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Editorial

Drug Metabolism and Toxicological Mechanisms

Qi Wang 1,*, Youbo Zhang 2,* and An Zhu 3,*

1 Department of Toxicology, School of Public Health, Peking University, Beijing 100191, China
2 State Key Laboratory of Natural and Biomimetic Drugs, School of Pharmaceutical Sciences, Peking University,

Beijing 100191, China
3 Key Laboratory of Gastrointestinal Cancer (Fujian Medical University), Ministry of Education,

Fuzhou 350108, China
* Correspondence: wangqi@bjmu.edu.cn (Q.W.); ybzhang@bjmu.edu.cn (Y.Z.); zhuan@fjmu.edu.cn (A.Z.)

The metabolism of drugs and xenobiotics is a cornerstone of pharmacology and toxi-
cology, governing the efficacy, safety, and environmental impact of therapeutic agents [1].
Drug metabolism involves enzymatic transformations that convert lipophilic compounds
into water-soluble metabolites for excretion, primarily mediated by cytochrome P450 (CYP)
enzymes, UDP-glucuronosyltransferases (UGTs), and transporters [2]. These processes
occur in two phases, functionalization (Phase I) and conjugation (Phase II), followed by
excretion [3]. While metabolism is essential for detoxification, it can also generate reactive
intermediates that contribute to organ damage, carcinogenesis, or immune-mediated toxic-
ity [4]. Understanding these dual roles—detoxification versus toxification—is critical for
drug development and personalized medicine.

Variability in drug metabolism, driven by genetic polymorphisms (e.g., CYP2D6
and CYP2C19), age, disease states, and environmental factors (e.g., diet and pollutants),
complicates toxicity prediction. For instance, slow metabolizers of codeine due to CYP2D6
deficiencies risk opioid toxicity from unchecked conversion to morphine, while ultra-rapid
metabolizers face overdose risks [5]. Similarly, drug–drug interactions (DDIs) involving
enzyme induction or inhibition—such as grapefruit juice’s inhibition of CYP3A4—can alter
therapeutic outcomes [6,7]. These examples underscore the need for precision toxicology
frameworks that account for individual and population-level variability.

Historically, toxicology relied on observational and empirical methods, but modern
approaches integrate mechanistic insights from molecular biology, omics technologies
(genomics, proteomics, and metabolomics), and computational models. Despite progress,
challenges persist in predicting idiosyncratic reactions, rare adverse events, and long-term
environmental impacts. Traditional animal models often fail to replicate human-specific
metabolic pathways, spurring innovations like organ-on-a-chip systems, 3D organoids,
and humanized mouse models [8]. Meanwhile, regulatory agencies increasingly demand
mechanistic data to complement traditional safety assessments, reflecting a paradigm shift
toward “adversity pathways” and quantitative risk modeling.

This Special Issue addresses these complexities by showcasing 12 peer-reviewed arti-
cles (11 original research papers and 1 review) that span molecular mechanisms, clinical
toxicology, preclinical studies, and regulatory innovation. Contributions explore themes
such as enzyme polymorphisms, environmental toxicants, and AI-driven toxicity pre-
diction. Collectively, they highlight three transformative trends: (1) the integration of
multi-omics to unravel metabolic networks, (2) the adoption of advanced in vitro and
in silico models to reduce animal testing, and (3) the application of big data to bridge
gaps between preclinical findings and clinical outcomes. In summary, this Special Issue
reflects the dynamic evolution of drug metabolism research, emphasizing mechanistic
clarity, technological innovation, and translational relevance.

Toxics 2025, 13, 464 https://doi.org/10.3390/toxics13060464
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1. An Overview of Published Articles

The study by Tian et al. (contribution 1) systematically elucidated the hepatotoxic
mechanisms of mesaconitine (MA) through in vivo zebrafish models, revealing dose-
dependent impairment of hepatic development characterized by reduced liver size, neu-
trophil infiltration, and ROS accumulation. Transcriptomic profiling and molecular valida-
tion demonstrated that MA exposure triggered endoplasmic reticulum stress through oxida-
tive damage, activating the unfolded protein response (UPR) via upregulation of key chap-
erones. Prolonged UPR activation drives hepatocyte apoptosis through caspase-dependent
pathways. These findings established a ROS-UPR–apoptosis axis as the molecular basis
for MA-induced liver injury, bridging the gap between Aconitum alkaloid exposure and
hepatic dysfunction. The use of transgenic zebrafish lines allowed real-time visualization of
liver injury progression, neutrophil infiltration, and apoptosis dynamics, highlighting the
unique advantages of zebrafish in mechanistic toxicology. This study not only advanced
zebrafish-based toxicology assessment methodologies but also provided essential safety
data for the clinical application of traditional medicines.

The study by Trakulsrichai et al. (contribution 2) systematically described the epidemi-
ological features, clinical manifestations, therapeutic strategies, and prognostic factors of
ethephon poisoning through a retrospective analysis of clinical data from 252 patients in the
Ramathibodi Poison Center database. The study found that 21.4% of individuals exposed
to ethephon exhibited no apparent symptoms, and gastrointestinal symptoms constituted
the most frequently reported clinical manifestations at 55.6% in all cases. Furthermore, the
mortality rate remained relatively low, representing 0.8% of the total ethephon-exposed
population. However, advanced-age intentional ingestion and early neurological symp-
toms such as impaired consciousness were significantly associated with adverse outcomes.
As a study with a large reported sample size, this research comprehensively elucidated the
clinical characteristics of ethephon poisoning, addressing a critical lack of human data for
this field. Furthermore, by integrating epidemiological and toxicological perspectives, the
study validated the World Health Organization classification of ethephon as slightly haz-
ardous, supporting its safety assessment. Future investigations can explore the metabolic
mechanisms of ethephon and its association with atypical cholinergic manifestations. The
authors not only systematically delineated the clinical profile of ethephon poisoning but
also advanced precision medicine through prognostic analysis. This work established
a benchmark for pesticide toxicity management and toxicological research, serving as a
valuable reference for both clinical practice and public health initiatives.

The study by Lin et al. (contribution 3) investigated the mechanisms underlying
the effects of the environmental endocrine disruptor bisphenol S (BPS) on hepatic lipid
metabolism, revealing the biological processes through which BPS promotes lipid accu-
mulation via oxidative stress-mediated molecular pathways. The research team utilized
two hepatocellular cell models, HepG2 and SK-Hep-1, combined with cell viability assays,
oxidative stress indicator analyses, and measurement of lipid metabolism-related gene and
protein expression to systematically characterize the metabolic disturbances in hepatocytes
exposed to BPS. The results demonstrated that BPS significantly suppressed the expression
of PPARα and CPT1B, key regulators of fatty acid oxidation, while upregulating the ex-
pression of SREBP1C and FASN, genes associated with lipid synthesis. Oxidative stress
further exacerbated lipid droplet deposition, ultimately leading to hepatic lipid metabolism
imbalance. By systematically dissecting the molecular mechanisms through which BPS
disrupts lipid synthesis and degradation pathways via oxidative stress in hepatic cell
models, this study identified the critical regulatory role of the PPARα/SREBP1C-FASN
axis. Additionally, the identified targets, such as PPARα and SREBP1C, provide new
directions for developing interventions targeting lipid metabolism disorders. Through
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multi-timepoint and multi-concentration gradient exposure experiments, the authors dy-
namically elucidated the dose–response relationship and time-dependent toxicity of BPS,
significantly enhancing the credibility of the conclusions.

The study by Gonçalves et al. (contribution 4) systematically investigated the regula-
tory effects of ethanol intake on paracetamol, also named acetaminophen (APAP)-induced
hepatotoxicity, using a C57BL/6 mouse model. The findings revealed that acute ethanol
(AE) exacerbated APAP-induced liver injury by elevating CYP2E1 activity, TBARS, and
GSSG, manifested as expanded necrotic areas, increased ALT/AST levels, and upregu-
lated inflammatory cytokines. In contrast, chronic ethanol (CE) significantly mitigated
liver damage by enhancing UGT1A1 gene expression, restoring glutathione homeostasis,
and reducing carbonylated protein levels, with hepatic pathological features resembling
those of the control group. Proteomic profiling further demonstrated that the CE group
clustered with the control group in protein expression patterns, whereas the AE group
aligned with the APAP group, suggesting that chronic ethanol consumption may confer
protective effects through metabolic adaptation mechanisms. By integrating histopatholog-
ical, oxidative stress, gene expression, and proteomic analyses, the study elucidated the
critical regulatory role of the UGT1A1/CYP2E1 axis, providing molecular mechanistic evi-
dence for understanding ethanol–drug metabolic interactions. Additionally, the identified
UGT1A1 upregulation mechanism highlighted novel therapeutic targets for hepatoprotec-
tive strategies. The authors dynamically dissected molecular networks underlying liver
injury through proteomics, enhancing the credibility of conclusions. This work established
a paradigm for research on drug–alcohol interactions, offering significant guidance for
rational medication practices and toxicological risk assessment.

The study by Yin et al. (contribution 5) systematically investigated the acute toxicity
and cardiotoxicity of the natural phenolic acid compound protocatechuic aldehyde (PCA)
in juvenile zebrafish. Through exposure experiments with different concentration gradients
(50–80 μg/mL) of PCA, the study found that high concentrations (70 and 80 μg/mL) of PCA
caused severe malformations in zebrafish larvae, including spinal curvature, pericardial
edema, significant reduction in locomotor activity, and cardiac structural abnormalities
and functional dysfunction through phenotypic observation, behavioral analysis, cardiac
function assessment, and histopathological evaluation. Further analysis using network
pharmacology predictions and RT-PCR validation revealed that the inhibition of genes
such as PIK3CA, PARP1, and GSK3β mediated cardiotoxicity through regulation of the
PI3K/AKT/GSK3β signaling pathway. This study provides a comprehensive evaluation of
PCA’s toxic effects in a zebrafish model, offering important theoretical insights for safety as-
sessments of PCA-containing drugs and the development of low-toxicity pharmaceuticals.

The study by Yang et al. (contribution 6) investigated the nephrotoxicity and mecha-
nisms of Cassiae semen aqueous extracts (CSAEs) through a 28-day repeated-dose experi-
ment in rats. The study revealed that CSAEs induced dose-dependent increases in serum
creatinine and blood urea nitrogen levels, accompanied by morphological alterations in rat
kidneys. Using molecular docking and experimental validation, the authors identified that
key CSAE components, namely, obtusifolin, aurantio-obtusin, and obtusin, exhibited strong
binding affinity to F-actin, ROCK1, and Rac1, with the RhoA-ROCK pathway identified as
the regulatory mechanism mediating CSAE nephrotoxicity. Immunofluorescence staining
confirmed disrupted renal cell membranes and brush borders, establishing F-actin as a
primary toxicity target. Further experiments demonstrated that CSAEs dose-dependently
suppressed mRNA expression of RhoA-ROCK pathway genes such as ROCK1 and cofilin
and reduced GTP-RhoA protein and phosphorylated ROCK/cofilin levels, leading to actin
depolymerization, cytoskeletal destabilization, and subsequent nephrotoxicity. This study
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linked Cassiae semen toxicity to aberrant actin cytoskeleton remodeling, offering novel
insights into the mechanisms of natural product-induced nephrotoxicity.

The study by Kim et al. (contribution 7) evaluated the risk of optic neuropathy
(ON) and visual impairment induced by ethambutol in tuberculosis treatment in a retro-
spective cohort analysis of 204,598 ethambutol users in the Korean NHIS database from
2015 to 2021, tracked to 2022. The findings revealed that 2.6% of ethambutol-treated
patients developed ON, with risk factors including female sex, older age, higher cumu-
lative ethambutol doses, longer treatment duration, and systemic comorbidities such as
diabetes, hypertension, hyperlipidemia, kidney and liver diseases, and malnutrition. No-
tably, concomitant isoniazid use demonstrated a protective effect with an OR value of
0.78, mediated by shortened ethambutol exposure, while deficiencies in vitamins B1, B6,
and B12 exacerbated ethambutol-induced neurotoxicity. Despite limitations inherent to its
retrospective design, the study provides critical guidance for monitoring and preventive
strategies in ethambutol-treated patients, emphasizing the importance of personalized
risk assessment and interventions. Overall, this research advances the understanding
of ethambutol-associated ON and its interactions with isoniazid, systemic comorbidities,
and nutritional status, and underscores the necessity of mitigating ON risks to optimize
tuberculosis treatment protocols.

The study by Wan et al. (contribution 8) investigated how rutaecarpine affected
APAP-induced liver toxicity. Mouse and liver cell models demonstrated that rutaecarpine
aggravates liver injury, as evidenced by significantly elevated serum ALT and AST levels,
extensive hepatic necrosis with substantial parenchymal damage on histopathological
examination, and notable upregulation of inflammatory cytokines, including IL-6 and
IL-1β. Mechanistic studies revealed that rutaecarpine induced CYP1A2 expression at both
mRNA and protein levels, accelerating APAP metabolism to its toxic metabolite NAPQI.
These effects were reversed by α-Naphthoflavone, a CYP1A2 inhibitor, confirming the
enzyme’s critical role in accelerating APAP metabolism. The study reveals the risks of
combining rutaecarpine with APAP, providing critical insights for clinical drug safety and
the rational use of traditional Chinese medicine (TCM) with synthetic drugs.

The study by Gao et al. (contribution 9) conducted a proteomic analysis on 20 laryn-
geal squamous cell carcinoma patient samples, uncovering the significant role of ribosome
biogenesis pathways in tumor metastasis. Their study demonstrated a clear relationship
between lymph node metastasis and the overexpression of ribosomal proteins (RPS10 and
RPL24), heightened activity in protein synthesis pathways, and disrupted cell adhesion
mechanisms, creating a network that promotes metastatic spread. In vitro experiments
further revealed that the RNA polymerase I inhibitor CX-5461 exhibited anti-metastatic
properties at non-cytotoxic concentrations by reversing epithelial–mesenchymal transition
and reducing the levels of ribosomal proteins, thereby suppressing tumor cell invasion and
migration. Despite the known DNA-damaging effects of CX-5461 posing challenges to its
clinical use, both the authors and reviewers acknowledge the potential of developing thera-
peutic strategies with inhibitory activity against ribosome biogenesis pathways based on
optimizing drug design and comprehensive safety evaluations. This study not only deepens
our understanding of ribosomal dysregulation in LSCC metastasis but also emphasizes the
significance of the pathology-based grouping approach in proteomic analysis in identifying
potential cancer targets and providing personalized treatment recommendations.

The study by Wu et al. (contribution 10) conducted epigenetic, proteomic, and
metabolomic analyses on the human trophoblast cell line HTR-8/SVneo, revealing the
reproductive toxicity effects induced by oridonin. The study found that the Wnt/β-catenin
signaling pathway, tight junction, thiamine metabolism, and amino acid degradation path-
ways were all involved in the toxic effects of oridonin on HTR-8/SVneo cells. Further
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in vitro experiments demonstrated that the toxic effects involved elevated intracellular
Ca2+ levels, oxidative stress, the occurrence of mitochondrial dysfunction, DNA damage,
and abnormal expression of molecules related to the Wnt/β-catenin signaling pathway
and tight junction. These findings confirmed that the inhibition of the Wnt/β-catenin
signaling pathway and disruption of the tight junction were key mechanisms underlying
oridonin-induced cytotoxicity. Despite oridonin’s significant pharmacological potential
in anti-inflammatory, anti-tumor, and antibacterial applications, its reproductive toxicity
poses a critical limitation to its clinical use. By deeply elucidating the toxic mechanisms of
oridonin, it is possible to provide a theoretical basis for optimizing its clinical application
strategies, thereby maximizing its therapeutic potential while ensuring safety. This study
not only provides a deeper understanding of oridonin’s reproductive toxicity mechanisms
through a multi-omics approach but also underscores the value of integrated multi-omics
analysis in identifying toxicity targets. It establishes a novel research framework for evalu-
ating the safety of active compounds in TCM.

The study by Bian et al. (contribution 11) investigated the biochemical and toxico-
logical changes following insulin overdose using a rat model, aiming to identify specific
molecular markers for forensic diagnosis. Here, 20 IU/kg insulin aspart induced severe
hypoglycemia, convulsions, and metabolic disturbances, including reduced glucose and
glycogen levels, along with elevated lactate. Key findings revealed potassium redistri-
bution due to activated Na+-K+-ATPase and stimulation of the PI3K-AKT pathway in
skeletal muscle, promoting GLUT4 translocation, suggesting that detecting GLUT4 and
Na+-K+-ATPase proteins on the skeletal muscle cell membrane can provide valuable aux-
iliary diagnostic information for forensic identification of insulin overdose. The study
proposes the ratio of insulin to C-peptide as a forensic marker for identifying exogenous
insulin overdose, addressing the challenges in postmortem insulin detection. This work
bridges clinical insights with forensic applications, offering valuable tools for postmortem
diagnosis, particularly useful when physical evidence of injection is absent.

The study by Mohammed et al. (contribution 12) conducted a comprehensive review
focusing on the toxicity mechanisms, clinical presentations, and diagnostic and treatment
approaches for methanol poisoning, emphasizing the importance of preventive measures.
Methanol is metabolized into formaldehyde and formic acid, leading to severe metabolic
acidosis and multiorgan damage, particularly affecting the central nervous system and
vision. The article highlighted that clinical manifestations vary by age and exposure
type. Diagnosis relies on clinical evaluation, laboratory tests, and advanced techniques
like gas chromatography. Methanol poisoning results in severe metabolic acidosis and
multiorgan damage due to the accumulation of formic acid, leading to significant morbidity
and mortality. Effective clinical management includes timely administration of antidotes
like fomepizole or ethanol and hemodialysis for severe cases. This article provides a
comprehensive perspective on understanding methanol poisoning, from its pathogenesis
to clinical management, offering valuable guidance for healthcare providers.

2. Conclusions

The articles in this Special Issue collectively advance our understanding of drug
metabolism and toxicity, offering novel insights and tools to address longstanding chal-
lenges. A study investigated CYP450 isoforms to reveal disparities in drug response and
toxicity risks. Several papers dissect mechanisms of organ-specific toxicity, such as hepa-
totoxicity from acetaminophen and nephrotoxicity from Cassiae semen aqueous extracts.
Environmental toxicology is also well represented, with studies on the impacts of pollutants
on metabolic pathways. Emerging technologies are another highlight. Mechanistic toxicol-
ogy has seen significant progress. Papers elucidating mitochondrial dysfunction, oxidative
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stress, and immune-mediated injury provide frameworks for predicting organ-specific
toxicity. Such mechanisms offer biomarkers for early toxicity detection and targets for
protective interventions.

The rise of alternatives to animal experimentation marks a paradigm shift in toxicology.
Zebrafish (Danio rerio) and Caenorhabditis elegans (C. elegans) have become invaluable models
for high-throughput drug toxicity screening and mechanistic studies [9]. These tools not
only enhance predictive accuracy but also align with global efforts to promote the 3Rs
(Replacement, Reduction, and Refinement) in toxicology. Their unique biological features,
combined with advanced genetic and molecular techniques, enable rapid hypothesis testing
while reducing reliance on mammalian systems. Zebrafish have gained prominence due
to their genetic tractability, optical transparency during early development, and high
genetic similarity to humans (87%). These attributes facilitate real-time observation of
organogenesis and physiological responses to toxicants. For instance, zebrafish mutants
like space cadet—which exhibit aberrant escape responses due to disrupted Mauthner cell
connectivity—provide insights into neurotoxicant effects on behavior [10]. Meanwhile,
C. elegans offers a tractable system to study metabolic perturbations, as seen in research
linking mitochondrial dysfunction to drug-induced oxidative stress [11]. Its short lifecycle
of 3 days, fully mapped genome, and conserved metabolic pathways make it ideal for
high-throughput screens. These models not only reduce reliance on mammals but also
enable rapid hypothesis testing in drug metabolism and toxicology [12].

TCMs present unique challenges due to their complex compositions and potential
for herb–drug interactions. Metabolomics has emerged as a powerful tool to unravel
TCM toxicity, as demonstrated in studies. Similarly, UPLC-Q-TOF/MS-based analyses of
toxicity identified detoxification mechanisms, highlighting the synergy between modern
technology and traditional knowledge [13]. Such research aligns with global efforts to
standardize TCM safety assessments while preserving their therapeutic potential.

Some research methods are not covered in this Special Issue, and these techniques are
also worthy of application in drug toxicology and metabolism studies. The integration of
advanced technologies is a milestone. Organ-on-a-chip platforms replicate human tissue
interactions, enabling real-time monitoring of metabolite kinetics and toxicity [14]. In
parallel, AI models trained on multi-omics datasets demonstrate remarkable accuracy
in predicting idiosyncratic reactions, bridging gaps between in vitro assays and clinical
outcomes [15]. These tools are poised to revolutionize preclinical testing, reducing reliance
on animal models and accelerating drug discovery. Additionally, the rise of biologics
and gene therapies demands new metabolic paradigms, as traditional small-molecule
pathways may not apply. Regulatory science must also evolve. While mechanistic data
are increasingly valued, standardization of novel methodologies such as organoids and
AI models is needed for regulatory acceptance. Global collaboration, as seen in the FDA
Emerging Technology Program, can harmonize guidelines and foster innovation [16].

