 inhibitor, and
datasets related to PU-H71 display a strong correlation in terms of
HSP90 inhibition. This suggests that these drugs share a similar
molecular method of action. The HSP90 inhibitor PU-H71 has
demonstrated beneficial effects in the context of neuroinflammatory
diseases (Kim et al., 2009).

PU-H71 was found to inhibit the activation of astrocytes when
stimulated by the bacterial endotoxin lipopolysaccharide (LPS).
However, it did not have an inhibitory effect on the activation of
inflammatory cytokines. Similarly, PU-H71, like 17-AAG (another
HSP90 inhibitor), had relatively mild anti-inflammatory influences
on microglial initiation. Conversely to ansamycins (like GA), PU-
H71 had a restricted impact on the progress of EAE disease. Its
effects included a reduction in peripheral T-cell triggering and IFN
release (Lisi et al., 2013). These data suggest that PU-H71 shares
some anti-inflammatory roles with ansamycins. However, they also
indicate significant disparities in their action mechanisms between
ansamycins and PU-H71 regarding the initiation of glial cells, which
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may explain the lower performance of PU-H71 in EAE. Both 17-
AAG and PU-H71 target blocking the ATPase activity of HSP-90 by
binding to its N-terminal ATP/ADP pocket. Notably, the chemical
structure of PU-H71 is entirely dissimilar from that of 17-AAG. PU-
H71 has a simple formulation and lacks the benzoquinone moiety
found in 17-AAG (Trendowski, 2015).

The primary difference between PU-H71 and 17-AAG lies in the
absence of a benzoquinone group, potentially leading to distinct
pharmacological effects. Interestingly, the presence or absence of
DT-diaphorase appears to play a significant role in determining the
varied response to HSP90 inhibition between the two compounds,
possibly serving as a resistance mechanism (Kelland et al., 1999).
Additionally, the silencing of the NAD (P) H dehydrogenase
quinone 1 (NQO1) gene due to hypermethylation limits the
effectiveness of 17-AAG in Hep3B cells, but this limitation does
not apply to PU-H71 (Tada et al., 2005; Broekgaarden et al., 2015).
Consequently, the anti-tumor response to novel HSP90 inhibitors is
greatly enhanced by the NQO1 status (Hadley and Hendricks,
2014). The restricted in vivo effectiveness of PU-H71 may be
attributed to differences in its selectivity for particular cells and
its ability to penetrate the blood-brain barrier (BBB). It is important
to highlight that, under normal circumstances, PU-H71 has a very
restricted capacity to penetrate the CNS (Lisi et al., 2013). The
comparatively modest inhibitory impact of the drug noticed in vitro,
coupled with the activation of glial cells using a combination of
cytokines, may aid in understanding the drug’s restricted effects in
MOG-induced EAE following treatment. Cytokines such as TNF,
IFN, and IL-1, which are closely linked to neuroinflammatory
processes, may play a substantial role in this particular context
(Sosa and Forsthuber, 2011). Therefore, the use of a combination of
these cytokines represents a more pertinent physiopathological
stimulus compared to bacterial endotoxin when trying to
replicate the conditions that glial cells encounter in
neurodegenerative disorders such as multiple sclerosis (MS)
within a living organism. In live animal experiments, drugs that
exhibit substantial anti-inflammatory effects in laboratory settings
and reduce the activity of NOS2 triggered by inflammatory stimuli
like TII have been shown to alleviate the clinical symptoms of EAE,
which serves as a model for MS (Lubina-Dąbrowska et al., 2017).
LPS functions by binding to the Toll-like receptor 4 (TLR4) receptor,
while cytokines interact with and activate various receptors through
separate intracellular signaling pathways (Ciesielska et al., 2021;
Youssef et al., 2021a; Youssef et al., 2021b; Afroz et al., 2022). The
anti-inflammatory action of PU-H71 in glial cells appears to involve
the inhibition of NF-κB activation, as suggested by in vitro studies
using stably transfected C6 glioma cells. This mechanism may
explain the observed effects in reducing nitrite levels in response
to both LPS (LI) and a combination of cytokines (TII). PU-H71,
when used at concentrations of 30 nM for LI-stimulated C6 cells and
50 nM for TII-stimulated C6 cells, was found to decrease NFκB
promoter activity while simultaneously reducing the production of
nitric oxide (NO) (Lisi et al., 2013).

8.7 Impact on myeloproliferative neoplasms

Myeloproliferative neoplasms (MPNs) are set of clonal
hematological malignancies that encompass conditions such as

polycythemia vera (PV), chronic myeloid leukemia (CML),
primary myelofibrosis (PMF) and essential thrombocythemia
(ET). These disorders involve the overproduction of certain
blood cells in the bone marrow (Luque Paz et al., 2023; Dunn
et al., 2024; Guo et al., 2024). Although it has been over three decades
since the clonal origin of these conditions stemming from stem cells
was established, the genetic basis of BCR-ABL-negative MPNs
stayed enigmatic until multiple studies revealed a somatic
activating mutation in the JAK2 kinase (JAK2V617F). This
mutation is present in the overwhelming majority of PV patients
and is observed in nearly 50% of patients with ET and PMF (James
et al., 2005; Zhao et al., 2005). Follow-up investigations have
uncovered somatic mutations in JAK2 exon 12 in instances of
PV where the JAK2V617F mutation is absent. Furthermore,
mutations in the thrombopoietin receptor, specifically
MPLW515 L/K/A and MPLS505N, have been detected in a
subset of patients with ET and PMF who do not possess the
JAK2V617F mutation (Mario, 2007; Pietra et al., 2008). In vitro,
the presence of JAK2/MPL mutations allows hematopoietic cells to
proliferate even without the need for cytokines. This leads to
increased activation of signaling pathways downstream of JAK2,
including the STAT3/5, MAP kinase, and PI3K signaling pathways
(Anand et al., 2011; Staerk and Constantinescu, 2012; Rao et al.,
2019). Additionally, it is important to highlight that JAK2 or MPL
mutations lead to a remarkably consistent pattern of
myeloproliferation in vivo. This consistency is particularly
notable in the context of conditions such as polycythemia (linked
with JAK2V617F or JAK2 exon 12 mutations) and thrombocytosis/
myelofibrosis (associated with JAK2V617F and MPLW515L
mutations) (Wernig et al., 2006), This implies that the persistent
activation of the JAK-STAT signaling pathway plays a crucial role in
the progression of PV, ET, and PMF. PU-H71 demonstrates
enhanced pharmacokinetic and pharmacodynamic characteristics,
including its robust and sustained absorption by tumors. As a result,
it leads to more efficient and enduring degradation of HSP90 client
proteins (Jhaveri et al., 2020). Increasing PU-H71’s in vivo
effectiveness doesn’t appear to raise toxicity concerns. Extended
treatment at effective doses has not shown significant hematopoietic
or non-hematopoietic toxicities (Usmani et al., 2010; Levine
et al., 2012).

Scientists used PU-H71 to assess HSP90 inhibition in JAK2-
dependent cancers. PU-H71 demonstrated substantial anti-cancer
effects in MPN cell lines, mouse models of MPN, and samples from
MPN patients. PU-H71 treatment repressed cell proliferation in cells
with JAK2/MPL mutations at doses related to JAK2 reduction and
the suppression of downstream signaling pathways (Campbell and
Green, 2006). Furthermore, giving PU-H71 to mice with
JAK2V617F or MPLW515L mutations normalized blood
parameters, reduced extramedullary hematopoiesis in both
models, and decreased morbidity and mortality in the
MPLW515L model, compared to mice receiving a control vehicle.
Importantly, this therapeutic effect was achieved without causing
hematopoietic or non-hematopoietic toxicities (Marubayashi et al.,
2010). Additionally, PU-H71 treatment has been shown to inhibit
abnormal erythrocytosis and megakaryopoiesis in the JAK2V617F
and MPLW515L rodent models, while it does not impact normal
erythrocytosis and megakaryopoiesis (Koppikar et al., 2010). These
findings suggest that HSP90 inhibitor therapy with PU-H71 has a
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unique impact on the proliferation and signaling of the malignant
clone. The specific effect of PU-H71 on JAK2/MPL mutant cells in
vivo does not seem to be solely due to the mutant or activated JAK2’s
increased reliance on the HSP90 chaperone complex (Marubayashi
et al., 2010; Mullally, 2017).

Unlike previous experiments with a JAK2 inhibitor, PU-H71
treatment reduces the burden of mutant alleles in the MPLW515L
murine MPN model. This strongly supports the idea of conducting
clinical trials with PU-H71 for treating JAK2V617F/MPLW515L
mutant MPN. In preclinical studies of PU-H71 and other
HSP90 inhibitors, flow cytometric assays measuring JAK2 protein
expression, phospho-STAT5 levels, and HSP70 induction could be
utilized as pharmacodynamic assessments (Koppikar et al., 2010).
PU-H71 and other HSP90 inhibitors affect numerous client
proteins, likely contributing to their impact on myeloproliferation
both in vitro and in vivo. However, evidence suggests that JAK2 is
the primary target for HSP90 inhibitors in JAK2/MPL-mediated
myeloproliferation (Weigert et al., 2012; Chakraborty et al., 2016;
Hobbs et al., 2018). PU-H71 consistently resulted in
JAK2 degradation and pathway inhibition in vitro and in vivo at
comparable doses. Additionally, PU-H71 and two different
JAK2 kinase inhibitors had a complementary, not synergistic,
effect, implying a mutual mechanism of action in this situation
(George et al., 2004). PU-H71 can serve as a valuable tool for
identifying tumors depending on HSP90 chaperone proteins.
This data could be integrated into genomic and proteomic
databases to reveal new molecular targets across various human
cancer types. The effectiveness of HSP90 inhibition by PU-H71
extends to a range of genetically diverse human cancers, highlighting
the importance of conducting targeted drug trials with
HSP90 inhibitors for treating MPNs and other malignancies
(Gao et al., 2007; Hedvat et al., 2009).

9 The therapeutic potential of PU-H71
in non-tumor disorders

The reasoning behind the connection between protein
aggregation and neurodegenerative conditions has been that
blocking HSP90 leads to the activation of HSF-1, resulting in the
production of HSP70, HSP40, and other chaperones, which in turn
facilitate the disaggregation and breakdown of proteins. However,
recent findings indicate that HSP90 has an added involvement in
neurodegenerative processes. Specifically, HSP90 is involved in
upholding the operational integrity of neuronal proteins that
have an abnormal tendency, thereby permitting and sustaining
the buildup of detrimental protein clumps (Waza et al., 2006).

Parkinson’s disease (PD), the most common neurodegenerative
movement disorder, is marked by a complex interplay of
pathological events (Westerlund et al., 2010). A substantial
number of these events have been more recently associated with
HSP90. Wang et al. have pointed out that Leucine-rich repeat kinase
2 (LRRK2), an enzyme whose altered forms already are found in
both familial and sporadic cases of Parkinson’s disease, interacts
with HSP90 in vivo to form a complex (Wang et al., 2008). The
purine-based HSP90 inhibitor PU-H71 disrupted the interaction
between HSP90 and LRRK2, resulting in the degradation of
LRRK2 via the proteasome system. PU-H71 also decreased the

neurotoxic effects induced by mutant LRRK2 and reversed the
impairment in axon growth associated with the LRRK2 G2019S
mutation in neurons (Wang et al., 2008). PARK6, a subtype of
familial Parkinson’s disease inherited in an autosomal recessive
fashion, is linked to a mutation that occurs in PTEN-induced
kinase 1 (PINK1). PINK1 is a gene that codes for a potential
mitochondrial serine/threonine kinase (Westerlund et al., 2010).
The autosomal recessive inheritance pattern associated with this
type of Parkinson’s disease indicates a strong connection between
the disease’s development and the loss of PINK1 function.
HSP90 always attaches to PINK1 to enhance its equilibrium. In
cells exposed to the HSP90 inhibitor GM, the levels of PINK1 were
significantly diminished through the ubiquitin-proteasome pathway
(Moriwaki et al., 2008).

10 Conclusion

In this comprehensive review, we have explored the pivotal role
of HSP90 as a key molecular player in maintaining cellular health
and its intricate involvement in various disease contexts. We
discussed how HSP90, in partnership with HSF-1, orchestrates
stress responses, shedding light on its role in regulating the HSR.
The therapeutic potential of PU-H71, a novel purine-based
HSP90 inhibitor, has been a central focus of our investigation.
We have elucidated its promise in addressing neurodegenerative
disorders and its significant impact on triple-negative breast cancer,
offering new avenues for cancer treatment. PU-H71’s ability to
sensitize cancer cells for carbon-ion beam therapy suggests a
novel approach to improving the efficacy of radiation therapy.
Furthermore, the dual inhibition of HSP90 A and HSP90B1 by
PU-H71 emerges as a potential breakthrough inmyeloma treatment.
Its capacity to induce apoptosis in B-cell lymphomas dependent on
Bcl6 for survival underscores its relevance in hematologic cancers.
Our exploration extends to HCC, where innovative chemotherapy
approaches and PU-H71’s potential to inhibit the activation of glial
cells hold promise for patients with hepatic and neuroinflammatory
disorders. Finally, we emphasize PU-H71’s encouraging role in
JAK2-dependent myeloproliferative neoplasms, highlighting its
potential as a therapeutic avenue in hematology. Collectively, this
review underscores the versatility of HSP90 and the immense
therapeutic potential of PU-H71 in diverse disease scenarios,
opening new doors to innovative treatments and improved
patient outcomes in the realm of health and disease.

11 Authors’ perspectives and future
considerations

From the author’s perspective, the multifaceted roles of HSP90 and
the promising therapeutic potential of PU-H71 underscore the need for
continued research and development in this field. Shedding more light
on the underlying mechanisms of HSP90 and its inhibitors highlights
them both as promising candidates for the development of novel
targeted cancer therapies. Markedly, special attention should focus
on optimizing precise drug delivery strategies to enhance the efficacy
as well as selectivity of such novel therapeutic agents and to explore any
potential combination therapies for maximum efficacy.
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In addition, pondering the molecular pathways underlying PU-
H71 actions is indispensable for tailoring novel therapeutic approaches
to fulfilling specific patient needs. Further investigations on the long-
term safety profiles of HSP90 inhibitors in addition to their potential
for resistance mechanisms should be conducted to ensure their clinical
success. The integration of pioneering technologies (e.g., precision
medicine approaches and advanced imaging techniques) could
potentially establish a platform for developing personalized as well
as HSP90-targeted therapies.
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Glossary
17-AAG 17-Allylamino-17-demethoxygeldanamycin

17-DMAG 17-Dimethylaminoethylamino-17-demethoxygeldanamycin

Akt Protein Kinase B

ATF4 Activating Transcription Factor 4

ATP Adenosine Triphosphate

ATPase Adenosine Triphosphatase

Bax Bcl-2-Associated X Protein

Bcl-xL B-Cell Lymphoma-extra Large

Bcl6 B-Cell Lymphoma 6

Bcl-2 B-Cell Lymphoma 2

BCoR BCL6 Corepressor

C-ions Carbon Ions

CIRT Carbon-Ion Radiotherapy

CDK Cyclin-Dependent Kinase

CHOP C/EBP Homologous Protein

CK2 casein kinase II

DNA-PKcs DNA-Dependent Protein Kinase Catalytic Subunit

DSB DNA Double-Strand Break

DLBCL Diffuse Large B-Cell Lymphoma

ER Endoplasmic Reticulum

ERK Extracellular Signal-Regulated Kinase

FoxO Forkhead Box O

GRP78 Glucose-Regulated Protein 78

gp96 Glucose-Regulated Protein 94

HDAC histone deacetylase

HSP27 Heat Shock Protein 27

HSP40 Heat Shock Protein 40

HSP60 Heat Shock Protein 60

HSP70 Heat Shock Protein 70

HSP72 Inducible Heat Shock Protein 70

HSP90 Heat Shock Protein 90

HSP90α Heat Shock Protein 90 Alpha

HSP90β Heat Shock Protein 90 Beta

HSP90B1 Heat Shock Protein 90 Beta Family Member 1

HSC70 Constitutive Heat Shock Protein 70

HSF-1 Heat Shock transcription Factor 1

HSR Heat Shock Response

IC50 Half Maximal Inhibitory Concentration

IL-6 Interleukin 6

INF Interferon

IGF1R Insulin-Like Growth Factor 1 Receptor

JAK Janus Kinase

LET Linear Energy Transfer

MAPK Mitogen-Activated Protein Kinase

mTORC Mammalian Target of Rapamycin Complex

NF-κB Nuclear Factor kappa-light-chain-enhancer of activated B cells

NOS2 Nitric Oxide Synthase 2

PKC Protein Kinase C

PDK1 3-Phosphoinositide-Dependent Protein Kinase-1

PI3K Phosphoinositide 3-Kinase

PTMs post-translational modifications

RAD51 RAD51 Recombinase

Raf v-Raf-1 Murine Leukemia Viral Oncogene Homolog 1

Ras Rat Sarcoma (a family of related proteins)

SMRT Silencing Mediator for Retinoid and Thyroid Receptors

STAT Signal Transducers and Activators of Transcription

TNBC Triple-Negative Breast Cancer

Tyk2 Tyrosine Kinase 2

UPR Unfolded Protein Response

VEGFR2 vascular endothelial growth factor receptor 2

XBP1 X-Box Binding Protein 1
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Efficacy and safety of
regorafenib for the treatment of
metastatic colorectal cancer in
routine clinical practice: results
from a Spanish hospital
Pilar Sotoca Rubio1*, Ana Marı́a Barrill Corpa1,
Vı́ctor Alia Navarro1, Patricia Pérez de Aguado Rodrı́guez1,
Jaime Moreno Doval1, Juan Carlos Calvo Pérez1,
Patricia Guerrero Serrano1, Carlos García Merino1,
Coral Garcı́a de Quevedo Suero1, Jorge Fernández-Fradejas2,
Juan José Serrano Domingo1, Íñigo Martı́nez Delfrade1,
Blanca Isabel Morón Garcı́a1, Marı́a Reyes Ferreiro Monteagudo1

and Belén de Frutos González1

1Medical Oncology Department, Ramon y Cajal University Hospital, Madrid, Spain,
2Pharmacy Department, Ramon y Cajal University Hospital, Madrid, Spain
Introduction: Regorafenib is indicated as treatment in third-line and beyond in

patients with metastatic colorectal cancer.

Methods : This is a retrospective study of a cohort of patients with mCRC treated

with regorafenib in Hospital Universitario Ramón y Cajal, in Madrid, Spain.

Results:With the aim to assess the efficacy and safety of regorafenib, 91 patients

treated between 2013 and 2023 were included. Only 1.1% of patients achieved

disease control. Median progression free survival was 2.40 months and median

overall survival was 4.76 months. The most frequent adverse events were fatigue

and hand-foot skin reaction (59.34% and 28.57%, respectively).

Discussion: Our results confirm the safety of regorafenib as treatment of mCRC

in real clinical practice. Although our population is less pretreated than in the

CORRECT trial, our disease control rate was inferior. This difference may be due

to a worse baseline status and a high percentage of hepatic disease showed in

our patients.
KEYWORDS

metastatic colorectal cancer, regorafenib, real-life, routine clinical practice, real
world data
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1 Introduction

Colorectal cancer (CRC) is the fourth most frequent tumor after

breast, prostate, and lung cancers and the third cause of death

worldwide. It is estimated that a total of 1,926,425 cases were

diagnosed in 2022, with 904,019 deaths. In Europe, 538,584 were

diagnosed (1). Approximately 15%–30% of cases are diagnosed as

metastatic disease. From those patients diagnosed in localized

stages, 20%–50% will have a metastatic relapse. Liver, lungs, and

peritoneum are the most frequent areas of metastasis (2).

Several cytotoxic drugs are used in metastatic scenario, with

fluoropyrimidines being the most used, in monotherapy or in

combination with oxaliplatin and/or irinotecan. These drugs can

be combined with monoclonal antibodies, depending on KRAS

status. If KRAS is mutated, a drug targeting vascular endothelial

growth factor (VEGF) such as bevacizumab can be used, while if it is

in a wild-type status, monoclonal antibodies targeting epidermal

growth factor receptor (EGFR) like cetuximab or panitumumab can

be also used (2). After progression to treatments described above

and in patients who maintain good performance status, other

options should be offered. Regorafenib or trifluridine/tipiracil are

available drugs in this scenario. Trifluridine/tipiracil in

monotherapy or in combination with bevacizumab has shown

effectiveness and safety in RECOURSE and SUNLIGHT (3, 4).

Regorafenib is a novel oral multikinase inhibitor that blocks

VEGF receptor (VEGFR) or EGFR just as additional angiogenic

kinases (VEGFR 1/3, platelet-derived growth factor receptor or

band fibroblast growth factor receptor 1). Additionally, it blocks

regulatory cascades such as RAS-RAF-MEK-ERK and PI3K-PTEN-

AKT-mTOR pathways. In summary, regorafenib inhibits tumoral

angiogenesis, tumor microenvironment, and cellular signaling (5).

The phase 1b clinical trial (BAY 73-4506) showed a tolerable

toxicity profile at dose of 160 mg daily for 3 weeks of each 4

weeks and a preliminary evidence of antitumor activity in

metastatic CRC (6).

The CORRECT trial was a randomized multicentric phase 3

trial where 760 patients with metastatic CRC were randomized 2:1

to regorafenib or placebo after failure to standard therapies. The

primary endpoint was overall survival (OS). Secondary endpoints

included progression-free survival (PFS), objective response rate

(ORR), disease control rate (DCR), and safety (7). The study met its

primary endpoint of OS at the second planned interim analysis,

although crossover from the placebo group was allowed after

progression. The benefit was modest, with a median OS of 6.4

months in regorafenib group versus 5 months in the placebo group

[hazard ratio (HR) 0.77, p=0.0052] (7).

PFS and DCR were also improved with regorafenib. Stable

disease was the best response in 41% of patients, and none of the

patients reached complete response. In the regorafenib group, 76%

of patients had to reduce the dose due to adverse events. The most

frequent adverse events of any grade were fatigue and hand–foot

skin reaction (especially at first or second cycle). Grade 3 or 4

toxicities appeared in 54% patients in the regorafenib group, mostly

hand–foot skin reaction, diarrhea, fatigue, and hypertension (7).

Li et al. were supported in CONCUR, another phase 3

clinical trial with regorafineb in Asiatic population, a similar
Frontiers in Oncology 02223
benefit in OS (8.8 months in regorafenib group vs. 6.3 months in

placebo group, HR=0.55, p=0.00016) and a consistent toxicity

profile (8).

Based in those clinical trials, regorafenib is nowadays an option

for metastatic CRC patients in third line or beyond. Some real-

world data (RWD) studies have been published afterwards. Metges

et al. confirmed a real-world evidence of efficacy and safety in a

prospective and observational study in the 242 French patients who

participated in CORRELATE trial. Median OS and PFS were 6.8

months and 2.8 months, respectively (9).

The aim of our study is to evaluate the efficacy and safety of

regorafenib in the real-life setting in a tertiary hospital in Spain

(Hospital Universitario Ramón y Cajal, Madrid).
2 Materials and methods

We conducted a single-center observational, retrospective study

of a cohort of 91 patients with metastatic CRC treated with

regorafenib in routine clinical practice in third line or beyond

between 1 December 2013 and 15 June 2023.

Patients included in the study met the following inclusion

criteria: (1) 18 years of age or older; (2) ECOG 0–2; (3) diagnosis

of metastatic CRC previously treated with a fluoropyrimidine (alone

or in combination with oxaliplatin and/or irinotecan) with or

without cetuximab, panitumumab, bevacizumab, or aflibercept;

(4) treatment with regorafenib in third line or beyond; and (5)

regorafenib as exclusive oncology treatment.