Looking ahead, the field must embrace interdisciplinary collaboration. Integrating
pharmacogenomics, environmental science, and computational toxicology will yield holis-
tic models of metabolic networks. Public health initiatives, such as biobanking and global
toxicity databases, can enhance predictive power and equity in drug safety. In closing, this
Special Issue not only catalogs current achievements but also charts a course for future in-
quiry. By prioritizing mechanistic depth, technological innovation, and translational impact,
the toxicology community can mitigate adverse drug reactions, safeguard environmental
health, and usher in an era of precision medicine.
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Abstract: Mesaconitine (MA), a predominant diterpenoid alkaloid isolated from Aconi-
tum species, exhibits notable pharmacological properties but is simultaneously associated
with significant toxicological concerns, with its hepatotoxic mechanisms remaining largely
unelucidated. In this study, zebrafish embryos were systematically exposed to MA to
investigate its effects on hepatic development and function. Comprehensive analyses of
liver morphology, inflammatory response, oxidative stress, and apoptotic pathways were
conducted. MA induced dose-dependent hepatotoxicity, manifesting in a significant re-
duction in liver size and a marked downregulation of liver-specific genes, including tfa, cp,
hhex, and fabp10a. The presence of oxidative stress was substantiated by elevated reactive
oxygen species (ROS) levels, while hepatic inflammation was characterized by enhanced
neutrophil infiltration and the upregulation of proinflammatory mediators, particularly il1b
and tnfa. A global transcriptome analysis revealed the substantial upregulation of unfolded
protein response (UPR)-associated genes, notably hsp90b1, hspa5, and hspb9, indicating
that MA-induced oxidative stress triggered endoplasmic reticulum (ER) stress and subse-
quent UPR activation. Prolonged ER stress ultimately resulted in hepatocyte apoptosis,
as demonstrated by the increased expression of the pro-apoptotic genes casp3a, casp3b,
and baxa. These findings elucidate the molecular mechanisms underlying MA-induced
hepatotoxicity and identify potential therapeutic targets for preventing and treating liver
injury associated with Aconitum alkaloid exposure.

Keywords: mesaconitine (MA); hepatotoxicity; inflammation; oxidative stress; apoptosis;
unfolded protein response (UPR)

1. Introduction

Traditional Chinese medicines derived from Aconitum species, such as Aconitum
carmichaelii Debx. (Fuzi), exhibit analgesic, anti-inflammatory, antidepressant, and vasodila-
tory properties [1–3]. However, natural products extracted from Aconitum plants, particu-
larly Aconitum alkaloids, possess potent toxic effects. Current research on the toxicity of
Aconitum alkaloids primarily focuses on their impact on the cardiovascular and central
nervous systems, with limited studies addressing hepatotoxicity mechanisms. Preclinical
studies have demonstrated clear dose-dependent hepatotoxicity associated with Aconitum
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alkaloids [4]. Moreover, several investigations into the toxicity resulting from a single
or prolonged oral administration of Aconitum extract in rodents have reported instances
of liver injury [5,6]. Consequently, it is imperative to conduct a systematic study of the
hepatotoxicity mechanisms of Aconitum alkaloids to enable their safe clinical application.

MA is one of the principal diterpenoid alkaloids found in Aconitum species, exhibiting
significant pharmacological effects while also being highly toxic. MA can penetrate the
blood–brain barrier through proton-coupled organic cation antiporter mechanisms, leading to
neurotoxicity [7]. Studies have demonstrated that MA induces neurotoxicity in zebrafish and
HT22 cells, resulting in oxidative stress and mitochondrial dysfunction [8]. Additionally, MA
significantly reduces the survival rate of H9C2 rat cardiomyocytes by inducing calcium influx,
which subsequently decreases the mitochondrial membrane potential and causes nuclear
damage [9]. Following MA exposure, cardiomyocytes from SD rats exhibit marked coagulative
necrosis, with abnormal levels of polyunsaturated fatty acids (PUFAs) and altered expression
of peroxisome proliferator-activated receptor α (PPARα) pathway-related proteins [10]. MA
can induce cardiotoxicity and apoptosis, affecting cardiovascular-related genes such as tbx5,
gata4, and nkx2.5 in embryonic zebrafish [11]. Furthermore, a post-mortem analysis of patients
who succumbed to Aconitine alkaloid poisoning revealed higher concentrations of MA in
the liver and kidneys, reaching 960.9 ng/g and 776.9 ng/g, respectively [12]. In rats, MA has
been shown to cause hepatocyte necrosis and inflammatory cell infiltration [13]. A network
toxicological analysis indicated that MA affects pathways such as HIF-1, MAPK, PI3K-Akt,
and FoxO signaling by modulating targets including ALB, AKT1, CASP3, and IL2. These
findings provide partial insight into MA’s hepatoxicity; however, the exact mechanisms of
this, particularly in vivo, remain to be elucidated.

In this study, using zebrafish as a model organism, we uncovered MA’s hepatotoxic
effects. Our findings demonstrated that exposure to varying concentrations of MA signifi-
cantly impaired liver development in zebrafish embryos, as evidenced by reduced liver
size, the increased infiltration of neutrophils into the liver, elevated levels of ROS, and
enhanced hepatocyte apoptosis. To elucidate the underlying mechanisms of MA-induced
hepatotoxicity, we performed transcriptome sequencing on control and MA-treated ze-
brafish embryos. By constructing a comprehensive molecular profile, we discovered a
significant upregulation of genes associated with UPR, including hsp90b1, hspa5, and hspb9,
in response to MA treatment. These findings suggested that MA induced oxidative stress
and hepatocyte apoptosis through the activation of ER stress and the UPR signaling path-
way. Collectively, this study not only revealed novel molecular mechanisms underlying
MA-induced hepatotoxicity but also provided valuable insights into potential diagnostic
and therapeutic strategies for liver dysfunction associated with MA exposure.

2. Materials and Methods

2.1. Zebrafish Husbandry

Wild-type zebrafish (AB strain); transgenic lines Tg(mpx:EGFP) which specifically
label neutrophils; and Tg(fabp10a:dsred) which specifically label hepatocytes were obtained
from the China Zebrafish Resource Center (CZRC) in Wuhan, China. The zebrafish were
maintained at a temperature of 28 ± 0.5 ◦C under a light/dark cycle of 14 h of light
and 10 h of dark. Water changes were performed twice daily to ensure optimal water
quality, and the fish were fed freshly hatched brine shrimp twice per day. All procedures
adhered to the guidelines established by the Animal Care and Use Committee of Fujian
Medical University.
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2.2. Chemical Exposure

To assess MA’s toxicity, healthy embryos at 3 dpf were transferred into six-well plates,
with a density of 40 embryos per well, and subsequently treated with MA (Must Bio-
Technology, Chengdu, China). The exposure concentrations of MA utilized in this study
were 0 μM, 2.5 μM, 5 μM, and 7.5 μM.

2.3. Toxicity Analysis of MA

The number of dead and deformed zebrafish embryos was recorded at 24 h post
treatment (24 hpt) and 48 hpt, from which the survival rate and malformation rate were
calculated. Heart rate was measured at 48 hpt. Using a microscope for observation, we
manually counted the number of heartbeats over a 1 min period. Images were captured
using a fluorescence stereomicroscope (Nikon, Shinagawa-ku, Japan), following anesthesia
with a 0.02% tricaine solution. Liver size was assessed using Tg(fabp10a:dsred) transgenic
zebrafish larvae at 48 hpt. Additionally, Tg(mpx:EGFP) transgenic zebrafish larvae at 48 hpt
were selected for neutrophil counting within the liver region. The pericardial area and liver
size were analyzed utilizing the ImageJ software (version number: 1.53t).

2.4. Oxidative Stress Detection

Zebrafish larvae at 48 hpt underwent treatment with the DCFH-DA fluorescent probe
(Beyotime, Shanghai, China) and were incubated in the dark at 28.5 ◦C for 30 min before
thorough washing with PBS. After standardizing exposure values across samples, fluo-
rescence images were captured using a fluorescence stereomicroscope. The fluorescence
intensity of the liver region for each group was quantified using the ImageJ software.

2.5. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from zebrafish larvae employing TRIzol reagent (Invitrogen,
CA, USA, Xiamen, China), following a previously reported protocol [14]. RNA was reverse-
transcribed into cDNA utilizing a reverse transcription kit (Accurate Biology, Changsha,
China). qRT-PCR analysis was conducted using SYBR Green Pro Taq HS Premix (Accurate
Biology, Changsha, China), with cDNA serving as the template. The reactions were
conducted on an Agilent AriaMX Real-Time PCR System (Agilent Santa Clara, CA, USA).
The sequences of PCR primers are detailed in Table 1. The relative quantification analysis
of target gene expression levels employed the 2−ΔΔCt method [15].

Table 1. Primer sequences of qRT-PCR in zebrafish.

Designed qRT-PCR Primer Sequences (5′ to 3′)

Gene Forward Reverse

Reference gene actb2 CCCAAACCCAAGTTCAGCCA ACCCACGATGGATGGGAAGA

Apoptosis-related genes
baxa TGGCAAGTTCAACTGGG-GAA ATAACTGCGGATTCCGTCCC

casp3a CCCAGTGGAGGCAGATTTCC AGCATTGAGAC-GATGCAGGG
casp3b ACAACACCAGAAGCAGGACTT TTTGCATCGCTTTGTCTGGC

Liver
Development-related genes

cp CGCTTCTGGAACCGTCAGTC CTCGTTGCCTGGGCTTTCTT
fabp10a CCACCATGGACGGCAAGAAG GACTGTCAGCGTCTCCACCA

hhex AATCCTCCGTCCACCGGTAA GGGTGAACTGATGCTCGTCC
tfa GACTGCAGCTGCTCACACAA TCTGCCTCTCACTCTCTGGG

Unfolded protein
response-related genes

hspa5 CAGATCTGGCCAAAATGCGG ATGACGGAGTGATGCGGTTT
hspb9 TCCTCAACCTTCTCCAGGCT CCTGGGACTCAGCAGATGAC

hsp90b1 TCTGTGCACTTTTGGCGTTC TCGATTCACTTCTGCCTGGA

Inflammation-related genes
il1b TCTGCTCAGCCTGTGTGTTT GAGACCCGCTGATCTCCTTG
il6 ACTCAGAGACGAGCAGTTTGA GCGGTCTGAAGGTTTGAGGA

tnfa TCACGCTCCATAAGACCCAG AAATGGATGGCAGCCTTGGA
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2.6. Transcriptome Sequencing

Total RNA was extracted from zebrafish larvae in both the control group and 5 μM
MA-treated group, followed by sequencing performed by Seqhealth Technology Co., Ltd.
(Wuhan, China). Sequencing was conducted using the Novaseq6000 platform (Illumina,
San Diego, CA, USA) with a read length of 150 base pairs. The DESeq2 software (version
number: 1.28.1) package was employed to analyze differentially expressed genes (DEGs).
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were performed using the DAVID database. A heatmap was generated on https://www.
bioinformatics.com.cn (last accessed on 10 December 2024).

2.7. Cell Apoptosis Detection

Acridine orange (AO) staining was utilized to identify apoptotic cells in zebrafish
larvae. An AO dye solution at a concentration of 5 μg/mL was administered to each group
and incubated at 28.5 ◦C for 20 min. Subsequently, the larvae were washed twice with PBS
for three minutes each time. Zebrafish larvae were then photographed under a fluorescence
stereomicroscope, and the fluorescence intensity within the liver region of each group was
quantified using the ImageJ software.

2.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.0. Group differences were
assessed through one-way ANOVA for multiple group comparisons. Data are expressed as
means ± standard deviation (SD). Statistical significance relative to the control group is
denoted as p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).

3. Results

3.1. Effects of MA on Zebrafish Embryos Development

To investigate the effects of MA on zebrafish embryo survival and development, embryos
at 3 dpf were exposed to MA at concentrations of 0 μM, 2.5 μM, 5 μM, and 7.5 μM for a
duration of 48 h. The survival rates and morphological abnormalities were observed and
recorded at 24 hpt and 48 hpt. Additionally, the heart rate and pericardial cavity area were
measured at 48 hpt to assess developmental impacts. The results showed that with the increase
in treatment time and MA concentration, the embryos’ survival rate decreased, and their
malformation rate significantly increased (Figure 1A,B). MA concentrations of less than 2.5 μM
did not cause the zebrafish larvae to die. The survival rates at MA concentrations of 5 μM and
7.5 μM were 89.74% and 55.26%, respectively. Moreover, increasing the MA concentration
resulted in pericardial edema and elevated heart rates, highlighting its cardiotoxic effects,
which align with previous studies’ findings (Figure 1C–E).

Figure 1. Effects of MA on zebrafish embryo survival and development. (A,B) Survival rate (A) and
malformation rate (B) of zebrafish larvae exposed to 0 μM, 2.5 μM, 5 μM, and 7.5 μM of MA at 24 hpt
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and 48 hpt. (C) Representative images of control and MA-treated zebrafish larvae. Scale bar: 400 μm.
(D,E) Statistical analysis of heart rate (D) and pericardial cavity area (E) of control and MA-treated
zebrafish larvae at 48 hpt. One-way ANOVA–Dunnett test; * p < 0.05, ** p < 0.01, *** p < 0.001. Error
bars represent standard deviation.

3.2. MA Impaired Liver Development in Zebrafish Embryos

To investigate MA’s effects on liver development, we utilized the Tg(fabp10:DsRed)
transgenic zebrafish line to observe the liver morphology. Compared with the control
group, the fluorescent area of the liver region in the MA-treated groups was significantly
reduced (Figure 2A,B). We further analyzed liver development gene expression using
qRT-PCR and found that genes related to liver development, such as tfa, cp, hhex, and
fabp10a, were significantly downregulated (Figure 2C–F). These findings indicate that MA
exerts toxic effects on liver development in a dose-dependent manner.

Figure 2. MA impaired liver development in zebrafish embryos. (A) Representative images of the
Tg(fabp10a:DsRed) transgenic zebrafish larvae in the control and MA-treated groups at 48 hpt. Scale
bar: 200 μm. (B) Statistical analysis of the liver area of zebrafish larvae. (C–F) qRT-PCR showing
the effects of MA treatment on the expression of cp (C), fabp10a (D), hhex (E), and tfa (F) in zebrafish
larvae. One-way ANOVA–Dunnett test; * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars represent
standard deviation.

3.3. MA Induced Liver Inflammation in Zebrafish Embryos

Neutrophils play a crucial role in maintaining immune system function and respond-
ing to infections. After tissue damage, neutrophils rapidly migrate to the damaged area,
releasing cytokines and ROS to trigger inflammatory responses [16]. To investigate whether
MA induced inflammation in the liver region, we used the Tg(mpx:EGFP) transgenic ze-
brafish line to observe changes in the number of neutrophils in the liver area. As shown
in Figure 3A,B, the neutrophil number significantly increased in the MA-treated groups
compared to that in the control group, displaying a clear dose-dependent relationship. In
addition, we further analyzed the expression of inflammatory mediators such as il6, il1b,
and tnfa in the zebrafish embryos. The results revealed a significant upregulation of il1b
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and tnfa (Figure 3C–E). These findings indicate that MA treatment induces inflammation in
the liver region of zebrafish larvae.

Figure 3. MA Induces liver inflammation in zebrafish embryos. (A) Representative images of the
Tg(mpx:EGFP) transgenic zebrafish larvae in the control and MA-treated groups at 48 hpt. Scale bar:
200 μm. (B) Statistical analysis of the number of neutrophils in the liver area of zebrafish larvae.
(C–E) qRT-PCR showing the effects of MA treatment on the expression of il1b (C), il6 (D), and tnfa (E)
in zebrafish larvae. One-way ANOVA–Dunnett test, * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars
represent standard deviation. The white dashed line indicates the liver region.

3.4. MA Induced Oxidative Stress Response in Zebrafish Embryos

Cells naturally produce ROS as byproducts of normal metabolism. However, when
cells are exposed to internal or external stress, ROS production increases, disrupting the
balance between oxidative and antioxidant systems and ultimately leading to oxidative
stress [17]. To verify whether MA induces oxidative stress in hepatocytes, we used DCFH-
DA probes to measure the ROS levels in the liver region. The results showed a significant
increase in fluorescence intensity in the liver area of zebrafish embryos treated with MA
(Figure 4A,B). This indicates that ROS levels were markedly elevated in the treatment
groups, confirming that MA induces oxidative stress in hepatocytes.

 

Figure 4. MA induces oxidative stress response. (A) Representative images of ROS staining results
of control and MA-treated zebrafish larvae at 48 hpt using DCFH-DA probes. Scale bar: 200 μm.
(B) Statistical analysis of fluorescence intensity in the liver area. One-way ANOVA–Dunnett test;
*** p < 0.001. Error bars represent standard deviation. The white dashed line indicates the liver region.
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3.5. MA Induced UPR in Zebrafish Embryos

To investigate the mechanisms underlying MA-induced liver toxicity, we conducted
transcriptome sequencing on zebrafish embryos at 5 dpf to analyze the DEGs between the
control and MA-treated groups. A principal component analysis (PCA) of the sequencing
data revealed a clear separation between the gene expression profiles of the control and
MA-treated embryos (Figure 5A). We utilized 17,549 genes with non-zero variance as
input variables for the PCA. Principal Component 1 (PC1) accounted for 44. 07% of the
total variance, while PC2 explained 15. 54%. A total of 345 DEGs were identified in the
MA-treated group, including 184 upregulated and 161 downregulated genes (Figure 5B),
indicating significant alterations in liver gene expression following MA exposure. To further
explore the functions of these DEGs, a GO analysis was performed, identifying associated
biological processes (BPs), cellular components (CCs), and molecular functions (MFs). The
results revealed that the upregulated genes were primarily associated with BPs such as
protein refolding, heat response, muscle contraction, bacterial response, and chaperone
cofactor-dependent protein refolding (Figure 5C). The CC terms were enriched in the
endoplasmic reticulum lumen, extracellular vesicles, chylomicrons, low-density lipoprotein
(LDL) particles, and endoplasmic reticulum chaperone complexes. The MF terms included
ATP-dependent protein folding, unfolded protein binding, heat shock protein binding,
protein folding chaperones, and hormone receptor binding. The downregulated genes
were mainly involved in BPs such as the mitotic cell cycle, microtubule depolymerization,
neuron projection development, neurofilament bundle assembly, and signal transduction
regulation. The CCs were primarily located in the intermediate filaments, microtubules,
cytoskeleton, axons, and synapses. The MFs mainly included structural components of
the cytoskeleton, tubulin binding, extracellular matrix structural constituent, chromatin
binding, and GTP binding (Figure 5D). To identify the metabolic pathways in which these
DEGs play critical roles, we performed a KEGG pathway enrichment analysis to further
elucidate their biological functions. Following MA treatment, the protein processing
pathway in the endoplasmic reticulum was significantly upregulated, consistent with the
results of our GO enrichment analysis (Figure 5E). Genes associated with phototransduction,
gap junctions, and motor proteins were downregulated (Figure 5F). Collectively, these
findings suggested that MA activated UPR in the zebrafish embryos.

 

Figure 5. Molecular diversity of zebrafish embryos following MA treatment. (A) PCA analysis of
RNA sequencing results showing differences in gene expression between control and MA-treated
zebrafish
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embryos. (B) Volcano plot showing differentially expressed genes between control and MA-treated
embryos. Significance was defined as a fold change greater than 1.5 or less than 0.67, with a p-value
less than 0.05. (C,D) Representative GO terms of upregulated (C) and downregulated (D) genes after
MA treatment. (E,F) Representative KEGG entries for upregulated (E) and downregulated (F) genes
after MA treatment.

To investigate the mechanism by which oxidative stress induces UPR, we analyzed
the changes in HSP expression between the control and MA-treated groups. The heatmap
showed that HSP gene expression was upregulated in the MA-treated group (Figure 6A).
We further validated these findings using qRT-PCR, which confirmed the significant in-
crease in hsp90b1, hspa5, and hspb9 expression levels (Figure 6B–D).

 
Figure 6. MA induced UPR in zebrafish embryos. (A) Heatmap showing scaled expression levels of
hsp family genes in the control and MA-treated groups. (B–D) qRT-PCR analysis showing increased
expression levels of hsp90b1 (B), hspa5 (C), and hspb9 (D) in zebrafish larvae treated with MA compared
to the control group. One-way ANOVA–Dunnett test; * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars
represent standard deviation.

3.6. MA Induces Hepatocytes Apoptosis in Zebrafish Embryos

Persistent ER stress, which fails to restore ER homeostasis, activates pro-apoptotic
pathways and ultimately leads to apoptosis [18]. To evaluate hepatocyte apoptosis, we
employed acridine orange, a cell-permeable nucleic acid-binding fluorochrome that ex-
hibits green fluorescence upon binding to DNA in apoptotic cells when visualized under
fluorescence microscopy. A quantitative analysis revealed that MA exposure induced a
significant dose-dependent increase in the fluorescence intensity within the hepatic region
compared to the control group, indicating substantial hepatocyte apoptosis (Figure 7A,B).
Furthermore, the molecular analysis demonstrated the significant upregulation of key
pro-apoptotic genes, including casp3a, casp3b, and baxa (Figure 7C–E). These findings collec-
tively demonstrate that MA exposure induces dose-dependent hepatotoxicity characterized
by enhanced hepatocyte apoptosis.
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Figure 7. MA induces hepatocyte apoptosis in zebrafish embryos. (A) Representative images of AO
staining results in control and MA-treated zebrafish larvae at 48 hpt. Scale bar: 200 μm. (B) Statistical
analysis of fluorescence intensity in the liver area. (C–E) qRT-PCR showing the effects of MA treatment
on the expression of baxa (C), casp3a (D), and casp3b (E) in zebrafish larvae. One-way ANOVA–Dunnett
test; * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars represent standard deviation. The white dashed
line indicates the liver region.

4. Discussion

In this study, we used zebrafish as a model organism to explore MA’s toxic effects
on the liver. Our findings demonstrated that exposure to varying MA concentrations
significantly impaired liver development in zebrafish embryos, as evidenced by the reduced
liver size, increased infiltration of neutrophils into the liver, elevated ROS levels, and
enhanced hepatocyte apoptosis. Moreover, we observed a significant upregulation of
UPR-associated genes, including hsp90b1, hspa5, and hspb9, in response to MA treatment.
These findings suggest that MA induced oxidative stress and hepatocyte apoptosis through
the activation of endoplasmic reticulum stress and the UPR signaling pathway.

We initially investigated the developmental toxicity of MA exposure in zebrafish
embryos. Both the mortality and malformation rates showed a positive correlation with
the MA concentration. The pericardial area expansion correlated with increasing MA con-
centrations. While the heart rate showed a slight elevation, the changes were not markedly
concentration-dependent. The increased heart rate may reflect enhanced energy metabolic
demands, suggesting that MA accelerates zebrafish metabolism. These findings indicate
that MA induces organ toxicity in zebrafish through both cardiotoxic and metabolic path-
ways, which aligns with previously reported observations of MA-induced cardiotoxicity.

To visually assess the MA-induced hepatotoxicity in vivo, we examined the liver size
changes in Tg(fabp10a:dsRed) transgenic zebrafish, which specifically labels hepatocytes.
At 5 dpf, we observed that the liver fluorescence area decreased with an increase in
the MA concentration. Previous studies have shown that tfa is involved in tissue factor
synthesis in the liver [19]; cp encodes ceruloplasmin, a glycoprotein primarily synthesized
in the liver that transports copper ions and iron oxides, participates in iron metabolism
and oxidative stress regulation, and maintains hepatocyte survival and function through
oxidative stress repair [20]. hhex is crucial for liver specification, liver bud growth, and
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cell differentiation [21], while fabp10a encodes a fatty acid-binding protein (FABP) family
member essential for hepatic fatty acid metabolism [22]. To further confirm that MA
hindered liver development and metabolism, resulting in liver toxicity, we selected four
genes, tfa, cp, hhex, and fabp10a, for qPCR detection. The results revealed the downregulation
of all four genes, indicating suppressed liver development and metabolism. These findings
suggest that one of MA’s hepatotoxic mechanisms involves the inhibition of genes essential
for liver development and metabolism, resulting in reduced liver growth and impaired
hepatic metabolic function.

In this study, we quantified the neutrophil numbers in the hepatic region to test
whether MA induces hepatocellular damage and triggers an inflammatory response [23].
The statistical data showed that neutrophils significantly accumulated in the zebrafish
liver area, with their numbers increasing in a concentration-dependent manner with MA
treatment, supporting our previous findings regarding MA-induced hepatic injury. To
further investigate the mechanism of the MA-induced inflammatory response at the tran-
scriptional level, we examined the expression of inflammatory genes il1b, tnfa, and il6 using
qRT-PCR. The results revealed the significant upregulation of both il1b and tnfa, while
il6 showed an increasing trend without reaching statistical significance. Previous studies
have established that il1b encodes the proinflammatory cytokine IL-1β, which regulates
immune and inflammatory responses [24]. tnfa encodes TNF-α, a proinflammatory cy-
tokine involved in immune regulation, inflammatory response, apoptosis, and anti-tumor
processes [25]. Similarly, il6 encodes IL-6, which enhances neutrophil function and immune
cell activity while promoting and regulating the secretion of cytokines, adhesion molecules,
and inflammatory mediators such as nitric oxide [26]. These findings indicate that MA
induces inflammatory gene expression, promotes neutrophil recruitment to injury sites,
and thereby activates the inflammatory response.

ROS are highly reactive oxygen-containing molecules that play crucial roles in cell
signaling and physiological processes. Certain toxins can trigger excessive ROS generation,
leading to oxidative stress, cellular damage, and cytotoxicity [27]. To investigate the MA-
induced hepatotoxicity, we measured the ROS levels in zebrafish exposed to various
MA concentrations using the DCFH-DA fluorescent probe. The results demonstrated a
significant positive correlation between the fluorescence intensity in the liver region and
the MA concentration, indicating that MA stimulates ROS production and disrupts the
oxidation–antioxidation balance. This oxidative stress leads to hepatocellular damage and
dysfunction, which may contribute to the observed reduction in the zebrafish liver size.

To further investigate MA’s hepatotoxicity, we performed transcriptome sequencing of
the control and MA-treated zebrafish and identified the increased expression of several HSP
family genes, including hsp90b1, hspa5, and hspb9. The HSP gene family encodes heat shock
proteins that protect cells from stress-induced damage and function as molecular chap-
erones in protein folding, assembly, transport, and degradation. These proteins prevent
protein misfolding and aggregation [28], playing crucial roles in the UPR [29]. The UPR is a
cellular stress response mechanism activated by the accumulation of unfolded or misfolded
proteins in the endoplasmic reticulum. The upregulation of HSP genes and subsequent
increase in heat shock protein levels indicate that zebrafish activate anti-damage and UPR
mechanisms to counter MA-induced cellular damage and protein synthesis disruption. To
validate these findings, we performed a qRT-PCR analysis of the aforementioned genes.
The results confirmed the upregulation of multiple HSP family genes following the MA
treatment, suggesting that MA exposure causes protein and cellular damage while trig-
gering the UPR. These findings indicate that MA interferes with normal protein folding
in the hepatocyte endoplasmic reticulum, leading to misfolded protein accumulation and
subsequent hepatotoxicity.
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The ROS-triggered UPR can induce apoptosis [29,30], potentially contributing to ze-
brafish liver shrinkage. Using AO staining to detect cell apoptosis, we observed that the
fluorescence intensity increased in a concentration-dependent manner with MA treatment,
indicating MA-induced hepatocyte apoptosis. We focused on casp3a, casp3b, and baxa,
which are apoptotic genes with broad regulatory roles in programmed cell death, hypothe-
sizing their involvement in MA-mediated hepatocyte apoptosis [31–33]. To validate this
hypothesis, we performed a qRT-PCR analysis of these genes. The results demonstrated the
upregulation of all three apoptotic genes, providing strong experimental support for our
hypothesis. These findings indicate that MA promotes hepatocyte apoptosis through the up-
regulation of key apoptotic genes including casp3a, casp3b, and baxa, further demonstrating
its hepatotoxic effects.

5. Conclusions

Our findings demonstrate that MA induces hepatotoxicity in zebrafish, as evidenced
by a reduced liver size, increased neutrophil infiltration, elevated ROS level, upregulation
of UPR, and enhanced hepatocyte apoptosis. This study expands our understanding of
MA’s toxic profile and elucidates the underlying mechanisms of its hepatotoxicity. Given
MA’s use as a pharmaceutical component, these findings highlight the importance of
careful dosage control to minimize potential adverse effects and underscore the need for
appropriate risk management strategies in its clinical application.
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CZRC China Zebrafish Resource Center
DEGs Differentially expressed genes
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
AO Acridine orange
SD Standard deviation
PCA Principal component analysis
BP Biological processes
CC Cellular components
MF Molecular functions
LDL Low-density lipoprotein
ER Endoplasmic reticulum
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Abstract: Ethephon (2-chloroethylphosphonic acid) is a generally used plant growth regu-
lator, but the data on its toxic effects, especially in humans, are very limited. This study was
conducted to describe the clinical characteristics, management, and outcomes of patients
exposed to products containing ethephon. We performed an 8-year retrospective study
using data from the Ramathibodi Poison Center database (2013–2020), which included
252 patients. Most patients were male, with a median age of 32 years. Almost all pa-
tients were exposed through ingestion, mainly in unintentional circumstances. The clinical
presentations included local effects, gastrointestinal (GI), neurological, and respiratory
symptoms. Some patients required hospital admission; specifically, seven patients received
inotropic drugs, and six were intubated with ventilator support. Most patients had either
no or only minor clinical effects. However, six patients experienced moderate/severe
effects, and two patients died. Age, intentional exposure, and the presence of initial
neurological symptoms could prognosticate moderate to fatal outcomes. In conclusion,
exposure to ethephon predominantly resulted in no or minor effects, and GI symptoms
were the most common clinical manifestation. The cholinergic toxic syndrome was not
frequently observed. The mortality rate was very low. Patients presenting with factors
associated with worse outcomes should be monitored closely for clinical deterioration and
appropriately managed.

Keywords: 2-chloroethylphosphonic acid; plant growth regulator; plant hormone;
mortality rate

1. Introduction

Ethephon (2-chloroethylphosphonic acid) is a commonly used plant growth regulator
to promote fruit ripening, abscission, flower induction, and other responses [1,2]. After
being metabolized by the plant, it is converted into ethylene, a potent regulator of plant
growth and maturity. It is frequently used in agriculture for plenty of crops, including
wheat, coffee, rice, and cotton [1].

Ethephon is a cholinesterase or acetylcholinesterase (AChE) inhibitor. Previous animal
and human studies demonstrate that the plasma and erythrocyte cholinesterase were
inhibited at all doses [2–5].
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Symptoms indicating inhibition of cholinesterase activity were described in animals
and human volunteers [5,6]. The reported toxic effects also include corrosive effects fol-
lowing acute oral, inhalation, and dermal exposure [2,3]. Based on studies conducted on
animals [7–11], repeated exposure to this substance has been found to cause hepatotoxicity
and nephrotoxicity, as well as potentially harmful effects on reproduction and fetal devel-
opment. Ethephon is widely used in many countries [12]. It is marketed and available in
Thailand as well, especially as a soluble concentrate (SL) formulation. The clinical data and
studies regarding ethephon poisoning in humans are currently very limited.

Numerous patients exposed to ethephon-containing products in Thailand have been
referred to the Ramathibodi Poison Center (RPC) for consultations. Therefore, this study
was carried out to describe the clinical characteristics, treatment, and outcomes of patients
with a history of acute exposure to ethephon-containing products by analyzing data from
the RPC database.

2. Materials and Methods

2.1. Study Design

We performed an 8-year retrospective cross-sectional study by using data from the
RPC database (RPC Toxic Exposure Surveillance System) from January 2013 to December
2020. The primary objective of this study was to outline the clinical characteristics and
outcomes of patients exposed to products containing ethephon. The secondary objective
was to indicate the prognostic factors contributing to moderate to fatal outcomes.

2.2. Study Setting and Population

RPC is a tertiary teaching hospital poison center that provides consultations via
telephone for healthcare providers and the public 24 h a day with approximately
15,000–29,000 calls/year during the study period. Follow-up calls are arranged to evaluate
the patient’s clinical progress and outcomes and provide further treatment recommenda-
tions if the patient’s condition changes. All data were recorded in the RPC database, and
the team of senior information scientists and clinical toxicologists finally reviewed and
validated the data.

We included the patients who were exposed to products containing ethephon through
every route and were referred to the RPC for consultations in our study. The poisoning
from ethephon-containing products was diagnosed based on a history of exposure to the
products. The exposure was indicated by identifying the ingredients listed on the bottles
if the container was brought to the hospital or by obtaining the brand name and detailed
list of ingredients from the patients. The patients who co-ingested herbs, illicit drugs,
pesticides, or other chemicals were excluded. We also excluded patients who overdosed on
pharmaceutical drugs.

We collected patients’ data, including demographic data, medical history, clinical
information, laboratory results, treatments, clinical course during hospitalization, and
clinical outcomes.

2.3. Definitions

The estimated amount of ingestion is as follows: a teaspoon of the product equals
5 milliliters (mL), a mouthful is 25 mL (in adults), and a cup/glass is 250 mL [13,14].

This study defines hypotension and fever/high temperature as a systolic blood pres-
sure < 90 mmHg and body temperature > 37.7 ◦C [15,16]. Abnormal heart rates, defined as
bradycardia and tachycardia, occur when heart rates are below 60 and above 100 beats per
minute, respectively [17]. The normal vital signs for pediatric patients were determined
based on the normal range for their age [18].
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Acute kidney injury was noted following the Kidney Disease: Improving Global
Outcomes (KDIGO) Clinical Practice Guideline for Acute Kidney Injury [19]. Patients
without preexisting conditions were presumed to have normal kidney function prior to
exposure. Hypernatremia was defined as a serum sodium level > 145 mEq/L, while
hyponatremia was defined as a serum sodium level < 135 mEq/L [20]. The defini-
tions for hyperkalemia and hypokalemia were serum potassium levels > 5.0 mEq/L and
<3.5 mEq/L, respectively [20]. Metabolic acidosis was defined as arterial pH < 7.40 and
serum bicarbonate < 24 mEq/L [21], or as documented in a patient’s records. A high anion
gap is defined as being >12 mEq/L [21]. The Glasgow Coma Scale (GCS) is scored between
3 and 15 [22]. The definitions and terms for grading the severity and effects of acute
poisoning that are used in the RPC database were derived from the Poisoning Severity
Score [23,24].

2.4. Statistical Analysis

The study data were collected and statistically analyzed using Microsoft Office 2019
(version 17, Redmond, WA, USA) and STATA software (StataCorp, College Station, TX,
USA), respectively. Continuous data are reported as the mean and standard deviation
when they are normally distributed; otherwise, the median with minimum and maximum
range is presented. For categorical data, the frequency and percentage were reported.
For normally distributed continuous data, a Student’s t-test was used for comparisons
between groups, while a Mann–Whitney U test was employed for non-normally distributed
data. Categorical data were analyzed to identify differences between groups using either a
chi-square test or Fisher’s exact test. Logistic regression was used for univariate analysis,
and the forward selection method was used for multivariate analysis. A p-value of less
than 0.05 was considered statistically significant.

3. Results

There were a total of 258 consultations regarding exposure to ethephon-containing
products. After the exclusion of patients with co-ingestion of other substances, 252 patients
were included in our study. Table 1 presents the clinical characteristics of all the patients.
A total of 166 patients (65.9%) were male; the median age was 32 years (range, 0.9–86).
Patients were from every region in Thailand, with the most commonly reported cases
arising from the eastern region (36.1%). Almost all patients were exposed through ingestion
(98.8%), while three were exposed through inhalation. No patients were exposed via dermal
contact. Accidental exposure accounted for 83.3% (n = 210), while intentional exposure or
suicidal attempts were delineated in 16.7% (n = 42). The median duration from exposure to
hospital visits was 60 min. The median amount ingested was 25 mL.

The clinical effects at presentation are summarized in Table 2. The clinical presentations
mostly were gastrointestinal (GI) symptoms (55.6%). A total of 54 patients (21.4%) had no
obvious symptoms. At presentation, 35 patients (13.9%) had tachycardia, 8 patients (3.2%)
had bradycardia, and 2 patients (0.8%) had a high temperature. One patient (0.4%) had
hypotension. Five patients (2%) had a Glasgow Coma Scale (GCS) score of less than 15
(range 3–14).

The results of the initial laboratory tests for electrolyte levels and kidney function
are presented in Table 3. Most patients had normal results of initial laboratory tests.
Two patients had hypernatremia (serum sodium of 148 and 149 mEq/L), and one pa-
tient had hyponatremia (serum sodium of 124 mEq/L). A total of 16 patients experienced
hypokalemia (with a serum potassium range of 2.7–3.4 mEq/L), and 2 patients had hyper-
kalemia (serum potassium of 5.3 and 6.1 mEq/L). A high anion gap metabolic acidosis was
reported in two patients with anion gaps of 25 and 33 mEq/L.
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Table 1. Clinical characteristics of all patients.

Clinical Characteristics (Number of Patients with Data Available) n (%)

Sex
Male 166 (65.9)
Female 86 (34.1)

Age (years), median (min–max) 32 (0.9–86)

Region
Central * 31 (12.3)
North 8 (3.2)
North-East 44 (17.5)
East 91 (36.1)
West 19 (7.5)
South 59 (23.4)

Duration from exposure to hospital visits (minutes),
median (min-max) (248 patients) 60 (5–8640)

Amount of ingestion (milliliters), median (min-max) (219 patients) 25 (0.2–500)
* Including Bangkok.

Table 2. Clinical presentations of all patients.

Clinical Presentations * n (%)

No apparent symptoms 54 (21.4)
Local symptoms
-Oral mucosa irritation 89 (35.3)
-Dermal or ocular irritation 2 (0.8)
Gastrointestinal (GI) symptoms ** 140 (55.6)
Neurologic symptoms *** 23 (9.1)
Respiratory symptoms **** 4 (1.6)

* Some patients presented with > 1 symptom. ** Nausea/vomiting (110 patients), abdominal pain (61 pa-
tients), hypersalivation (13 patients), diarrhea (9 patients), GI bleeding (5 patients), and constipation (2 patients).
*** Dizziness (10 patients), drowsiness (7 patients), and headache (2 patients). **** Dyspnea (4 patients) and chest
discomfort (1 patient).

Table 3. Results of initial laboratory tests for electrolyte levels and kidney function of all patients.

Laboratory Results (Number of Patients with Data Available) Value

Serum sodium (mEq/L), mean ± SD (50 patients) 139.1 ± 3.8

Serum potassium (mEq/L), mean ± SD (56 patients) 3.8 ± 0.6

Serum chloride (mEq/L), mean ± SD (50 patients) 104.7 ± 4.3

Serum bicarbonate (mEq/L), mean ± SD (50 patients) 22.1 ± 5.0

Serum blood urea nitrogen (mg/dL), mean ± SD (39 patients) 11.7 ± 3.5

Serum creatinine (mg/dL), mean ± SD (39 patients) 0.9 ± 0.3

A total of 244 patients (96.8%) had no or minor effects. Some 108 patients (42.9%) were
admitted to hospitals, with a median length of hospital stay of 2 days, ranging from 1 to
14 days. The lengths of hospital stay of 17 admitted patients were not documented in our
database for the reason that they recovered from poisoning and then were not followed
up by the RPC until their discharge. Two patients developed AKI during hospitaliza-
tion. Supportive care was the main treatment for almost all of patients, and they were
finally discharged.
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Eight patients (3.2%) had moderate, severe and fatal outcomes (Table 4). Seven of the
patients were male, and six of them intentionally ingested ethephon. The maximum amount
of ingestion was 300 mL (Patient 7). Six patients were admitted to the intensive care unit.
Six patients underwent an endotracheal intubation with mechanical ventilator support.
Seven patients received inotropes. The most common complication during hospitalization
was pneumonia, noted in four patients. Two patients died, resulting in a mortality rate
of 0.8%.

The dead patients are summarized as follows (Table 4).
The first dead case (Patient 1, Table 4) was a 40-year-old male with multiple un-

derlying diseases, including alcohol dependence. He intentionally ingested a product
containing ethephon in an unknown amount. At the scene, he had hypersalivation, nausea,
and vomiting. One hour after exposure, he arrived at the emergency department with
altered consciousness, a low GCS score (E2V2M5), and sinus bradycardia. The initial
venous blood gas (VBG) showed acute respiratory acidosis. Approximately 1 h later, his
electrocardiogram demonstrated pulseless electrical activity. Subsequently, cardiopul-
monary resuscitation (CPR), intravenous (IV) adrenaline, and endotracheal intubation
were performed. Hypersecretion was observed, and IV atropine was administered to treat
this condition. Four hours later, he regained consciousness and received IV thiamine,
dextrose, and norepinephrine. One day after admission, he developed pneumonia and
upper GI bleeding. On the second day of hospitalization, he experienced hypotension and
eventually died.

The second dead case (Patient 2, Table 4) was an 80-year-old male with a history of
hypertension and coronary artery disease. He accidentally ingested 25 mL of ethephon.
Thirty minutes after ingestion, he had no apparent symptoms. Hypokalemia (serum
potassium of 2.66 mEq/L) was initially observed. He was treated with an IV antiemetic
drug and IV fluids with a potassium chloride supplement. He developed tachypnea, fever
(body temperature 38.5 ◦C), and crepitation of both lungs. He was then intubated with
ventilator support. He experienced diarrhea several times (>20 times), sinus tachycardia
(heart rate 166 bpm), depressed consciousness (GCS score: E4VTM5), and oliguria. His
treatment included comprehensive supportive care and consulting a gastroenterologist
for severe diarrhea evaluation. On the sixth day of admission, his chest X-ray showed
right lung infiltration, and VBG showed respiratory and metabolic acidosis. He was
diagnosed with severe pneumonia with septic shock. IV meropenem and norepinephrine
were administered. After 10 days of admission, he died from complications.

We compared the clinical manifestations between patients with no/minor and moder-
ate/severe/fatal outcomes to analyze the factors associated with moderate, severe, and
fatal outcomes/severities. The amount of ingestion, intentional exposure, neurological
symptoms, and GCS score at presentation <15 showed statistically significant differences
(Table 5).

Table 6 presents the univariate and multivariate analysis of factors associated with
moderate, severe, and fatal outcomes/severities. In the multivariate analysis, age, inten-
tional exposure, and the presence of neurological symptoms at presentation were associated
with worse outcomes.
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Table 5. Comparison of clinical manifestations between patients who had no/minor and moderate to
fatal outcomes.