The data of patients were obtained from medical records from

the real clinical practice. None of the patients were followed up in a

prospective way. Patients were evaluated every 2–3 months with CT

scan of the thorax, abdomen, and pelvis according to local

guidelines. All re-evaluations were done at our hospital. The main

variables assessed were OS, PFS, and ORR according to RECIST 1.1

criteria; adverse events according to NCI-CTCAE (National Cancer

Institute Common Terminology Criteria for Adverse Events)

versions 4.0 and 5.0; number and dose of cycles of regorafenib

and previous; and subsequent treatments received.

The primary objective was to evaluate the effectiveness of

regorafenib in patients with metastatic CRC in real clinical

practice in terms of PFS. Other objectives were as follows: (1)

assess the effectiveness of regorafenib in terms of OS and ORR and

(2) know the safety profile in real clinical practice.

Data were analyzed with Stata v16.1. Descriptive statistics were

reported as frequencies and percentages for categorical variables

and as median and range for continuous variables. Median OS

(mOS) and median PFS (mPFS) were estimated using the Kaplan–

Meier method and compared by log rank. Cox regression model

was used to evaluate the HR and the 95% confidence interval (CI) in

univariate analysis.
3 Results

A total of 91 patients with metastatic CRC treated with

regorafenib in third or beyond line were included. Median age
frontiersin.org
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was 65 years (35–85) and 58.24% of the patients (59) were men. Of

the patients, 59.34% had metastasis in three or more locations, with

86.81% of them in the liver and 30.77% in the peritoneum.

Colorectal cancer had left location in 68.14% of patients. The

primary tumor site was the rectum in 24.18% of patients. KRAS/

NRAS was mutated in 61.54% of patients. BRAF mutations and

MMR deficiency were not found in any patient.

Most patients had ECOG 1 (65.93%), followed by ECOG 0

(20.88%). Only 12.09% of patients had ECOG 2. Regorafenib was

administered in third line in 21.98% of patients, and 50.55% of

patients had been treated with three or more lines of treatment

before regorafenib. In those patients treated in third line, 100%

received FOLFOX and FOLFIRI regimens, with 17 (85%) receiving

bevacizumab in first and second line and three patients receiving

anti-EGFR in first line and bevacizumab in second line.

Regarding trifluridine/tipiracile, 62.64% of patients were treated

with this drug before regorafenib and 12.09% of patients received it

after regorafenib. A total of 28 patients received other treatments

after regorafenib, most of them with 5-fluoruracil.

The most frequent response was progression of the disease,

found in 74 patients (81.31%), while 16 patients were not evaluated

and only one had disease control.

The characteristics are summarized in Table 1.

Median follow-up was 6.13 months (range, 0.20–35.0 months).

The mPFS was 2.40 months (95% CI, 2.04–2.66 months)

(Figure 1A), and the mOS was 4.76 months (95% CI, 3.78–6.28

months) (Figure 2A). Median duration of treatment was 2.52

months (range, 0.20–10.9 months). According to ECOG, patients

with ECOG 0, 1, and 2 or more had an mPFS of 2.73, 2.40, and 1.84

months, respectively. There was a significant difference between

ECOG 0 and 1 with an HR of 0.54 (95% CI, 0.30–0.97, p=0.041)

(Figure 1B). The mOS in these patients was 6.83 months, 4.67

months, and 2.30 months, respectively. ECOG 2 had a worse OS

than ECOG 0 (HR 0.31, 95% CI, 0.14–0.68, p=0.004) and ECOG 1

(HR 0.45, 95% CI, 0.23–0.90, p=0.024), with no differences between

ECOG 0 and 1 (Figure 2B).

Those patients with liver metastasis had worse mPFS, with 2.23

months vs. 2.50 months, not statistically significant (HR 0.49, 95%

CI, 0.23–1.05, p=0.066) (Figure 1C), and worse mOS, with 4.60

months vs. 9.26 months (HR 0.42, 95% CI, 0.20–0.88, p=0.021)

(Figure 2C). Patients with peritoneal involvement had similar mPFS

(2.37 months vs. 2.40 months; HR 1.03, 95% CI, 0.63–1.67,

p=0.909) and similar mOS (4.34 vs. 4.90 months; HR 1.30, 95%

CI, 0.80–2.12, p=0.291).

There was no difference between patients with two or less and

three or more metastatic sites in terms of mPFS: 2.23 months and

2.40 months (Figure 1D). In terms of mOS, there was a difference,

with 5.68 months vs. 4.21 months (HR 0.57, 95% CI, 0.35–0.93,

p=0.024) (Figure 2D). There was no difference in terms of PFS

between patients with tumor in the rectum and other locations

(mPFS 2.2 months vs. 2.40 months; HR 1.67, 95% CI, 0.99–2.82,

p=0.055), neither in OS (mOS 3.78 months vs. 4.90 months; HR,

1.39; 95% CI, 0.83–2.32; p=0.208).

According to treatment line, those patients treated with two

prior regimens had better mPFS than those treated with three (2.66

months vs. 2.23 months; HR 0.53, 95% CI, 0.29–0.96, p=0.036).
Frontiers in Oncology 03224
Patients treated with four or more prior regimens had an mPFS of

2.37 months without differences comparing the other groups

(Figure 1E). In terms of OS, we have observed a better mOS in
TABLE 1 Cohort’s characteristics.

Characteristic Value

Median age, years (range) 65 (35–85)

Sex, no. (%)

Male 53 (58.24%)

Female 38 (41.76%)

ECOG, no. (%)

0 19 (20.88%)

1 60 (65.93%)

2 11 (12.09%)

Unknown 1 (1.1%)

Primary location, no. (%)

Ascendent 27 (29.67%)

Transversum 2 (2.2%)

Sigma 40 (43.96%)

Rectum 22 (24.18%)

KRAS, no. (%)

Wild type 35 (38.46%)

Mutated 56 (61.54%)

Metastatic affection, no. (%)

≤2 sites 37 (40.66%)

≥3 sites 54 (59.34%)

Metastatic site, no. (%)

Liver 79 (86.81%)

Peritoneum 28 (30.77%)

Prior regimens, no. (%)

2 20 (21.98%)

3 46 (50.55%)

≥4 25 (27.47%)

Best response, no. (%)*

Stable disease 1 (1.1%)

Progression 74 (81.32%)

Not evaluated 16 (17.58%)

Trifluridine/Tipiracil, no. (%)

Before regorafenib 57 (62.64%)

After regorafenib 11 (12.09%)

Not received at any time 23 (25.27%)

Subsequent treatment, no. (%) 40 (43.96%)
*According to RECIST 1.1 criteria.
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patients treated with two prior regimens than those treated with

four or more (4.93 months vs. 4.21 months; HR 0.45, 95% CI, 0.23–

0.88, p=0.020). Patients treated with three or more prior regimens

had an mOS of 4.67 months without differences comparing the

other groups (Figure 2E).

Finally, and considering the sequence with trifluridine/tipiracil,

there was no difference in mPFS, with 2.40 months for those treated

first with trifluridine/tipiracil, 2.53 months for those treated first

with regorafenib, and 2.37 for those not treated with trifluridine/

tipiracil (Figure 1F). However, those patients treated first with

regorafenib had better mOS (7.16 months) than those treated first

with trifluridine/tipiracil (4.67 months; HR 0.44, 95% CI, 0.20–0.95,

p=0.036) and those not treated with trifluridine/tipiracil (3.81

months; HR 0.31, 95% CI, 0.13–0.71, p=0.006) (Figure 2F).
Frontiers in Oncology 04225
A total of 40 patients (43.96%) started regorafenib at 160 mg/

day and 46 (50.55%) with 120 mg/day (one level dose reduction). A

total of 26 patients (28.57%) required a dose reduction, without

impact in mOS. Regarding safety, 62 patients (68.13%) presented

toxicity grades 1 and 2, and 14 patients (15.38%) presented toxicity

grades 3 and 4. The safety profile is summarized in Table 2.
4 Discussion

Our study has assessed the efficacy and safety of regorafenib in

third line and beyond in the treatment of patients with metastatic

CRC in real clinical practice. The main clinical outcomes included a

DCR of 1.1%, an mPFS of 2.40 months and an mOS of 4.76 months.
FIGURE 1

Progression-free survival in different populations. (A) Progression-free survival in the entire cohort, (B) progression-free survival according to ECOG,
(C) progression-free survival according to liver metastasis, (D) progression-free survival according to metastatic affection, (E) progression-free
survival according to treatment line, and (F) progression-free survival according to timing of trifluridine/tipiracil. CI, confidence interval; HR, hazard
ratio; TAS, trifluridine/tipiracil.
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Hand–foot skin reaction was the most frequent adverse event. ECOG

2, liver metastasis, and having three or more metastatic sites showed

worse OS, as expected. In a similar way, patients treated in third line

have also a better OS than those treated in fifth or greater line.

Conversely, the presence of peritoneal disease does not negatively

impact survival. Since colon and rectal cancer are actually diseases

with biological, clinical, and molecular characteristics (10), we have

assessed the impact that this could have in our study. However, no

differences in survival had been observed between patients with colon

and rectal cancer. This observation is in line with what was observed

by the authors of CORRELATE study in relation to the sidedness of

the primary tumor (11), reinforcing the idea that prognostic

differences are lost in latter lines.

Our results are slightly lower to those observed in the

randomized phase III CORRECT clinical trial in terms of OS,
Frontiers in Oncology 05226
with a difference in mOS of 4.76 months vs. 6.4 months. This can

also be observed in comparison to the CORRELATE study (7.7

months). This difference may be due to the fact that our population

has a worse baseline status. In the CORRECT trial and in the

CORRELATE study, 52% and 41% of patients were ECOG 0,

respectively, while in our database, it was 20.88%; 12.09% of the

patients in our database were ECOG 2, while in CORRELATE, it

was 6% and was an exclusion criterion from the CORRECT trial. In

our population, 86.81% had liver metastasis, which is recognized as

a poor prognostic factor. These data were missing from the

CORRECT trial, while it was 72% in the CORRELATE study.

In the CORRECT trial, 27% of patients have received one to two

prior regimens, 25% have received three prior regimens, and 49%

have received four or more prior regimens. In our database, this

corresponds to 21.98%, 50.55%, and 27.47%, which shows that our
FIGURE 2

Overall survival in different populations. (A) Overall survival in the entire cohort, (B) overall survival according to ECOG, (C) overall survival according
to liver metastasis, (D) overall survival according to metastatic affection, (E) overall survival according to treatment line, and (F) overall survival
according to timing of trifluridine/tipiracil. CI, confidence interval; HR, hazard ratio; TAS, trifluridine/tipiracil.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1446945
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sotoca Rubio et al. 10.3389/fonc.2024.1446945
population is less pretreated than in the CORRECT trial. This may

explain that in our study, the mPFS is slightly superior: 2.4 months

vs. 1.9 months. In the CORRELATE study, patients treated in the

third, fourth, or fifth line and beyond were 30%, 30%, and 39%,

respectively, with an mPFS of 2.9 months. The DCR has been clearly

inferior in our study, with 1.1% (with only one patient with stable

disease) versus 41% in the CORRECT trial and 26% in the

CORRELATE study. Different times of revaluation between

clinical practice and clinical trial could explain this fact. Patients

are usually evaluated every 3–4 months in real clinical practice,

while in the CORRECT trial, they were evaluated every 8 weeks.

These data were not shown in the CORRELATE study. The median

duration of treatment was similar in our study and in CORRELATE

(2.5 months), both superior to that in CORRECT (1.7 months).

This difference could be also explained because of the different times

of revaluation.

Several studies have evaluated the role of the sequence between

regorafenib and trifluridine/tipiracil, with better result in OS with

the sequence trifluridine/tipiracil followed by regorafenib (12, 13).

In contrast, in our study, we have observed contrary results. We

suggest that it may be due to the fact that treatment selection is

made according to the patient’s characteristics. In general,
TABLE 2 Safety profile.

Characteristic Value

Starting dose, no. (%)

160 mg 40 (43.96%)

120 mg 46 (50.55%)

80 mg 5 (5.49%)

Dose reductions, no. (%) 26 (28.57%)

Toxicity, no. (%)*

No toxicity 15 (16.48%)

Grade 1–2 62 (68.13%)

Grade 3–4 14 (15.38%)

Fatigue

Grade 1–2 53 (58.24%)

Grade 3–4 1 (1.10%)

Hand–foot skin reaction

Grade 1–2 24 (26.37%)

Grade 3–4 2 (2.20%)

Diarrhea

Grade 1–2 6 (6.59%)

Grade 3–4 1 (1.10%)

Hypertension

Grade 1–2 6 (6.59%)

Grade 3–4 3 (3.30%)
F
rontiers in Oncology
mg, milligrams.
*According to National Cancer Institute Common Terminology Criteria for Adverse Events
(NCI-CTCAE) versions 4.0 and 5.0.
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TABLE 3 Results comparison.

Outcome CORRECT^ CORRELATE Actual
series^^

Median age,
years (range)

61 (64–67) 65 (24–93) 65 (35–85)

Male, % 62% 61% 58%

ECOG

0 52% 41% 21%

1 48% 46% 66%

≥2 NA* 6% 12%

KRAS

Wild type 41% 37% 38%

Mutated 54% 56% 62%

Unknown 5% 7% 0%

Liver metastasis NS 72% 87%

Peritoneum
metastasis

NS 13% 31%

Prior regimens

1–2 27% 30% 22%

3 25% 30% 51%

≥4 49% 39% 27%

Response evaluation

Partial response 1% 4% 0%

Stable disease 40% 22% 1%

Progression
59%**

47% 81%

Not evaluated 27% 18%

mTD 1.7 months 2.5 months 2.52 months

mPFS 1.9 months 2.9 months 2.40 months

mOS 6.4 months 7.7 months 4.76 months

Safety

Dose reduction 38% 40% 29%

Inferior
starting dose

NA 43% 56%

Toxicity

Grade 1–2 39% 45% 68%

Grade 3–4 54% 35% 15%

Fatigue 47% 41% 59%

Hand–foot
skin reaction

47% 26% 29%

Diarrhea 34% 19% 8%
NA, not applicable; NS, not specified; mTD, median treatment duration; mPFS, median
progression-free survival; mOS, median overall survival.
^These data are from the cohort treated with regorafenib, not the entire population.
^^Data may not be the same as those reflected in this study because percentages have been
rounded in this table.
*ECOG 2 was an exclusion criterion.
**Separate data not provided.
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trifluridine/tipiracil is better tolerated than regorafenib, so those

patients with a better performance status could be selected to start

regorafenib, given that subsequent clinical deterioration may not

allow its use. However, since only 11 patients received the sequence

of regorafenib followed by trifluridine/tipiracil, no firm conclusions

can be drawn. Furthermore, this question would currently be

outdated following the data from the SUNLIGHT study, which

showed that the addition of bevacizumab to trifluridine/tipiracil is

superior to trifluridine/tipiracil as monotherapy (4).

The safety profile observed in our study had some differences

with that in the CORRECT trial and with those reported in other

retrospective studies of RWD (11). In the CORRECT trial, 38% of

the patients in the regorafenib group needed a dose reduction,

similar to the CORRELATE study, where 40% required a dose

reduction (11). In contrast, in our study, dose reduction was lesser

(28.57%), maybe because 54.94% of patients started at a lower dose.

Regarding the CORRELATE study, 43% of patients started at a

lower dose, mainly due to their fragility (11).

Hand–foot skin reaction and fatigue were the most frequent

adverse events shown in the CORRECT trial, in the CORRELATE

study, and in our study, with some differences. In the CORRECT

trial, 47% of patients had any grade of fatigue and 47% had any

grade of hand–foot skin reaction; in the CORRELATE study, 41%

and 26%, respectively (11); and in our study, 59.34% and 28.57%,

respectively. We have summarized the differences between the

studies in Table 3.

It must be taken into account that this is a retrospective study,

with the usual limitations of these types of studies. The information

collected is limited to that obtained from the patients’ medical

records, so it is subject to possible bias and lack of information. In

addition, the absence of centralized revaluation could influence the

reliability of data in PFS. This is why it is not possible to draw more

robust conclusions.
4.1 Conclusion

Our results confirmed the efficacy and safety of regorafenib

as treatment of metastatic CRC in real clinical practice. There

are several differences between the results of clinical trials and

studies based on routine clinical practice, such as previous

lines administered and rates of control disease. Fatigue and

hand–foot skin reaction were the most adverse event associated

with regorafenib.

Prospective studies are needed to evaluate which sequence of

treatments may be most beneficial for patients with advanced

colorectal cancer in later lines.
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Background: Xanthones are dubbed as putative lead-like molecules for cancer
drug design and discovery. This study was aimed at the synthesis,
characterization, and in silico target fishing of novel xanthone derivatives.

Methods: The products of reactions of xanthydrol with urea, thiourea, and
thiosemicarbazide reacted with α-haloketones to prepare the thiazolone
compounds. Xanthydrol reacted sequentially with ethyl chloroacetate,
hydrazine, carbon disulfide, and α-haloketones to prepare the dithiolane. The
xanthydrol reacted with propargyl bromide and it submitted to click reaction with
azide to prepare triazole ring.

Results: Finally, four novel xanthones derivatives including (E)-2-(2-
(9H-xanthen-9-yl)hydrazono)-1,3-dithiolan-4-one (L3), 2-(2-(9H-xanthen-9-
yl)hydrazinyl)thiazol-5(4H)-one (L5), 2-(9H-xanthen-9-ylamino)thiazol-5(4H)-
one (L7), and 4-((9H-xanthen-9-yloxy)methyl)-1-(4-nitrophenyl)-1H-1,2,3-
triazole (L9) were synthesized and characterized using thin layer
chromatography, Fourier-transform infrared spectroscopy, and nuclear
magnetic resonance (1H and 13C). ADMET, Pfizer filter, adverse drug reaction,
toxicity, antitarget interaction profiles, target fishing, kinase target screening,
molecular docking validation, and protein and gene network analysis were
computed for derivatives. Ligands obeyed Pfizer filter for drug-likeness, while
all ligands were categorized as toxic chemicals. Major targets of all ligands were
predicted to be kinases including Haspin, WEE2, and PIM3. Mitogen-activated
protein kinase 1 was the hub gene of target kinase network of all derivatives. All
the ligands were predicted to show hepatotoxic potentials, while L7 presented
cardiac toxicity.
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Conclusion: Acute leukemic T-cells were one of the top predicted tumor cell lines
for these ligands. The possible antileukemic effects of synthesized xanthone
derivatives are potentially very interesting and warrant further studies.

KEYWORDS

xanthone, total synthesis, ADMET, molecular docking, network analysis, target fishing

Highlights

• Xanthone derivatives possess numerous significant properties
with biomedical applications.

• Four xanthone derivatives were synthesized from xanthydrol
using dithiolan and thiazol.

• All stable xanthone derivatives were characterized using TLC
and FTRI, and they were stable.

• Ligands did not express any violations to the Lipinski (Pfizer)
filter for drug-likeness.

• Major targets of xanthone derivatives were subsets of the
kinase family.

• Among synthesized derivatives, L9 expressed promiscuous
potential in target binding.

1 Introduction

Xanthydrol (C13H10O2; total molecular weight of 198.221 g/mol;
Supplementary Figure 1) belongs to heterocyclic compounds known
as xanthones or 9H-xanthen-9-ones, characterized by a tricyclic
framework containing two benzene rings fused to a central pyrone
ring. This heterocyclic system is widely in nature and is found in
various natural products and bioactive compounds (Goldberg and
Wragg, 1957; Badiali et al., 2023). Xanthydrol-based assays offer a
sensitive and reliable method for measuring urea concentrations,
providing valuable information for diagnosing and monitoring
conditions such as kidney disease and dehydration (Supplementary
Scheme 1) (Abrahamson, 1956). Xanthine and its derivatives have
anticancer, anti-inflammatory, and antioxidative effects (Huang et al.,
2021; Ramakrishnan et al., 2021; Kapri et al., 2022; Veríssimo et al.,
2022). Moreover, recent studies have focused on innovative chemical
synthesis approaches involving xanthydrol derivatives to develop
novel compounds with potential anticancer properties. These
studies aimed to harness the inherent reactivity and structural
characteristics of xanthydrol for the targeted synthesis of
compounds that could exhibit enhanced efficacy against cancer
(Jiang et al., 2018). Synthesis and biopharmaceutical evaluation of
xanthone derivatives were pursued by some researchers because these
chemicals exert good anti-cancer activity by targeting topoisomerase
II (TOP2) (Song et al., 2022). Besides their therapeutic potential,
xanthydrol derivatives have been employed as fluorescent probes for
cancer imaging, enabling researchers to visualize and study specific
cellular processes associated with cancer. The development of these
probes allows for precise and real-time monitoring of cancer-related
biomolecules, contributing to the understanding of tumor
progression, and facilitating early detection (Liu et al., 2018; Tian
et al., 2024). In summary, further investigations are warranted to
determine the targets and probable promiscuity potential of these
derivatives.

Xanthones have emerged as a promising source for drug
development especially in oncology (Kurniawan et al., 2021).
Xanthones are a class of three-ring phenolic acids with a wide
range of bioactivities, including antimicrobial, antiviral, anticancer,
antioxidative, antidiabetic, and anti-inflammatory effects (Choodej
et al., 2022). For instance, gambogic acid, a prenyl xanthone known
in Garcinia hanburyi, Clusiaceae, exhibited noteworthy induction of
apoptosis, inhibition of cell proliferation and tumor angiogenesis,
and antioxidative and anti-inflammatory activities (Wang et al.,
2009; Chen and Chen, 2012). In this line, xanthones exerted
antitumor effects mediating through autophagy, apoptosis, cell
cycle arrest, and tuning signaling pathways such as PI3K/Akt and
MAPK (Gunter et al., 2023). More interestingly, in a second-phase
clinical trial conducted in China, algambog acid, a derivative of
xanthones, was investigated for its anti-tumor properties (Zhou and
Wang, 2007). Furthermore, gambogic acid, a xanthone found in
mangosteen, is dubbed as a dietary supplement for immune
promotion, anti-inflammation, and induction of cell-mediated
immunity (Gutierrez-Orozco and Failla, 2013; Rizaldy et al.,
2021). In this continuum, a comprehensive survey has
summarized the structure-activity relationships (SARs) of
xanthones, providing valuable insights for further drug research,
expansion, and development (Miladiyah et al., 2018). For instance,
triazoles as pharmacophores are five-membered heterocyclic rings
containing three nitrogen atoms with two main types of 1,2,3-
triazoles and 1,2,4-triazoles (Supplementary Figure 2) (Matin
et al., 2022; Raman et al., 2024). Both triazoles have tautomerized
as reported previously (Supplementary Scheme 2) (Pylypenko et al.,
2023). Numerous 1,2,3-triazoles have been synthesized through 1,3-
dipolar cycloaddition reactions of acetylenes with azides. Typically,
more electron-withdrawing substituents on the acetylene facilitates
the cycloaddition reactions. Conversely, electron-withdrawing
substituents on azides exert the opposite effect. Bulky
substituents on azides may hinder the reaction rate but often
result in an improved selectivity (Supplementary Scheme 3) (Dai
et al., 2022; Drelinkiewicz and Whitby, 2022). Therefore, xanthones
and their derivatives are promising anticancer compounds and they
can be submitted to the computational pipeline of drug discovery
and design.