Clinical Manifestations
(Number of Patients with Data Available)

No/Minor Outcomes
(n = 244)

Moderate/Severe/Fatal
Outcomes

(n = 8)
p-Value

Sex: number of male: female (252 patients) 159:85 7:1 0.271

Age (years), median (min–max)
(252 patients) 31 (0.92–86) 40.5 (26–80) 0.387

Amount of ingestion (milliliters),
median (min–max) (n = 219) 25 (0–500) 50 (25–300) 0.035

Number of unintentional: intentional
exposure (252 patients) 208:36 2:6 <0.001

Time to hospital (minutes) 60 (5–8640) 60 (30–60) 1.000

Clinical presentations
Gastrointestinal symptoms
Neurologic symptoms
Respiratory symptoms
Glasgow coma scale score < 15

134 (54.9)
18 (7.4)
3 (1.2)
3 (1.2)

6 (75.0)
5 (62.5)
1 (12.5)
2 (25.0)

0.306
<0.010
0.122
0.008

Table 6. Univariate and multivariate analyses of factors associated with moderate, severe, and
fatal outcomes.

Factors Univariate Analysis Multivariate Analysis

Odds Ratio (OR) 95%CI p-Value Odds Ratio (OR) 95%CI p-Value

Sex 3.742 0.453–30.921 0.221 - - -

Age (years) 1.032 0.997–1.068 0.076 1.107 1.024–1.197 0.011

Amount of ingestion (milliliters) 1.006 0.999–1.012 0.093 - - -

Number of unintentional:
intentional exposures 17.333 3.366–89.262 0.001 45.557 3.650–568.591 0.003

Time to hospital 0.995 0.983–1.007 0.392 - - -

Clinical presentations

Gastrointestinal symptoms 2.463 0.487–12.445 0.276 - - -

Neurologic symptoms 20.926 4.624–94.697 <0.001 57.377 5.724–575.120 0.001

Respiratory symptoms 11.476 1.057–124.580 0.045 - - -

Glasgow coma scale score < 15 26.778 3.757–190.871 0.001 - - -

4. Discussion

In this study, we examined patients who had been exposed to ethephon to analyze their
clinical characteristics and outcomes. According to the limited data on ethephon poisoning
in humans within the literature in English, this study, which described 252 patients, is one
of the largest conducted regarding ethephon poisoning. The findings of the study provide
significant data that expand the existing knowledge on this poisoning. The importance of
this study on the toxicity of ethephon is emphasized. The majority of the patients were
exposed orally, mostly through accidental circumstances. Our findings suggest that the
containers of these products might be easily accessible or that ethephon may be stored in
other food containers, increasing the risk of accidental ingestion. In addition, unclear or
absent labeling on the product bottles may have contributed to unawareness about their
contents. This finding suggested that implementing safety measures, such as clear product
labeling or appropriate containers, could be a strategy to prevent this poisoning.
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Most patients presented with no apparent symptoms or mild clinical effects, with nor-
mal vital signs at presentation. The median lethal dose (LD50) of ethephon is >4000 mg/kg.
The WHO recommended classification of pesticides by hazard categorizes ethephon as clas-
sification III (Slightly hazardous) [25]. Therefore, our findings supported this classification.

Local irritation was also observed in our patients, consistent with the findings of
the previous study [2,3]. GI symptoms were the most common clinical finding in our
study. Neurological symptoms, especially depressed consciousness, were occasionally
reported. Although ethephon is an AChE inhibitor, prominent symptoms of cholinergic
toxic syndrome were not commonly reported in our patients. Hypersecretion and diar-
rhea were observed in some patients. However, plasma and erythrocyte cholinesterase
levels were not evaluated in these patients. Previous findings in animal studies involving
repeated exposure revealed liver toxicity [7,8]. The patients in our study did not exhibit
hepatotoxicity. Therefore, in acute poisoning, liver toxicity is not a clinical feature. The
cornerstone of management was supportive care.

Six patients with worse outcomes (moderate to fatal final severities) were exposed
through intentional ingestion. Intentional circumstances may lead to greater exposure than
unintentional ones and contribute to significant clinical effects. In our study, two patients
died. Although the mortality rate was very low, patients experiencing this poisoning could
still be at risk of death. One patient died rapidly after intentional exposure, developing
consciousness depression and complications. The other one accidentally ingested and died
from complications of pneumonia 10 days later.

According to the multivariate analyses, we found that age, intentional exposure, and
having neurological symptoms at presentation were prognostic factors associated with
moderate, severe, or fatal outcomes. Therefore, elderly patients with intentional exposure
or having neurological symptoms should be closely and carefully observed, monitored,
and well managed. Adequate supportive care and appropriate management of laboratory
abnormalities or complications during admission are essential for all patients.

The current study has several limitations, as follows. The data may not reflect the
true incidences of poisoning and mortality in Thailand, as reporting exposure to ethephon-
containing products to the RPC is not mandatory. The retrospective study design may have
led to incomplete or unclear data. The medical histories were collected from patients or
their relatives, who reported to the medical staff. These histories may not have been clearly
or entirely documented. The diagnosis was primarily based on the patient’s exposure
history, without specific laboratory confirmation of ethephon exposure.

5. Conclusions

Ethephon poisoning commonly results in no effects or only mild symptoms. GI
symptoms were the predominant clinical manifestations. It is important to note that
cholinergic toxic syndrome is not a typical clinical feature associated with this type of
poisoning. The mortality rate was very low. Supportive care may be considered as the main
treatment. Age, intentional exposure, and neurological symptoms at presentation were
prognostic factors for worse outcomes. Consequently, patients with these factors should be
closely observed and monitored for clinical deterioration.
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Abstract: Bisphenol S (BPS) is a typical endocrine disruptor associated with obesity. To
observe BPS effects on lipid metabolism in HepG2 and SK-Hep-1 human HCC cells, a
CCK-8 assay was used to assess cell proliferation in response to BPS, and the optimal
concentration of BPS was selected. Biochemical indices such as triglyceride (TG) and
total cholesterol (T-CHO), and oxidative stress indices such as malondialdehyde (MDA)
and catalase (CAT) were measured. ROS and MDA levels were significantly increased
after BPS treatment for 24 h and 48 h (p < 0.05), indicating an oxidative stress response.
Alanine aminotransferase (ALT), T-CHO, and low-density lipoprotein cholesterol (LDL-
C) levels also increased significantly after 24 or 48 h BPS treatments (p < 0.05). RT-PCR
and Western blot analyses detected mRNA or protein expression levels of peroxisome
proliferator-activated receptor α (PPARα) and sterol regulatory element-binding protein 1c
(SREBP1C). The results indicated that BPS could inhibit the mRNA expression of PPARα
and carnitine palmitoyl transferase 1B (CPT1B), reduce lipid metabolism, promote mRNA
or protein expression of SREBP1C and fatty acid synthase (FASN), and increase lipid
synthesis. Increased lipid droplets were observed using morphological Oil Red O staining.
Our study demonstrates that BPS may cause lipid accumulation by increasing oxidative
stress and perturbing cellular lipid metabolism.

Keywords: oxidative stress; lipid metabolism; bisphenol S; metabolic disorders

1. Introduction

Bisphenol S (BPS) serves as a substitute for BPA and is incorporated in a variety of in-
dustrial and consumer products [1]. It exerts endocrine-disrupting effects and can seriously
affect the endocrine system in various ways [2], leading to lipid metabolism disorders and
serious damage to the human body [3]. The median value of BPS glucosinolates detected
in the urine of the general population was 0.38 ng/mL [4], and the median urinary BPS
concentration in the occupational population of cashiers exposed to thermal paper was
2.53 μg/L [5], much higher than that of the general population. During the seawater
monitoring in the Pearl River Estuary in China, BPS was observed at a detection rate of
100%, and this was similar to that of BPA and BPF [6]. However, during the detection
of biodegradation of bisphenol compounds in seawater, BPS exhibited higher stability
and more difficult biodegradation than BPA and BPF [7]. Due to increasing levels of BPS
exposure in the environment, its safety has attracted increasing attention.
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Obesity has become increasingly prevalent. BPS is a typical endocrine disruptor
closely linked to the occurrence of obesity [8]. Studies have demonstrated that BPS pro-
motes weight gain in adults [9], and it is significantly associated with obesity [10]. Meng
et al. [11,12] reported that BPS exposure may disrupt lipid and glucose metabolism in
perinatal male and female mice, enhancing fatty acid and triglyceride (TG) production
and elevating obesity risk. Another study indicated that BPS caused hepatic steatosis and
lipid accumulation in mice as well as oxidative stress [13]. Serum BPS levels in humans are
connected to oxidative stress and endocrine disorders [14]. Prior research has indicated
that BPS increases reactive oxygen species levels in adipocyte progenitors and promotes fat
synthesis [15]. Chen et al. [16] observed that improving oxidative stress can alleviate type 2
diabetes combined with non-alcoholic fatty liver disease.

In regulating the mechanism of liver lipid metabolism disorders, the PPAR signaling
pathway plays an important role. For example, peroxisome proliferator-activated receptor
α (PPARα) is a key regulator of liver beta-oxidation, which is involved in the main process
of fatty acid metabolism in the liver, and it regulates downstream target genes, such as
carnitine palmitoyl transferase 1 (CPT1) [17], to control mitochondrial fatty acid beta-
oxidation. Overexpression of the novel biomarker for non-alcoholic fatty liver, MIR20B,
significantly reduces the oxidation of free fatty acids by targeting PPARα, resulting in a
significant upregulation of TG and cholesterol content in HepG2 cells treated with oleic
acid [18]. Qiu et al. [19] demonstrated that BPS exposure induces chronic inflammatory
stress in the liver. When carp livers were exposed to 100 mg/L of both BPS and BPA, the
oxidative stress levels induced by BPS were significantly higher compared to those induced
by BPA. This also illustrates that BPS is not necessarily a safe alternative to BPA and that
its potential harm to organisms or the environment should be further studied. Current
evidence suggests that BPS may affect the gene expression of liver lipid synthesis, transport,
and metabolism through oxidative stress, leading to lipid accumulation and alleviating
oxidative stress in HepG2 cells by affecting the sterol regulatory element-binding protein
1c (SREBP1C)/FASN pathway through PPARα [20]. Therefore, this study mainly examined
proteins or genes related to liver lipid synthesis and metabolism, such as SREBP1C, fatty
acid synthase (FASN), PPARα, carnitine palmitoyl transferase 1B(CPT1B), etc.

The impact of BPS on lipid metabolism in HepG2 and SK-Hep-1 cells remains unclear.
Current research indicates that BPS causes oxidative stress, which alters the expression of
genes in the liver linked to lipid production, transport, and metabolism and results in lipid
accumulation. In vitro studies on human red blood cells revealed no discernible alteration
in the levels of catalase (CAT) after treatment with 100 μg/mL BPS for 24 h [21]. Considering
that different individuals exhibit different sensitivities to chemicals and that the HepG2
cell line’s metabolome is unstable, a major transition may occur over time [22]. To this
end, this study utilized the HepG2 and SK-Hep-1 human hepatocellular carcinoma cells to
assess the responses to BPS treatment for 24 h and 48 h, respectively. A BPS concentration
of 250 μmol/L was selected according to the results of CCK-8 experiments. Based on the
detection of malondialdehyde (MDA), TG, total cholesterol (T-CHO), and other indicators,
the staining results of Oil Red O assays, and reactive oxygen species assessments, the aim
is to examine how lipid metabolism is affected by varying BPS treatment durations in
the experimental cell lines, thus providing a reference for the study of the mechanisms of
preventing environmental pollutants from causing obesity by inducing lipid accumulation.

2. Experimental Method

2.1. Cell Culture and Exposure

For cell culture, human hepatocellular carcinoma cells (HepG2 and SK-Hep-1) were
rapidly thawed and inoculated into culture dishes containing 7 mL of complete medium
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and were incubated at 37 ◦C under 5% CO2. Cell exposure refers to the transfer of two
separate dishes of 80% grown cells to 10 mL centrifuge tubes, the addition of 6 mL of
complete medium, the inoculation of cells into 6-well plates with a 0.5 mL density of
cell volume per well, and the replacement of the complete medium with new complete
medium when growth reaches 50%. After 24 h of BPS exposure, each well was filled with
3 mL of complete medium, and after 48 h of BPS exposure, each well was filled with 4 mL
of complete medium. According to whether the cells were exposed to BPS or not, the
two types of cells were divided into control and BPS-stained groups, respectively. An
amount of 3 or 4 μL of DMSO was incorporated into the control group, and 3 or 4 μL of
the 250 mmol/L BPS (Sigma, Shanghai, China) master batch was added to the BPS group,
which ensured that the BPS was exposed at a final concentration of 250 μmol/L for 24 or
48 h. The final BPS concentration for cell exposure was 250 μmol/L.

2.2. CCK-8 Method Cell Viability Assays

HepG2 and SK-Hep-1 cells under optimal growth conditions were prepared into single
cell suspensions, and 10 μL was extracted for cell counting to adjust the number of cells.
After 24 or 48 h BPS exposure, HepG2 cells were inoculated at a density of 3000 or 2000 cells
per well, and SK-Hep-1 cells were inoculated at a density of 4000 or 3000 cells per well.
After 50% of the cells adhered to the wall, the BPS stock solution was diluted into 0, 50,
150, 200, 250, 300, and 350 μmol/L solutions with complete medium and then added to
each well at a total volume of 100 μL. The treated cells were cultured in a CO2 incubator
(Thermo Fisher Scientific, Waltham, MA, USA) for 24 or 48 h, and the 96-well plates were
then removed to discard the original medium. Each well was then filled with complete
medium with 10 μL of CCK-8 solution at a 10:1 ratio. Following a one-hour incubation
period at 37 ◦C, absorbance values in each well were measured at 450 nm.

2.3. ROS Reactive Oxygen Detection

After cell treatments, the DCFH-DA probe was diluted to 10 μmol/L with preheated
serum-free medium according to the instructions of the reactive oxygen species detection
kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China, CA1410). The original
medium was removed, and the cells underwent two gentle PBS washes, were injected with
DCFH-DA probe dilution solution in the dark and were incubated for 20 min at 37 ◦C in a
cell incubator. Serum-free cell culture media was then used to wash the cells three times.
After removing residual DCFH-DA, the cells were observed and captured on camera using
an inverted microscope.

2.4. Oil Red O Staining

After the cells were exposed to BPS and cultured, they were washed twice with PBS
buffer, fixed by adding Oil Red O (Beijing Solepol Science and Technology Co., Ltd., Beijing,
China, G1262) fixative for 20 min, and the fixative was discarded and washed twice with
distilled water. The process of Oil Red O staining was carried out sequentially according to
the following steps: 60% isopropanol wash for 20 s, Oil Red O dip staining for 10 min, 60%
isopropanol wash for 20 s, distilled water wash 3 times, hematoxylin staining for 1 min,
distilled water wash 3 times, and dip staining with Oil Red O buffer for 1 min. Finally, after
discarding the Oil Red O buffer, distilled water was added to cover the cells, and the lipid
droplet production of the cells in each group was observed under an inverted microscope.

2.5. Measurement of Biochemical Indicators and Oxidative Stress Indicators

Because HepG2 cells and SK-Hep-1 cells are different in the 6-well plate, different
levels of lysate are required. After cell exposure culture, 400 μL of cell lysate was added to
a 6-well plate containing HepG2 cells, and 300 μL of cell lysate was added to a 6-well plate
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containing SK-Hep-1 cells for protein extraction. Intracellular TG (A110-1-1), T-CHO (A111-
1-1), low-density lipoprotein cholesterol (LDL-C, A113-1-1), alanine aminotransferase (ALT,
C009-2-1), malondialdehyde (MDA, BC0025), catalase (CAT, C009-1-1), and T-CHO (A111-
1-1) were measured according to the kit’s instructions. Following the detection of the
indicators, a full wavelength scanning multifunction microplate reader (Thermo Scientific
Varioskan LUX, Waltham, MA, USA) was used to quantify each kit. Every kit was acquired
from the Nanjing Institute of Bioengineering, China.

2.6. Real-Time Quantitative PCR (qPCR) Analysis

TRIzol reagent (Ambion, Austin, TX, USA) was used to extract total RNA and deter-
mine its concentration, and reverse transcription was used to synthesize cDNA using a
reverse transcription kit (Monad, Wuhan, China). The mRNA expression levels of PPARα,
CD36, SREBP1C, and FASN were detected using a QuantStudio 6 Flex according to the
instructions for the reagent. The primer sequences are presented in Table 1.

Table 1. Real-time quantitative PCR primer sequences.

Gene Primer Sequences (5′ → 3′)

FASN
Forward CGGAGTCGCTTGAGTATA

Reverse CACAGGGACCGAGTAATG

PPARα
Forward CAAGTGCCTGTCTGTCGG

Reverse CAGGTAGGCTTCGTGGAT

CD36
Forward ATTCTCATGCCAGTCGGA

Reverse TTTGCTGCTGTTCTTTGC

SREBP1C
Forward ACAGTGACTTCCCTGGCCTAT

Reverse GCATGGACGGGTACATCTTCAA

CPT1B
Forward AGACTGTGCGTTCCTGTA

Reverse TTGGAGACGATGTAAAG

GAPDH
Forward CAGGAGGCATTGCTGATGAT

Reverse GAAGGCTGGGGCTCATTT

2.7. Western Blotting

After extracting the cell protein, the BCA kit (Beyotime, Shanghai, China) was used
to determine the cell protein content and adjust samples to the same concentration, and
the protein sampling buffer was added and then heated at 100 ◦C for 5 min to prepare
the protein samples. A total of 10 μL of the protein samples was aspirated and added to
the concentrated gel wells, and after electrophoresis at 80 V to move the proteins to the
separation gel, the voltage was increased to 120 V for 1 h. After transferring the protein to
polyvinylidene fluoride, it was shaken at room temperature for 1 h, followed by the addition
of a rapid containment solution, thus allowing the protein primary antibodies of sterol
regulatory element binding protein (SREBP1C, 1:2500, Proteintech Group, Inc., Wuhan,
China), fatty acid synthetase (FASN, 1:1000, servicebio, Wuhan, China), and GAPDH
(1:2000, servicebio, Wuhan, China) to be incubated at 4 ◦C overnight. The following
day, goat anti-rabbit or goat anti-mouse secondary antibodies were added to the solution,
incubated for 1 h at room temperature and finally developed using a gel-imager.
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2.8. Statistical Analysis

IBM SPSS Statistics 21 software and ImageJ were used for statistical analysis. Images
were drawn using PRISM 8.0 and Adobe Illustrator CS6. The data are expressed as mean
± standard error (x ± s), and the test level was set as α = 0.05.

3. Results

3.1. Selection of the Best BPS Concentration

Cell viability was measured by CCK-8 assay after 24 h and 48 h BPS treatment. With
an increase in the exposure concentration, the survival rate of HepG2 and SK-Hep-1 cells
diminished in a dose-dependent fashion (Figure 1A,B). At 250 μmol/L, the cell viability
of HepG2 and SK-Hep-1 was between 70% and 80%. To simultaneously study the effect
of BPS on HepG2 cells and SK-Hep-1 cells and to ensure that BPS exerts an effect on cells
without excessive damage, we selected the 250 μmol/L BPS concentration for subsequent
experiments.

Figure 1. Effect of different concentrations of BPS on the viability of HepG2 and SK-Hep-1 cells. Note:
(A,B) presents the alterations in cell viability following treatment with varying concentrations of BPS.
“*” represent cell viability following a 24 h exposure to BPS relative to the 0 μmol/L group, p < 0.05.
“#” represents cell viability following a 48 h exposure to BPS relative to the 0 μmol/L group, p < 0.05.
n = 3, the same below.

3.2. Effect of BPS on ROS Levels in HepG2 Cells and SK-Hep-1 Cells

After BPS treatment for 24 h, the BPS-treated HepG2 and SK-Hep-1 cells produced an
obvious oxidative stress response, and the intensity of oxidative stress within the SK-Hep-1
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cells was more obvious (Figure 2A,B). After 48 h of BPS treatment, oxidative stress in both
cell types was markedly elevated compared to the control group. Notably, the degree of
oxidative stress in HepG2 cells treated with BPS was stronger than that in the BPS group
treated with BPS for 24 h. Therefore, an increase in BPS exposure time would increase the
degree of oxidative stress in HepG2 cells.

Figure 2. Effect of BPS treatment on ROS levels in HepG2 and SK-Hep-1 cells. Note: (A,B) shows the
results of reactive oxygen species detection in HepG2 and SK-Hep-1 cells exposed to BPS for 24 h or
48 h conditions with a microscopic scale of 100 μm. (C) indicates reactive oxygen species fluorescence
intensity quantification, and “#” represents the oxidative stress of cells after exposure compared to
that of the control group, p < 0.05. n = 3.

3.3. BPS Induced Lipid Droplet Deposition in HepG2 and SK-Hep-1 Cells

The effects of BPS on the intracellular lipid content in HepG2 and SK-Hep-1 cells were
observed under a microscope. Both HepG2 and SK-Hep-1 cells produced red lipid droplets
after 24 h and 48 h of exposure (Figures 3 and 4A–H), and the production of lipid droplets
in SK-Hep-1 cells exposed to BPS for 48 h was noticeably greater than that in the BPS group
treated for 24 h.
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Figure 3. BPS-induced lipid droplet deposition in HepG2 cells. Note: (A–D) shows Oil Red O
staining in HepG2 cells following BPS exposure for 24 h or 48 h with a microscopic scale of 50 μm.
(E–H) presents the proportionally enlarged “�” window in (A–D), while “↑” in (F,H) refers to red
fat droplets.

Figure 4. BPS-induced lipid droplet deposition in SK-Hep-1 cells. Note: (A–D) presents Oil Red O
staining of SK-Hep-1 cells after exposure to BPS for 24 h or 48 h with a microscopic scale of 50 μm.
(E–H) presents the proportionally enlarged “�” window in (A–D), while “↑” in (F,H) refers to the
red fat droplets.

3.4. Effect of BPS on MDA and CAT Levels in HepG2 and SK-Hep-1 Cells

In contrast to the control group, a marked rise in MDA content was observed in both
cells following 24 h and 48 h exposure (p < 0.05) (Figure 5A). The CAT content in SK-Hep-1
cells decreased after BPS treatment for 24 h; however, there was no statistically significant
difference. After BPS treatment for 48 h, the CAT content significantly dropped (p < 0.05).
The CAT content in HepG2 cells decreased after BPS treatment for 24 h, which was not
statistically significant. But the CAT content increased significantly in HepG2 cells after
BPS exposure for 48 h (p < 0.05) (Figure 5B).
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Figure 5. Effect of BPS on oxidative stress levels in HepG2 cells and SK-Hep-1 cells. Note: (A) shows
the MDA levels within SK-Hep-1 and HepG2 cells following BPS treatments for 24 h and 48 h.
(B) shows the CAT levels within SK-Hep-1 and HepG2 cells following BPS treatments for 24 h and
48 h; “#” represents BPS compared to the control group, p < 0.05. n = 3.

3.5. Effects of BPS on HepG2 and SK-Hep-1 Cell Damage and Metabolic-Related Indicators

After 24 h and 48 h of exposure, HepG2 cells’ levels of TG and T-CHO were noticeably
greater than those in the control group (Figure 6A,B). However, after 24 h of exposure,
the SK-Hep-1 cells exhibited significantly reduced TG and T-CHO levels compared to
the control group (p < 0.05), and after 48 h of exposure, T-CHO levels were markedly
higher compared to the control group (p < 0.05). At 24 h following exposure, no significant
difference in ALT levels was observed between both cell types relative to the control group;
however, at 48 h following exposure, the ALT levels were markedly elevated compared to
the control group (Figure 6C). When exposed for 24 h, the LDL-C level in both cell lines
was markedly greater than that in the control group, and after 48 h, the LDL-C level in
SK-Hep-1 cells was lower than that in the control group. After 48 h of BPS exposure, there
was no discernible variation between the control group and HepG2 cells (Figure 6D).

Figure 6. Effects of BPS on HepG2 and SK-Hep-1 cell damage and metabolic-related indicators. Note:
(A–D) presents the results of TG, T-CHO, ALT, and LDL-C analyses after BPS exposure in SK-Hep-1
and HepG2 cells for 24 h and 48 h, respectively. “#” represents BPS compared to the control group,
p < 0.05. n = 3.
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3.6. Effects of BPS on PPARα, CPT1B, CD36, SREBP1C, and FASN mRNA Levels in HepG2 and
SK-Hep-1 Cells

Following 24 h of BPS exposure, in contrast to the control, the mRNA expression
levels of PPARα and CPT1B in HepG2 cells were significantly downregulated (p < 0.05),
while the mRNA expression levels of SREBP1C and FASN were significantly upregulated
(p < 0.05) (Figure 7A). SK-Hep-1 cells exhibited a marked decrease in the mRNA expression
of PPARα, SREBP1C, and FASN, and there was a significant upregulation of CD36 mRNA
expression (p < 0.05) (Figure 7C). After 48 h of BPS exposure, CPT1B mRNA expression in
HepG2 cells was markedly reduced (p < 0.05) (Figure 7B), while the mRNA expressions
of CD36 were significantly upregulated (p < 0.05) (Figure 7B). The mRNA levels of other
genes did not change markedly. The mRNA expressions of PPARα and CPT1B in SK-Hep-1
cells were markedly downregulated, while the mRNA expressions of SREBP1C and FASN
were significantly upregulated (p < 0.05) (Figure 7D).

Figure 7. Effect of BPS on the expression levels of related mRNAs in HepG2 and SK-Hep-1 cells.
Note: (A–D) indicates the mRNA expression results of PPARα, CPT1B, CD36, SREBP1C, and FAFSN
in HepG2 and SK-Hep-1 cells following 24 h and 48 h of exposure, respectively. “#” represents BPS
compared to the control group, p < 0.05. n = 3.

3.7. Effects of BPS on the Expression Levels of the Lipid Synthesis Proteins SREBP1C and FASN in
HepG2 Cells and SK-Hep-1 Cells

The protein expression levels of FASN and SREBP1C, which promote lipid synthesis,
were found using Western blotting. After BPS treatment for 24 h, the protein expres-
sion levels of SREBP1C and FASN in the BPS group of HepG2 cells were markedly in-
creased (p < 0.05) (Figure 8A,B). The expression of SREBP1C protein was markedly elevated
(p < 0.05) in SK-Hep-1 cells (Figure 8E,F). There were no discernible alterations in HepG2
or SK-Hep-1 cells following 48 h of treatment (Figure 8C,D,G,H).
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Figure 8. Effects of BPS on the expression levels of the lipid synthesis proteins SREBP1C and FASN
in HepG2 and SK-Hep-1 cells. Note: (A–H) indicates the relative protein expression of SREBP1C and
FASN in SK-Hep-1 and HepG2 cells after 24 h and 48 h of exposure, respectively. “#” represents BPS
compared to the control group, p < 0.05. n = 3.

4. Discussion

Although BPS exerts endocrine-disrupting effects, the mechanisms underlying the
metabolic disturbances triggered by BPS in hepatocytes remain unclear. Prolonged ex-
posure to bisphenol compounds can increase cellular damage. When HepG2 cells were
exposed to 0.625–10 μm BPS for 48 h, no or only slight cytotoxicity was produced, while
after prolonged exposure, cytotoxicity was produced in a concentration-dependent man-
ner [23]. The CCK-8 assay indicated that the viability of HepG2 and SK-Hep-1 cells
gradually decreased after treatment with different concentrations (0, 50, 100, 150, 200, 250,
300, 350 μmol/L) of BPS for 24 or 48 h, indicating that BPS exerts a dose-dependent effect
on cell damage. And increasing the concentration of the virus causes more obvious damage
to cells. Studies have reported that oxidative stress leads to metabolic disorders and thus
obesity [24] and that obesity can be alleviated by reducing and inhibiting liver oxidative
stress and improving liver damage [25,26]. Obesity is often positively correlated with
abnormal liver function. Zhang et al. [27] proposed that intracellular oxidative function
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is impaired in fatty liver lesions, and this can produce a large amount of ROS, leading to
hepatocyte damage and the release of a large amount of ALT. Concurrently, AST levels
increase with an increase in obesity [28], and antioxidant capacity also increases with an
increase in TG and T-CHO levels [29]. Oxidative stress is both a precipitating factor and
an endpoint of metabolic disorders [30,31]. Oral administration of BPS to mice at 5000
μg/kg/day or 50 mg/kg/day for 6–8 weeks resulted in liver damage, elevated ALT levels,
and morphological changes to the liver [32,33]. In the present study, both the ROS content
and MDA levels in HepG2 and SK-Hep-1 cells exposed to BPS for 24 h and 48 h were
significantly increased, and the degree of oxidative stress in HepG2 cells was stronger after
48 h than 24 h of exposure to BPS, indicating that the cells not only developed oxidative
stress, but also that the degree of oxidative stress might be enhanced by an increase in
exposure time. The levels of ALT, T-CHO, and LDL-C in HepG2 and SK-Hep-1 cells treated
with BPS for 24 h or 48 h significantly increased, including an increase in lipid droplets as
assessed by Oil Red O staining, indicating that the cells were damaged to varying degrees
after treatment with BPS for 24 h or 48 h. However, prolonged exposure to BPS increased
lipid accumulation in HepG2 and SK-Hep-1 cells. In an analysis of a population-based
study, elevated LDL-TG increased the risk of atherosclerosis, and it was therefore concluded
that elevated LDL-TG could be used as a marker for atherosclerosis risk assessment [34].
Increased levels of ROS lead to oxidative stress in the vascular wall and support the oxi-
dation of LDL, causing increased levels of ox-LDL, and when mitochondria are damaged
by ROS accumulation, HDL and cholesterol metabolism will be defective [35]. This may
be one of the reasons for increased levels of TG and T-CHO. Unexpectedly, after 24 h of
BPS treatment, the TG content of SK-Hep-1 cells dropped, in contrast to HepG2 cells, and
after 48 h, no discernible change was seen. According to previous studies, BPS increases
leptin production in adipocytes [36]. However, the TG content of SK-Hep-1 cells decreased
after BPS treatment, and whether the pathway promoting fat metabolism was activated
remains to be further explored. Notably, the CAT content in SK-Hep-1 cells decreased
after 24 h and 48 h of BPS exposure, but the CAT content in HepG2 cells increased after
48 h of BPS exposure, indicating that BPS caused cell damage and oxidative stress in both
SK-Hep-1 and HepG2 cells. However, HepG2 cells demonstrated that antioxidant capacity
increased with increasing TG and T-CHO levels, which is in line with the findings of earlier
research [29]. In the study of Mohan et al. [37], antioxidant defense mechanisms were
activated in freshwater fish for resistance to BPS-induced oxidative stress after exposure to
BPS, and anti-oxidative stress indices such as superoxide dismutase (SOD) and catalase
were significantly elevated. In one study [38], bovine granulosa cells showed a signif-
icant increase in SOD1 levels after 12 h exposure to 50 μg/mL BPS, and an increase in
SOD2 levels at 48 h exposure, even though there was no significant change in CAT levels.
This reflects the fact that cells are also more resistant to oxidative stress in the presence
of oxidative stress. SOD1 and SOD2, which also have anti-oxidative stress effects, were
overexpressed at different times of staining, which may be a compensatory response of cells
against oxidative stress. In the present study, CAT levels in HepG2 cells were increased at
48 h of staining, perhaps also as a compensatory effect.

Lipid accumulation is a result of increased lipid synthesis and decreased lipid
metabolism [39]. Our group has previously demonstrated that BPS induces heightened
hepatic lipid synthesis and reduced hepatic lipid metabolism in C57 mice [33]. To verify
whether this phenomenon is also present in liver cells, we examined the levels of lipid
metabolism-related mRNA expression of PPARα and CPT1B as well as the gene or protein
expression of CD36, SREBP1C, and FASN, which are involved in fat synthesis. PPARα can
promote lipid metabolism, and activated PPARα can reverse lipid accumulation in cells [40].
Agonists of PPARα can regulate various stages of lipid and lipoprotein metabolism through
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transcription factors with the effect of lowering TG levels [41]. CPT1B is involved in fatty
acid β-oxidation and is directly regulated by PPARα [42]. In the current investigation,
PPARα and CPT1B were significantly decreased in both cell lines after BPS exposure, indi-
cating that intracellular lipid metabolism was weakened. It is possible that BPS indirectly
regulates the expression of CPTIB by inhibiting the expression of PPARα, leading to a
decrease in cellular metabolism and the occurrence of lipid aggregation. SREBP1C is a
lipogenic transcription factor that regulates intracellular lipid accumulation and plays an
important role in the regulation of lipid metabolism [43]. FASN overexpression promotes
hepatic TG accumulation as a key regulator of lipid metabolism [44]. CD36 acts as a lipid
sensor, promoting fatty acid uptake [45,46] and possibly inducing dysregulation of lipid
protein levels [47]. The mRNA expression of PPARα in SK-Hep-1 cells decreased, the
expression of CD36 increased significantly after 24 h of BPS exposure, and the expression
of SREBP1C and FASN was significantly reduced. Following 48 h of exposure, there was a
marked increase in the expression of SREBP1C and FASN. Because the lipid synthesis genes
SREBP1C and FASN were altered in SK-Hep-1 cells after exposure to BPS, this resulted
in altered levels of the effector indicators TG and T-CHO as well. The trends in the levels
of TG and T-CHO were consistent with the trends in the mRNA expression of SREBP1C
and FASN, suggesting that the production of TG and T-CHO may be induced by SREBP1C
and FASN in SK-Hep-1 cells. After 24 h of treatment, HepG2 cells’ expression levels of
PPARα and CPT1B were markedly decreased. Although the expression level of CD36 was
not significantly altered, the expression levels of SREBP1C and FASN were significantly
increased, and this was consistent with the results of Western blotting. However, no sig-
nificant changes in SREBP1C or FASN levels were observed after 48 h of BPS exposure.
The results of qPCR and Western blotting indicated that the lipid metabolism of cells was
inhibited and that lipid synthesis was promoted after BPS exposure. PPARα agonists are
used in the clinic to reverse cholesterol transport and improve atherosclerotic lipopro-
teins [48], whereas activation of PPARα also ameliorates oxidative stress-induced organ
damage [49]. The transcription factor, Krüppel-like factor 16, in the liver was found to
target binding to PPARα to reduce oxidative stress in mice [50], and knockdown of PPARα
causes lipid accumulation, whereas restoration of PPARα expression reduces mitochondrial
oxidative stress [51]. In this study, inhibition of cellular PPARα expression by BPS resulted
in enhanced oxidative stress, increased cholesterol transport, and increased levels of LDL-C,
TG, and T-CHO. In summary, we hypothesize that BPS induces lipid metabolism disorders
in HepG2 and SK-Hep-1 cells through oxidative stress by the following pathway: increased
ROS and MDA content induces oxidative stress in cells, which directly or indirectly inhibits
the expression of PPARα to regulate the expression of CPT1B, CD36, SREBPC, and FASN,
and thus the cells undergo a disturbance in cholesterol metabolism, ultimately leading to
cellular lipid accumulation. In this experiment, the mRNA or protein levels of SREBP1C
and FASN related to lipid synthesis in HepG2 cells after 48 h of BPS exposure showed no
discernible difference from those in the control group, and this may have been caused by
the doubling of growth of HepG2 cells during culture in the presence of BPS without the
exchange solution. It is also possible that the main pathway by which BPS causes lipid
synthesis is the inhibition of PPARα expression, which reduces lipid metabolism and thus
causes cellular lipid accumulation. In contrast, BPA, also an endocrine disruptor, increases
SREBP1 mRNA expression to activate PPARγ which influences childhood obesity [52], and
Di-2-ethylhexyl phthalate affects the normal metabolism of mouse liver through activation
of LXR/SREBP1C and the PPARα signaling pathway [53]. This also illustrates the different
mechanisms by which different chemicals affect different individuals.

In this study, although HepG2 and SK-Hep-1 cells are both human liver cancer cell
lines, the biochemical indices and protein expression levels were not completely the same

44



Toxics 2025, 13, 44

after BPS exposure, for example, after 48 h of BPS exposure, LDL-C levels were lower
in SK-Hep-1 cells than in controls, and the difference between HepG2 cells and controls
was not statistically significant, which further suggests that different individuals have
different sensitivities to chemicals, which may undergo significant shifts over time, and
may explain the differences between the two types of cells. This may result in different
effects on different individuals in the population. Currently, the rate of obesity in the world
is increasing, and BPS is widely used in various environmental media. Further studies are
required to clarify the molecular mechanisms underlying the relationship among BPS, lipid
accumulation, and obesity.
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Abstract: Paracetamol (APAP) overdose is the leading cause of drug-induced liver injury, leading to
acute liver failure. However, the role of concurrent acute or chronic ethanol ingestion in this context
requires further clarification. In this study, we investigated the effects of acute and chronic ethanol
ingestion on APAP-induced hepatotoxicity. Male C57BL/6 mice were randomly allocated into four
groups: control (C; water 2×/day for 7 days); APAP (single dose of APAP, 500 mg/kg); acute ethanol
(AE; a single ethanol dose—10 mL/kg, and one hour later an overdose of APAP—500 mg/kg);
chronic ethanol (CE; ethanol—10 mL/kg, 2×/day for 7 days; and on the last day, an overdose
of APAP—500 mg/kg). The results showed that AE induced heightened liver damage, increased
necrotic area, and elevated levels of ALT, AST, TBARS, and oxidized glutathione compared to the
control group. The AE group exhibited diminished glutathione availability and elevated CYP2E1
levels compared to the other groups. CE maintained a hepatic profile similar to that of the control
group in terms of necrosis index, ALT and AST levels, GSH/GSSG ratio, and CYP2E1 activity, along
with the upregulation of gene expression of the glucuronidation enzyme compared to the APAP
group. Proteomic analysis revealed that the AE protein profile closely resembled that of the APAP
group, whereas the C and CE groups were clustered together. In conclusion, ethanol consumption
differentially modulated APAP overdose-induced liver damage. Acute consumption exacerbated
hepatotoxicity, similar to an APAP overdose alone, whereas chronic consumption appeared to mitigate
this injury, at least within the parameters assessed in this study.

Keywords: paracetamol; acetaminophen; ethanol; alcohol; oxidative stress; hepatotoxicity; liver
damage

1. Introduction

Paracetamol (N-acetyl-p-aminophenol, acetaminophen, APAP), available since the
1950s, has become one of the most widely used analgesics and antipyretics worldwide [1].
Although considered safe at therapeutic levels (4 g/day or less), when used in doses
higher than therapeutic levels, it can cause serious liver damage, potentially progress-
ing to acute liver failure (ALF) [2,3]. At therapeutic doses, most APAP is metabolized
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via the glucuronidation and sulfation pathways and subsequently excreted in the urine.
The remaining APAP is converted into a potentially hepatotoxic metabolite, N-acetyl-p-
benzoquinone imine (NAPQI), by cytochrome P450 enzymes, especially CYP2E1. The
formed NAPQI is then reduced by glutathione to non-toxic, soluble mercapturic acid,
which is also excreted in the urine. In cases of APAP overdose, the glucuronidation and sul-
fation pathways become saturated, and the cytochrome P450 pathway produces excessive
NAPQI, leading to the depletion of glutathione reserves, causing liver toxicity mediated
by the formation of free radicals [4,5]. The concomitant use of different drugs can lead to
an adverse drug interaction, resulting in a decrease in therapeutic efficacy or an increase
in the rate of adverse effects. The consumption of ethanol, among other substances, is
recognized as capable of causing such interactions by altering the pharmacodynamics
or pharmacokinetics of medications when used simultaneously [6,7]. It is estimated that
2.3 billion people consume alcoholic beverages regularly (an average of 32.8 g of pure
ethanol per day). Global per capita consumption increased between 1990 and 2017, and
the World Health Organization (WHO) predicts an even greater increase by 2030. As the
consumption of alcoholic beverages increases, there is a significant contribution to the
increase in morbidity and mortality worldwide [8,9]. The liver metabolizes ethanol through
three enzymatic pathways: alcohol dehydrogenase (ADH); cytochrome P450, in particular,
by CYP2E1 (in this case, also called MEOS—microsomal ethanol oxidation system); and
catalase (CAT). Class I alcohol dehydrogenase (ADH1) is considered the most important
enzyme for ethanol metabolism. CYP2E1 and CAT are considered secondary pathways,
while the other ADH classes (II, III, and IV) are considered less effective pathways [10].
Oxidative stress is believed to be an important factor in the development of alcoholic fatty
liver lesions, and CYP2E1 activation is an important source of reactive oxygen species
(ROS) in chronic alcoholic liver disease [11]. CYP2E1 is a microsomal enzyme that plays
a crucial role in the metabolism of both ethanol and paracetamol. The interaction be-
tween these substances is known for its complexity, and the results of this interaction
depend on certain factors, such as the dose administered and the duration of ethanol
consumption [12]. Alcohol–drug interactions are common in individuals who regularly
use paracetamol and/or are classified as frequent, heavy, or compulsive drinkers. In this
context, although the medical community recognizes the interaction between paracetamol
and ethanol, the underlying metabolic changes and short- and long-term toxic effects
have not yet been completely understood [13]. Therefore, this study hypothesizes that
acute and chronic ethanol consumption can modulate paracetamol-induced hepatotoxicity
differently. Thus, the objective of this study was to evaluate metabolic outcomes in the liver
of C57BL/6 mice through the combination of paracetamol overdose and acute and chronic
ethanol consumption.

2. Materials and Methods

2.1. Animals and Ethical Care

To carry out this study, isogenic, adult male C57BL/6 mice were used, aged 8 to
12 weeks and weighing an average of 20 to 30 g. The animals were housed in polypropylene
cages at the Animal Science Center of the Federal University of Ouro Preto (UFOP)—Brazil,
with controlled temperature and humidity, subjected to 12-h light/dark cycles, access to
water and food “ad libitum”. The experimental procedures were approved by the UFOP
Animal Ethics Committee (CEUA) under protocol number 2899150322.