Dithiolane (C3H6S2) is a diverse organic cyclic compound
comprised a pentagon ring containing two sulfur atoms, giving
rise to different structural isomers, including 1,2-dithiolane and 1,3-
dithiolane (Supplementary Figure 3). Derivatives of this compound
are collectively referred to as dithiolanes (Taguchi et al., 1987).
Dithiolane compounds, exemplified by dithiolane and its
derivatives, have emerged as intriguing subjects in cancer
research due to their potential therapeutic effects (Nikitjuka
et al., 2023). Dithiolan compounds have emerged as intriguing
candidates in cancer research, offering potential therapeutic
avenues for combating various malignancies. These compounds
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were derived from a cyclic structure saturated with chemicals and
they have diverse pharmacological properties in the cancer
progression (Cao et al., 2023). In addition, their antioxidative
activity may help counteract oxidative stress, a factor linked to
cancer development (Theodosis-Nobelos et al., 2021). Also,
dithiolanes have shown antiproliferative effects by influencing cell
cycle progression and inducing apoptosis, providing potential
avenues for inhibiting cancer cell growth (Ismail et al., 2023).
Mechanistically, dithiolanes may interfere with crucial
mechanisms involved in cancer progression through modulation
of PI3K/AKT/mTOR and MAPK pathways (Felber et al., 2023).
Furthermore, certain dithiolane compounds have been explored for
their ability to enhance cancer cell sensitivity to chemotherapy,
potentially improving treatment outcomes (Nikitjuka et al., 2023).
Dithiolane was initially prepared by reacting carbon disulfide with
methylene-active compounds in the presence of sodium ethoxide,
followed by adding 1,2-dichloroalkanes to the reaction mixture
(Supplementary Scheme 4) (Greene and Wuts, 1999). In
conclusion, dithiolanes are pharmacophores used for anticancer
drug design.

Thiazole (C3H3NS), also known as 1,3-thiazole, is a heterocyclic
compound containing sulfur and nitrogen atoms, existing as a pale-
yellow liquid with a pyridine-like odor (Supplementary Figure 4). Its
structural simplicity contradicts its importance, as the thiazole ring
serves as a component in the various biologically active molecules
including vitamin thiamine (B1) (Kashyap et al., 2012). Although
studies focusing on the direct roles of thiazole in oncotherapy are
scarce, its derivatives showed promise in combating cancer through
multiple mechanisms, including antiproliferative effects, induction of
apoptosis, and inhibition of angiogenesis (Elmaati and El-Taweel, 2002;
Mohareb et al., 2013). Thiazoles illustrate extensive applications in
various fields due to their diverse properties. It is widely utilized in
decomposing agricultural chemicals and pharmaceuticals, acting as a
precursor for non-peptide protease inhibitors of human
immunodeficiency viruses and anti-schistosomal agents (Cascioferro
et al., 2020; Ibrahim and Rizk, 2020). Moreover, thiazole plays a crucial
role in the production of tinctures in pharmaceuticals, and thiazole
derivatives have demonstrated anticancer activities through various
portals (El-Taweel and Elmaati, 2002; Shawali et al., 2002; Abdelrazek
et al., 2010). Therefore, development of novel synthesized xanthone
derivatives using thiazoles may have large potential for applications in
both industry and medicine.

Here, we initially reported some synthetic and physicochemical
features of xanthones derivatives and finally, we used a package of in
silico tools to predict toxic and pharmacological properties and
targets of xanthones derivatives for future applications in
oncotherapy.

2 Experimental section

2.1 Chemistry

All reagents used in the synthesis and characteristics were
purchased from Sigma-Aldrich Co. and Merck Co.
(United States) and used without additional purification. Melting
points were determined with a Thomas–Hoover capillary apparatus
(Thomas Scientific, United States). Perkin Elmer Model

1,420 spectrometer was used to acquire infrared spectra (Thermo
Fisher Scientific, United States). 1H-NMR spectra with
tetramethylsilane (TMS) as an internal standard were acquired
with Bruker FT-500 MHz instrument (Brucker Biosciences,
United States). Chloroform-D was used as a solvent. Coupling
constant (J) values were estimated in hertz (Hz) and spin
multiples were given as s (singlet), d (doublet), t (triplet), q
(quartet), and m (multiplet). The mass spectral measurements
were performed on a 6410 Agilent liquid chromatography/mass
spectrometry (LCMS) triple quadrupole mass spectrometer (LCMS;
AGILENT Technologies, United States) with an electrospray
ionization (ESI) interface. Microanalyses, determined for C and
H, were within ±0.4% of theoretical values. Analytical thin layer
chromatography (TLC; CAMAG, Switzerland) was performed on
silica gel plates using a mixture of ethanol in different proportions,
coloring agents, benzene, and methanol to obtain different polarity
and the best retention factor readout.

2.2 Synthesis

Many heterocyclic compounds were prepared (vide infra). In
brief, xanthydrol reacted firstly with urea, thiourea, and
thiosemicarbazide; then, the products reacted with α-haloketones
to prepare the thiazolone compounds. Secondly, xanthydrol reacted
firstly with hydrazine; then, it reacted with carbon disulfide. The
resulting products then reacted with α-haloketones to prepare
dithiolane. Thirdly, xanthydrol reacted with carbon disulfide and
then reacted with α-haloketones. Fourthly, xanthydrol reacted
sequentially with ethyl chloroacetate, hydrazine, carbon disulfide,
and α-haloketones to prepare the dithiolane. Fifthly, xanthydrol
reacted with propargyl bromide and it submitted to click reaction
with azide to prepare a triazole ring.

2.2.1 Synthesis of (9H-xanthen-9-yl)hydrazine (L1)
Amixture of xanthydrol (0.01 M, 2.00 g) and hydrazine (0.01 M,

0.504 g) was dissolved in ethanol (25 mL) with a few drops of glacial
acetic acid and stirred in a water bath at 67°C for 5–6 h. The progress
of the reaction was monitored by TLC. At room temperature (RT),
ethanol was evaporated, and the compound was then purified by
recrystallization to obtain a whitish powder (Supplementary Scheme
5) (De Perre and McCord, 2011).

2.2.2 Synthesis of potassium 2- 9H-xanthen-9-yl)
hydrazinecarbodithoate (L2)

Amixture of compound (L1; 0.005M, 1.00 g) and CS2 (0.006M,
0.358 g) was dissolved in ethanol (25 mL), stirred in a water bath at
67°C for 9–10 h, and drops of alcoholic KOHwere added slowly. The
progress of the reaction was monitored by TLC. At RT, ethanol was
evaporated and the compound was then purified by recrystallization
to obtain a yellowish powder (Supplementary Scheme 6) (Vasiliev
and Polackov, 2000).

2.2.3 Synthesis of (E)-2-(2-(9H-xanthen-9-yl)
hydrazono)-1,3-dithiolan-4-one (L3)

A mixture of compound (L2; 0.003 M, 1.00 g) and ethyl 2-
chloroacetate (0.003 M, 0.375 g) was dissolved in ethanol (25 mL)
using a few drops of tri-ethylamine and stirred in a water bath at
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67°C for 6–7 h. The progress of the reaction was monitored by TLC.
Ethanol was evaporated at RT, and the compound was then purified
by recrystallization to obtain a nutty powder (Supplementary
Scheme 7) (Lipin et al., 2019).

2.2.4 Synthesis of 2-(9H-xanthe-9-yl)
hydrazinecarbothioamide (L4)

A mixture of xanthydrol (0.01 M, 2.00 g) and thiosemicarbazide
(0.005 M, 0.518 g) was dissolved in ethanol (25 mL) using a few
drops of glacial acetic acid and stirred in a water bath at 67°C for
5–6 h. The progress of the reaction was trailed by TLC. Ethanol was
evaporated at RT to achieve yellow crystals (Supplementary Scheme
8) (De Perre and McCord, 2011).

2.2.5 2-(2-(9H-xanthen-9-yl)hydrazinyl)-1,3-
thiazol-5(4H)-one (L5)

A mixture of compound (L4) (0.002 M, 1.00 g) and ethyl 2-
chloroacetate (0.003 M, 0.451 g) was dissolved in ethanol (25 mL).
The stirring in a water bath at 67°C for 7–8 h. The progress of the
reaction was monitored by TLC. Ethanol was evaporated at RT, and
the compound was then purified by recrystallization to obtain dark
brown crystals (Supplementary Scheme 9) (Zheng and
Huang, 2023).

2.2.6 Synthesis of 1-(9H-xanthen-9-yl)thiourea (L6)
Amixture of xanthydrol (0.01 M, 2.00 g) and thiourea (0.005 M,

0.384 g) was dissolved in ethanol (25 mL) with a few drops of glacial
acetic acid and stirred in a water bath at 67°C for 6–7 h. The progress
of the reaction was monitored by TLC. Ethanol was evaporated at
RT, and the compound was then purified by recrystallization to
obtain brown powder (Supplementary Scheme 10) (De Perre and
McCord, 2011).

2.2.7 Synthesis of 2-(9H-xanthen-9-ylamino)
thiazol-5(4H)-one (L7)

A mixture of compound (L6) (0.003 M, 1.00 g) and ethyl 2-
chloroacetate (0.003 M, 0.478 g) was dissolved in ethanol (25 mL)
and stirred in a water bath at 67°C for 8–9 h. The progress of the
reaction was monitored by TLC. Ethanol was evaporated at RT, and
the compound was then purified by recrystallization to obtain nutty
crystals (Supplementary Scheme 11) (Resende et al., 2020).

2.2.8 Synthesis of 9-(prop-2-ynyloxy)-9H-
xanthene (L8)

A mixture of xanthydrol (0.015 M, 3.00 g) and propargyl bromide
(0.01 M, 1.200 g) was dissolved in DMF (dimethylformamide; 25 mL)
and stirred, then 0.50 g potassium carbonate (K2CO3)was added slowly
in a water bath at 75°C for 25–26 h. The progress of the reaction was
monitored by using TLC, and it followed by adding 30 mL of distilled
water, and two organic and aqueous phases were separated. Finally, the
organic phase was evaporated and the compound was purified by
recrystallization to reach a dark nutty powder (Supplementary Scheme
12) (Ramakrishnan et al., 2021).

2.2.9 Synthesis of 4-((9H-xanthen-9-yloxy)
methyl)-1-(4-nitrophenyl)-1H-1,2,3-triazole (L9)

A mixture of compound (L8) (0.004 M, 1.00) and 1-azido-4-
nitrobenzene (0.004 M, 0.731 g) was dissolved in DMF (25 mL) and

stirred. Then, 5 mL of the resulting mixture was strongly added to
the suspension of sodium ascorbate (0.4 g) and CuSO4.5H2O (0.3 g)
in DMF (4 mL) in a water bath at 75°C for 45–50 h. The progress of
the reaction was monitored by TLC. The reaction mixture was
poured into distilled water (30 mL) and the product recrystallized
from ethanol to reach a dark brown powder (Supplementary Scheme
13) (Ghasemi et al., 2019).

2.3 Computational methods (in silico)

2.3.1 Cheminformatics
The structures of the synthesized ligands were drawn using

ChemSketch freeware, and their canonical SMILES formats were
submitted to SwissADME (http://www.swissadme.ch/) to compute
standard features of drug-likeness. In essence, the calculation of
physicochemical properties, medicinal chemistry, and ADMET
(absorption, distribution, metabolism, excretion, and toxicity)
features using various filters provide information for the
estimation of lead- and drug-likeness of hits (Lagorce et al.,
2017). For instance, Lipinski’s rule of five (RO5) or Pfizer filter
screens lead-likeness of hits based on the criteria including,
molecular weight ≤500, MLOGP ≤4.15, the number of (N +
O) ≤ 10, and the number of (NH + OH) ≤ 5 (Lipinski et al.,
2012; Kralj et al., 2023).

2.3.1.1 Adverse drug reaction (ADR) assay
ADVERPred server was launched at PASS (Prediction of

Activity Spectra for Substances) technology (https://www.
way2drug.com/PASSonline) for in silico prediction of ADRS such
as myocardial infarction, arrhythmia, cardiac failure, myocardial
infarction, hepatotoxicity, and nephrotoxicity. Prediction is based
on the training sets encompassing manually curated information
from drug labels. Practically, SMILES formats of synthesized ligands
were submitted to the ADVERPred server containing training data
sets for similarity research to estimate ADR (Ivanov et al., 2018). In
addition, the Toxtree version 3.1.0.1851 software platform (http://
toxtree.sourceforge.net/) was hired to forecast the toxicity class of
synthesized ligands.

2.3.1.2 Prediction of antitarget interaction profiles
GUSAR software builds quantitative structure–activity

relationship (QSAR) models using training sets characterized as
structural data files (SDF; Way2Drug.com, 2011–2016). The QSAR
models for the sets of 32 endpoints (50% inhibitory
concentration—IC50, inhibition constant—Ki, and activation
constant—Kact) comprise the data about 4,000 chemical
compounds interacting with 18 antitarget proteins (13 receptors,
2 enzymes, and 3 transporters). The biological profiles for antitargets
of our new chemical entities (NCEs) were screened in silico using the
machine learning-based software PASS 2020 (vide supra). The
biological profile is categorized as a list of activities along with
the probabilities of being active Pa and inactive Pi and with two
conditions Pa > Pi and Pa ≥0.5.

2.3.1.3 Target fishing
The SwissTargetPrediction web server predicts probable protein

targets based on the structural similarity of NCEs to already known
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active library compounds. The SMILES strings of NCEs served as
input for the computing of all standard features of drug-likeness
(Daina et al., 2019). All targets of each ligand were presented in Excel
files, and selected common targets of all ligands were submitted for
validation using in silico molecular docking (vide infra).

2.3.1.4 Kinase target screening
Protein kinases are ubiquitous regulators of cell physiology,

and their pathological activity switches cells from normal to
abnormal state and disease phenotype. Accordingly, kinases
are therapeutic targets, and more than ten kinase inhibitors
have been entered into clinical practice in the last 4 years.
Selectivity would be a core concept in the discovery of novel
kinase inhibitors. Thus, to find safe and potent NCEs, their
interactions with kinases would be initial steps in drug
development. In essence, KinScreen (https://www.way2drug.
com/KinScreen/) was aimed to optimize this process. The key
features of KinScreen include the prediction of kinase targets
with PASS software, untangling molecular mechanism of action
of NCEs, the visualization of results on the kinome tree, and the
search for analogous compounds across the ChEMBL database to
find experimental data on them that were ignored in this study.

2.3.1.5 Molecular docking validation
The structures of synthesized ligands were converted into.pdb

format using Open Babel (O’Boyle et al., 2011). The X-ray crystal
structure of targets was retrieved from Protein Data Bank (PDB;
http://www.RCSB.org), edited, optimized, and trimmed using
Molegro Virtual Docker machine (Thomsen and Christensen,
2006) and Chimera 1.8.1 (http://www.rbvi.ucsf.edu/chimera). The
in silico molecular docking was performed using PyRx software
version 0.8 and the results were represented as binding affinity (BA;
kcal/mol) values (Dallakyan and Olson, 2015).

2.3.2 Bioinformatics
The UniProt accession identification of target kinases was

converted to gene symbols for humans using the SynGO gene set
analysis tool (Koopmans et al., 2019), and pooled together, and
submitted to GeneMANIA to construct target kinase network.
GeneMANIA is a handy web interface for acquiring gene
ontology, scrutinizing gene lists, and highlighting genes for
functional assays (Warde-Farley et al., 2010). After choosing
Homo sapiens from the list of optional organisms, the genes of
interest in the previous step were entered into the search bar and the
results were collated and high-scored genes were culled for further
discussion. Moreover, the protein-protein network was also
constructed in STRING ver. 12 launched at https://string-db.org,
and submitted to Cytoscape ver. 3.10.2 for network analysis using a
novel Cytoscape plugin cytoHubba and visualization (Shannon et al.
, 2003).

3 Results and discussion

3.1 Chemical synthesis and validation

The physicochemical properties of synthesized ligands have
been shown in (Supplementary Table 1).

3.1.1 Characterization of)9H-xanthen-yl)
hydrazine (L1)

The compound (L1) was synthesized by the reaction of
xanthydrol with hydrazine hydrate. This compound was
identified by FTIR spectroscopy by appearing (N-H, N-H2)
stretching vibration at 3,200 and 3,500 cm−1 in compound (L1)
and also the disappearance of the (O-H) bond at 3,345 cm−1 in
xanthydrol (Supplementary Figure 1).

3.1.2 Synthesis of potassium 2-)9H-xanthen-yl)
hydrazinecarbodithoate (L2)

The compound (L2) was synthesized by the reaction of
compound (L1) with carbon disulfide. This compound was
identified by FTIR spectroscopy by the disappearance of the
(N-H2) bond at 3,200–3,400 cm−1 in the compound and
appearing of (C=S) stretching vibration at 1,270 cm−1 for
compound (L2) (Supplementary Figure 2).

3.1.3 Characterization of (E)-2-(2-(9H-xanthen-9-
yl)hydrazono)-1,3-dithiolan-4-one (L3)

Compound (L3) was synthesized by the reaction of L2 with ethyl
2-chloroacetate. This compound was identified by FTIR
spectroscopy by appearing (C=O) stretching vibration at
1,738 cm−1 and (N=C) at 1,671 cm−1 compound (L3) and also
the disappearing the (C=S) bond at 1,207 cm−1 in compound
(L2) (Figure 1).

3.1.4 Characterization of 2-(9H-xanthe-9-yl)
hydrazinecarbothioamide (L4)

The compound (L4) was synthesized by the reaction of
xanthydrol with hydrazinecarbothioamide. These compounds
were identified by FTIR spectroscopy by appearing (N-H, NH2)
stretching vibration at 3,200 and 3,500 cm−1 for compounds (L4),
respectively, and also the disappearing the (O-H) bond at
3,200–3,400 cm−1 in xanthydrol and appearance of (C=S)
stretching vibration at 1,200 cm−1 for compound (L4)
(Supplementary Figure 3). The mechanism of the reaction was
shown (Supplementary Scheme 1).

3.1.5 Characterization of 2-(2-(9H-xanthen-9-yl)
hydrazinyl)thiazol-5(4H) one (L5)

The compound (L5) was synthesized by the reaction of (L4) with
ethyl 2-chloroacetate. This compound was identified by FTIR
spectroscopy by appearing (C=O) stretching vibration at
1,731 cm−1 and disappearing of the (N-H2) bond at
3,200–3,400 cm−1 in compound (L4) and disappearing the (C=S)
stretching vibration at 1,200 cm−1 for compound (L4), and
appearing of (C=N) stretching vibration at 1,617 cm−1 for
compound (L5) (Figure 2). 13C-NMR appearing (55) (C-N) 9H-
xanthene (62) (=N-C)thiazol (130–140) Aromatic (166) (C=N)
thiazol (176) (C=O)thiazol (155) (=C-O)9H-xanthene (Figure 3).
The compound (L5) was also determined by the appearance of
1H-NMR from (NH) amine (1H) is about (2.1) while (2H) (=N-
CH2) thiazol is at (3) and (CH-NH)9H-xanthene (1H) is at (5.3)
while aromatic is at (7–8) (Figure 4). The reaction mechanism is
depicted below (Scheme 1). The L5 (C16H13N3O2S; Figure 4) has
been composed of C (59.49%–61.72%), H (4.21%–5.23%), N
(13.50%–15.12%), and S (10.30%–10.71%).
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3.1.6 Characterization of 1-(9H-xanthen-9-yl)
thiourea (L6)

The compound (L6) was synthesized by the reaction of
xanthydrol with thiourea, and identified by FTIR spectroscopy by
appearing (N-H, NH2) stretching vibration at 3,200 and 3,500 cm−1

for compound (L6) respectively, and also the disappearing the
(O-H) bond at 3,200–3,400 cm−1 in xanthydrol, and appearing
(C=S) stretching vibration at 1,209 cm−1 for compound (L6)
(Supplementary Figure 4).

3.1.7 Characterization of 2-(9H-xanthen-9-
ylamino)thiazol-5(4H)-one (L7)

Compound (L7) was synthesized by the reaction of (L6) with
ethyl 2-chloroacetate. This compound was identified by FTIR
spectroscopy by appearing (C=O) stretching vibration at
1,739 cm−1 in compound (L7) and also the disappearing the
(N-H2) bond at 3,200–3,400 cm−1 in compound (L6), and
appearing of (C=N) stretching vibration at 1,648 cm−1 for
compound (L7) (Figure 5).

FIGURE 1
FTIR spectrum of compound (L3).

FIGURE 2
FTIR spectrum of compound (L5).
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3.1.8 Characterization of 9-(prop-2-ynyloxy)-9H-
xanthene (L8)

The compound (L8) was synthesized by the reaction of
xanthydrol with propargyl bromide. This compound was
identified by FTIR spectroscopy by appearing ( )
stretching vibration at 2,123 cm−1 for compounds (L8) and also
the disappearing the (O-H) bond at 3,200–3,400 cm−1 in xanthydrol
and appearing (C-H) vibration for compound (L8)
(Supplementary Figure 5).

3.1.9 Characterization of 4-((9H-xanthen-9-yloxy)
methyl)-1-(4-nitrophenyl)-1H-1,2,3-triazole (L9)

The compound (L9) was synthesized by the reaction of (L8) with
1-azido-4-nitrobenzene. This compound was identified by FTIR
spectroscopy by appearing (NH) stretching vibration at 3,362 and
3,474 cm−1 for compound (L9), and also the disappearing the
( ) bond at 2,123 cm−1 in compound (L8) and
disappearance of (C-H) vibration for compound (L8; Figure 6).

3.2 ADMET scan

Ligands obeyed the Lipinski (Pfizer) filter for drug-likeness
without positive alerts for considering pan-assay interference
compounds (PAINS; Supplementary Figure 7; Supplementary

Table 1). PAINS react promiscuously to various targets because
they possess disruptive functional groups that have been traced by
SwissADME (Baell and Holloway, 2010; Daina et al., 2017). In this
line, MWs of ligands were less than 500 g/mol and they can be
absorbed from the gastrointestinal tract. MLOGP of L9 (3.2) was
increased in comparison to other ligands (Table 1), while other
ligands had identical MLOGP of 1.9 which reflects lesser
lipophilicity of all ligands. The bioavailability scores of all ligands
were the same. Among all ligands, L7 showed blood-brain barrier
(BBB) permeation. The topical polar surface areas (TPSAs) of all
ligands were less than 140 Å2 which obeys the RO5. The number of
rotatable bonds, single bonds that can freely rotate around their axis,
was higher in L9 as compared to those of other ligands. The number
of rotatable bonds in a molecule affects its efficacy, pharmacokinetic
properties, conformational flexibility, interaction with target
proteins, and ADMET properties. Based on the higher number of
rotatable bonds in L9, this ligand may be too flexible to bind tightly
to its target. The flexibility of L9 was higher than those of other
ligands which showed similar flexibility. In this regard, the number
of rotatable bonds should not surpass nine rotatable bonds. The role
of flexibility as a filter for ADMET properties besides TPSA, and
hydrogen bond count are the key determinants of bioavailability
(Veber et al., 2002). The number of rotatable bonds in the Csp3

configuration dictates the flexibility of a molecule (Caron et al.,
2020). Although this configuration was decreased in L9 as compared

FIGURE 3
13C-NMR Spectrum of compound (L5).
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to those of other ligands, it was more flexible. Among proper
physicochemical properties of ligands for oral bioavailability
(Figure 7), only saturation (fraction Csp3) was lesser than the
cutoff value of 0.22. All ligands had fraction Csp3 values of
0.12 except L9 which had 0.09 (Supplementary Material S4). In
this study, all synthesized ligands possessed a SP3 hybridization
fraction lesser than 0.25. The percentage of SP3 fraction in a
molecule is a main descriptor for the prediction of the three-
dimensionality and intricacy of molecular structures.
Computationally, the SP3 fraction is used to evaluate the “drug-
likeness” or “lead-likeness” of NCEs, and molecules with a higher
SP3 fraction often display better pharmacological profiles. These
molecules are expected to adopt diverse spatial conformations,
allowing more specific interactions with the intricate shapes of
biological targets. In summary, synthesized ligands were accepted
as lead-like compounds and they should be submitted to QSAR
screening for their biological activities to optimize their
pharmaceutical applications.