2.2. Experimental Design

The APAP-induced hepatotoxicity model in C57BL/6 mice has been previously stan-
dardized in our laboratory [14–17]. Janssen brand liquid paracetamol (100 mg/mL, batch:
AT5616) was used at a dose of 500 mg/kg. The ethanol dosage used for mice was based
on the work of [18,19]. The animals received a 50% ethanol solution (10 mL/kg). Before
administering the last dose of ethanol and paracetamol, the diet was removed, and the
animals remained fasting for 6 h to ensure gastric emptying.
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The sample size was calculated using G*Power software version 3.1.9.2, with a power
of 0.90 and an alpha value of 0.05. For the present study, the animals were randomly
distributed into a control group (C) (n = 12) that received, via orogastric gavage, water
for 7 days; the paracetamol (APAP) group (n = 15) received a single dose of 500 mg/kg
of paracetamol via orogastric gavage; acute ethanol group (AE) (n = 15) received a 50%
ethanol solution (10 mL/kg) in a single dose via orogastric gavage and, one hour later, a
single dose of 500 mg/kg of paracetamol was administered; chronic ethanol (CE) group
(n = 15) received by orogastric gavage a 50% ethanol solution (10 mL/kg) twice a day for
seven days and, one hour after the last dose of ethanol, the single dose of 500 mg/kg of
paracetamol. To maintain the animals under the same experimental conditions (gavage
stress and handling), the APAP and AE groups were also subjected to orogastric water
gavage twice a day during the 7 days of the experiment. The calculation of the volume of
liquid gavage (water, ethanol solution, or paracetamol) was carried out using the average
weight of the animals placed in the same cage.

All animals were euthanized 12 h after administration of the paracetamol overdose.
The animals were anesthetized by inhalation of isoflurane (Isoflurine, Cristália Ltd.a., São
Paulo, Brazil, 1 mL/mL, lot: 21120059, 3–4% in air/O2 mixture). Then, exsanguination and
collection of the animal’s blood and liver were carried out (Figure 1).

Figure 1. Experimental design. Source: Illustration created by the author himself through the website
canva.com.

2.3. Serum Inflammatory Mediators

The concentration of inflammatory cytokines was determined in serum using commer-
cial kits (PeproTech®, Rocky Hill, NJ, USA). The immunoabsorption assay was performed
according to the manufacturer’s instructions using the kits described below: Murine IL-10
(catalog #900-K153) and Murine TNF-α (catalog #900-K54). Absorption readings were
taken at 405 nm, allowing for wavelength correction, with adjustment to 630 nm.

2.4. Histological and Morphometric Analysis

Histopathological analyses of the liver parenchyma were carried out quantitatively
and semi-quantitatively using morphometry and digital densitometry techniques through
image scanning. The slides containing the liver sections were stained with hematoxylin-
eosin and digitized with a 40× objective using a PRIMO STAR optical microscope coupled
to an AXIOCAM 102 COLOR camera using ZEN© Blue edition Software (version 3.3).
Based on a normality test, 20 fields per animal were defined for each analysis. After
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obtaining the images with the 40× objective, we used the Image Pro Plus© software—
version 4.5.0.29 (Media cybernetics) for all analyses carried out. Histopathological analyses
were carried out by a pathologist with experience in the field. The inflammatory nuclei
present in the liver tissue were analyzed quantitatively by isolating the inflammatory nuclei
through the application of contrast, saturation, dilation/erosion, and measurement of
the nuclei’s area and automatic counting by the software Binucleated hepatocytes were
counted manually in each image, taking as the criteria for binucleation the absence of space
between the hepatocyte nuclei. The area of necrosis was assessed in all the images by
manually measuring the extent of the necrotic area based on the morphology of the lesion,
expressed in μm2/area. The presence of hepatic steatosis was assessed semi-quantitatively
by applying a grid made up of 100 squares in which each square represented 1% of the
area, and then evaluated according to a scoring system: (0) absent; (1) steatosis present be-
tween approximately 1–9%; (2) steatosis present between approximately 10–33%; (3) steato-
sis present between approximately 34–66%; (4) steatosis present between approximately
67–100% of the total tissue area [20,21].

2.5. Assessment of Liver Injury Biomarkers
2.5.1. Measurement of ALT and AST Levels

To evaluate the activity of the hepatic enzymes alanine aminotransferase (ALT) and
aspartate aminotransferase (AST), serum samples were used, and the analysis was carried
out using commercial kits from the LABTEST® laboratory (Lagoa Santa—Minas Gerais,
Brazil), according to the protocols available by the manufacturer.

2.5.2. Quantification of Thiobarbituric Acid Reactive Substances (TBARS)

To perform the TBARS dosage, 125 μL of trichloroacetic acid (TCA), 125 μL of thiobar-
bituric acid (TBA), and 62.5 μL of butylated hydroxytoluene (BHT) were added, according
to a previously standardized protocol [14,15]. The reading was carried out on a plate reader
with a wavelength of 535 nm. The straight-line equation was generated to calculate the
concentration of the samples. The value obtained from the equation was divided by the
protein content determined using the Lowry method [22].

2.5.3. Carbonylated Protein

The quantification of carbonylated proteins was performed using a UV spectropho-
tometer at a wavelength of 370 nm, and the procedure was carried out by adding 10%
TCA reagents, 2,4-dinitrophenylhydrazine (DNPH), ethanol/acetate, and SDS, followed
by centrifugation and incubation at room temperature, protected from light, according to
the protocol standardized by [14,15]. The results were expressed as nmol of incorporated
DNPH/mL.

2.5.4. Matrix Metalloproteinase 9 (MMP9) Activity

Matrix metalloproteinase 9 activity was quantified by zymography assay. Liver sam-
ples were homogenized using RIPA buffer (pH 8.0), which contained 150 mM NaCl, 1%
IGEPAL® CA-630 (Sigma-Aldrich® Co., St. Louis, MO, USA), 0.5% sodium deoxycholate,
0.1% SDS, and 50 mM Tris, and then centrifuged at 10,000× g for 10 min at 4 ◦C. Samples
were prepared and inserted into polyacrylamide gels containing 8% gelatin (2 mg/mL).
After running, the gels were washed in 2.5% Triton mM CaCl2 and 0.05% NaN3 (pH 7.5).
The gels were stained using 0.05% Coomassie Brilliant blue G-250 for 3 h and then decol-
orized in 4% methanol with 8% acetic acid solution. Gelatinase activity was visualized as
discolored bands against a blue background, indicating areas of proteolysis. The marked
bands were quantified using Image J software version 1.32j (National Institutes of Health,
Bethesda, MD, USA), where the optical density of each band was detected.
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2.6. Assessment of the Antioxidant Profile
2.6.1. Superoxide Dismutase (SOD) Activity

In the method used, the SOD enzyme competes with the superoxide radical, formed
by the auto-oxidation of pyrogallol, responsible for the reduction of 3-[4,5-dimethylthiazol-
2,5-diphenyltetrazolium] (MTT) to formazan crystals. Briefly, the plate was incubated in
an oven at 37 ◦C for 5 min. The reaction was then stopped by adding 150 μL of dimethyl
sulfoxide (DMSO), and the absorbance was measured at 570 nm using a plate reader.

2.6.2. Catalase (CAT)

Liver homogenate samples were diluted in H2O2 (10 mM), and every 30 s, a spec-
trophotometer reading was taken at 240 nm to determine the absorbance of the samples
until 2 min had been completed. For the blank, distilled water was used. Catalase activity
was calculated using delta absorbance over 2 min. (final absorbance − initial absorbance/2)
and the molar extinction coefficient of H2O2 (ε = 39.4 L/mol−1/cm−1). Therefore, 1 U of
catalase was equivalent to the hydrolysis of 1 μmol of H2O2.

2.6.3. Total Glutathione (GSHt) and Oxidized (GSSG) and Reduced (GSH) Fractions

The intracellular content of total glutathione (GSHt) and glutathione disulfide (GSSG)
in the liver was determined using 5.5′dithio-bis (2-nitrobenzoic acid) (DTNB) and GSSG
reductase (25). This assay employs a kinetic method based on the reduction of DTNB to
TNB (5-thio-2-nitrobenzoic acid), which can be detected on a spectrophotometer at 412 nm.

For GSHt measurement, 10 μL of the supernatant was placed in a 96-well microplate.
Then, 150 μL of the working mixture [95 mM phosphate buffer (pH 7.0), 0.95 mM EDTA,
48 μM NADPH, 0.031 mg/mL DTNB, 0.115 units/mL glutathione reductase were added.
and 0.24% sulfosalicylic acid]. The samples were then incubated for 5 min at room tem-
perature. The next step was to add 50 μL of NADPH (0.16 mg/mL). Absorbance readings
were taken every minute for 5 min at 412 nm in an ELISA reader.

The procedure used to measure GSSG was the same as that adopted for total glu-
tathione. However, the sample underwent a derivatization step by adding 2 μL of 2-vinyl
pyridine. Derivatized samples were used in the assay following the same procedure de-
scribed above. Absorbances were measured in serial dilutions of standard solutions of
reduced and oxidized glutathione to generate calibration curves. The straight line equation
was used to determine the concentrations in moles of total and oxidized glutathione per
mL of sample. Reduced glutathione was obtained by subtracting the oxidized glutathione
value from the total glutathione value.

2.6.4. Quantification of Cytochrome P450 2E1 (CYP2E1)

The cytochrome P450 isoform 2E1 (CYP2E1) was quantified in the liver homogenate
using the immunoenzymatic ELISA kit for mouse samples from the company ABclonal™
[Mouse Cytochrome P450 2E1 (CYP2E1) ELISA Kit]. CYP2E1-specific antibody was pre-
coated on the microplate. Samples and standards were pipetted into the wells, and the
CYP2E1 present bound to the immobilized antibody. Unbound substances were washed,
and an antibody conjugate specific for CYP2E1 was added to the wells and bound to the
CYP2E1 capture antibody combination in the sample. After a wash to remove any unbound
antibody–enzyme combination, the conjugate was added to the wells. After the incubation
and washing steps, a substrate solution was added to the wells. Absorbance was measured
at 450 nm.

2.6.5. Gene Expression Analysis by qRT-PCR

To analyze the expression of the genes under study, the quantitative post-reverse
transcription polymerase chain reaction (qRT-PCR) technique was used. The concentration
(measured at 260 nm) and purity (indicated by the 260/280 nm ratio) of total RNA were
assessed using the NanoDrop ND1000 spectrophotometer (Nano Drop Technologies, Wilm-
ington, DE, USA). The reactions were conducted in 96-well plates, with each well containing
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1 μL of cDNA (diluted 5× in water), 0.5 μL of each primer (forward and reverse, 10 μM),
and 5 μL of SYBR® Green PCR Master Mix (Applied Biosystems®) and 3 μL of DNAse-free
water, totaling a final volume of 10 μL. The assays were performed in technical triplicate for
all genes evaluated, with the reference gene (GAPDH) present in all plates. The qRT-PCR
reaction was conducted according to the programming contained in the ABI 7300 Applied
Biosystems® device. The specificity of the products obtained was confirmed by analyzing
the dissociation curves of the amplified products at the end of each reaction. Expression
level analyses were carried out using the relative gene expression quantification method
(comparative Cq or ΔCq), which allows evaluation of the expression level of a specific gene
between different samples. In this way, the expression of the target genes was normalized
by the levels of the reference gene (GAPDH), and the results obtained through the differ-
ence between the expression of the target genes (ADH, CYP2E1, UGT1A1, and UGT2A1)
and the expression of the gene of GAPDH reference. The sequence of the primers used was
(1) ADH: F’ TAATGCCTCGGGGGACTTTG, R’ GAGAAGGTGCTGGTGCTGAT; (2) CYP2E1:
F’ TTTCCCTAAGTATCCTCCGTGAC, R’ TCGTAATCGAAGCGTTTGTTG; (3) UGT1A1:
F’ CTGGGAGGCTGTTAGTGTTCC, R’ GAGGCTTCAGGTGCTATGAC; (4) UGT2A1: F’
CTCATCTGGCCCATGGAAGG, R’ GGCCACAAGGACAGTCACAT; (5) GAPDH: F’ AT-
GTGTCCGTCGTGGATCTG, R’ GTAGCCCAAGATGCCCTTCA.

2.6.6. Proteomic Analysis

Protein concentration was determined using the BCA protein assay kit (Thermo Sci-
entific, Cramlington, UK). Fifty micrograms of protein were used for digestion. Samples
were diluted in ammonium bicarbonate (AmBic, 25 mM) containing RapiGest (Waters
Corporation, Milford, MA, USA) (0.06% final concentration), homogenized and incubated
in a thermoblock at 80 ◦C for 10 min. Ten microliters of a dithiothreitol solution (DTT, Vetec,
code: 13-1318-0001) were added, undergoing further homogenization and incubation for
10 min at 60 ◦C. The proteins were alkylated with the addition of 10 μL of an iodoac-
etamide solution (GE Healthcare UK Limited, code: RPM6302V) (33 mg/mL), homog-
enized again, and incubated for 45 min protected from light. Trypsin was added in a
50:1 ratio (protein: trypsin) followed by homogenization and incubated overnight (12 h).
Next, 2 μL of peptides were separated using an UltiMate® 3000 nanoUHPLC 3000 system
(Dionex®), which was configured with an Acclaim PepMap100 C18 Nano-Trap capture
column (75 μm i.d. × 2 cm, 3 μm, 100 Å; Thermo Scientific®) and an Easy Column C18
capillary column (75 μm i.d. × 10 cm, 3 μm, 120 Å; Thermo Scientific®) conditioned at
40 ◦C, at a flow rate of 300 nL/min. The peptides were previously washed with 2% ace-
tonitrile and 0.05% trifluoroacetic acid for 5 min, then separated at 40 ◦C using a nonlinear
solvent gradient A (0.1% formic acid) and B (80% acetonitrile/0.1% formic acid). Spectrum
scans were acquired on the Q-Exactive™ mass spectrometry instrument (Thermo Scientific)
coupled to the nano UHPLC system containing a nanoelectrospray ion source. The instru-
ment operated at 3.5 kV, positive mode, resolution of 70,000 in the range 300–2000 m/z,
maximum injection time of 120 ms, and automatic gain control (AGC) of 1 × 106 ions. Up to
12 most intense precursor ions with charge state ≥ 2 were isolated in a 2 m/z window and
fragmented via high-energy collisional dissociation—HCD (30 V collision energy). MS/MS
spectra were acquired at 35,000 resolution with a maximum injection time of 150 ms and
AGC of 5 × 105 ions. Dynamic exclusion was set to 40 s. The .raw files obtained from the
Q-Exactive instrument were searched in a database using Peaks Studio software, version
8.5. Protein identification was performed against a mus musculus database obtained from
UniProt containing 55306 protein sequences. Relative protein quantification was performed
and statistically tested using ANOVA, which was performed automatically by the software.
Only proteins with a p-value ≤ 0.05 were considered differentially abundant between
samples. The IDs of the researched proteins were used to search for the corresponding
genes and the species, defined as mus musculus, in the database KEGG (Kyoto Encyclopedia
of Genes and Genomes; http://bioinformatics.sdstate.edu/go/, accessed on 23 May 2024).
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2.6.7. Statistical Analyzes

Statistical analyses were performed using GraphPad Prism9® software (GraphPad
Software Inc., Solana Beach, CA, USA). Data normality was assessed using the Kolmogorov–
Smirnov test. For data with a normal distribution, one-way ANOVA (analysis of variance)
followed by the Bonferroni post-test was performed, and results were represented as
the mean ± standard error of the mean. For data not following a normal distribution,
the Kruskal–Wallis test followed by Dunn’s post-test was conducted, and results were
represented as a median with an interquartile range. Differences were considered significant
when p < 0.05.

3. Results

3.1. Assessment of Serum Inflammatory Profile

The serum inflammatory profile was assessed by measuring the levels of TNF-α and
IL-10. Figure 2A shows that the APAP group had higher levels of TNF-α compared to the
control group (p < 0.0001) and the AE (p = 0.0034) and CE (p = 0.0037) groups. The AE
(p = 0.0013) and CE (p = 0.0047) groups were superior to the control group but equal to
each other. A similar pattern was observed for IL-10 (Figure 2B), with the APAP group
exhibiting higher values than the control group (p < 0.0001) and the AE (p < 0.0001) and
CE (p = 0.0001). The AE (p = 0.0029) and CE (p = 0.0132) groups exhibited higher levels
compared to the control group but did not differ from each other.

Figure 2. Assessment of the serum inflammatory profile using TNF-α (A) and IL-10 (B) measurements.
Statistical analysis was performed using the one-way ANOVA test and Bonferroni post-test. TNF-α:
Tumor necrosis factor alpha; IL-10: Interleukin 10. (*) represents a significant difference between
groups. **** (p < 0.0001); *** (p < 0.001); ** (p < 0.01), and * (p < 0.05).

3.2. Histological and Morphometric Analysis

Representative images of the liver tissue are shown in Figure 3A–D at 40× magnifica-
tion, highlighting the histopathological aspects of the liver parenchyma, and Figure 3E–H
at 20× magnification, showing general pathological changes. The morphometric analyses
conducted on the liver parenchyma of control animals (C) showed a preserved parenchyma
without significant pathological aspects (Figure 3A,E). The other experimental groups pre-
sented: the presence of foci of inflammation in the APAP and AE groups (Figure 3B,C,F,G),
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a general increase in inflammatory nuclei, hydropic and fatty degeneration (Figure 3D),
sinusoidal dilation, ischemic-type necrosis, with prevalent areas in zones 3 and 2, fur-
ther away from the afferent blood supply, in addition to regenerative processes such as
hepatocyte binucleation and karyomegaly.

Figure 3. Histopathological aspects of the liver parenchyma. Photomicrographs of liver sections
stained with hematoxylin and eosin. Bar = 50 μm, 400× magnification (A–D) and Bar = 100 μm,
200× magnification (E–H). (A,E) Representative image of the control group (C). (B,F) Representative
image of the lesions found in the group treated with paracetamol (APAP). (C,G) Representative
image of the group treated with acute ethanol (AE). (D,H) Representative image of the group treated
with chronic ethanol (CE). In (A,E) preserved liver parenchyma, the presence of inflammatory cells in
a normal pattern (black arrow), preserved sinusoidal capillaries (S), and few binucleated hepatocytes
(red triangle). (B,C) Fatty degeneration (green arrow), binucleated hepatocytes (red triangle), area of
extensive necrosis (dotted circle), and inflammatory infiltrates (black arrow). (D) Fatty degeneration
(green arrow), binucleated hepatocytes (red triangle), and area of necrosis to a lesser extent (dotted
circle), central vein (CV).
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The inflammatory nucleus count was higher in the APAP and AE groups compared
to the control group and CE group. APAP was higher than the control group (p < 0.0001)
and CE (p = 0.0002). AE was greater than the control (p = 0.0006) and CE (p = 0.0095)
(Figure 4A). Intoxication with paracetamol (APAP) and its association with an acute dose of
ethanol (AE) promoted hepatocellular hypoxia. The APAP (p = 0.0033) and AE (p = 0.0456)
groups showed a greater extent of the necrosis area compared to the control group, with
no statistical difference between APAP and AE (p > 0.05). The APAP group presented a
larger area of necrosis when compared to CE (p = 0.0073). The CE group was statistically
equal to the AE and C groups (p > 0.05) (Figure 4B). Regarding the count of binucleated
hepatocytes, the APAP and AE groups were statistically equal (p > 0.05). APAP was higher
than the control group (p < 0.0001) and CE (p = 0.0117). AE was greater than the control
(p = 0.0005) and equal to CE (Figure 4C). Fatty degeneration or steatosis was evident in a
higher percentage in the APAP (p = 0.0309) and AE (p = 0.0152) groups compared to the
control group. The CE group was not different from the control and, likewise, it was not
different from the other groups (Figure 4D).

Figure 4. Morphometric and semiquantitative analyses of the liver in relation to inflammatory nuclei
(A), binucleated cells (B), area of necrosis (C), and steatosis score (Panel D). (C) Control group; (APAP)
paracetamol group; (AE) acute ethanol group; (CE) chronic ethanol group. For results, number
of inflammatory nuclei, number of binucleated cells, and area of necrosis, data were expressed as
mean ± standard deviation of the mean and were analyzed by (one-way ANOVA) followed by
the Bonferroni post-test. For the non-parametric results of necrosis area and steatosis score, data
were expressed as the median and interquartile range (25th–75th percentile) and analyzed using the
Kruskal–Wallis test followed by Dunn’s post hoc test. (*) represents a significant difference between
groups. **** (p < 0.0001); *** (p < 0.001); ** (p < 0.01), and * (p < 0.05).

3.3. Assessment of Liver Injury Markers

Regarding ALT activity (Figure 5A), there was a significant increase in the APAP
(p < 0.0001) and AE (p < 0.0001) groups compared to the control group and the CE group
(p < 0.0001 for both). The APAP and AE groups did not differ significantly. There was no
difference between the CE group and the control group for this parameter. For AST activity
(Figure 5B), there was greater activity in the APAP (p = 0.0017) and AE (p = 0.0472) groups
compared to the control group. Similarly, the APAP (p = 0.0014) and AE (p = 0.0442) groups
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were higher than the CE group. The APAP and AE groups did not differ significantly from
each other for this parameter, nor did the CE group differ from the control group.

Figure 5. Assessment of markers of liver damage by evaluating the activities of ALT (A), AST (B),
the concentration of TBARS (C), carbonylated protein (D), and the activity of MMP-9 (E). Statistical
analysis for ALT, TBARS, and MMP-9 was performed using the one-way ANOVA test and Bonferroni
post-test. For the statistical analysis of AST and carbonylated protein data, the Kruskal-Wallis test
was applied, followed by the Dunns post-test. ALT: Alanine aminotransferase; AST: Aspartate amino-
transferase; TBARS: Substances reactive to thiobarbituric acid; MMP-9: Matrix metalloproteinase—9.
(*) represents a significant difference between groups. **** (p < 0.0001); *** (p < 0.001); ** (p < 0.01) and
* (p < 0.05).