All ligands had high human intestinal absorption (HIA), while
L7 just displayed BBB permeation (Supplementary Material S4).
L5 and L9 were substrates of P-glycoprotein (P-gp) as a subset of
ATP-binding cassette (ABC) transporters that can efflux drugs of
cells to shorten the duration of their pharmacological effects
(Amezian and Van Leeuwen, 2024). Moreover, all synthesized
ligands except L9 were cytochrome P450 (CYP450) inhibitors.

CYP450 enzymes facilitate the phase I of xenobiotics metabolism
to make them more soluble for excretion (Esteves et al., 2021). All
NCEs should be computationally tested for categorizing as
inhibitors or substrates of CYP450 enzymes to forecast their
drug-drug interactions and ADRs (Daina et al., 2017). In this
continuum, L3, L5, and L7 contain heterocyclic rings with
complex substituents, while L9 contains functional groups
associated with enhanced toxicity. All ligands were categorized as
Class III of toxicity according to the Cramer decision tree (Cramer
et al., 1976). In this line, the triazole ring is known as one of the main
pharmacophores of the nitrogen-containing heterocycles (Guo et al.,
2021), and it can enhance the toxicological activities of other
molecules. Therefore, the synthesized ligands should be checked
through a battery of bioassays for consideration as lead-like, drug,
or poison.

3.3 Target fishing and validation

Target fishing is a bottleneck in the laborious and expensive
pipeline of experimental pharmacology for dissecting the interaction
of a bioactive compound with its druggable target proteins. In this
continuum, in silico target fishing employs machine learning
algorithms and chemi- and bio-informatic tools for the
prediction of the targets of NCEs. Here, we used the

FIGURE 4
1H-NMR Spectrum of compound (L5).
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SwissTargetPrediction to predict chemical-protein interactions
(Supplementary Material S5). Four common targets of all ligands
were extracted from target sets of each ligand and submitted to in
silico molecular docking validation (Supplementary Material S6).
Four common targets were three kinases including vascular

endothelial growth factor receptor 2 (CHEMBL279; PDB ID:
1YWN), tyrosine-protein kinase (CHEMBL2148; PDB ID: 3LXL),
and epidermal growth factor receptor (erbB1; CHEMBL203; PDB
ID: 5UG9), and sodium channel protein type IX alpha subunit
(CHEMBL4296; PDB ID: 5EKO) which belongs to the family of

SCHEME 1
Mechanism of synthesis of compound (L5).

FIGURE 5
FTIR spectrum of compound (L7).
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voltage-gated ion channels. In this context, L3 predominantly
docked with family erbB1, however it interacted reliably with
other kinases like MAP kinase ERK1 and protein kinase C mu
(Table 2). In this continuum, L5 docked firmly with erbB1 and
tyrosine-protein kinase, and it interacted with MAP kinase ERK1.
L7 docked with tyrosine-protein kinase more reliably than other
ligands, and it was the weakest binder in this study. Interestingly,
L9 showed the strongest BAs with all common targets, while it
docked tyrosine-protein kinase with the highest BA of −11.1 kcal/
mol (Supplementary Material S6). In summary, these synthesized
ligands docked reliably with tyrosine-protein kinase and erbB1
(Supplementary Material S6).

3.4 Kinase target fishing

Except for L9, the major target family of synthesized ligands was
the kinase family as predicted by SwissTarget (Figure 8). Moreover,
KinScreen launched at https://www.way2drug.com/KinScreen/
predicted the interaction of pharmacological substances with
human kinome (see Supplementary Material S7). In essence, the
main top 5 list targets and therapeutic classes of ligands have been
presented (Supplementary Table 1). In this continuum, various

serine/threonine-protein kinases were common kinase targets for
synthesized ligands. Protein kinase C mu, MAP kinase ERK1, dual
specificity protein kinase CLK3, and casein kinase I gamma 2 were
highly accurate predicted targets for L3, L5, L7, and L9, respectively
(Supplementary Table 1). Consistent with the results of KinScreen,
SwissTarget also showed that the common targets for four
synthesized ligands were three kinases and one target belongs to
the voltage-gated ion channel (VIC) superfamily (Figure 8).

3.5 Kinase target network

All target kinases were harvested from KinScreen and submitted
to GeneMANIA and STRING servers (vide supra). In this regard,
three genes showed the highest weights in the kinase target network
of synthesized ligands in the output of GeneMANIA (see
Supplementary Table 1). In this line, haploid germ cell-specific
nuclear protein kinase (Haspin) showed the maximum weight in
the network constructed using the GeneMANIA server. This gene
encodes a serine/threonine kinase that is known as a promising
target against cancer (Liu et al., 2023). WEE2 is a kinase that is
expressed in an array of cancers (https://www.proteinatlas.org/
ENSG00000214102-WEE2/pathology). The PIM3 belongs to the

FIGURE 6
FTIR spectrum of compound (L9).

TABLE 1 Pharmacological and toxicological features of synthesized xanthone derivatives.

Ligand MW g/mol MLOGP Hdon Hacc BS BBB TPSA Å2 RBN Lipinski #violations PAINS #alert

L3 328 1.99 1 3 0.55 NO 101.29 2 0 0

L5 311 1.97 2 4 0.55 No 88.02 3 0 0

L7 296 1.99 1 3 0.55 Yes 75.99 2 0 0

L9 401 3.26 1 6 0.55 No 89.48 5 0 0

Note: MW, molecular weight (kDa); MLOGP, Moriguchi Log Po/w; Hdon, the number of H-bond donors; Hacc, the number of H-bond acceptors; BS, oral bioavailability score; Caco-2,

permeability; BBB, blood-brain barrier; TPSA, topographical polar surface area; RBN, the number of rotatable bonds: HL, half-life; PAINS, Pan-assay interference compounds. 2-[2-(9H-

xanthen-9-yl)hydrazinyl]-1,3-dithiolan-4-one (L3; SMILE: O=C1CS\C(S1)=N/NC1C2=CC=CC=C2OC2=C1C=CC=C2), 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-thiazol-5(4H)-one

(L5 SMILE: O=C1CN=C(NNC2C3=CC=CC=C3OC3=C2C=CC=C3)S1), 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7 SMILE: O=C1CN=C(NC2C3=CC=CC=C3OC3=C2C=CC=

C3)S1), and lower right; hydroxy(oxo)(4-{4-[(9H-xanthen-9-yloxy)methyl]-1H-1,2,3-triazol-1-yl}phenyl)ammonium (L9 SMILE: ON(=O)C1=CC=C(C=C1)N1C=C(COC2C3=CC=

CC=C3OC3=CC=CC=C23)N=N1).
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FIGURE 7
Bioavailability radars and BOILED-Egg scan. The pink area symbolizes the optimal range for physicochemical properties (size: MW (molecular
weight; 150–500 g/mol, lipophilicity: XLOGP3 −0.7-+5.0, polarity: TPSA (topological polar surface area; 20–130Å2, solubility: log S ≤ 6, saturation:
fraction of carbons in the Csp3 hybridization ≥0.25, and flexibility: ≤9 rotatable bonds. Note: upper left; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-dithiolan-
4-one (L3); upper right; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-thiazol-5(4H)-one (L5); lower left; 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-
one (L7), and lower right; hydroxy (oxo)(4-{4-[(9H-xanthen-9-yloxy)methyl]-1H-1,2,3-triazol-1-yl}phenyl)ammonium (L9). Human intestinal absorption
(HIA), blood-brain barrier (BBB) penetration, lipophilicity (WLOGP), and polarity (TPSA) have been computed. The mutually exclusive white and region
(yolk) region depict the highest probability of being absorbed by gut and being permeated to the brain, respectively.
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Ser/Thr protein kinase family, and PIM subfamily is overexpressed
in epithelial and hematological tumors and associated with MYC
coexpression. It plays roles in signal transduction, cell proliferation
and survival, and tumorigenesis like human hepatoblastoma cells
(Marayati et al., 2022).

The results of kinase network analysis were shown
(Supplementary Material S9), and the degree sorted circle layout
of the network was presented in Figure 9. Statistics of the network
were summarized as follows: number of nodes: 222; number of
edges: 1,344; average number of neighbors: 13,039; network
diameter: 6; network radius: 3; characteristic path length: 2,601;
clustering coefficient: 0.404; network density: 0.064; network

heterogeneity: 0.893; network centralization: 0.231; connected
components: 16; analysis time (sec): 0.152. In this line, the top-
listed nodes with the highest degree (n) were MAPK1 (n = 60), FYN
(n = 53), MAPK14 (n = 52), ERBB2 (n = 51), ABL1 (n = 47), ATM
(n = 47), MAPK3 (n = 46), and GSK3B (n = 44) (see Supplementary
Material S9). CytoHubba App was employed to search the hub node
of the kinase target network (see Supplementary Material S10).
Then, the top ten nodes ranked by degree were presented in
Figure 10. Mitogen-activated protein kinase 1 (MAPK1) was the
main hub gene among all target kinases for synthesized ligands
which were submitted to molecular docking for further validation
(Supplementary Table 2). We intentionally used two PDB IDs of

TABLE 2 In silico molecular docking [binding affinity (lower bound, upper bound)] of xanthone derivatives with top-list predicted targets.

Ligand Top-list target (PDB)

1YWN 3LXL 5EK0 5UG9 3W8Q 4U7Z

L3 −7.8 (7.926; 4.45) −8.8 (4.122; 1.989) −8.1 (5.771; 3.003) −9.0 (3.675; 0.069) −8.7 (3.675; 0.116 −8.5 (3.676; 0.122)

L5 −8.2 (3.675; 0.074) −9.1 (3.676; 0.093) −7.0 (37.57; 34.943) −9.0 (3.675; 0.062) −9.5 (3.676; 0.1) −8.9 (3.676; 0.104

L7 −7.9 (3.761; 0.008) −8.5 (3.762; 0.065) −6.9 (3.761; 0.027) −8.3 (3.762; 0.049) −8.5 (3.762; 0.017) −8.3 (3.762; 0.016)

L9 −10.1 (3.261; 0.17) −11.1 (3.259; 0.115) −9.3 (2.786; 2.234) −10.2 (3.265; 0.221) −10.3 (3.92; 2.373) −10.2 (3.258; 0.055)

Note: 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-dithiolan-4-one (L3), 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-thiazol-5(4H)-one (L5), 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7),

and hydroxy (oxo)(4-{4-[(9H-xanthen-9-yloxy)methyl]-1H-1,2,3-triazol-1-yl}phenyl)ammonium (L9).

FIGURE 8
Distribution of targets in various classes for xanthones derivatives. Note: upper left; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-dithiolan-4-one (L3);
upper right; 2-[2-(9H-xanthen-9-yl)hydrazinyl]-1,3-thiazol-5(4H)-one (L5); lower left; 2-(9H-xanthen-9-ylamino)-1,3-thiazol-5(4H)-one (L7), and lower
right; hydroxy (oxo)(4-{4-[(9H-xanthen-9-yloxy)methyl]-1H-1,2,3-triazol-1-yl}phenyl)ammonium (L9).
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FIGURE 9
Visualization of the constructed network in Cytoscape results page.

FIGURE 10
Top ten nodes ranked by degree using the CytoHubba app installed in Cytoscape.
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MAPK1 to check the accuracy of BAs of synthesized ligands with a
hub target that was determined through PPI network analysis. In
essence, similar binding modes of synthesized ligands with
MAPK1 PDBs were seen. In this case, L9 presented the best BA
with MAPK1 (Table 2). MAPK1 is a serine/threonine kinase in the
MAP kinase signal transduction pathway that is involved in the
pathogenesis of many diseases and various types of cancers (Kim
and Choi, 2010).

3.6 Antitarget and ADRs screening

Computation of the interaction of NCEs with antitargets is a
crucial step to disclosing ADRs in the pipeline of drug discovery
and development and clinical practice. In this regard, previous
experimental data that are presented as Ki, Kact, and IC50 values
can be categorized and used as models to create (quantitative)
structure and activity relationship [(Q)SAR] (Lagunin et al.,
2018). In this study, we used GUSAR software launched at
http://www.pharmaexpert.ru/GUSAR/antitargets.html, finds
antitargets of hit of interest among about 4,000 chemicals
interacting with 18 antitarget proteins (13 receptors,
2 enzymes and 3 transporters; see Supplementary Material S8).
Based on GUSAR, rational accuracy (Q2

model > 0.6 and R2
test > 0.

6) has been considered for computational prediction of
antitargets of NCEs (Zakharov et al., 2012). All ligands
showed altering activity of carbonic anhydrase II (see
Supplementary Table 2) that may be the cause of aplastic
anemia, anxiety, bone marrow suppression, chronic fatigue
syndrome, alopecia, anaphylaxis, depression, and renal tubular
acidosis (Rang et al., 1999). The interaction of synthesized
ligands with 5-hydroxytryptamine 2C receptors as antagonists
were also significant. In this case, the ADRs of antagonists to 5-
hydroxytryptamine receptors are sickness, emesis, diarrhea,
insomnia, and anxiety (Hoyer, 2020).

The specific potential of interacting with antitargets was also
observed among our synthesized ligands. In this regard, trustful
interaction of L3 was found with the 5-hydroxytryptamine 2A
receptor and d3 dopamine receptor. Similarly, L5 also interacted
with alpha1b adrenergic receptors. Adrenergic receptor antagonists
may cause reflex tachycardia, orthostatic hypotension, nasal
congestion, insomnia, and palpitation (Rang et al., 1999). L7 also
interacted 5-hydroxytryptamine 2C receptor, while L9 interacted
overtly with the kappa-type opioid receptor (see Supplementary
Table 2). Antagonism to opioid receptors may cause emesis,
sickness, respiratory depression, and sedation (Brunton et al.,
2023). All synthesized ligands showed hepatotoxic potentials,
while L7 presented cardiac toxicity (see Supplementary Table 3).
Therefore, these ligands may possess some ADRs that must be
considered in future experimental bioassays.

3.7 Antitumor potential

The cytotoxicity of NCEs against tumor cell lines is in the initial
stages of development, repositioning, and drug research. However,
the interaction of NCEs with normal cell lines gives impressive cues
regarding their toxic potential. In this line, all synthesized ligands

showed a low probability of activity against common normal cell
lines that were used for snap-screening of cytotoxicity (see
Supplementary Table 4). All ligands except L9, showed
interaction with prostate epithelial cells. Embryonic lung
fibroblast was also a target of all ligands except L7. In this
context, L7 was less toxic for the normal cell line among ligands,
and L3 showed a broad spectrum of toxicities against the normal
cell lines.

Acute leukemic T-cells display one of the top predicted tumor
cell lines for L5 (see Supplementary Table 5). All ligands except
L9 showed weak interaction with glioblastoma and
oligodendroglioma, and L9 showed a different pattern of tissue
tumor targeting among ligands (see Supplementary Table 5).
Allanxanthone C and macluraxanthone, two phyto-xanthones,
exhibited proapoptotic and antiproliferative activities in leukemic
cells from chronic lymphocytic leukemia and leukemia B cell lines
(Loisel et al., 2010). Future investigations are welcomed to dissect the
mechanism of possible antileukemic effects of synthesized xanthone
derivatives that proposed in this study.

4 Conclusion

In conclusion, the total synthesis of nine novel xanthone
derivatives was accomplished in a multi-step linear sequence and
characterized. Finally, four compounds (L3, L5, L7, and L9) were
selected for the computational assessment based on the Pfizer filter.
Kinase network analysis showed that the top-listed nodes were
MAPK1, FYN, MAPK14, ERBB2, ABL1, ATM, MAPK3, and
GSK3B. MAPK1 was the main hub gene involved in the
pathogenesis of many diseases and cancers. Interestingly, future
investigations are needed to dissect the mechanism of possible
antileukemic effects of synthesized xanthone derivatives that
proposed in this study.
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Introduction: Intraperitoneal chemotherapy for ovarian cancer treatment has

controversial benefits as most methodologies are associated with significant

morbidity. We carried out a systematic review to compare tumor response,

measured by tumor weight and volume, between intraperitoneal chemotherapy

delivered via drug delivery systems (DDSs) and free intraperitoneal chemotherapy

in animal models of ovarian cancer. The secondary aim was to assess the toxicity

of DDS-delivered chemotherapy, based on changes in animal body weight.

Methods: Based on PRISMA and SYRCLE guidelines, we identified 38 studies for

review, of which 20, were used in the meta-analysis. We evaluated outcome,

through tumor volume and tumor weight and, toxicity, through animal weight.

Analysis was based on drugs employed and treatment duration.

Results: Most studies were performed on mice. Ovarian cancer cell lines most

commonly used to induce xenografts were SKOV3 (19 studies) and A2780 (6

studies). Intraperitoneal device, also known as drug delivery systems (DDS),

consisted in nanoparticles, hydrogels, lipid polymer and others. The most

commonly used drugs were paclitaxel and cisplatin. Most studies used as the

control treatment the same chemotherapy applied free intraperitoneally and tumor

response/animal weight were evaluated weekly. There was a small benefit in overall

tumor reduction in animals treatedwith intraperitoneal chemotherapy applied through

the slow release device compared with animals treated with intraperitoneal free

chemotherapy, as evaluated through tumor weight - results in standardized mean

difference. (-1.06; 95%CI: -1.34, -0.78) and tumor volume (-3.72; 95%CI: -4.47, -2.97),
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a benefit that was seen inmost weekly evaluations and formost chemotherapy drugs,

such as carboplatin (tumor weight: -5.60; 95% CI: -7.83, -3.37), paclitaxel (tumor

weight: -1.18; 95% CI: -1.52, -0.83), and cisplatin (tumor volume: -2.85; 95% CI: -3.66,

-2.04) carboplatin (tumor volume: -12.71; 95% CI: -17.35, -8.07); cisplatin (tumor

volume: -7.76; 95% CI: -9.88, -5.65); paclitaxel (tumor volume: -2.85; 95%

CI: -3.66, -2.04). Regarding animal weight, there was no weight reduction in

animals treated with intraperitoneal chemotherapy applied through the slow-release

device compared with animals treated with intraperitoneal free chemotherapy.

However, significant heterogeneity was observed in some comparisons.

Conclusion: slow-release devices are overall safe and effective in animal models

of ovarian cancer. It was not possible to evaluate which one is themost promising

device to treat ovarian cancer, because many different types were used to apply

chemotherapy intraperitoneally.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/,

identifier CRD42021224573.
KEYWORDS
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meta-analysis
1 Introduction

Ovarian cancer is the most lethal gynecologic cancer, with the

majority of cases being diagnosed when the patient already presents

with ascites and peritoneal dissemination of the tumor, restricting

the 5-year survival to 30% (1). This situation impairs complete

cytoreduction, and limits the chemotherapy response (2–4). The

majority of patients have relapsed disease (1, 5, 6).

The most common chemotherapy protocol for high grade

advanced stage serous ovarian cancer is based on six cycles of

systemic carboplatin and paclitaxel (1, 5). Toxicity is related to

unfavorable drug distribution and results in frequent peripheral

neuropathy, anemia, neutropenia due to bone marrow suppression,

alopecia and gastrointestinal symptoms.

Peritoneal administration of chemotherapy has been implemented

over the last few decades to increase drug concentration in neoplastic

spots with acceptable systemic toxicity due to lower absorption (3, 7),

but sequential outpatient administration did not improve survival in

the most expressive clinical trial (8). The single application during

cytoreduction of hyperthermic intraperitoneal chemotherapy (HIPEC)

was effective in three clinical trials.

The rational of HIPEC is to directly or indirectly affect the residual

neoplastic cells after cytoreduction. In this case, the desperitonized

region, which is more prone to the adhesion of neoplastic cells, is

protected by direct contact with the chemotherapy agent (9). The

technique presents promising results even in patients with platinum

resistance (10, 11). Studies show better survival compared with standard

treatment, when performed during interval cytoreduction surgery with
02247
cisplatin (12) and in the context of secondary cytoreduction with

cisplatin (13) or cisplatin associated with paclitaxel (10).

The main disadvantage of HIPEC is the higher surgical morbidity

andmortality. The most frequent complications are bleeding, surgical

wound infection, sepsis, abscess, fistulas, renal failure, pleural effusion

and hematological toxicity associated with chemotherapy (7).

Although some series present good results regarding the

morbidity of the procedure (10), others report morbidity rates

that exceed 50% of patients (14), encouraging studies in murine

models for less toxic formulations.

The PIPAC (pressurized intraperitoneal aerosol chemotherapy)

resembles the principles of HIPEC with an innovative technology for

delivering drugs into the peritoneal cavity, that involves aerosolized

chemotherapy delivered under pressure. Unfortunately, it is mainly

offered to palliative patients, as there are still no randomized clinical

trials evaluating PIPAC as first therapeutic option (15).

Chemotherapy slow-release devices, also known as drug delivery

systems (DDSs), are designed to converge the advantage of in loco

peritoneal treatment with lower toxicity. The classification of DDSs is

based on its main mechanism of action and the types most currently

used are liposomes, micelles and nanoparticles (16). Its efficacy in disease

control has been demonstrated in several animal models but (17, 18) its

application in humans is limited to a few studies on slow-release systems

containing paclitaxel (19, 20). Several DDS formulations have been tested

in vitro and in murine models, and most studies have been conducted in

mice with ovarian tumor xenografts (17). The efficacy of various DDS

formulations reinforces this therapeutic option and supports the creation

of a device to be tested in animals with a larger peritoneal cavity.
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The primary aim of this study was to compare the tumor response,

assessed by tumor weight and volume, between intraperitoneal

chemotherapy delivered via drug delivery systems (DDSs) and free

intraperitoneal chemotherapy in animal models of ovarian cancer. The

secondary aim was to evaluate the toxicity of intraperitoneal

chemotherapy delivered through DDSs, compared to free

intraperitoneal chemotherapy, based on changes in animal body weight.
2 Methods

The research protocol was inserted into the PROSPERO

(Prospective Register of Systematic Reviews) platform with the

register code CRD42021224573, following the PRISMA (Preferred

Reporting Items for Systematic Review and Meta-Analysis) checklist

recommendations (21). We performed a literature search using

descriptors according to PICO methodology, as described in

Supplementary Table 1: (Ovarian OR carcinomatosis) AND

(Polymers OR Drug Delivery Systems OR Absorbable Implants OR

Phospholipids OR Delayed-Action Preparations OR Infusion Pumps,

Implantable OR Chitosan OR Polyvinyl Alcohol OR sustained release

OR slow release OR controlled release ORmembrane OR hydrogel OR

Polyethylene Glycol Acid OR Implant System OR Injectable

Biomaterial OR Continuous Release OR continuous intraperitoneal

delivery OR continuous chemotherapy OR continuous docetaxel OR

continuous cisplatin OR continuous paclitaxel OR continuous

carboplatin OR micellar OR micelle) AND (Intraperitoneal OR

peritoneal) AND (Toxicity OR survival OR treatment OR tumor

burden). The search strategy focused on DDSs capable of slow-

release chemotherapy in ovarian cancer animal models.

The literature search was performed on PubMed, MEDLINE,

Embase, Cochrane Central Register of Clinical Trials and Web of

Science, without any date restrictions on 2th October 2023. All results

were inserted into the Rayyan App, a multitask program created to

enable better management and selection of papers (22). Repeated studies

on different platforms were excluded, and papers were selected by six

researchers working in blinded pairs. After interrupting the blind

approach, discordant papers between the authors were reviewed by a

third author for final judgment on inclusion.