Regarding TBARS, there was an increase in the APAP (p = 0.0001), AE, and CE
(p < 0.0001 for both) groups compared to the control group. The AE and CE groups
were not significantly different from each other; however, the CE group (p = 0.0226) was
statistically higher than the APAP group. There was no significant difference between
the APAP and AE groups (Figure 5C). As for carbonyl protein, the CE group (p = 0.0457)
showed a significant reduction compared to the control group (Figure 5D). There was no
statistical difference between the experimental groups for this parameter, nor was there
any difference between the APAP and AE groups compared to the control group.

Regarding MMP-9 activity, the APAP group (p < 0.0001) showed the highest results
compared to the control group and the AE and CE groups (p < 0.0001 for both). The AE
group (p = 0.0093) showed a significant difference from the control group, which was not
observed for the CE group (Figure 5E).

3.4. Assessment of the Hepatic Antioxidant Profile

Total glutathione levels (Figure 6A) in the AE group exhibited the lowest values
compared to the control (p < 0.0001), APAP (p = 0.0023), and CE (p = 0.0003) groups. The
control, APAP, and CE groups were not significantly different from each other. Regarding
the GSH/GSSG ratio (Figure 6B), the lowest values were observed for the AE and APAP
groups (p < 0.0001 for both) compared to the control group. The APAP (p = 0.0009) and
AE (p = 0.0002) groups were also smaller than CE. When evaluating the levels of reduced
glutathione (Figure 6C), once again, the scenario presents itself with the lowest values for
the AE group (p < 0.0001) compared to the control group. The AE group also has lower
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values than the APAP (p = 0.0038) and CE (p = 0.0001) groups. Finally, the results for
oxidized glutathione (Figure 6D) show that the APAP group presented the highest levels
for this parameter, being significantly higher than the control and CE groups (p < 0.0001 for
both); however, it was no different from the AE group. The AE group, in turn, was higher
than the control group (p < 0.0001) and CE (p = 0.0004).

Figure 6. Assessment of the hepatic antioxidant profile by evaluating the levels of total glutathione (A),
GSH/GSSG ratio (B), oxidized glutathione (C), reduced glutathione (D), SOD (E), and CAT (F).
Statistical analysis was performed using the one-way ANOVA test and Bonferroni post-test. GSH:
Reduced glutathione; GSSG: Oxidized glutathione; SOD: Superoxide dismutase; CAT: Catalase. (*)
represents a significant difference between groups. **** (p < 0.0001); *** (p < 0.001), and ** (p < 0.01).

Regarding the activity of the antioxidant enzymes SOD (Figure 6E) and CAT
(Figure 6F), no significant differences were observed between the groups.

3.5. Assessment of CYP2E1 Levels and Expression of Genes Related to APAP and
Ethanol Metabolism

CYP2E1 is a microsomal enzyme active in both APAP and ethanol metabolism. When
quantifying this enzyme (Figure 7A), it was found that the highest concentration val-
ues were found in the AE group, which was significantly higher in the control group
(p = 0.0064), APAP (p = 0.0550) and CE (p = 0.0749). There was no significant difference in
CYP2E1 gene expression between the experimental groups (Figure 7B).

ADH is an important enzyme in ethanol metabolism. Regarding gene expression for
this enzyme, the CE group exhibited the highest values compared to the control group
(p = 0.0004) and compared to the APAP and AE groups (p < 0.0001) (Figure 7C).
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Figure 7. Assessment of hepatic CYP2E1 concentration (A), CYP2E1 gene expression (B), ADH (C),
UGT1A1 (D), UGT2A1 (E) and gene expression heatmap (F). Statistical analysis for CYP2E1 con-
centration and expression of CYP2E1, ADH, and UGT2A1 genes was performed using the one-way
ANOVA test and Bonferroni post-test. For statistical analysis of UGT1A1 gene expression data,
the Kruskal–Wallis test was applied, followed by Dunn’s post-test. CYP2E1: cytochrome P450 2E1;
ADH: Alcohol dehydrogenase; UGT1A1: Glucuronosyltransferase Family 1 Member A1; UGT2A1:
Glucuronosyltransferase Family 2 Member A1. (*) represents a significant difference between groups.
**** (p < 0.0001); *** (p < 0.001); ** (p < 0.01), and * (p < 0.05).

Regarding the expression of UGT1A1 (Figure 7D), the greatest difference was observed
between the CE group (p = 0.0045) and the control group. The CE group also differed
significantly from the APAP (p = 0.0071) and AE (p = 0.0024) groups. Finally, for UGT2A1
(Figure 7E), the APAP and AE groups presented the lowest values. These groups do not
present statistical differences between them; however, they are significantly lower than the
values of the control group (p < 0001 for both). The APAP group has lower results than the
CE group (p = 0.0238), as well as the AE group (p = 0.0048). It can be considered that the CE
group has intermediate values, lower than the control group (p = 0.0313) and, as already
described, higher than the other experimental groups.

Figure 7F displays the heatmap graph referring to the qualitative analysis of the
modulation of gene expression related to APAP/ethanol metabolizing enzymes. It is
noted that in the APAP, AE, and CE groups, there is upregulation of the UGT1A1 gene and
downregulation of the UGT2A1 gene. In the APAP and AE groups, upregulation of CYP2E1
was observed, while in the CE group, upregulation of the ADH gene was observed.

3.6. The Hepatic Proteome Is Altered During Acute and Chronic Alcohol Consumption and
Acetaminophen Overdose

The scope of the proteome observed through spectral data obtained from the soluble
fraction of the liver proteome was compared with the databases available for mus musculus
animals at UniProt. Thus, it was possible to identify 937 distinct groups of proteins. Thus,
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it was possible to identify 937 distinct groups of proteins. Among the groups identified,
588 (62.75%) are present in all treatments. It was found that in the four experimental
groups, there were groups of proteins that were expressed exclusively in each group
(Supplementary Material—Figure S1). The dynamic range of identified proteins covered
five orders of magnitude of difference between the highest and lowest abundance con-
stituents in the liver, as assessed by the area under the curve. Around 200 proteins cover
more than 90% of the accumulated area; among these, only 15 proteins correspond to
more than 50% of the total ionic signal (Supplementary Material—Figure S2A,B). The
15 most abundant proteins are presented in decreasing order of abundance in Table S1
(Supplementary Materials—Table S1).

The analysis of proteomic data obtained from the soluble fraction of the liver proteome
confirmed the presence of the proteins of interest that were quantified and evaluated
through biochemical analyses in the present study. From the KEGG database, it was found
that the genes for these proteins are involved in several drug and xenobiotic metabolism
pathways via the cytochrome P450 pathway and glutathione metabolism, both involved in
the metabolism and detoxification of paracetamol and ethanol (Supplementary Material—
Figure S3).

Principal component analysis (PCA) demonstrated that the different experimental
groups produced isolation or groupings of protein constituents according to the treatment
used. The PCA graph revealed, according to the data from the label-free quantitative
analysis, that the samples from the AE group were more closely related to those from the
APAP group. Groups C and CE appear close to each other and further apart from groups
APAP and AE. This analysis demonstrated that an acute dose of ethanol presents a profile
of protein constituents closer to the acetaminophen overdose group (Figure 8), confirming
the profile of the biochemical and morphometric analyses.

Figure 8. Principal components analysis (PCA). Axes demonstrate principal component 1 and
principal component 2, showing 21.9% and 14.4% of the total variance, respectively.

The heatmap graph shows that among the most differentially abundant proteins,
treatments with paracetamol and its association with an acute dose or chronic use of
ethanol promoted positive regulation in several proteins. This result is likely associated
with a compensatory mechanism aimed at maintaining cellular functions under the stress
induced by the drugs (Figure 9A). Figure 9B shows the classification of proteins analyzed
in the heatmap according to their biological function.
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Figure 9. Heatmap of differentially abundant hepatic proteins when comparing different treatments.
Red coloring indicates positive regulation, while green coloring indicates negative regulation (A) and
classification of proteins according to their biological function (B).

4. Discussion

The risk of APAP toxicity associated with alcohol consumption has been recognized
since the 1980s; however, the mechanisms underlying liver injury are still not completely
understood [23,24].

Our study was based on the premise that ethanol metabolism plays a critical role in
modulating the extent of liver damage induced by paracetamol overdose. Consequently,
the primary objective was to investigate the effects of co-exposure to ethanol and parac-
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etamol. The 1-h interval between administrations was strategically chosen to maximize
the interaction between the two compounds. This design allowed for the evaluation of
co-exposure effects in both acute and chronic contexts, simulating clinical scenarios such as
occasional alcohol consumption followed by analgesic use or repeated ethanol exposure
accompanied by paracetamol intake.

Our results indicated that acute ethanol consumption maintained a hepatic profile
similar to that of the group intoxicated with APAP. Although we observed a reduction
in GSH levels beyond what was observed in the APAP group and an increase in CYP2E1
levels, the other parameters evaluated remained similar to those in the APAP group.
This suggested that acute ethanol consumption does not worsen the hepatic response
to APAP overdose. Chronic ethanol consumption improved the liver response to APAP.
This was demonstrated by the reduction in inflammatory nuclei, area of necrosis, MMP-9,
carbonylated protein, ALT, and AST, in addition to the increase in the GSH/GSSG ratio
and gene expression of the enzymes UGT1A1 and UGT2A1, which are responsible for the
non-toxic metabolism of APAP. Thus, it is suggested that, despite the observed increase
in TBARS levels, chronic ethanol consumption minimizes APAP-induced hepatotoxicity.
However, it is important to note that these results were observed after seven days of ethanol
consumption; therefore, we cannot extrapolate these results to longer consumption.

During liver injury, exaggerated production of inflammatory cytokines can trigger a
systemic inflammatory response syndrome. In this scenario, the analysis of serum cytokines
is essential to understand and evaluate drug-induced liver failure [25]. TNF is a pleiotropic
cytokine that can contribute to the induction of apoptosis and activation of endothelial
cells and platelets, in addition to increased vascular permeability and activation of soluble
mediators. The increase in TNF during the course of APAP-induced acute liver failure
appears to be a crucial event in determining its outcome [26]. In our study, the APAP group
exhibited the highest TNF values. Even with a lower dosage of APAP (300 mg/kg), it is
possible to observe an increase in the levels of pro-inflammatory cytokines (TNF, IL-1β,
and IL-6) 12 h after its administration [27]. Our results showed that the AE and CE groups
had higher levels of TNF compared to the control group, although they were lower than
the values in the APAP group. Chronic and acute ethanol consumption can increase TNF-
production. This increase is attributed to an increase in the intestinal permeability caused
by ethanol, which can lead to endotoxemia. Endotoxemia, in turn, results in the increased
production of lipopolysaccharide, which activates Kupffer cells and ultimately leads to the
generation of pro-inflammatory cytokines [28]. However, the deleterious effects of pro-
inflammatory cytokines can be counterbalanced by the upregulation of immunoregulatory
cytokines such as IL-10. IL-10 is an anti-inflammatory cytokine that is markedly released in
cases of hepatotoxicity induced by both APAP and ethanol. IL-10 is capable of negatively
regulating the synthesis of pro-inflammatory cytokines such as TNF [29]. Similar to the TNF
results, higher levels of IL-10 were observed in the APAP group compared to the control
group and the other experimental groups (AE and CE). However, the latter presented
values that were lower than those observed in the APAP group but still higher than those
in the control group. Even with a lower dose of APAP (300 mg/kg), a previous study [29]
showed an increase in the serum concentration of IL-10, which peaked 24 h after drug
administration. In another study, animals that received an ethanol dose of 5 g/kg three
times at 12 h intervals also exhibited an increase in serum concentrations of IL-10 [30]. In
contrast [31], using an ethanol dose of 7 g/kg in C57BL/6 mice, no changes were observed
in TNF or IL-10 4 h after euthanasia. According to [31], in addition to the dose and the
time of exposure, the serum concentrations of these cytokines can also be influenced by
the strain of animals used. Therefore, C57BL/6 mice are less susceptible to changes in the
systemic inflammatory response in models of excessive ethanol consumption.

After analyzing systemic TNF and IL-10 levels, we next evaluated histopathological
changes in the liver. Morphometric analyses showed that treatment with APAP alone and
in combination with an acute dose of ethanol (group AE) promoted hepatocellular hypoxia,
a larger area of necrosis, and hepatic steatosis compared to groups C and CE. Similarly,
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both the APAP and AE groups exhibited higher counts of binucleated hepatocytes, which
is evidence of tissue regeneration. A 300 mg/kg dose of APAP can promote necrosis and
centrilobular liver degeneration [32]. Thus, the observed liver damage indicated a typical
and consistent pattern caused by paracetamol overdose, which was maintained by acute
ethanol consumption. The results of the histopathological analyses in the APAP group were
consistent with those of previous studies conducted by our research group [14–17]. The
literature suggests that when a combination of APAP (200 mg/kg) and ethanol [23] is used,
following a protocol in which ethanol is administered via a liquid diet containing 5% ethanol
(5% v/v) for 10 days, followed by ethanol gavage adjusted to the weight of the animals on
the eleventh day (a longer period than that used in our study), the development of micro-
and macroscopic hepatic steatosis was observed, in addition to hepatocellular ballooning.
This indicated that ethanol administration aggravated APAP-induced liver injury.

Administration of 400 mg/kg of APAP is considered sufficient to cause significant
liver toxicity within 6–24 h [33]. Even at a lower dose (300 mg/kg) than that used in our
study, high plasma levels of ALT and AST were observed at different time points (3, 6, and
12 h) [32]. In previous studies (15–17), we administered a toxic dose of 500 mg/kg and
performed euthanasia 12 h after drug administration, which revealed increased serum ALT
and AST levels. An increase in ALT and AST activities was observed in C57BL/6 mice at a
dose of 500 mg/kg, even 24 h after administration of the toxic dose [34]. Taken together, the
results obtained from the different studies fall within the time window in which the ability
of APAP to promote liver toxicity was observed (6–24 h). Consistent with these findings,
in the present study, the APAP group showed higher ALT and AST levels. The AE group
also showed higher serum activity of these enzymes compared to group C and similar
to the APAP group, which was not observed in the CE group. Our data indicated that
the combination of APAP overdose and acute ethanol administration promoted a greater
degree of liver damage than chronic ethanol administration.

According to the literature, in the case of an APAP overdose, NAPQI can react even
more with cellular proteins, increasing the formation of free radicals and lipid peroxidation
and potentially worsening oxidative damage [35]. Similar to APAP, ethanol metabolism
results in an increased production of free radicals, which play a crucial role in the de-
velopment of liver damage caused by this substance. CYP2E1 is one of the three main
enzymes involved in ethanol metabolism and is capable of converting it into more reactive
products and increasing the generation of ROS [36,37]. Both acute and chronic ethanol
administration can increase ROS production and lipid peroxidation in animal models
and humans. Studies in which ethanol was administered via orogastric gavage showed
that ethanol-induced liver injury was associated with increased lipid peroxidation and
carbonyl protein formation and decreased hepatic antioxidant defense [18,28]. In both
cases, free radical formation played an important role in inducing lipid, DNA, and protein
damage [35,36]. Even in animals treated with ethanol ingested orally through a liquid diet
(containing 36% of the calories from ethanol) for six weeks, the concentration of TBARS
increased significantly, indicating oxidative damage to cellular lipids [37]. When evaluating
the effects of acute ethanol administration (5 g/kg administered three times separated by
12 h), an almost nine-fold increase in hepatic TBARS content was observed in ethanol-
treated animals compared to that in the control group [38], in which the concentration
of TBARS was twice as high in animals chronically treated with ethanol via a liquid diet
(Lieber–DeCarli). In our study, we observed an increase in lipid peroxidation as indicated
by the TBARS levels in groups AE and CE, which were higher than those in groups C
and APAP. Mice of the C57Bl/6J lineage were administered two doses of ethanol (6 g/kg)
by orogastric gavage with an interval of 12 h between them [39]. As observed in the AE
and CE groups, the cited study found an increase in the production of free radicals and
lipid peroxidation through TBARS measurements. According to the authors, because the
liver is the main site of ethanol metabolism, a reduction in hepatic proteasome activity by
ethanol may have resulted in the formation of adducts or oxidative modifications of the
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proteasome subunit proteins when reacting with ethanol-derived acetaldehyde and/or
secondary products (ROS and lipid peroxides) derived from ethanol oxidation.

The increase in TBARS levels in the APAP group was consistent with results obtained
in previous studies conducted by our research group using the same APAP administration
protocol [14,16]. These data demonstrated that the combination of APAP and ethanol
intensified hepatic lipid peroxidation. Hepatic carbonylated proteins are considered im-
portant markers of APAP-induced oxidative stress [40]. In a previous study, no significant
differences were found in this parameter between animals treated with ethanol and those
in the control group [38]. However, regarding carbonylated proteins, we found that the
APAP and AE groups showed no difference compared with the control group, and there
was a reduction in this parameter in the CE group. Because protein carbonyls are markers
of protein oxidation by ROS, the fact that the CE group presented the lowest values does
not necessarily represent an inconsistency; rather, there was less protein damage caused
by oxidative stress, which is also typical in cases of APAP overdose. This result does not
necessarily represent a protective effect of ethanol and might be an adaptative mechanism
of the organ to the oxidative insult caused by prolonged ethanol intake. However, given
that the APAP and AE groups were not statistically different from the control group, we
understand that the protein carbonylated assay protocol used in our study was probably
less sensitive in assessing hepatic oxidative damage than the TBARS measurement.

MMP-9, also known as type IV collagenase (gelatinase B), belongs to a family of matrix
zinc-dependent proteinases (MMPs), almost all of which play an important role in liver
regeneration and in controlling the number of proteins in the extracellular matrix. They
are also involved in other biological processes, such as fibrosis, cirrhosis, and carcinogene-
sis [41]. In our study, increased MMP-9 activity was observed in the APAP and AE groups.
In another study, an increase in MMP-9 activity was observed 6 h after the administration
of an APAP dose of 600 mg/kg [42]. These data suggest that an increase in MMP-9 activity
resulting from APAP overdose is associated with liver injury. Sinusoidal endothelial cells
(ESCs) are direct targets of APAP hepatotoxicity, as evidenced by the formation of clefts in
the endothelium of centrilobular sinusoids formed by the destruction and/or coalescence
of fenestrae. The formation of larger clefts in the sinusoidal endothelial cells results in
increased infiltration of red blood cells into the extrasinusoidal space, causing additional
hypoxic damage to the liver [43,44]. These events precede any evidence of histological or
chemical injury. These cracks are larger and more frequent in animals treated with ethanol,
acutely or chronically, after receiving a toxic dose of APAP. The inhibition of MMP-2 and
MMP-9 can minimize endothelial injury and red blood cell infiltration, as they affect the
ESC cytoskeleton, which, in turn, reduces cleft formation [43]. The increase in MMP-9 levels
during APAP intoxication, as well as its association with acute ethanol administration, may
be associated with hepatocellular damage and microcirculatory dysfunction, resulting in
significant hepatocellular hypoxia, in line with the histological data from our study.

APAP toxicity is primarily associated with excessive production of NAPQI. Hepatic
cytochrome P450 enzymes, particularly CYP2E1, play fundamental roles in the oxidative
activation of APAP. In cases of APAP overdose, large amounts of NAPQI are generated and
subsequently conjugated with glutathione (GSH), which can neutralize it [45]. The CYP2E1
pathway can also produce ROS, mainly superoxide anions and hydrogen peroxide, in
alcohol-induced liver injury [46]. Both these mechanisms lead to mitochondrial dysfunction,
resulting in increased ROS production, decreased ATP production, and compromised
cellular antioxidant profiles [47]. Regarding the antioxidant profile, the AE group exhibited
the lowest total glutathione values as well as the lowest GSH/GSSG ratio. The ICR mice
were treated with APAP (400 mg/kg) or ethanol (4 g/kg) [48]. According to the authors,
the administration of ethanol itself did not change the hepatic GSH and GSSG content;
however, in animals that received combined APAP and ethanol, the GSH content decreased,
although not significantly. However, both the APAP and ethanol dosages used by these
authors were lower than those used in our study, and the animal strains used were different.
In animals chronically treated with ethanol (5% v/v) and receiving an acute dose of APAP
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(200 mg/kg), the total glutathione values were the lowest among all groups studied. Finally,
we found that both the AE and APAP groups presented the highest levels of oxidized
glutathione. These findings suggested that the combination of acutely administered APAP
and ethanol leads to a greater depletion of glutathione reserves, potentially resulting in
increased liver damage due to the formation of protein adducts and underlying oxidative
stress, ultimately leading to cellular collapse and necrosis.

Enzymes such as CYP2E1, alcohol dehydrogenase (ADH), and catalase (CAT) are
involved in the oxidative pathway of hepatic metabolism. The microsomal respiratory chain
and the CYP2E1-dependent microsomal monooxygenase system are the main sources of
ROS during ethanol ingestion. When addressing the ability to produce diverse hepatotoxic
substrates related to APAP and ethanol metabolism, CYP2E1 is of particular interest [49]. In
the present study, group AE exhibited the highest levels of CYP2E1 compared to group C.
However, when evaluating gene expression for the same parameter, we found no difference
between the experimental groups. Taken together, these results suggested a temporal
differentiation in the regulation of gene expression and protein levels. Thus, it is possible
to infer that an increase in CYP2E1 gene expression in the AE group may have occurred
more quickly, not allowing the detection of significant differences within 12 h, whereas
only CYP2E1 protein levels were shown to increase after APAP overdose in the same
time interval.