The selection criteria included studies with peritoneal

application of the device in which one or more of the following

chemotherapy drugs were used: cisplatin, docetaxel, paclitaxel and

carboplatin. The device type was restricted to gels, membranes,

microdevices or micelles.

Study inclusion required at least one of the following outcomes:

side effects (animal weight as a sign of toxicity), tumor response

(assessed by tumor weight, volume or bioluminescence), or animal

survival. Experimental group had be compared at least with one

control group (no treatment, empty device or free chemotherapy)

and minimal sample size and animal species were not an exclusion

criteria. Only studies published in English were included. Studies on

human beings were excluded. Data compilation for meta-analysis

was prepared when at least three studies with the same outcome,

unit of measure and standard deviation were present.
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Authors of abstracts and posters were contacted digitally

(email/LinkedIn platforms) and kindly asked to send additional

data that would facilitate the inclusion of the research in the review.

The selected studies had their data extracted and inserted into a

standardized Excel table by all researchers. The corresponding pair

reviewed all data entries; text, tables or graphs had their numbers

copied. When the results were presented only graphically, the

WebPlotDigitizer program was used to identify the results more

accurately. Data extracted from the papers consisted of authors,

year of publication, number of animals in each group (experimental

and control), cell lines, intervention, and outcomes.

Meta-analysis was performed using STATA MP version 14

software. When the variation in mouse weight was recorded as a

percentage, we considered the initial weight to be 20g to include the

data in the analysis.

We conducted a meta-analysis using a fixed-effect model. The

outcome measures were assessed based on continuous variables.

The effect of the treatment interventions and controls was evaluated

by calculating mean differences and their corresponding 95%

confidence intervals. The overall treatment effect was further

assessed using the standardized mean difference (SMD). A p-

value of < 0.05 was considered statistically significant. The degree

of heterogeneity across studies was evaluated using the I² statistic,

with the following interpretation: 0–25% indicating low

heterogeneity, 26–50% moderate heterogeneity, 51–75%

substantial heterogeneity, and >75% high heterogeneity (23).
2.1 Studies quality

The SYRCLE (Systematic Review Centre for Laboratory animal

Experimentation) risk of Bias Tool was used to quantify the quality

of the studies (24); this is an adaptation of the Cochrane Instrument

developed specifically for animal studies. Selection, performance,

detection, attrition and reporting biases were evaluated by the same

researchers who selected the articles, in pairs.
3 Results

The search was carried out on October 2, 2023 and 399 studies

were found in PubMed, 417 in Embase, 226 in Web of Science, 443

in the Virtual Health Library, 195 in Scopus and 23 in Cochrane,

totaling 1,703 articles. It should be noted that the terms were

searched in the title, abstract or entire text; only in Scopus was

the search for terms restricted to the title and abstract, as the high

number of articles in the text would make the selection of

articles unfeasible.

A total of 597 articles were excluded, resulting in an evaluation

of 1,106 articles. Of these, 104 papers were selected based on the

relevance of the title or summary for the final evaluation of the full

text (Figure 1). It was not possible to get in contact with the authors

of the six posters initially included.
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3.1 Systematic review

A total of 38 articles fulfilled the inclusion criteria and were

selected for a systematic review. The analysis was performed

according to treatment duration and chemotherapy drugs used. A

total of 11 studies published from databank inception up to 2010
Frontiers in Oncology 04249
were selected, from 2011 to 2015, 14 studies, from 2016 to 2023, 10

studies, and from 2021 to 2023, 3 studies.

Eighteen studies were excluded from the meta-analysis. The

main reason for this was that the outcomes did not include the

predefined parameters. The reasons for excluding these studies and

their outcomes are summarized in Table 1.
FIGURE 1

Flowchart of selected studies.
TABLE 1 Main features of the studies selected for the systematic review and reason for exclusion.

Author Year Chemo
Physical

Presentation
N Control

vs. Experimental
Evaluated Outcomes

Exclusion
Reason

Amoozgar et al. (53) 2014 paclitaxel nanoparticles 16 vs. 8 survival
missing
standard
deviation

Bajaj et al. (28) 2012 paclitaxel hydrogel 27 vs. 19 tumor weight *

Bortot et al. (54) 2020 cisplatin nanoparticles 12 vs. 7 bioluminescence and animal weight *

Cho H and Kwon GS
et al. (55)

2014 paclitaxel micels and gel 10 vs. 10 bioluminescence and survival
missing
standard
deviation

Cho H and
Lai et al. (56)

2013 paclitaxel Micels 8 vs. 16 animal weight
*

Cho, S. and
Sun et al. (45)

2015 cisplatin nanoparticles 30 vs. 20 bioluminescence and tumor weight
*

Clercq et al. (27) 2019 paclitaxel nanoparticles 22 vs. 44 animal weight
time

treatment
missing

De Souza R and
Zahedi P et al. (33)

2010 docetaxel hydrogel 12 vs. 36 bioluminescence
outcomes
missing

(Continued)
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TABLE 1 Continued

Author Year Chemo
Physical

Presentation
N Control

vs. Experimental
Evaluated Outcomes

Exclusion
Reason

Desale SS et al. (35) 2015
cisplatin

and paclitaxel
nanoparticles 32 vs. 16 bioluminescence

outcomes
missing

Gilmore D et al. (57) 2013 paclitaxel nanoparticles 13 vs. 11 animal and tumor weight *

Hagiwara et al. (58) 1993 cisplatin microspheres 240 vs. 20 survival
outcomes
missing

Chunbai He et al. (59) 2016 cisplatin siRNA polymer 18 vs. 24
animal weight, tumor volume

and survival *

Ho et al. (60) 2007 paclitaxel nanoparticles 6 vs. 3 –
outcomes
missing

Kumagai et al. (25) 1996 cisplatin microspheres 5 vs. 40 survival
outcomes
missing

Lee, S.E. and Bairstow
et al. (61)

2014 paclitaxel nanoparticles 30 vs. 10 survival
outcomes
missing

Li SD and Howell
et al. (62)

2010 cisplatin microparticles 14 vs. 6 survival
missing
standard
deviation

Lu H and Li B
et al. (63)

2007 paclitaxel nanoparticles 45 vs. 15 tumoral weight
*

Lu Z and Tsai M
et al. (31)

2008 paclitaxel microparticles 43 vs. 26 survival
outcomes
missing

Padmakumar S
et al. (64)

2019 paclitaxel nanotextile 10 vs. 10 animal weight
*

Poon, C. et al. (43) 2016 carboplatin nanoparticles 20 vs. 10 tumor weight and volume *

Sun et al. (65) 2016 paclitaxel nanocristals 27 vs. 18 bioluminescence and survival
missing
standard
deviation

Tong et al. (66) 2014 paclitaxel
liposome

with nanoparticles
30 vs. 20 survival

missing
standard
deviation

Vassileva et al. (38) 2008 paclitaxel device not specified 24 vs. 12 tumor weight *

Wang et al. (47) 2020 cisplatin polymer stent 12 vs. 6 tumor and animal weight *

Xiao et al. (29) 2009 paclitaxel nanoparticles 15 vs. 10
bioluminescence, tumor weight,
animal weight and survival *

Xie et al. (67) 2019 paclitaxel microspheres 19 vs. 23 bioluminescence and Survival
missing
standard
deviation

Xiong et al. (68) 2012 paclitaxel nanoparticles 6
no DDs with
Slow release

Xu et al. (44) 2016 paclitaxel hydrogel 24 vs. 8 tumor and animal weight *

Yang et al. (69) 2017
gencitabin

and paclitaxel
polymer 20 vs. 15 tumor and animal weight

*

Yang et al. (34) 2014 paclitaxel microsphere 15 vs. 27 bioluminescence and PCI
missing
standard
deviation

Ye et al. (37) 2015 cisplatin microdevice 40 vs. 26
bioluminescence, tumor and

animal weight *

Ye et al. (70) 2013 paclitaxel liposome 27 vs. 21 tumor weight
missing
standard
deviation

(Continued)
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Almost all studies were performed on mice, except for one

performed on rats (25), and the experimental number varied from 3

(26) to 44 (27) animals, aged between 4 (28) and 12 (29) weeks. The

unique study in porcine model was excluded in the initial phase due

to lack information about DDS (30). The slow-release

chemotherapy device was applied from 1 (27) to 28 (31) days

after the induction of tumor formation. The most commonly used

cell lines to induce xenografts were the ovarian cancer lineages

SKOV3, in 19 studies and A2780, in six studies.

The models of slow-release chemotherapy devices used in each

study are listed in Table 1. The device formulation showed significant

variations among the studies. The most commonly used presentations

consisted of nanoparticles (12 studies) and hydrogels (seven studies).

The only standardized material used in more than one study (a total of

three articles) was a lipid-polymer containing docetaxel (polygel),

which showed good performance and low toxicity (26, 32, 33). The

most commonly used chemotherapy drugs were paclitaxel (22 studies)

and cisplatin (11 studies).

Most studies used only one chemotherapy drug but, Yang et al.

(34), Desale et al. (35) and Zahedi et al. (36) used a combination of

chemotherapy drugs. In addition Bajaj et al. (28) tested only one

drug, paclitaxel, dissolved in Cremophor or DMSO, and assessed

the outcomes separately.
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Mouse survival was the most studied outcome, assessed in 19

studies. However, we did not evaluate this parameter because most

studies presented the Kaplan Meier curve without confidence intervals.

Tumor response was assessed based on tumor weight (17 studies).

Xenograft bioluminescence was observed in 12 studies, and tumor

volume in 5 studies. Mouse weights were quantified in 14 studies. In

total, 18 studies compared outcomes of DDS vs intraperitoneal PBS, 10

of DDSs vs empty device (no chemotherapy), and 18 of DDS vs

intraperitoneal free chemotherapy. We present results of comparisons

between DDS versus intraperitoneal free in the text, and the other two

DDS comparisons (with intraperitoneal PBS or DDS without

chemotherapy) in Supplementary Material.

Most studies used as the control treatment the same

chemotherapy, administered intraperitoneally in bolus, using

various regimens, such as 1 dose every 3 days for 5 doses or 2

doses separated by 1 week interval, and others. The studies also

compared DDS with the absence of treatment (with phosphate-

buffered saline (PBS) infusion or application of a slow-release device

without any drug).

The risks of bias are shown in Figure 2. Most studies have

clearly described the methods used to equalize different groups

under the same care. The random/alternating cage distribution in

the vivarium or the blinding of caregivers was not reported in any
TABLE 1 Continued

Author Year Chemo
Physical

Presentation
N Control

vs. Experimental
Evaluated Outcomes

Exclusion
Reason

Zahedi et al. (36) 2010
docetaxel

and cepharanthine
hydrogel 12 vs. 6 tumor weight

*

Zahedi et al. (26) 2012 docetaxel hydrogel 36 vs. 24 tumor volume *

Zahedi et al. (32) 2009 docetaxel hydrogel 4 x 8 tumor volume
missing
standard
deviation

Zhang et al. (71) 2022 docetaxel micels 24 x 18 tumor and animal weight *

Yamaguchi et al. (46) 2022 cisplatin hydrogel 18 x 12 tumor volume and animal weight *

Zhao et al. (72) 2022 cisplatin nanotubes 15 x 5 animal weight *
*Included in the meta-analysis.
FIGURE 2

Risk of bias represented by the percentage of studies included.
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study, negatively affecting the performance of the selection,

performance and detection domains. The presentation of all data

proposed initially in the methodology section, in the results section

and the presentation of different parameters to quantify the tumor

response (such as tumor weight and bioluminescence) guaranteed

satisfactory results in attrition and selection bias.
3.2 Meta-analysis

Data selection for the meta-analysis was based on the outcomes

of tumor volume, tumor weight, mouse weight and mouse survival

in 6, 11, 16 and 19 studies, respectively. The large variation in the

data units among the studies evaluating tumor growth by

bioluminescence precluded their inclusion in the meta-analysis,

even though it was described in 12 studies. Survival was not
Frontiers in Oncology 07252
evaluated because most studies provided Kaplan Meier curve

without Confidence intervals, which precluded meta-analysis.

In the meta-analysis, we evaluated the outcomes of each study

considering weeks after the application of the slow-release device.

We compared the results of the device with those of three control

groups: I, peritoneal or intravenous application of the same free

chemotherapy (without conjugated formulation and without release

device), II, no treatment or PBS, and III, application of the slow-

release device without chemotherapy, The first, presented in the text

(II and III presented in Supplementary Material).

For the analysis of tumor weight and volume, animals were

euthanized at different time intervals, and separate groups were

analyzed at each time point. This approach allowed us to stratify the

tumor response and carry out the meta-analysis, as they were

independent groups. When analyzing the weight of the animals, the

same animals were weighed at multiple time points throughout the
FIGURE 3

Tumor weight at different time points following intraperitoneal chemotherapy administered via drug delivery systems (DDS) compared to free
intraperitoneal chemotherapy. Forrest plot presenting the pooled effect estimates from the meta-analysis with 95% confidence intervals (CIs) for each
study. The size of each square represents the weight of each study in the meta-analysis, with larger squares corresponding to studies with greater
weight. The horizontal lines through each square represent the confidence intervals for each study’s effect estimate. The diamond at the bottom of the
plot represents the overall pooled effect estimate and its confidence interval. Heterogeneity across studies was assessed using the I² statistic, with values
of 0-25%, 26-50%, 51-75%, and >75% indicating low, moderate, substantial, and high heterogeneity, respectively. A fixed-effect model was used for the
analysis, assuming that all studies estimate the same underlying effect. * Studies that only evaluated xenografts other than SKOV3.
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study. The outcomes could only be evaluated independently at each

time interval because the animals were grouped by different treatment

periods, resulting in the same group being assessed more than once.
3.3 Meta-analysis – study outcomes

Tumor response was evaluated based on the tumor weight and

tumor volume. Regarding the period of treatment (duration), tumor

weight was lower in the group treated with DDS for: a) 14, 21 and 35

days and overall (grouping all time intervals) when compared with

intraperitoneal free chemotherapy (Figure 3) and PBS

(Supplementary Figure 1); b) 14, 21, and 35 days and overall,

when compared with the empty device (Supplementary Figure 2).

However, there was significant heterogeneity, varying from

moderate to high, between groups.

Considering the chemotherapy drugs released by DDS, there

was a significant regression in tumor weight in mice treated with

DDS containing: a) carboplatin, docetaxel and paclitaxel and overall

when compared with mice treated with intraperitoneal free
Frontiers in Oncology 08253
chemotherapy (Figure 4); b) carboplatin, cisplatin, docetaxel, and

paclitaxel compared with mice treated with PBS (Supplementary

Figure 3); and c) docetaxel, paclitaxel and overall compared with

mice treated with the empty device (Supplementary Figure 4).

There was significant heterogeneity between all the three groups.

Tumor response was also evaluated based on the tumor volume.

Regression of tumor volume was significantly greater in mice

treated with DDS for all time periods (7 - ≥35 days) than in mice

from all control groups, treated with intraperitoneal free

chemotherapy (Figure 5), or PBS (Supplementary Figure 5), or

the empty device (Supplementary Figure 6). There was significant

heterogeneity between groups for all comparisons.

Regarding chemotherapy drugs, there was a reduction in tumor

volume for mice treated with DDS containing: a) carboplatin,

cisplatin and paclitaxel, and overall, compared with mice treated

with intraperitoneal free chemotherapy (Figure 6); b) all drugs

tested, i.e., carboplatin, cisplatin, docetaxel, paclitaxel, and overall,

compared with mice treated with PBS (Supplementary Figure 7); c)

cisplatin and overall, compared with mice treated with the empty

device (Supplementary Figure 8). Significant heterogeneity between
FIGURE 4

Tumor weight following intraperitoneal administration of various chemotherapy drugs via drug delivery systems (DDS) compared to free
intraperitoneal chemotherapy. Consider P<0,001 in cases of p= 0.000. * Studies that only evaluated xenografts other than SKOV3.
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groups was observed in comparisons of the DDS with PBS and

intraperitoneal free chemotherapy.

We next evaluated animal body weight within treatments,

because it was the most common evaluation of toxicity among

studies. Indirect signs such as inactivity or change in eye color were

not commonly described.

Although 4/13 studies used percentage variation to evaluate

weight gain or loss, these studies reported an initial mice weight of

approximately 20g, which allowed us to estimate a numerical value

and build the meta-analysis. Animals treated with DDS were

heavier after 7, 28, and ≥35 days of treatment and overall, when

compared to the group that received intraperitoneal free

chemotherapy (Figure 7) for the same time period. There was no

weight difference in mice treated with DDS in most time periods (7,

14, 21, 28 days), but mice treated for ≥35 days and overall were

heavier when compared to mice that received PBS (Supplementary

Figure 9). In addition, mice treated with DDS were less heavy at 4,
Frontiers in Oncology 09254
21 days and overall, but not at 7, 28 and ≥35 days, compared to

animals treated with the empty device (Supplementary Figure 10).

The studies that evaluated mice weight variation along the periods

of treatment showed 64.5% of heterogeneity among them.

Regarding the drugs used, mice treated with docetaxel, paclitaxel

and overall were heavier, but not mice treated with cisplatin, when

compared with mice treated with intraperitoneal free chemotherapy

(Figure 8). There was no significant weight difference in mice treated

with DDS containing docetaxel, and paclitaxel, but there was a reduced

weight in mice treated with cisplatin and overall, when compared with

the group treated with PBS (Supplementary Figure 11), with no

heterogeneity between groups. Besides that, mice treated with DDS

containing paclitaxel and overall were less heavy, but not those treated

with DDS with cisplatin, than mice treated with the device devoid of

chemotherapy (Supplementary Figure 12). There was heterogeneity

between groups for comparisons of DDS with intraperitoneal free

chemotherapy or the free device.
FIGURE 5

Tumor volume at different time points following intraperitoneal chemotherapy administered via drug delivery systems (DDS) compared to free
intraperitoneal chemotherapy. Consider P<0,001 in cases of p= 0.000.
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4 Discussion

We evaluated tumor response and treatment toxicity in studies

that compared intraperitoneal devices of chemotherapy release with

free chemotherapy intraperitoneal administration in animal models

of ovarian cancer xenografts. In the meta-analysis we observed a

small benefit in overall tumor reduction in animals treated with

intraperitoneal chemotherapy applied through the slow release

device compared with animals treated with intraperitoneal free

chemotherapy. In addition, there was no important toxicity that

negatively impacted animal weight in rodents treated with DDSs,

compared with rodents treated with free chemotherapy.

Continuous, low-dose release of chemotherapy is called

metronomic (37) and its efficacy is based mainly on compromising

integrity of endothelial cells, reducing angiogenesis (33, 38). A long

release time of the chemotherapy agent also allows the drug to

achieve favorable distribution to different organs. and not just on

the peritoneal surface (26, 38), and may have beneficial effects against

inadequate distribution of intraperitoneal chemotherapy, that is a

recurrent problem, possibly compromising peritoneal chemotherapy

efficacy (39).
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A previous meta-analysis, published in 2015, compared animal

studies of drug delivery systems for ovarian cancer treatment (17). In

this review, the outcomes were grouped into only one treatment time

interval, which allowed a greater number of studies to be included in

the same analysis. The selected studies included peritoneal and

intravenous release formulations (17). In the present study, 15 new

studies were available for inclusion, eight of which using cisplatin and

seven using paclitaxel. In 2022, a publication of an equivalent

systematic review on murine models of gastrointestinal cancer

involving 35 studies showed an important clinical improvement in

tumor reduction in animals that received the prototype, consisting of

DDSs containing cytostatics for the treatment of gastro-intestinal

peritoneal metastasis, compared to those that received free

chemotherapy in the abdominal cavity (18). Mice survival was one

important outcome in both studies (17, 18). In agreement some studies

included in this meta-analysis showed an increased survival without

important variation in animal weight. In most studies, animal survival

was described in Kaplan-Meier curves, whichmade ameta-analysis not

possible due to the absence of confidence intervals.

One of the major concerns with intraperitoneal delivery devices

is erratic chemotherapy release that could eventually increase the
FIGURE 6

Tumor volume following intraperitoneal administration of various chemotherapy drugs via drug delivery systems (DDS) compared to free
intraperitoneal chemotherapy. Consider P<0,001 in cases of p= 0.000.
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toxicity of the treatment or interrupt the supply of medication

prematurely. By separating the outcomes of each study into weekly

intervals, we were able to unravel the benefit of DDSs in terms of the

time after implantation. The maintained benefit over various time

intervals of follow-up supports the advantage of the devices in favor

of continued drug release, compared to free chemotherapy

administered in bolus.

The present data show that slow drug release devices did not

exhibit a deleterious impact on animal body weight compared with
Frontiers in Oncology 11256
intraperitoneal free chemotherapy administration. Besides that,

overall analysis of mice treated with DDS revealed they were less

heavy than those treated without chemotherapy, i.e., PBS or the

device devoid of the drug. Measurement of mouse weight as an

outcome of treatment efficacy is controversial (40). Even though a

decrease in body weight of > 20% is an important sign of toxicity and

is prone to animal euthanasia, weight gain may be associated with

tumor weight growth and not necessarily with adequate nutrition. In

addition, weight stability is interpreted as an adequate indicator of
FIGURE 7

Animal weight at various time points following intraperitoneal administration of chemotherapy drugs via drug delivery systems (DDS), compared to
free intraperitoneal chemotherapy. Consider P<0,001 in cases of p= 0.000. * Studies that only evaluated xenografts other than SKOV3.
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favorable toxicity (37). No study in the present review described

euthanasia associated with mouse weight reduction and weight

stability is considered a favorable finding for treatment (37, 41).

An important finding described in most studies is tumor

regression, evaluated by tumor weight, tumor volume or tumor

bioluminescence. A meta-analysis of the tumor bioluminescence

could not be performed because there was a significant variation in

the way the studies expressed measurement units. The weight and

volume of the residual tumor are direct and objective methods,

however, in rodents, it is more reproducible in rats, because mice

normally develop very small tumor implants, that are difficult to

quantify (40).
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Most studies evaluated less than ten mice in each group and,

consequently, only a few reached statistical significance

individually. In total, 11 studies compared the regression of

tumor weight in the experimental groups, in comparison with

PBS, and in nine of them the evaluation was undertaken after 21

days of treatment. Indeed, most devices are designed to slowly

release medication over two weeks. Studies that evaluated

continuous treatment after 21 days also report maintenance of

good results after this period compared with free chemotherapy

(36, 37, 42–44) and the device without medication (36, 44).

It is important to note that various types of devices that release

chemotherapy drugs in different manners were evaluated in the
FIGURE 8

Animal weight following intraperitoneal administration of various chemotherapy drugs via drug delivery systems (DDS) compared to free
intraperitoneal chemotherapy (over different time periods, from 7 days to more than 35 days). Consider P<0,001 in cases of p= 0.000. * Studies that
only evaluated xenografts other than SKOV3.
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studies, as is expected in investigational experiments (17, 18). The

association of chemotherapy drugs with other agents that would

assist in the intracellular transport of the substance is quite common

and generally brings benefits in tumor regression. It is noteworthy

that the most recent studies looked for presentations with

nanoparticles and micelles because of their potential for greater

penetration into neoplastic tissue (17).

The most commonly used chemotherapy drugs in the present

review were paclitaxel and cisplatin, which are commonly used in

clinical practice. There is great interest in the development of

cisplatin slow release devices, because in a recent clinical trial,

there was efficacy when was applied to the peritoneal cavity in the

HIPEC procedure for interval ovarian cytoreduction (12).

In the present analysis, treatment of ovarian cancer xenografts with

cisplatin intraperitoneal delivery devices elicited dubious benefits, i.e.,

enhanced or absent additional growth inhibition, as evaluated through

tumor volume or tumor weight, respectively, compared with

intraperitoneal free chemotherapy. A trend toward tumor reduction

might be due to the optimization of cisplatin uptake by tumor cells

through formulations with nanoparticles (45–47). In a previous

systematic review, cisplatin intraperitoneal device also showed

inconsistent results with no additional benefit compared to free drug

administration regarding tumor inhibition, but with improved survival

(17). The use of nanotechnology can assist in targeted release of

hydrophobic agents, stabilization of transport molecules and

reduction of systemic toxicity of antineoplastic agents (48).

In the present review, the performance of intraperitoneal

paclitaxel release device was superior to that of intraperitoneal

free chemotherapy. Paclitaxel has been used in most studies, mainly

through nanoparticles. The contrast between the limited use of

nanoparticles in chemotherapy formulations in clinical practice

(49) and their high performance in in vitro studies (50) may have

driven further research using murine models.

Few studies evaluated the performance of carboplatin delivered

through intraperitoneal devices, but they showed favorable results in

reducing both tumor weight and volume of ovarian cancer

xenograf ts . Carboplatin has adequate intraperitoneal

pharmacokinetics and has been used in HIPEC clinical studies in

humans with good tolerability (51). In addition, carboplatin was used

in the largest clinical trial for outpatient peritoneal chemotherapy (8),

although it did not result in a survival gain, compared to conventional

intravenous application in advanced ovarian cancer.

Docetaxel has a high cytotoxic potential in vitro, but it is not

superior tomost chemotherapy drugs in human studies (52) and its use

is generally limited to relapsed cases of ovarian cancer. Three animal

studies using a standardized formulation of docetaxel showed favorable

results, but unfortunately, did not evaluate the same outcomes.

We used the SYRCLES instrument to identify biases. Animal studies

do not usually detail some methodological steps, such as the random

selection of animals and blinding of evaluators, which may compromise

some aspects of the instrument, as previously reported (18).

This systematic review has some limitations. In most studies,

animal survival was mainly shown in Kaplan-Meier curves, that

precluded a meta-analysis due to the absence of confidence

intervals. In addition, Xenografts bioluminescence could not be
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evaluated due to a lack of analysis standardization. We have then

used tumor response as a surrogate of treatment benefit. However,

tumor weight and volume are rather difficult to evaluate and lack

precision in mice (40). In addition, a limited number of animals

evaluated in each study and the large methodological variability led

to marked heterogeneity regarding tumor weight and volume. The

same scenario has been described in a previous study by Raave et al.

(17). Furthermore, although most studies compared DDS to release

chemotherapy intraperitoneally with the same chemotherapy

administered intraperitoneally in bolus, the dose and regimen of

administration varied and pharmacokinetic evaluations were

performed in some, but not all of them. These differential

chemotherapy doses and regimens may have also influenced

heterogeneity between groups.

The major contribution of this meta-analysis is a

comprehensive analysis of tumor response through the evaluation

of tumor volume and tumor weight, considering the drugs

employed and treatment duration, comparing the intraperitoneal

drug delivery systems (DDSs) containing chemotherapy with

intraperitoneal administration of free chemotherapy. In addition,

treatment toxicity, through animal weight was evaluated

considering the drugs used and time of treatment.
4 Conclusion

The present review further supports the notion that slow-release

intraperitoneal chemotherapy devices are effective and safe in

animal models of ovarian cancer.
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Long term survival of advanced
hepatoid adenocarcinoma of
lung secondary to idiopathic
pulmonary fibrosis: a case report
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Xiaoju Zhang1,2* and Qianqian Zhang1,2*
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of Diagnosis and Treatment for Pulmonary Nodules, Zhengzhou University People's Hospital, Henan
Provincial People’s Hospital, Zhengzhou, Henan, China, 3Department of Pathology, Zhengzhou
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Background: Alpha-fetoprotein (AFP)-producing hepatoid adenocarcinoma of

lung (HAL) is a rare type of lung cancer, with its characteristics being not yet fully

clarified. We recently encountered a case of HAL combined with idiopathic

pulmonary fibrosis (IPF), which has never been reported.

Case presentation: A 66-year-old man consulted our hospital with a chief

complaint of cough. Chest computed tomography (CT) revealed multiple

nodules measuring from 8mm to 20mm in diameter located in bilateral lung,

along with an enlarged left hilar lymph node. CT-guided percutaneous lung

biopsy confirmed the diagnosis of AFP-producing primary HAL combined with

IPF. Systemic treatment according to guidelines for advanced non-small cell lung

cancer resulted in a long-term survival.

Conclusions: This case report documents the first occurrence and prognosis of

AFP-producing HAL in a patient with IPF. The long-term survival brought by the

diagnosis and treatment model in our case may provide significant prognostic

value for this rare condition.
KEYWORDS

hepatoid adenocarcinoma, lung cancer, idiopathic pulmonary fibrosis, alpha-
fetoprotein, immune checkpoint inhibitor
Background

Hepatoid adenocarcinoma of the lung (HAL) is an extremely rare tumor type, which

was first reported as an Alpha-fetoprotein (AFP)-producing lung cancer by Ysunami (1).

The pathological features of HAL were fully defined by Ishikura in 1990 (2) and were

modified by Haninger in 2014 (3). Since AFP-producing HAL has scarcely been reported,
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the clinical features and molecular mechanism of this type of lung

cancer are still unclear, with no standard treatment regime being

recommended. When concomitant idiopathic pulmonary fibrosis

(IPF) was diagnosed, the prognosis of lung cancer maybe much

poorer (4–6).

Interestingly, we encountered a case of AFP-producing HAL in

a patient with IPF, which benefit from the systematic treatment and

achieved a long-term survival for this rare type of lung cancer. To

the best of our knowledge, this is the first report of AFP-producing

HAL in a patient with IPF.
Case presentation

A 66-year-old man was admitted to our hospital with the chief

complaint of cough in March 2018. Chest computed tomography

(CT) revealed multiple nodules measuring from 8mm to 20mm in

diameter located in bilateral lung, along with an enlarged #11L

lymph node (Figures 1A–D). The patient had been diagnosed of IPF

four years prior. Of the tumor markers, most were within the

normal range, except for a markedly elevated serum AFP level of

6753ng/ml. A CT-guided percutaneous lung biopsy was performed

in the largest pulmonary nodule located in the S6 segment of the

left lung.
Frontiers in Oncology 02262
Hematoxylin and eosin staining indicated the poorly

differentiated cancer cells resembling hepatocellular carcinoma

(Figures 2A, B). Immunohistochemical staining showed that the

tumor cells were negative for TTF-1 (Figure 2C), but positive for

Hepatocyte (Figure 2D) and CK8/18 (Figure 2E), with moderate

positivity for Ki-67 (40%, Figure 2F). Abdominal magnetic

resonance imaging (MRI) and CT examination showed no

evidence of hepatic or other digestive system tumors. Positron

emission tomography/computed tomography (PET-CT) revealed

increased standard uptake value (SUV) in the lung nodules (SUV

max: 8.1) and in the enlarged #11L lymph node (SUV max: 4.1). No

abnormal hypermetabolic lesions were observed in any other

organs. Serum biochemical tests did not reveal any evidence of

hepatic dysfunction or hepatitis B or C infection. Based on these

findings, the patient was diagnosed with AFP-producing primary

HAL, clinical stage IV (T4N1M1a). Molecular studies were negative

for EGFR, ROS-1, ALK, RET, MET, PIK-3CA, ERBB-2, KRAS, and

BRAF mutations.

Subsequently, the patient received six cycles of pemetrexed plus

cisplatin chemotherapy, with bevacizumab administered every 21

days concurrently. There was a slight decrease in the AFP serum

level (4679 ng/ml), as well as a reduction in the diameter of nodule

in left lower lobar. However, due to the side effects, the patient

refused further chemotherapy and was instead treated with oral
FIGURE 1

Chest computed tomography reveals left lung nodule and enlarged #11L lymph node (A, B), and multiple lung nodules in the area with obvious
fibrotic changes (C, D).
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Nintedanib for both lung cancer and IPF. After five months, an

increase in the AFP serum level and enlargement of lung nodule and

lymph node were noted. Consequently, the patient continued to

receive docetaxel as second-line therapy, resulting in partial

regression of the pulmonary lesions. Upon subsequent

progression, Anlotinib was administrated for 16 months. Since

March 2021, the patient has been treated with pembrolizumab,

leading to the partial shrinkage of the pulmonary lesion and lymph

node. After 2 years of treatment with pembrolizumab, the primary

lesion progressed again and pemetrexed plus anlotinib was given for

2 cycles. Due to side effects, chemotherapy was stopped and

anlotinib was taken orally intermittently, and the efficacy was

evaluated to be stable. The primary lesion developed again 6

months later, and tracheoscopic tissue biopsy was performed, and

the pathological results indicated hepatoid adenocarcinoma. The

treatment with sintilimab combined with anlotinib lasted for 2

cycles, and the progress of efficacy was evaluated, followed by

bronchial artery embolization. The patient is currently being

followed up. The patient survived for 75 months following the

diagnosis of AFP-producing IPF-HAL.

No acute exacerbation of IPF or immune-related injuries

associated with chemotherapy or immune checkpoint inhibitors

occurred throughout the treatment process. Figure 3 illustrate the

diagnostic and treatment timeline.
Frontiers in Oncology 03263
Discussion and conclusions

The incidence of lung cancer in patients with IPF increases with

each year following an IPF diagnosis (4–6). Squamous cell

carcinoma and adenocarcinoma are the most frequent types of

lung cancer in IPF patients, with isolated cases of large cell

carcinoma and small cell lung cancer also reported (4). However,

to our knowledge, AFP-producing HAL has not been previously

reported. Here, we report a case of this rarely type of lung cancer in

an IPF patient to raise awareness for clinicians.

Hepatoid adenocarcinoma of the lung is a relatively rare primary

malignant tumor of the lung, with an incidence of 0.014/100000

people (7). Clinically, patients with HAL typically presented with

nonspecific symptoms. Grossman et al. found that 96% of the tumors

occur in men with elevated serum AFP levels and a history of tobacco

use. HAL usually presents as a bulky mass in an upper lobe with

metastasis and follows an aggressive clinical course (8). HAL closely

mimics hepatocellular carcinoma (HCC) and can be misdiagnosed by

both pathologists and clinicians, especially when serum AFP level is

elevated (9). PET-CT can be used to comprehensively examine

patients, aiding in confirm the origin of tumor when the serum

AFP levels are elevated (10). Although it is not necessary for the

diagnosis of HAL according to recent criteria, serum AFP level is still

an important predictive factor in this condition (8, 11).
frontiersin.or
FIGURE 2

Pathology result of CT-guided percutaneous lung biopsy. Hematoxylin-eosin staining showed poorly differentiated adenocarcinoma like
hepatocellular carcinoma (A, B). Immunohistochemical staining showed negative for TTF-1 (C) and positive for Hepatocyte (D) and CK8/18 (E), as
well as Ki-67 40% (F).
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HAL is an extremely heterogeneous tumor type, and currently, no

standard treatment is available. According to the guidelines for

diagnosis and treatment of lung cancer, the common treatments for

HAL patients include surgical resection, chemotherapy and

radiotherapy. Recently, new treatments such as sorafenib,

immunotherapy (Anti-PD-L1, Durvalumab), and radiofrequency

ablation have been prescribed for HAL (12–16). However, when

HAL is combined with IPF, many risk factors must be considered in

treatment decisions. Lung status and postoperative complications

should be fully evaluated before lung resection. The early and long-

term outcomes of surgery in lung cancer patients with IPF are poor

due to the high risk of acute exacerbation (AE) of IPF and lung

cancer recurrence (17, 18). Radiation and chemotherapy are also

known risk factors for AE-IPF (19, 20). With a deeper

understanding of IPF and lung cancer, more treatment modalities

are being explored (21–23). In our study, surgery and radiation were

not performed; instead, long-term survival of 75 months was

achieved through sequential chemotherapy (pemetrexed plus

cisplatin, Docetaxel), anti-angiogenesis therapy (Bevacizumab,

Anlotinib), antifibrotic therapy (Nintedanib), immunotherapy

(Pembrolizumab, Sintilimab) and local treatment (Interventional

embolization of lower bronchial artery).

In conclusion, this case report is the first to describe the

occurrence of AFP-producing HAL in an IPF patient. The disease

courses of both IPF and HAL are variable and somewhat

unpredictable, potentially altered by the co-occurrence. Currently,

there is no consensus on the treatment of patients with both

diseases. The long-terms survival achieved in our case may

provide prognostic value for this rare condition. Further

understanding of the pathogenic overlap between lung cancer and

IPF could guide the development of specific diagnostic modalities

and targeted treatments for both conditions in the future.
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Adverse drug reactions to
atezolizumab in combination with
bevacizumab in hepatocellular
carcinoma patients: an analysis of
the food and drug administration
adverse event reporting system
database

Wanming He†, Lihua Tong†, Yanling Yuan, Xia Yang, Wen Yang
and Xingxi Pan*

Department of Oncology, The Sixth Affiliated Hospital, School of Medicine, South China University of
Technology, Foshan, China

Purpose: The objective of the study is to systematically identify and evaluate the
adverse drug reactions (ADRs) associated with the combination therapy of
systematically and bevacizumab in patients with unresectable hepatocellular
carcinoma (HCC).

Patients and methods: Data were extracted from the Food and Drug
Administration (FDA) Adverse Event Reporting System FDA Adverse Event
Reporting System database. Disproportionality analysis was conducted using
the reporting odds ratio (ROR), proportional reporting ratio (PRR) and Bayesian
confidence propagation neural network (BCPNN) of information components
(IC). Time-to-onset (TTO) profiles were analyzed using the Weibull shape
parameter (WSP) test, while cumulative incidences were assessed using the
Kaplan‒Meier method. Valuable preferred term (PT) signals were identified for
designated medical event (DME) screening, comparing these signals with system
organ class (SOC) analysis.

Results: A total of 2,831 adverse events (AEs) reports were identified in the FAERS
database, of which 124 positive AEs were detected across multiple SOCs. The
median TTO of AEs was 43 days, with the highest proportion occurring within
0–30 days of TTO (n = 450, 41.17%). The WSP test indicated that patients with
abnormal hepatic function and hepatic failure exhibited early failure-type profiles.
Ten PT signals consistent with those on the DME list were identified,
involving six SOCs.

Conclusion: Our study provides valuable pharmacological insights for early
clinical intervention in managing ADRs and offers significant clinical benefits
for HCC patients undergoing combination therapy with atezolizumab and
bevacizumab.
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anti-vascular endothelial growth factor, immune checkpoint inhibitor, programmed cell
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Introduction

Hepatocellular carcinoma (HCC) is a prevalent malignancy and
the third leading cause of cancer-related mortality worldwide (Balogh
et al., 2016; Llovet et al., 2021; Sung et al., 2021). Although patients
with early-stage disease can be effectively managed by surgical and
locoregional treatments, approximately 70%–80% of patients are
diagnosed at an advanced stage (Llovet et al., 2022), necessitating
systemic therapies as the primary treatment modality.

Atezolizumab, an immune checkpoint inhibitor (ICI), targets
programmed death 1 ligand 1 (PD-L1) to block its interaction with
its receptors programmed cell death protein 1 (PD-1) and B7-1, which
relieves the suppression of T cells and tumor immune escape (Herbst
et al., 2014). Bevacizumab, amonoclonal antibody, inhibits angiogenesis
and tumor growth by targeting anti-vascular endothelial growth factor
(VEGF) (Boige et al., 2012; Ferrara et al., 2005; Finn et al., 2009; Siegel
et al., 2008). The global, open-label, phase three IMbrave150 trial
demonstrated that the combination of atezolizumab and
bevacizumab significantly improved the median overall survival (OS)
and progression-free survival (PFS) compared to sorafenib (Finn et al.,
2020), a previously FDA-approved oral multikinase inhibitor for
unresectable HCC (Lang, 2008; Llovet et al., 2008). Consequently,
this combination therapy has been approved by the FDA over
70 countries as a first-line treatment for unresectable HCC in
patients who have not received prior systemic therapy (Finn et al.,
2020; Vogel et al., 2021; Yang et al., 2022).

With the increasing utilization of ICIs, immune-related adverse
events (irAEs) have emerged as a significant challenge, limiting their
clinical application and benefit. irAEs can affect multiple organ
systems, including the skin, lungs, liver and endocrine tissues
(Kennedy and Salama, 2020). Adverse drug reactions (ADRs)
associated with bevacizumab include hypertension, asymptomatic
proteinuria, bleeding, gastrointestinal perforation and
thromboembolic events (Kazazi-Hyseni et al., 2010; Wichelmann
et al., 2021; Ventura et al., 2023; Fukushima et al., 2023). However,
the ADR profile of atezolizumab in combination with bevacizumab
remains incompletely characterized. Given the complex biological
interactions of this combined regimen, the potential for increased
toxicity in HCC patients requires further investigation. Additionally,
large-scale cohort studies evaluating this combination therapy are
limited, which may not fully reflect real-world clinical outcomes.

Therefore, to investigate the ADRs of atezolizumab plus
bevacizumab in HCC patients in depth, we conducted an analysis
using the United States FDAAdverse Event Reporting System (FAERS)
database (Rodriguez et al., 2001; van Puijenbroek et al., 2002), a large
real-world database reporting hazardous drug events. Our aim is to
guide early clinical intervention for managing ADRs and to provide
clinical benefits for HCC patients undergoing this combination therapy.

Materials and methods

Data sources and procedures

The data for this study were obtained from the FAERS database,
a spontaneous reporting system that collects information about
adverse events (AEs) and medication errors reported to the FDA.
It is free and publicly available online at https://open.fda.gov/data/

faers/. No institutional ethics approval was required because this
study utilized anonymized data from an open-access database.

Data extraction

To extract AE reports, we collected data from the FAERS
database covering the period from the second quarter of 2016 to
the second quarter of 2023 using the online tool OpenVigil 2.1
(http://openvigil.sourceforge.net/). Only drugs listed as “primary
suspects”were included in the analysis because they were most likely
related to AEs. AEs were defined as adverse reactions in patients
treated with atezolizumab combined with bevacizumab. AE reports
are standardized using preferred terms (PTs) from the Standardized
MedDRA Queries (SMQ) of the Medical Dictionary for Regulatory
Activities (MedDRA Version 26.1), grouped by system organ class
(SOC). Designated medical events (DMEs) were selected according
to the lists developed by the European Medicines Agency (EMA)
(Liu et al., 2023). The multistep process of data extraction and
analysis is shown in Figure 1.

Statistical analysis

Three algorithms, reporting odds ratio (ROR), proportional
reporting ratio (PRR) and Bayesian confidence propagation
neural network (BCPNN) of information components (IC), were
used based on disproportionality analysis and Bayesian analysis. The
equations and criteria for the three algorithms are described in
Supplementary Table S1.

The time-to-onset (TTO) analysis was conducted using the
Weibull shape parameter (WSP) test (Abe et al., 2016; Tisdale
et al., 1995). The shape of the Weibull distribution was described
by two parameters: scale (α) and shape (β). For our study, only the
parameter β was used. The shape parameter β of the Weibull
distribution indicated that the hazard without a reference
population. When parameter β was <1 and its 95% CI was <1, the
hazard of ADR occurrence was deemed to have decreased over time
(early failure-type profile); when parameter β was equal to or nearly
1 and its 95%CI included value 1, the hazard was regarded as constant
occurrence over time (random failure-type profile); and when
parameter β was >1 and its 95% CI excluded value 1, the hazard
was estimated to increase over time (wear-out failure-type profile)
(Kinoshita et al., 2020; Nakamura et al., 2015; Sauzet et al., 2013).
Additionally, to further determine whether age and sex had effects on
TTO, cumulative incidences were assessed using the Kaplan‒Meier
method, with differences determined using the log-rank test. A
statistically significant threshold was set at a p value of <0.05 for
all analyses. All the analyses were performed in R (version 4.2.3; R
Foundation, Vienna, Austria).

Results

Baseline characteristics of patients

A total of 12,016,786 AEs were recorded in the FAERS database
from the second quarter of 2016 to the second quarter of 2023. After
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removing duplicates, a total of 17096 case reports of the primary
suspected (PS) drug were included. Overall, 2,831 reports of
atezolizumab and bevacizumab were included in the analysis.
The process flowchart is shown in Figure 1.

The baseline characteristics of patients are summarized in
Table 1. There was a greater proportion of male patients
(72.6%) than female patients (13.8%), and sex information was
missing for 13.6% of the patients. The largest proportion of
patients were aged 65–85 years. These reports were collected
mainly from Japan (63.9%), followed by the United States
(3.6%) and China (3.2%). The majority of cases were reported
by physicians (83.1%). The number of reports increased annually
during the 2021–2023 period (31.5%, 38.9%, and 23.2%,
respectively), indicating that combination therapy with

atezolizumab and bevacizumab is widely used in the clinic.
Hospitalization occurred in 31.4% of all patients, and death
occurred in 17.5%.

Disproportionality analysis

A total of 124 positive PTs was identified by three algorithms
for disproportionality analysis and Bayesian analysis, namely,
PRR, ROR and BCPNN of ICs (Figure 2A). A total of 54 PTs were
identified as being related to atezolizumab, while three PTs were
related to bevacizumab. Additionally, 27 PTs were found to be
related to both drugs (Supplementary Table S2). The signal
strength of all reported AEs was shown in Figure 2B.

FIGURE 1
Flowchart for screening and data analysis of reports in the FAERS database. DEMO, demographic and administrative information; DRUG, drug
information; REAC, preferred terminology for adverse events; PS, primary suspected drug.
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Hypopituitarism, secondary adrenocortical insufficiency, urinary
occult blood, haemolytic anaemia and meningitis were the
strongest five risk reports. The AEs were grouped according to
SOC, and 22 organ systems were involved in atezolizumab- and
bevacizumab-induced AEs (Figure 2C), of which ten significant
SOCs were identified, including endocrine disorders, immune
system disorders, hepatobiliary disorders, cardiac disorders,
renal and urinary disorders, infections and infestations, blood
and lymphatic system disorders, respiratory, thoracic and
mediastinal disorders, vascular disorders and eye disorders.
The most common SOC was hepatobiliary disorders (n =
591, 9.10%).

TTO analysis

After excluding patients with missing data, a total of
1093 patients were included, and the median TTO of AEs was
43 days (Table 2). To investigate the factors related to TTO, patients
were stratified by age and sex. The median TTO in the 18–64,
65–85 and >85 years age groups were 43.5, 45 and 63, respectively
(log-rank test, P = 0.4). Males had a median TTO of 45 days
compared to 42 days for females (log-rank test, P = 0.4)
(Table 2). However, there was no statistically significant
difference in TTO among patients of different ages or sexes,
indicating that age and sex are not factors influencing TTO due
to AEs (Figure 3A). The number and proportion of patients
stratified by TTO are shown in Figure 3B. The results indicated
that the largest proportion (41.17%, n = 450) occurred in the
0–30 days TTO group.

WSP analysis

TheWSP test is used for statistical analysis of time-to-onset data
and can describe the non-constant rate of incidence of ADRs. Time-
to-onset analysis with WSP has been used to evaluate hazard
functions for detecting adverse events (Abe et al., 2016; Sauzet
et al., 2013; Cornelius et al., 2012). To further assess severe AEs,
WSP analysis of the top five PTs in terms of death outcomes is
summarized in Table 3. The medians and quartile ranges (IQRs) for
the onset day of disease progression, abnormal hepatic function,
hepatic failure, interstitial lung disease and ascites were 42 (IQR:
20.5–92), 21 (7–66.25), 23 (10–70.5), 64.50 (26–117.25) and 50.50
(21–109) days, respectively. According to theWSP test for abnormal
hepatic function and hepatic failure, the shape parameter β and the
upper limit of the 95% CI were <1, suggesting an early failure-type
profile, which indicated that the incidence of abnormal hepatic
function and hepatic failure decreased over time. In theWSP test for
disease progression, disease progression interstitial lung disease and
ascites, the shape parameter β was nearly 1, and the 95% CI included
the value 1, suggesting a random failure-type profile. This suggests
the risks of disease progression, interstitial lung disease and ascites
are almost constant.

DME list screening

The DME is a list published by the EMA to identify suspected
ADRs that deserve special attention (Liu et al., 2023). The valuable
positive signals extracted for DME screening and the SOCs
corresponding to PT signals consistent with those on the DME
list are shown in Figure 4. There are ten signals consistent with the
PT signals on the DME list involved in six SOCs. The two most
common DMEs were pancreatitis (n = 19, ROR: 18.22) and
erythema multiforme (n = 19, ROR: 3.09), which are
gastrointestinal disorders and skin and subcutaneous tissue
disorders, respectively. The strongest PT signal was hemolytic
anemia (ROR: 47.76). The most frequent corresponding SOCs
were blood and lymphatic system disorders, including febrile
neutropenia (n = 16), immune thrombocytopenia (n = 8) and
hemolytic anemia (n = 6).

TABLE 1 Clinical characteristics of HCC patients treated with atezolizumab
in combination with bevacizumab.

Clinical characteristics N %

Total 2,831

Sex

Male 2054 72.6%

Female 391 13.8%

Missing 386 13.6%

Age

18–64 466 16.5%

65–85 1042 36.8%

≥86 53 1.9%

Missing 1270 44.9%

Reporting country

Japan 1809 63.9%

United States 101 3.6%

China 90 3.2%

India 83 2.9%

France 81 2.9%

Other countries 663 23.4%

Unknow 4 0.1%

Reporter type

Physician 2,353 83.1%

Pharmacist 169 6.0%

Consumer 166 5.9%

Health-professional 143 5.1%

Reporting year

2018 4 0.1%

2019 49 1.7%

2020 130 4.6%

2021 891 31.5%

2022 1101 38.9%

2023 656 23.2%

Outcomea

Other serious 1569 46.1

Hospitalization 1070 31.4%

Death 595 17.5%

Life-Threatening 96 2.8%

Disability 27 0.8%

Missing 50 1.5%

aMultiple responses were possible in each report.
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Discussion

To the best of our knowledge, this study represents the first
analysis of ADRs associated with the combination of atezolizumab
and bevacizumab in HCC patients from the FAERS database. Our
findings indicate that the predominant AEs identified in the
FAERS database include ascites, pyrexia, interstitial lung
disease, abnormal hepatic function, adrenal insufficiency, and
others, categorized under various SOCs. Patients with abnormal
hepatic function and hepatic failure exhibited early failure-type
profiles, which indicated that their incidence decreased over time.
Ten PT signals were identified across six SOCs on the DME list.

FIGURE 2
Adverse events (AEs) and system organ classes (SOCs) of atezolizumab in combination with bevacizumab. (A) Venn diagram showing the three
algorithms used for disproportionality analysis. (B) The volcano plot shows the 1114 AEs. P values were adjusted with Bonferroni test. Adjusted P value =
4.89 × 10−5. (C) The forest plot shows the SOCs of AEs. ROR, reporting odds ratio; PRR, proportional reporting ratio; BCPNN, Bayesian confidence
propagation neural network.

TABLE 2 Time-to-onset analysis of patients stratified by age and sex.

Age Sex

18–64 65–85 >85 Male Female

N 1093 274 570 27 879 156

Min TTO 1 1 1 1 1 1

Max TTO 1521 1307 1521 398 1521 1284

Median TTO 43 43.5 45 63 45 42

Logrank_test - P = 0.4 P = 0.4

TTO, time to onset; N, number of patients with available TTO.
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This research help to enhance the early detection and prevention of
ADRs related to atezolizumab-bevacizumab combination therapy,
thereby contributing to patient safety.

Most of the PTs identified in our study align with findings from
previous studies and drug labels for atezolizumab and
bevacizumab (Finn et al., 2020; Fukushima et al., 2023), such as
interstitial lung disease, liver disorder, abnormal hepatic function,
proteinuria, ascites, and hepatic failure. In the IMbrave150 trial,
22 adverse events occurred with an incidence of more than 10%
among patients receiving atezolizumab and bevacizumab (Finn
et al., 2020). In contrast, no PTs with an incidence exceeding 10%

were identified in our study. This discrepancy is likely due to the
nature of FAERS as a spontaneous reporting database, which may
introduce quantitative biases stemming from diverse reporting
practices. Notably, it is challenging to definitively classify disease
progression as an ADR. This phenomenon may partly be
attributed to hyperprogression (HP) or hyperprogressive disease
(HPD). A subset of cancer patients treated with ICIs appears to
experience more aggressive tumor progression, characterized by
accelerated tumor proliferation and growth, leading to a shorter
OS, which is regarded as HPD (Leake, 2023; Chan, 2021; Wong
et al., 2019; Díaz López et al., 2024). The incidence of HPD in HCC

FIGURE 3
Time-to-onset (TTO) analysis of patients treatedwith atezolizumab plus bevacizumab. (A)Cumulative incidence of patients stratified by age and sex.
(B) Number and proportion of patients stratified by time to onset.
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patients is approximately 14% (Kim et al., 2021). To differentiate
HPD from natural disease progression, key predictors of HPD have
been identified, including higher tumor burden, elevated lactate
dehydrogenase (LDH), increased neutrophil-to-lymphocyte ratio
(NLR) and lower albumin levels in blood (Chan, 2021). However,
predictive factors for HPD in HCC remain poorly defined, and
early detection of HPD remains challenging until radiological
progression or clinical deterioration occurs.

The median TTO of AEs was 43 days, with 41.17% of patients
experiencing related AEs within 30 days. These findings showed that
nearly half of the AEs occurred early in the treatment course,
particularly those involving abnormal hepatic function and
hepatic failure. Moreover, the WSP test showed that abnormal
hepatic function and hepatic failure had early failure-type
profiles, which suggested that the incidence of AEs decreased
over time Therefore, it is imperative for healthcare providers to

conduct a thorough pre-treatment evaluation of liver function in
patients diagnosed with HCC. Such an assessment facilitates the
identification of patients at higher risk for hepatic complications,
thereby enabling the development of more personalized and
cautious treatment strategies. Additionally, close monitoring of
patients during early combination therapy is essential. This
approach allows healthcare professionals to promptly detect and
manage any emerging hepatic-related AEs, thereby mitigating the
overall risk and potential severity of such events.

There are some limitations to be considered. First, because the
FAERS is a spontaneous reporting system, some quantitative bias
may exist due to incomplete reports or underreported cases. For
example, more severe ADRs, such as life-threatening conditions or
those requiring hospitalization, are generally reported more
frequently than mild or moderate ones. Consequently, the FAERS
database may disproportionately represent severe ADRs, while

TABLE 3 WSP analysis of the five PTs with the most deaths.

PT Case (n) TTO (days) Weibull distribution Failure type

Shape parameter Scale
parameter

Median (IQR) Min–max α 95% CI β 95% CI

Disease progression 175 42 (20.50–92.00) 1–420 70.06 45.48–94.64 0.83 0.65–1.00 Random Failure

Hepatic function abnormal 57 21 (7.00–66.25) 1–370 46.14 31.55–60.73 0.80 0.65–0.94 Early failure

Hepatic failure 29 23 (10.00–70.5) 2–410 61.82 23.03–100.62 0.69 0.48–0.90 Early failure

Interstitial lung disease 25 64.50 (26.00–117.25) 1–607 94.34 67.81–120.87 0.95 0.77–1.13 Random Failure

Ascites 24 50.50 (21.00–109.00) 1–718 86.94 64.41–109.47 0.87 0.73–1.01 Random Failure

PT, preferred term; TTO, time to onset; n, number of patients with available TTO; IQR, interquartile range; CI: confidence interval.

FIGURE 4
Detection of atezolizumab in combination with bevacizumab designated medical event (DME) signals. The forest plot showed that the DME signals
and the SOCs corresponding to PT signals were consistent with those on the DME list. SOC, system organ class; PT, preferred term; ROR, reporting odds
ratio; CI: confidence interval.
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underreporting milder reactions, potentially leading to a skewed
perception of the overall safety profile of a drug. Second, detailed
clinical information such as OS and PFS data, therapy time and dose
adjustments are missing. Third, the majority of reports originate
from Asian populations, with 63.9% specifically from Japan, while
there is limited data from European and African populations.
Finally, the ROR merely indicates the correlation intensity of the
risk of reported AEs without establishing a causal relationship
between drugs and AEs. However, additional cohort studies and
long-term data are essential to verify these findings. Despite the
aforementioned intrinsic limitations, our study provides valuable
insights into the safety profile of the combination of atezolizumab
and bevacizumab, serving as a reference for future research.

Conclusion

Overall, our study is the first to analyze the AEs associated with
the combination of atezolizumab and bevacizumab in HCC patients
from the FAERS database. We observed that these AEs affected
multiple organ systems. Notably, patients with abnormal hepatic
function and hepatic failure exhibited early failure-type profiles.
Additionally, nearly half of the AEs occurred within 1 month. Our
findings provide valuable pharmacological insights for clinical
practice and have significant implications for early clinical
intervention in managing AEs related to atezolizumab and
bevacizumab combination therapy.
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Acute myeloid leukemia (AML) is a highly aggressive hematological malignancy with a
significant unmet clinical need for new therapeutic agents. Lysine-specific
demethylase 1 (LSD1), a key regulator of leukemia stem cell self-renewal, has
emerged as a promising epigenetic target for AML treatment. Herein, we employed
an innovative multi-step integrated screening protocol, encompassing
pharmacophore modeling, docking screening, molecular dynamics simulation, and
biological evaluation, to identify novel LSD1 inhibitors. This comprehensive approach
led to thediscoveryof six potent LSD1 inhibitors (wenamed these inhibitors LTMs 1–6),
with LTM-1 exhibiting the most pronounced inhibitory effects on LSD1 (IC50 = 2.11 ±
0.14 nM) and the highest selectivity for LSD1 over LSD2 (>2370-fold). Notably, LTM-1
demonstrated outstanding antitumor activity both in vitro and in vivo. In vitro, LTM-1
showedpotent anti-proliferative effects against LSD1-addictedMV-4-11 leukemia cells
(IC50 =0.16±0.01μM). In vivo, LTM-1 treatment significantly reduced tumor growth in
MV-4-11 xenograftedmice.Moreover, LTM-1didnot induce significant changes in liver
and kidney function indices, suggesting a favorable safety profile. These results indicate
that LTM-1 is a highly promisingpreclinical candidate for AML treatment, offering anew
strategy for the development of more effective and selective LSD1 inhibitors.

KEYWORDS

acute myeloid leukemia, LSD1 inhibitors, structure-based virtual screening, molecular
dynamics simulation, biological evaluation

1 Introduction

Acute myeloid leukemia (AML) accounts for about 80% of all adult acute leukemia
patients and is the most common type of acute leukemia in adults (Dong et al., 2020).
AML is a heterogeneous hematological malignancy characterized by abnormal clonal
expansion of hematopoietic progenitor cells with differentiation defects (Miles et al.,
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2020; Rubnitz et al., 2010; Prada-Arismendy et al., 2017). With a
mortality rate of up to 60%, AML is one of the deadliest leukemias
(Jani et al., 2023). In the past 30 years, despite significant progress
in traditional cytotoxic chemotherapy, targeted therapy, and
immunotherapy for AML, the number of newly diagnosed
leukemia patients worldwide has increased by 46% annually
due to aging and the widespread use of chemotherapy leading
to secondary leukemia (Wei et al., 2023; Martínez-Cuadrón et al.,
2022). Furthermore, the 5-year overall survival rate of patients
with AML is less than 50% (Shallis et al., 2019; Tang et al., 2024).
With the rapid development of molecular cancer biology, more
precise and personalized targeted therapy strategies have shown
great potential (Newell and Cook, 2021). However, considerable
challenges persist in overcoming treatment resistance and
improving the efficacy of AML therapies. There is an urgent
and unmet clinical need for the development of novel therapeutic
agents that can significantly enhance the prognosis and survival
of AML patients.

As the first discovered histone demethylase in 2004, LSD1 is a
member of the flavin adenine dinucleotide (FAD)-dependent
amine oxidase demethylase family, and another isoform
LSD2 was subsequently discovered in 2009 (Shi et al., 2004;
Ciccone et al., 2009). LSD1 catalyzes the demethylation of
histone 3 lysine 4 methyl 1/2 (H3K4me1/2) and histone
3 lysine 9 methyl 1/2 (H3K9me1/2) (Metzger et al., 2005).
Additionally, LSD1 has been found to catalyze the
demethylation of some non-histone lysines, including p53,
STAT3, E2F transcription factor 1, and DNA
methyltransferase 1 (DNMT1), thereby regulating their
downstream cellular functions (Xie et al., 2011; Huang et al.,
2007; Wang et al., 2008). However, abnormal overexpression of
LSD1 has been found in various hematological diseases,
including AML, acute lymphocytic leukemia (ALL),
myeloproliferative tumors, and chronic myelomonocytic
leukemia. Particularly in AML, LSD1 is overexpressed in
approximately 60% of cases (Niebel et al., 2014). Moreover,
Harri et al. have elucidated that LSD1 is a critical regulator
for the self-renewal of leukemia stem cells using the human
MLL-AF9 leukemia model (Harris et al., 2012). Furthermore,
previous studies have shown that the compound effectively
inhibiting LSD1 exhibits synergistic activity with anti-leukemic
drugs (Binda et al., 2010). In addition, LSD1 inhibition can
enhance the sensitivity of AML cells to all-trans retinoic acid
(ATRA) treatment, which was first used to treat AML by inducing
cell differentiation (Lokken and Zeleznik-Le, 2012; Schenk et al.,
2012). These findings collectively underscore the promise of
LSD1 as a highly promising epigenetic target for the treatment
of AML (Zhang et al., 2021), providing a compelling biological
basis for our investigation.

Given the central role of LSD1 in AML pathogenesis and its
association with poor prognosis, targeting LSD1 presents a
unique opportunity to develop a new class of therapeutics that
could potentially overcome the limitations of current treatments.
By inhibiting LSD1, we may be able to disrupt the self-renewal
capacity of leukemia stem cells, a key factor in disease relapse,

and also modulate the expression of critical genes involved in
leukemia progression. This could lead to more effective and
durable responses in patients, improving both survival rates
and quality of life. Therefore, the motivation for our study
stems from the need to develop more effective and selective
LSD1 inhibitors. Tranylcypromine (TCP) has been identified
as an irreversible and non-selective LSD1 inhibitor by forming
a covalent TCP-FAD adduct (Figure 1) (Lee et al., 2006;
Fioravanti et al., 2020). Based on the importance of the TCP
scaffold in inhibiting LSD1 activity and the clinical demand for
developing more effective and selective LSD1 inhibitors, various
TCP derivatives have been synthesized (Ganesan et al., 2017;
Schulz-Fincke et al., 2018; Koda et al., 2022). Currently,
irreversible LSD1 inhibitors based on the TCP scaffold,
including TCP, GSK2879552, and ORY-1001 are undergoing
clinical trials for AML (Zheng et al., 2016; Huang et al., 2017;
Somervaille et al., 2016). In addition, reversible LSD1 inhibitors
such as CC-90011 and SP-2577 have also been evaluated in
clinical trials (Kanouni et al., 2020; Kurmasheva et al., 2021).
However, Sacilotto et al. conducted a comprehensive evaluation
of the in vitro inhibitory potential of LSD1 inhibitors at clinical
stages and found that SP-2577 had minimal effects on AML
markers and did not exhibit satisfactory targeting of LSD1,
thereby raising doubts about the efficacy of reversible
LSD1 inhibitors in the treatment of AML (Sacilotto et al.,
2021; Baby et al., 2023). In summary, there is still an urgent
need for the development of highly selective LSD1 inhibitors
inhibitors that can potently inhibit cancer cell proliferation
without side effects for AML treatment.

The novelty of our approach lies in the application of a multi-
step integrated screening protocol to identify novel LSD1 inhibitors.
At present, structure-based virtual screening is widely utilized for
identifying lead compounds and optimizing drug candidates,
attributed to its high efficiency and cost-effectiveness (Aziz et al.,
2022; Ballante et al., 2021). Pharmacophore-based screening,
utilizing key pharmacophore elements, rapidly screens large
databases to identify potential active molecules (Lanka et al.,
2023). Molecular docking-based screening analysis evaluates the
binding modes and affinities of target proteins with ligands for
identification of candidate drugs (Raval and Ganatra, 2022). In prior
studies conducted by our group, we successfully employed an
integrated screening strategy combining pharmacophore
modeling and molecular docking to discover effective inhibitors,
including dual KRASG12D single targeted inhibitors and tubulin/
NRP1 dual targeted inhibitors (Wang et al., 2022; Zheng et al., 2023).
In this study, a multi-step integrated screening protocol
encompassing pharmacophore modeling, docking screening,
molecular dynamics simulation, and biological evaluation led to
the identification of six novel LSD1 inhibitors for the treatment of
myeloid leukemia (we named these inhibitors LTMs 1–6). Notably,
LTM-1 and LTM-3 exhibited strong in vitro enzymatic inhibitory
activity. In particular, LTM-1demonstrated outstanding antitumor
activity both in vitro and in vivo. Overall, these results indicate that
LTM-1 may be a promising preclinical candidate for further
investigation.
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2 Materials and methods

2.1 General

The compounds LTMs 1–6, identified in our study, and the
positive control GSK2879552 were purchased from WuXi AppTec
(Shanghai, China). These were utilized in both in vitro and in vivo
assays. Iscove’s Modified Dulbecco’s Medium (IMDM), Roswell
Park Memorial Institute (RPMI)-1640 medium, fetal bovine
serum (FBS) and penicillin/streptomycin were purchased from
Gibco (Grand Island, New Nork, United States). Recombinant
human LSD1 (172–852 aa) and full-length LSD2 were obtained
from Sino Biological Inc. and ActiveMotif.

2.2 Cell lines and culture conditions

The myeloid leukemia cell lines MV-4-11, MOLT-4, MOLM-16,
HL-60, and the human B lymphocyte cell line RPMI-226 were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, United States). The myeloid leukemia cell line HAL-
01 was obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ,
Braunschweig, Germany). All cells were cultured in IMDM or
RPMI -1640 medium supplemented with 10% FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin. The cells were
maintained in a humidified incubator with an atmosphere of 5%
CO2 at 37°C.

2.3 Establishment of a structure-based
pharmacophore model for LSD1

The X-ray crystal structure of LSD1 complexed with the
inhibitor CC-90011 (PDB ID: 6W4K) was obtained from the
Protein Data Bank (PDB) and loaded into the molecular

operating environment (MOE, Chemical Computing Group Inc,
Montreal, Quebec, Canada). 6W4K was selected due to its high-
resolution structure and relevance in previous studies related to
LSD1 inhibitors (Kanouni et al., 2020). Within MOE, the QuickPrep
tool was employed to execute a series of preparatory steps essential
for refining the crystal structure. These steps included the
elimination of unbound water molecules, the addition of polar
hydrogen atoms, the computation of partial charges, and energy
minimization. Subsequently, the Ligand Interaction tool in MOE
was engaged to dissect the key key interactions between the
LSD1 protein and its bound ligand. Finally, leveraging the
detailed understanding of the LSD1 crystal structure,
pharmacophore features were meticulously constructed using
Pharmacophore Query Editor. These features encapsulate the
critical interaction points necessary for the binding of inhibitors
to LSD1, including hydrogen-bond donors (Don), hydrophobic
features (Hyd), and aromatic centers (Aro).

2.4 Virtual screening

As described in the previously reported methods, virtual
screening was performed using the MOE software (Liang et al.,
2023). Initially, a database of 121,000 two-dimensional compounds
assembled through combinatorial chemistry was converted into
three-dimensional structures using an energy minimization
algorithm. Subsequently, the prepared LSD1 pharmacophore
features were used as a template for preliminary pharmacophore-
based screening. Finally, the docking score of −8.53 kcal/mol,
obtained from the LSD1 inhibitor GSK2879552, which is in the
clinical trial phase, was used as a reference value for docking-based
screening. The MOE docking scoring function was employed to
evaluate the binding free energy of the ligand with the target protein.
Compounds with scores lower than the set reasonable reference
value were selected to obtain potential LSD1-targeting candidate
inhibitors.

FIGURE 1
Structures of published LSD1 inhibitors.
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2.5 Molecular dynamics simulation

The crystal structure of LSD1 (PDB ID: 6W4K) was retrieved
from the PDB. The crystal complex structures of the ligand LTM-1
with the protein LSD1 were constructed in the MOE and used as the
initial coordinates for MD simulations. The ligand LTM-1 and the
protein LSD1 were individually subjected to MD simulations using
GROMACS (version 2021.5). LSD1 was topologically modeled under
periodic boundary conditions, employing the AMBER99SB-ILDN
force field for accurate representation. The Acpype Server (www.
bio2byte.be) was engaged to generate the topology file of LSD1, which
was then integrated with the ligand file to create a comprehensive
complex system. Subsequently, the ligand file was added to the protein
file to form a complex system. This complex system was immersed in
a 1.0 nm cubic simulation box, employing the SPC water model to
ensure solvation and equilibrium. To ensure system neutrality, Na+

and Cl− were introduced. The solvated system underwent energy
minimization, applying the steepest descent algorithm for
50,000 steps. A 100 ps NVT simulation was then performed on
the system using the V-rescale thermostat to maintain the system
temperature at 300 K. This was followed by a 100 ps NPT simulation,
where the Parrinello-Rahman barostat was used to maintain a
pressure of 1 bar. Finally, a 500 ns molecular dynamics simulation
is conducted for each system, with trajectory data recorded at intervals
of 0.1 ns. Data processing is performed using GraphPad Prism
10 software (GraphPad Software Inc., San Diego, CA), and
stability is analyzed in conjunction with the root mean square
deviation (RMSD), root mean square fluctuation (RMSF), binding-
induced conformational changes and protein’s radius of gyration (Rg).

2.6 Binding free energy calculation using
MM/PBSA method

The Molecular Mechanics/Generalized Born Surface Area (MM/
GBSA) method was exploited through the GMX - PBSA tool for
calculating the free binding energy of the LSD1 - LTM - 1 complex
(Al-Khafaji and Tok, 2020). This computational tool included the
PCM and SGB models for solvation energy calculations, along with
consideration of van der Waals and electrostatic interaction energies
to evaluate the overall energy within the complex. Finally, from the
calculation results, we obtained the total binding Gibbs free energy
(ΔGtotal). ΔGtotal comprises Van der Waals, Electrostatic, Polar
solvation, Non - polar solvation, Net gas phase, and Net solvation.
Van der Waals is the contribution of attractive or repulsive forces
between molecules or within a single molecule. Electrostatic is the
contribution of electrostatic interactions between charged particles
withinmolecules. Polar solvation is the polar contribution to solvation
free energy. Non - polar solvation is the non - polar contribution to
solvation free energy. Net gas phase is the sum of internal energies of
the isolated molecules in vacuum. Net solvation is the energy change
when molecules interact with a solvent environment.

2.7 Enzyme inhibition assay

The inhibitory effects of the tested compounds on LSD1 and
LSD2 enzymes were methodically assessed using the Lance Ultra

LSD1 Histone H3-Lysine 4 Demethylase Assay Kit from
PerkinElmer, adhering to previously published methodologies (Li
et al., 2022). In brief, the reaction was initiated by adding 4 μL of
enzyme solution, with concentrations specified at 2 nM for LSD1 or
172 nM for LSD2, 4 μL of substrate solution [2.5 μM Bio-H3K4me2
(124 amino acids)], and 2 μL of tested compound to a Tris buffer
(50 mM Tris-HCl, 50 mM NaCl, 0.01% Tween 20, 1 mM DTT,
10 μM FAD, 10% glycerol, pH 9.0) at room temperature and
incubated for 1 h. Following the incubation, 5 μL of a detection
mixture, comprising an Eu-labeled H3K4me0 antibody and ULight
Streptavidin, was added to the reaction. The fluorescence intensity
was then measured employing TR-FRET mode with excitation and
emission wavelengths set at 320 nm and 665 nm, respectively,
utilizing the Envision (PerkinElmer) system. Each experiment
was performed in triplicate.

2.8 Kinase selectivity assays

The kinase selectivity analysis of LTM-1 was performed utilizing
the SelectScreen Kinase Profiling Service offered by Thermo Fisher
Scientific. In a dose-response assay featuring a ten-point dilution
series from 0.25 μM to 128 μM, the inhibitory effects of LTM-1 on
substrate phosphorylation reactions catalyzed by a panel of kinases
were assessed. Consequently, the half-maximal inhibitory
concentrations (IC50 values) for each kinase were determined.

2.9 Cell proliferation assay

The in vitro anti-proliferative activity of the compounds was
determined using the CellTiter 96® AQueous NonRadioactive Cell
Proliferation Assay Kit (Promega, Madison, United States) as
previously described (Ji et al., 2017). In brief, 5–10 × 103 cells
and 180 μL of medium were first seeded into each well of a 96-well
plate. Subsequently, the cells were exposed to either 0.2% Dimethyl
sulfoxide (DMSO, Aladdin Reagent, Shanghai, China) or a serial
dilution of the compounds, prepared from a 10mM stock solution in
DMSO, with the final concentration of DMSO being 0.2% for 72 h.
20 μL of MTS reagent was added to each well, and the culture was
incubated in the dark at 37°C for 4 h. Finally, the optical density
(OD) was then recorded at 490 nm and 690 nm using a microplate
reader fromMolecular Devices. The proliferation inhibition rate was
calculated according to the following formula: inhibition ratio =
(OD of DMSO treated wells - OD of compound treated wells)/(OD
of DMSO treated wells - OD of blank wells) × 100%. The IC50 values
of the compounds inhibiting cell proliferation were calculated using
GraphPad Prism 10 (GraphPad Software Inc., San Diego, CA).

2.10 In vivo experiments

Given the potent inhibitory effect of LTM-1 on MV-4-11 cell
proliferation in vitro, a previously reported xenograft animal model
was established to measure the anti-tumor growth and development
effects of LTM-1 (Zhou et al., 2022). The animal experimental design
of this study was reviewed and confirmed by the Ethics Committee
of China Pharmaceutical University. The experimental procedures
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complied with the ARRIVE guidelines (https://arriveguidelines.org/).
Female BALB/c nude mice aged 4–6 weeks were purchased from
Changzhou Cave Animal Co., Ltd. (Changzhou, China). Mice were
housed in a specific pathogen-free (SPF) environment, where the
temperature was precisely regulated to 25°C ± 2°C, the relative
humidity was kept at 50% ± 5%, and a strict 12-h light-dark cycle
was maintained. A 200 μL suspension of MV-4-11 cells (1 × 106 cells)
was injected subcutaneously into the mice. When the tumor volume
was observed to reach 80–100 mm3, the mice were randomly divided
into two groups: the vehicle group and the LTM-1 treatment group
(10 mg/kg). The mice were administered drugs via intraperitoneal
injection daily, with a total treatment period of 15 days. Mouse weight
and tumor volume were measured every 3 days. The tumor volume
was calculated using the formula (c × c × d)/2 (where c represents the
smallest diameter, and d represents the largest diameter). When the
animals could no longer access food and/or the average tumor
diameter exceeded 15 mm, the mice were anesthetized with 2.5%
isoflurane and euthanized by cervical dislocation to minimize
suffering. In addition, the liver and kidney index levels were
measured using an automatic biochemical analyzer to evaluate the
toxic effects of LTM-1 on mice.

2.11 Statistical analysis

The entire statistical analysis was performed with GraphPad
Prism 10. The t-tests were employed to evaluate whether there was a
significant difference between the two sets of data. P values less than
0.05 were considered as significant. The data are presented as the
mean ± standard deviation (SD), n = 3.

3 Results

3.1 Establishment of pharmacophore model

Based on the crystal structure of LSD1 (PDB ID: 6W4K), a
pharmacophore model was constructed using MOE to provide clues
for identifying novel LSD1 inhibitors. Firstly, the LSD1 protein was
preprocessed by removing water molecules, adding polar hydrogens,

and calculating partial charges. Subsequently, the binding details of
the LSD1 protein and its ligand were analyzed using the ligand
interaction tool of MOE to yield key information for constructing
the pharmacophore model. As depicted in Figure 2A, the ligand
formed two hydrogen bonds with Asp555. Moreover, the ligand
engaged in hydrophobic interactions with key amino acid residues
Val333, Ile356, Phe538, Ala539, Tyr761, and Ala809 of LSD1. Based
on the structure-activity relationship analysis of the LSD1 protein-
ligand complex, three representative pharmacophore features were
constructed using the pharmacophore query editor: a hydrogen-
bond donor feature (F1) corresponding to the Asp555 residue; a
hydrophobic interaction feature (F2) corresponding to the Phe538,
Ala539, and Tyr761 residues; and an aromatic feature (F3)
corresponding to the Trp695 residue. Additionally, the spatial
constraints of the pharmacophore model within the LSD1 active
site demonstrated that the established pharmacophore features were
properly embedded into the depressions of the LSD1 binding pocket
(Figure 2B). The constructed pharmacophore model offered critical
chemical features for the subsequent virtual screening of novel
LSD1 inhibitors.

3.2 Virtual screening

As illustrated in Figure 3, this study employed a comprehensive
screening strategy that integrated pharmacophore-based screening,
molecular docking-based screening, molecular dynamics (MD)
simulation, and biological evaluation to identify novel and potent
LSD1 inhibitors. Initially, an energy optimization algorithm was
applied to convert 121,000 compounds from a combinatorial
chemistry-derived database from two-dimensional (2D) to three-
dimensional (3D) structures. Subsequently, the
LSD1 pharmacophore model was utilized as a probe for
pharmacophore-based docking. The 207 compounds obtained
through preliminary screening were docked to the LSD1 binding
site for further docking-based screening and the binding free energy
of each compound was calculated. The lower the binding free
energy, the stronger the binding affinity between the compound
and the target protein. Based on the docking score of the positive
control GSK2879552 (−8.53 kcal/mol), which served as the

FIGURE 2
Pharmacophoremodel based on LSD1. (A)Details of pharmacophoremodel features. Hydrogen-bond donor (F1) is represented bymagenta sphere,
hydrophobic feature (F2) is depicted by yellow sphere, and aromatic center (F3) is illustrated by brown sphere. Each critical amino acid is represented by a
pink stick model and annotated with a three-letter amino acid code. Hydrogen bonds are depicted with black dashed lines. (B) Spatial constraints of the
pharmacophore model within the LSD1 active site.
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threshold, the top six compounds (LTMs 1–6) were ultimately
identified (Figure 4). The structures of these compounds are
displayed in Figure 5, and according to SciFinder and Reaxys
databases, LTMs 1–6 have not yet been reported internationally.
Subsequently, these hit compounds were prepared for subsequent
in vitro enzyme inhibition assays.

3.3 In vitro LSD1 inhibitory activity

The enzyme inhibitory activity of the six candidate inhibitors
obtained was further determined. The LSD1 inhibitor GSK2879552,
which has entered the clinical trial stage, was used as a positive
control. As shown in Table 1, LTMs 1–6 exhibited nanomolar
inhibition of LSD1 (IC50 = 2.11–16.54 nM), and LTMs 1–6 had
stronger enzyme inhibition of LSD1 than GSK2879552 (IC50 =

24.53 ± 2.26 nM). Particularly, the enzyme inhibitory activities of
LTM-1 (IC50 = 2.11 ± 0.14 nM) and LTM-3 (IC50 = 4.57 ± 0.32 nM)
were the most prominent. Moreover, the enzyme inhibitory
capacities of LTMs 1–6 against LSD2 were evaluated to
determine the selectivity of their inhibition. The selectivity of
LTMs 1–6 for LSD1 over LSD2 was superior to that of
GSK2879552, with LTM-1 (>2370-fold) and LTM-3 (668-fold)
showing the most significant selectivity. In addition, the excellent
enzyme inhibitory activity and selectivity of LTM-1 and LTM-3 are
consistent with the lowest docking scores of LTM-1and LTM-3 with
LSD1 mentioned above. Additionally, the compound with the most
potent inhibitory activity and selectivity against LSD1, LTM-1,
underwent comprehensive kinase panel analysis to assess its
broad-spectrum inhibition potential against 60 different kinases.
The data presented in Supplementary Table S1 demonstrate that the
IC50 values of LTM-1 against each of the 60 evaluated kinases were
all greater than 10 μM. Overall, these results indicate the significant
selectivity of LTM-1 for LSD1, reducing the risk of off-target effects
and associated toxicity.

3.4 Interaction analysis

Given that LTM-1 and LTM-3 were identified as having the
most favorable docking scores for binding to LSD1 and exhibited the
highest potency in in vitro enzyme inhibition assays among the six
candidates evaluated. Consequently, we conducted an analysis to
elucidate the potential binding modes of LTM-1 and LTM-3 with
LSD1. As illustrated in Figures 6A, C, LTM-1 and LTM-3 engaged in
hydrogen bonding with the critical amino acid residues Asp555,
Pro808, and His564 of LSD1. Additionally, they both formed
hydrophobic interactions with Val333, Phe538, Ala539, Tyr761,
and Trp695 of LSD1. It is noteworthy that LTM-1 established an
additional hydrogen bond with Gln358, potentially contributing to
its superior binding affinity and inhibitory efficacy. Additionally, the
surface topography of the LSD1’s active site, as depicted in Figures

FIGURE 3
A flowchart of the identification of LSD1 inhibitors via an integrated strategy of in silico screening and biological evaluation.

FIGURE 4
The docking scores of LTMs 1–6 and GSK2879552. aBinding free
energy between the compounds and the targets (lower binding free
energies show stronger binding affinities). The data are presented as
themean ± SD, n = 3. ***p < 0.001, as compared to GSK2879552.
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6B, D, revealed a pronounced geometric congruence with the
molecular contours of LTM-1 and LTM-3, indicative of an
optimal shape complementarity within the binding pocket.

3.5 MD simulation

To determine the binding affinity and persistence of LTM-1 with
LSD1, comprehensive molecular dynamics (MD) simulations were
conducted over a 500 ns timescale using GROMACS software
(version 2021.5). Trajectory analyses indicated that for the LSD1-
LTM-1 complex, the root mean square deviation (RMSD) displayed a
moderate initial rise, subsequently stabilizing within the range of
0.14 nm–0.20 nm after approximately 7 ns (Figure 7A). This
observation suggests that LTM-1 exhibits stable binding with
LSD1. Additionally, Figure 7B presents the root mean square

fluctuation (RMSF) of LSD1 residues over the 500 ns simulation
period. The RMSF values for key residues, including Val333, Phe538,
Ala539, Asp555, His564, Trp695, Tyr761, and Pro808, were all below
0.15 nm, which play a crucial role in binding, exhibit minimal
fluctuation and maintain stable binding. Furthermore, the radius
of gyration (Rg) values for the LSD1-LTM-1 complex exhibited
fluctuations of less than 0.1 nm, suggesting that the protein
maintained its structural compactness throughout the simulation
(Figure 7C). Based on the obtained structural analysis and RMSD
values, the conformational stability of the LSD1-LTM1 complex was
also analyzed. As shown in Figure 7D, compared with the initial pose
in the LSD1-LTM-1 complex, the superposition of the initial pose and
the binding-induced pose did not show any conformational changes,
and the RMSD value of the LSD1-LTM-1 complex before and after
dynamic simulation was less than 0.5 Å, indicating that the LSD1-
LTM-1 complex is in a stable conformation. Collectively, these

FIGURE 5
The chemical structures of LTMs 1–6.

TABLE 1 The inhibitory activities of LTMs 1–6 against LSD1 and LSD2.

Compounds LSD1 (IC50, nM) LSD2 (IC50, nM) LSD2/LSD1 selectivity (folds)

LTM-1 2.11 ± 0.14 >5,000 >2,370

LTM-2 10.23 ± 2.71 2,196.02 ± 146.25 215

LTM-3 4.57 ± 0.32 3,054.75 ± 177.86 668

LTM-4 8.92 ± 0.57 861.49 ± 26.73 97

LTM-5 7.31 ± 0.46 673.67 ± 21.48 92

LTM-6 16.54 ± 2.39 >5,000 >302

GSK2879552 24.53 ± 2.26 103.56 ± 5.75 4

Data represent mean values ± SD, n = 3.
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FIGURE 6
The predicted docking poses and binding surface of LTM-1 and LTM-3 in the active site of LSD1, respectively. (A) and (B) represent LTM-1; (C, D)
represent LTM-3. The structure of LTM-1 is represented by cyan sticks. The structure of LTM-3 is depicted by yellow sticks. Key amino acids in the active
site are represented by pink sticks and annotated with three-letter amino acid codes. The surface of the LSD1 protein is rendered with hydrogen bond
regions (purple), hydrophobic regions (green), and moderately polar regions (blue).

FIGURE 7
MD simulation of LSD1 in complex with LTM-1. (A) RMSD of LSD1-LTM-1 complex. (B) RMSF of LSD1 residues in LSD1-LTM-1 complex. (C) Rg of
LSD1 in the complex of LSD1-LTM-1. (D) The conformational changes induced upon binding of the LTM-1 (represented in cyan) to the LSD1 protein
(represented in green and gray). The data are presented as the mean ± SD, n = 3. Error bars representing the standard deviation are indicated by red
dashed lines.
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findings substantiate the stable binding of LTM-1 to the LSD1 active
site throughout the entire simulation timeframe.

3.6 Binding free energy calculation using
MM/PBSA method

In this study, the MM/GBSA method was employed to evaluate
the strength and stability of interactions between the LSD-1 protein
and the LTM-1, performing free energy calculations. Detailed energy
components are provided in Table 2. The results showed that the LSD-
1-LTM-1 complex had a ΔGtotal energy of −8,995.02 ± 210.65 kcal/
mol, and the electrostatic energy of the LSD-1-LTM-1 complex was
−29,188.78 ± 146.72 kcal/mol. The lower the electrostatic energy of
the LSD-1-LTM-1 complex, the stronger its binding stability. Further
analysis revealed that the electrostatic energy plays a crucial role in
providing maximum stability during the binding process, as its
contribution to the total binding free energy is significantly greater
than the other components. This confirms its importance in the
affinity of LTM-1 with the target protein LSD-1.

3.7 In vitro cancer cell assays

To further evaluate the in vitro anti-proliferative effects of LTMs
1–6, we conducted an experiment utilizing the MTS assay to assess

the cytotoxicity of these compounds against LSD1-addicted MV-4-
11 leukemia cells and LSD1-non-sensitive RPMI-8226 cells. The
results, as presented in Table 3, indicated that LTMs
1–6 demonstrated significant anti-proliferative activity against the
LSD1-addicted MV-4-11 cells compared to GSK2879552 (IC50 =
1.17 ± 0.28 μM), with LTM-1 showing particularly potent effects
(IC50 = 0.16 ± 0.01 μM). It was noteworthy that the impact of LTMs
1–6 on the LSD1-non-sensitive RPMI-8226 cells was markedly
weaker (IC50 > 100 μM). Taken together, the potent inhibition of
LSD1 by LTM-1 shows its potential as a therapeutic candidate for
AML. Additionally, we assessed the antiproliferative activity of
LTM-1 against other AML cell lines, including MOLT-4,
MOLM-16, HAL-01, and HL-60, to confirm its broader
applicability. As shown in Supplementary Table S2, LTM-1
demonstrated significant antiproliferative effects across these
AML cell lines (IC50 = 0.19–0.39 μM). These findings indicate
that LTM-1 not only exerts potent antiproliferative activity
against the MV-4-11 cell line but also shows a broad spectrum of
anticancer activity against other AML cell lines.

3.8 Antitumor activity of LTM-1 in vivo

Considering the outstanding inhibitory effect of LTM-1 on
LSD1 protein and MV-4-11 cell proliferation, the MV-4-
11 xenograft model was used to further evaluate the in vivo anti-
tumor activity of LTM-1. Tumor-bearing mice were randomly
treated with the vehicle group and 10 mg/kg of LTM-1. As
depicted in Figure 8A; Supplementary Figure S1, the tumor
growth in mice was significantly reduced upon treatment with
LTM-1, compared to the control group. Furthermore, throughout
the experimental process, the nude mice in two groups were slowly
gaining weight, with no significant differences (Figure 8B),
suggesting that treatment with LTM-1 did not induce severe
systemic side effects.

We conducted an additional assessment of the potential
toxicity of LTM-1. The levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN), and creatinine (CRE) in mouse serum were measured
to evaluate the functional status of the liver and kidneys,
respectively. As illustrated in Supplementary Figure S2,
compared to the vehicle control group, there were no
significant changes in the levels of ALT, AST, BUN and CRE
among mice treated with various doses of LTM-1. This indicates
that LTM-1 does not exert notable toxic effects on the liver or
kidneys in mice. In summary, while effectively suppressing tumor
growth, LTM-1 demonstrates no apparent toxic impact on major
organs such as the liver and kidneys in mice. These findings suggest
that LTM-1 possesses a favorable safety profile and potential
clinical application value.

4 Discussion

Acute myeloid leukemia (AML) is a formidable heterogeneous
malignant hematologic neoplasm. An increasing body of research
has confirmed that lysine-specific demethylase 1 (LSD1) is a key
regulatory factor in the self-renewal of leukemic stem cells. Although

TABLE 2 MM/GBSA energy components of the LSD-1-LTM-1 complex
expressed in kcal/mol.

Energy component LSD-1-LTM-1

△Gtotal −8,995.02 ± 210.65

Van der Waals −3,327.19 ± 25.94

Electrostatic −29188.78 ± 146.72

Polar solvation −4,621.30 ± 126.66

Non-polar solvation 156.05 ± 2.35

Net gas phase −4,529.77 ± 168.30

Net solvation −4,465.26 ± 126.69

TABLE 3 Antiproliferative activities of LTMs 1–6 against human MV-4-
11 and RPMI-8226 cells by MTS assay.

Compounds IC50 (μM)

MV-4-11 RPMI-8226

LTM-1 0.16 ± 0.01 >100

LTM-2 0.74 ± 0.06 >100

LTM-3 0.32 ± 0.04 >100

LTM-4 0.63 ± 0.05 >100

LTM-5 0.51 ± 0.03 >100

LTM-6 0.98 ± 0.07 >100

GSK2879552 1.17 ± 0.28 21.26 ± 2.69
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several LSD1 inhibitors have been reported, they have exhibited
unsatisfactory targeting specificity and concerning side effects.
Consequently, there is an urgent clinical demand for the
development of highly selective and potent LSD1 inhibitors. In
this study, an integrated strategy combining pharmacophore
modeling, docking screening, MD simulation, and biological
validation was employed to identify six LSD1 inhibitor (LTMs
1–6). The results of in vitro enzymatic inhibition assays revealed
that all six compounds demonstrated potent nanomolar-level
inhibitory activity against LSD1. Moreover, the weak inhibitory
capacity of LTMs 1–6 against LSD2 underscored their excellent
target selectivity. Particularly, LTM-1 and LTM-3 exhibited themost
pronounced inhibitory effects on LSD1 and the highest selectivity
for LSD1 over LSD2. Then, subsequent interaction analyses
indicated that both LTM-1 and LTM-3 formed hydrogen bond
interactions with key residues within the LSD1 active site, including
Asp555, Pro808, and His564, and also engaged in hydrophobic
interactions with Val333, Phe538, Ala539, Tyr761, and Trp695.
Additionally, LTM-1 maintained a stable binding state with
LSD1 throughout the entire 500 ns MD simulation process.
Furthermore, the results of the cell proliferation activity
assessment demonstrated that LTMs 1–6 possess strong
cytotoxicity against the LSD1-addicted MV-4-11 cells, while
having negligible effects on the LSD1-insensitive RPMI-8226
cells, with LTM-1 exhibiting the most potent ability to inhibit
cancer cell proliferation. Notably, in the MV-4-11 xenograft
model, LTM-1 displayed excellent in vivo antitumor activity
without significant toxic side effect. In comparison to other
LSD1 inhibitors in clinical trials, such as SP-2577 and
GSK2879552, LTM-1 has shown superior enzyme inhibition and
selectivity against LSD1 (Liu et al., 2023). This comprehensive
comparison underscores the potential of LTM-1 as a promising
lead compound for preclinical research of AML and reinforces the
significance of our research in the context of ongoing clinical trials.
While LTM-1 shows promising results in inhibiting AML
progression, we acknowledge the need for further structural
optimization to improve its pharmacokinetics and minimize
toxicity. Therefore, we propose a detailed plan for future
structural modifications, which involves substituting the
trifluoromethyl group in LTM-1 with other halogens like

chlorine, bromine, or iodine. This modification aims to alter the
compound’s lipophilicity, potentially enhancing its pharmacokinetic
properties and reducing toxicity, thereby providing valuable insights
for designing more effective and safer LSD1 inhibitors. Additionally,
the virtual screening methodologies utilized in this study,
comprising pharmacophore modeling, docking screening, and
molecular dynamics (MD) simulations, are conducive to the
expeditious identification of novel therapeutics. This
methodological framework can be adapted to recognize potential
inhibitors from other natural databases and FDA marketed drug
databases, so that discovering other novel and efficient natural active
small molecules and marketed drugs targeting LSD1. Consequently,
it constitutes a potent instrument in the nascent stages of drug
discovery, facilitating the identification of target compounds and
hastening the lead optimization process.

5 Conclusion

In summary, we have designed and identified a series of new
potent LSD1 inhibitors (LTMs 1–6). In particular, LTM-1 exhibited
the most prominent nanomolar enzyme inhibition ability and
strongest inhibition selectivity against LSD1. Our in vitro and in
vivo assays have shown that LTM-1 significantly inhibits the
progression of AML without notable toxic side effects,
positioning it as a highly promising lead compound for
preclinical AML research. While these findings are promising, we
recognize the necessity for further experimental validation to
substantiate the safety and efficacy of LTM-1 before advancing to
preclinical development. As we continue to optimize the structure of
LTM-1 in our laboratory, we are also looking ahead to further
enhance its potency and selectivity through additional structural
modifications. We plan to conduct extensive pharmacokinetic
studies to fully characterize LTM-1, ensuring its safety and
efficacy. Moreover, we are committed to moving our preclinical
findings towards clinical applications and will explore the potential
of LTM-1 and its analogs as dual-target inhibitors to improve
therapeutic outcomes. We believe that the integration of
computational modeling and experimental validation, as
demonstrated in this study, will streamline the drug discovery

FIGURE 8
Evaluation of in vivo anti-tumor activity of LTM-1. (A) Changes in tumor volume. (B) Body weight of mice. Results are expressed as means ± SD (n =
3). ***p < 0.001, as compared to the vehicle group.
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process and significantly contribute to the development of new
treatments for AML. The structure-based virtual screening,
molecular dynamics simulation, and biological evaluation
methods outlined here offer a novel strategy for designing and
optimizing more effective and selective LSD1 inhibitors, setting the
stage for future research directions that will build upon our
current findings.
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