Chronic alcoholics are at greater risk of developing APAP-induced liver injury owing
to the induction of CYP2E1 in the MEOS, which is also responsible for the production
of NAPQI from APAP metabolism. Thus, it is assumed that high CYP2E1 activity re-
sults in greater conversion of APAP to NAPQI, thereby increasing APAP-induced liver
toxicity [50,51]. Large-scale clinical studies on APAP poisoning have not observed a nega-
tive change in the prognosis due to prior ethanol ingestion [52]. However, when analyzing
studies on APAP toxicity in combination with chronic ethanol use, it is necessary to consider
factors that may significantly interfere with the observed results. For example, in rats, fast-
ing increases APAP hepatotoxicity by depressing the glucuronide and sulfate conjugation
pathways, resulting in a significantly increased formation of the toxic metabolite NAPQI.
This effect has been reported in humans [53,54]. Furthermore, malnutrition reduces hepatic
glutathione levels, limiting the ability to metabolize reactive metabolites and worsening
intoxication owing to the deficiency of phase II metabolizing enzymes [53]. In our study,
the animals received food ad libitum to avoid interference with results related to their
nutritional status. In addition, the animals were subjected to a short fasting period of 6 h
before APAP administration to ensure gastric emptying and minimize possible interference
in drug absorption. Animal models have demonstrated that ethanol acts as a competitive
inhibitor of APAP metabolism mediated by cytochrome P450. However, evidence of the
inhibition of APAP metabolism and reduction in APAP toxicity due to the concomitant
use of ethanol in humans is limited [52,55]. This mechanism has been used to justify the
hypothesis that an acute dose of ethanol has protective effects.

Acute ethanol ingestion inhibits the microsomal oxidation of paracetamol by CYP2E1
and alters the redox state, resulting in the reduced synthesis of NAPQI. However, only
a few clinical studies have reported the protective effects of acute ethanol ingestion in
humans. [56], it was pointed out that a low proportion of patients who consumed ethanol
during acute APAP ingestion developed subsequent hepatotoxicity. According to the
authors, factors such as the ingestion of smaller amounts of APAP and early arrival at
the hospital for treatment may have influenced the results. In a multivariate analysis that
considered the declared dosage of APAP ingested by the patient and the interval between
ingestion and hospital admission, acute ethanol consumption had no independent effect
on the risk of hepatotoxicity. Finally, the authors suggested that there may be a dose
threshold for the possible protective effects of acute ethanol consumption against APAP
hepatotoxicity. According to [57], the most important factors determining the development
of hepatotoxicity are the relative doses and timing of ethanol and APAP ingestion. This is
because CYP2E1 is inhibited in the presence of ethanol [52]. A study [58] found that the
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hepatic ethanol content was significantly modulated by ethanol ingestion. These authors
observed that in a group of active drinkers, the hepatic level of CYP2E1 was, on average,
twice as high as that in individuals with moderate abstinence (5–10 days). Furthermore,
after the cessation of ethanol consumption, the level of CYP2E1 decreased rapidly and
appeared to return to lower levels after five days. Hepatic CYP2E1 levels can be increased
up to eight-fold by ethanol in rodents, and its activity is increased in association with the
consumption of alcoholic beverages in humans [59].

Alcohol dehydrogenase (ADH) catalyzes the conversion of ethanol to acetaldehyde,
which is then rapidly converted to acetate by aldehyde dehydrogenase (ALDH). ADH
is activated at low ethanol concentrations. However, ethanol oxidation is limited by the
amount of ADH present in the liver. This is a saturable pathway; therefore, ADH is
unable to sufficiently oxidize all the ethanol present. When the metabolic capacity via
ADH is exceeded, ethanol metabolism via the CYP2E1, CYP1A2, and CYP3A4 pathways is
predominant [60,61]. In the present study, it was observed that the CE group presented the
highest ADH expression values compared to the other groups.

UDP-glucuronosyltransferases (UGTs), which catalyze the glucuronidation of com-
pounds by transferring glucuronic acid from its co-substrate (UDP-glucuronic acid) to other
compounds, are of great relevance in phase II metabolic reactions because of their ability
to increase hydrophilicity, enabling the excretion of these substances through bile and
urine [62,63]. Regarding the expression of UGTs, we found that, in the case of UGT1A1, the
CE group presented significantly higher values than the other groups. A study conducted
in C57BL/6 mice found that chronic alcohol intake caused an increase in plasma bilirubin
levels and induced an increase in the expression of UGT1A1 mRNA and protein, which
mediated the detoxification of bilirubin into less toxic substrates for biliary and urinary
excretion [64], thus corroborating the data observed here. The enzyme UGT2A1, also
involved in the glucuronidation of xenobiotics, although belonging to the same family as
UGT1A1, was downregulated in all treatments compared to the control group. However,
it is worth noting that the expression of UGT2A1 was also increased in the CE group
compared to that in the APAP group, further suggesting that APAP was metabolized in the
CE group through a non-toxic route. The increase in the expression of both isoforms in the
CE group compared to the APAP group may contribute to the clearance of toxic metabolites.
This, in turn, contributed to the reestablishment of the GSH/GSSG ratio observed in the
CE group.

Using spectral data of the soluble fraction of the liver proteome, we identified 937 dis-
tinct protein groups among the experimental groups. Proteins were uniquely identified
in each study group. Another research group observed that in C57BL/6 mice (susceptible
to APAP poisoning) treated with APAP (300 mg/kg), a series of proteins were highly
expressed compared to SJL lineage mice (resistant to APAP poisoning) undergoing the
same treatment. This difference was attributed to the greater susceptibility of the C57BL/6
lineage to APAP-induced liver injury, which caused the selective loss of hepatic proteins,
especially mitochondrial proteins, because of APAP overdose [65]. In our study, the CE
group showed the highest number of proteins that could not be detected in the other ex-
perimental groups. Prolonged ethanol use in C57BL/6 mice can cause significant changes
in hepatic proteins related to phosphorylation, including a range of proteins involved
in cell death signaling [66]. We found that treatment with APAP, as well as treatments
associated with acute or chronic EtOH consumption, promoted positive regulation of a
series of proteins mainly related to metabolism, redox status, and cell signaling. This
result is likely associated with a compensatory mechanism to maintain cellular functions in
response to the stress induced by APAP and/or ethanol overdose.

The liver is an organ that functions as a critical center for numerous physiological
processes essential for the maintenance of life. Drug-induced liver injury is an important
cause of liver disease. Alcohol–drug interactions have a potential aggravating effect on
drug-induced hepatotoxicity. In the present study, the combination of APAP and an acute
dose of ethanol resulted in hepatotoxicity similar to that observed in the APAP group.
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In contrast, chronic ethanol consumption attenuated paracetamol-induced hepatotoxicity.
These findings highlight the complexity of the interactions between ethanol and parac-
etamol in the context of hepatotoxicity and indicate that further studies are needed to
elucidate adaptive response mechanisms during chronic ethanol consumption.

5. Conclusions

Ethanol consumption modulates liver damage caused by paracetamol overdose dif-
ferently. While acute ethanol consumption maintains a liver injury profile similar to the
hepatotoxicity profile caused by APAP overdose, chronic ethanol consumption appears to
reduce this injury, at least at the dose and time evaluated in this study.
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of the total ion signal. Figure S3: Protein genes are evaluated by biochemical analyses according to
the KEGG database and categorized according to the metabolic pathways in which they act. Table S1:
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Abstract: Protocatechuic aldehyde (PCA) is a natural phenolic acid compound with pharmacological
effects such as anti-oxidative stress, antibacterial, anti-apoptotic, anti-inflammatory, anti-platelet
aggregation, and anti-tumor. Despite the favorable therapeutic effects of PCA, it is imperative to
recognize that adverse drug reactions can arise even with satisfactory quality assurance measures
and during standard clinical application and dosing. Additionally, the acute toxicity and cardiotoxic
sequelae of PCA are frequently under reported in the available documentation. To investigate the
acute toxicity and cardiotoxic effects of PCA, the present study comprehensively assessed the acute
toxicity and cardiotoxic effects of PCA by administering different concentrations of PCA and by
monitoring the phenotypic changes in zebrafish, using AB wild-type Tg(cmlc2:EGFP) zebrafish as the
experimental model organism. Meanwhile, the target genes of PCA that may cause cardiotoxicity
were predicted and validated using a network pharmacology approach. Our findings indicated that
PCA exhibited severe acute toxicity and cardiotoxic effects in zebrafish at 70 μg/mL and 80 μg/mL.
Furthermore, PIK3CA, PARP1, and GSK3β may be involved in the mechanism of action of the
cardiotoxicity-inducing effects of this compound. The present investigation has afforded a deeper
insight into the acute toxicity and cardiotoxic impacts of PCA on zebrafish and has established a
significant theoretical foundation for the evaluation of toxicity in pharmaceuticals incorporating
PCA.

Keywords: zebrafish; PCA; acute toxicity; cardiotoxic

1. Introduction

PCA is widely found in the roots of Salvia miltiorrhiza as well as in the leaves of the
ophiopogon and hollyhock. It is a natural phenolic acid compound found in Salvia miltior-
rhiza and other traditional Chinese medicinal herbs, and consists of a benzene ring and an
acrolein moiety. Three hydroxyl groups are distributed on the benzene ring and the acrolein
group is attached to the benzene ring, and this structure makes PCA hydrophilic and ac-
tive [1,2]. Studies have shown that PCA possesses a variety of pharmacological activities
such as antioxidant, antibacterial, anti-apoptotic, anti-inflammatory, anti-platelet aggre-
gation, and anti-tumor, as well as many other pharmacological activities [3–7]. Currently,
Cao found [8] that in rat animal experiments, PCA can be converted to protocatechuic acid
in vivo, and the subsequent generation of vanillyl-CoA PCA has been a popular conjugate
that inhibits the binding of long-chain fatty acids to CoA and reduces the AcCoA/CoA
value [9–12].
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In acute myocardial ischemia, the metabolism of PCA is slowed down, and the
metabolism of protocatechuic acid and vanillic acid is slowed down in vivo, resulting
in cardiotoxicity caused by accumulation [13]. This provides a rationale for the cardiotoxi-
city of the animal model in recent years for evaluating pharmaceutical effectiveness and
safety. The zebrafish is a non-mammalian vertebrate known for its rapid development,
tiny embryos and individuals, translucent body, high spawning rates, and rapid reproduc-
tion. The benefits of using zebrafish for experiments include reduced costs, shorter cycle
times, and fewer ethical restrictions. It usually takes only about 3 days from the subject’s
exposure to zebrafish to the completion of the evaluation experiment [14]. Furthermore,
this study used transgenic fluorescently tagged zebrafish to reveal the labeled position
under the corresponding excitation light and quantitatively analyze the area of cardiac
fluorescence imaging. The zebrafish heart’s response to exogenous drugs is highly similar
to that of human hearts [15]. This helps observe damage to organ shape and target the PCA
medication.

PCA’s cardiotoxic effects in zebrafish have not been documented in any national or
international publication. We selected zebrafish as a new model organism for this study
and administered different concentrations of the drug to zebrafish larvae to thoroughly
assess the potential acute toxicity and cardiotoxicity of PCA exposure. This allowed us to
provide important theoretical references for the evaluation of the toxicity of PCA drugs.

2. Materials and Methods

2.1. Instrumentation

A zebrafish aquaculture system (Beijing Aisheng Technology Co., Ltd., Beijing, China),
Leica M205FA stereo fluorescence microscope (Leica Microsystems, Wetzlar, Germany),
Zeiss LSM880 + Fast Airyscan Laser Confocal Microscope (with Live Cell Workstation),
Leica RM2255 Paraffin Slicer, water bath LWB-24, pathological tissue processing staining
system (YB-6LF, YR-19, ZT-12M), Gradient PCR Instrument T100, LongGene Real-Time Flu-
orescence PCR Instrument Q200B, Zebrafish Behavior Analyzer (ZebraLab), and ViewPoint
Microscope ZEB6202 were used.

2.2. Medicines and Reagents

Procatechaldehyde (batch No. S30202-5g), xylene (batch No. W14278), hematoxylin
anhydrous ethanol solution (batch No. R20587), and neutral gum (batch No. S30509)
were acquired from Yuanye Biotechnology Co. (Shanghai, China). Tricine MS-222 (batch
No. M14788) was bought from Jinan Anxia Biotechnology Co. Ltd, AbMole (Jinan, China).
Fish fixative sodium carboxy methyl cellulose (CMC-Na, lot 419281) was bought from
Sigma-Aldrich, St. Louis, MO, USA. Paraformaldehyde (batch No. CR2209049) was bought
from Sevier (Wuhan, China). Biotechnology Co. 2xSYBR Green qPCR Mix (with ROX)
(batch No. C13720975) was acquired from Ciscojet Biotechnology Co. A SPARKscript
II RT Plus Kit (with a gDNA eraser) (batch No. AG0304-B) was bought from Cisco Jie
Biotechnology Co. (San Jose, CA, USA).

2.3. Animals

AB wild-type zebrafish Tg(cmlc2:EGFP) were acquired courtesy of Zebrafish Labora-
tory, New Animal Centre, Shandong University of Traditional Chinese Medicine, China.
In a zebrafish culture system, every adult male and female zebrafish were kept apart and
maintained at 28 ◦C, pH 7.2 ± 0.2, with a photoperiod of 14 h/10 h (light/dark) and
twice-daily feedings of penaeid shrimp.

3. Methodology

3.1. Breeding and Culture of Zebrafish

Zebrafish reach sexual maturity at three months of age. Four to six pairs of mature
fish were chosen from the tanks and put in a spawning device one night beforehand. The
male and female fish were arranged in a 1:1 ratio, with an insert plate between them. To
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select high-quality embryos for zebrafish spawning, the lights were turned on and the
transparent inserts were taken out the next morning.

3.2. Zebrafish Drug Delivery Solution Preparation

For this experiment, the PCA concentration gradient group (50 μg/mL, 60 μg/mL,
70 μg/mL, and 80 μg/mL) was chosen. One milligram of PCA was precisely weighed, put
in a 1.5 mL EP tube, and dissolved in one milliliter of purified water to create a master
batch with a drug mass concentration of one mg/mL. Next, 100 μL, 120 μL, 140 μL, and
160 μL of the masterbatch were taken from each tube and added to another 15 mL EP
tube. Finally, 1900 μL, 1800 μL, 1600 μL, and 1400 μL of the masterbatch were added to the
zebrafish embryo culture and diluted with water to the equivalent drug mass concentration
of 50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL. The dispensed solution was diluted
with water to an equivalent drug mass concentration of 50 μg/mL, 60 μg/mL, 70 μg/mL,
and 80 μg/mL for further experimental drug delivery. The drug mass concentration drug
delivery system was then formulated in each well of the total fish culture water of 2 mL in
a 24-well plate. One liter of clean water included 0.633 g of KCl, 2.452 g of CaCl2, 14.658 g
of NaCl, and 4.06 g of MgSO4·7H2O for zebrafish embryo culture. The anesthetic was a
0.4mg/mL tricaine solution prepared in purified water.

3.3. Grouping Interventions for Zebrafish

Five groups of experimental zebrafish per Section 2.3 were created: control and
50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL drug concentration groups for PCA. The
drug concentration groups of 50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL PCA were
immersed in drug preparation concentrations based on the experimental requirements, as
determined by the method of Section 3.2. Meanwhile, the control group was maintained in
zebrafish culture water without any intervention.

3.4. Zebrafish with Acute Exposure to PCA Exhibit Teratogenic Toxicity and Epimorphological
Alterations

Normal zebrafish embryos were chosen under a somatic microscope upon spawning
and placed onto 24-well plates, with ten embryos per well. The subjects had exposure
to three duplicate wells in each of the following groups: the control group, the PCA
concentration gradient group (50 μg/L, 60 μg/L, 70 μg/L, and 80 μg/mL), and soak-in
drugs. To enable the embryos to continue developing, each well was filled to a total amount
of 2 mL of embryo culture water, sealed, and kept in a fish room with a thermostat set at 28
◦C. Per FET guidelines [16] and OECD guidelines [17], all developmental endpoints were
identified. Every 24 h, the exposure solution was replaced at 24 hpf (hours after the hour
after fertilization), 48 hpf, 72 hpf, and 96 hpf, respectively. The mortality of each group
was recorded for four days in a row. Thirty zebrafish were fixed under a somatotopic
microscope in 0.3% methylcellulose solution after being anesthetized with 0.4 mg/mL
of tricaine as needed for observation. The zebrafish were then positioned sideways on
slides with their eyes facing opposite directions to observe the embryos with aberrant
development at various times. Every 24 h, hatchability and mortality were carefully tallied.
At 96 h, the malformation rate was computed.

3.5. Acute Exposure to PCA’s Effects on Zebrafish Larvae’s Behavioral Alterations

Similar to the grouping under Section 3.3, zebrafish embryos subjected to a gradient
concentration of 120 hpf PCA were placed in a Zebrabox, a Zebrafish ViewPoint Behaviore
Analyzer, with one larval fish per well, on a 96-well plate. As soon as the analytical setup
was complete, the behaviors of the zebrafish were investigated.

3.6. Acute Exposure to PCA and Its Impact on the Zebrafish Heart’s Sinus Venosus–Arteriolar
Bulb (SV-BA) Distance

Zebrafish with 96hpf Tg(cmlc2:EGFP) were chosen and followed Section 3.3. Under
a stereo microscope, thirty zebrafish were fixed in 0.3% methylcellulose solution after
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being anesthetized with 0.4 mg/mL tricaine. The fish were then placed sideways on slides
across from their eyes, and the heart’s fluorescence was recorded and captured on camera.
Confocal imaging analysis measured the area of PCA on the fluorescent heart, measured
the distance between the sinus venous (SV) and the bulb of the artery (BA) to quantify
the cardiac tube ring, and photographed the zebrafish fluorescent heart under excitation
light [18].

3.7. Morphological Alterations in the Heart of Zebrafish Exposed to PCA

In vivo imaging of the heart of zebrafish at the macroscopic and histological levels
was observed under excitation light using the 96 hpf Tg(cmlc2:EGFP) zebrafish line of
EGFP-labeled cardiomyocytes, as described in Section 3.3 Calculation of the effect of PCA
on the fluorescence morphology area of the zebrafish heart at gradient concentrations and
confocal imaging was carried out to analyze differences in cardiac morphology. The study
used confocal imaging to examine variations in heart morphology.

3.8. Acute Exposure to PCA: Effects on the Heart Function of Zebrafish

The AB zebrafish were chosen and arranged in Section 3.3. Following a 96 h drug
administration period, 30 zebrafish were anesthetized with 0.4 mg/mL tricaine, fixed in
0.3% methylcellulose solution under a somatotrope, and arranged sideways on slides with
their eyes facing opposite directions. Heart rates were then counted every 20 s using
the ViewPoint system’s photos and videos, which allow for the visual analysis of animal
behavior. Zebrafish embryo heart rates were recorded at 20 s intervals in pictures and
movies. To evaluate PCA-induced cardiotoxicity, the pericardial area was measured and
drawn to determine the degree of pericardial edema [19].

3.9. The Impact of Brief Exposure to PCA on the Zebrafish Heart’s Histological Composition

After fixation with a gradient of ethanol, alcohol benzene, and xylene in an embedding
machine in paraffin embedding, 4 μm sections were cut, deparaffinized to water, rinsed in
pure water, and stained with hematoxylin–eosin (HE). The 96 hpf AB wild-type zebrafish,
which are the same as the Section 3.3 grouping drug modeling for 96 h, were taken in the
appropriate amount of 0.4 mg/mL tricaine anesthesia. Sections were cleaned, sealed with
neutral gum, dried by air, and then put in gradient ethanol xylene and dehydrated until
transparent before being photographed.

3.10. Prediction and Enrichment Analysis of Target Genes for PCA-Induced Cardiotoxicity

Using the SwissTarget website prediction (https://swisstargetprediction.ch, accessed
on 1 January 2024) for PCA, possible target genes for the agent’s action were found. You
may discover targets of cardiotoxic effects by searching for the word “cardiotoxicity” at
https://www.genecards.org/Sitesearch, accessed on 1 January 2024. The 84 proteins that
were obtained from SwissTarget and Gene Cards were entered into the String database
(https://cn.string-db.org, accessed on 1 January 2024) to identify the corresponding ze-
brafish target genes. Utilizing the Microbiotics Online Analysis Network (https://www.
bioinformatics.com.cn, accessed on 1 January 2024), the target genes identified by screening
were imported. Figure 1 depicts the network pharmacological flow. The GO functional
classification and KEGG enrichment analysis were performed based on the gene identifica-
tions for MF (molecular function), BP (biological process), and CC (cellular components).
PIK3CA, PARP1, and GSK3β were identified as the main target genes of PCA cardiotoxicity
using network pharmacogenomics. By using RT-PCR, this identity was verified. Using
96 hpf AB wild-type zebrafish (the same as Section 3.3), which were split into groups and
immersed in the drug for 96 h, each group’s 50 zebrafish underwent two rounds of rinsing
in pure water to remove any leftover water. The fish tissue was then extracted in its entirety
to prepare the total RNA and transferred to 1.5 mL of non-enzymatic sterilization of EP
tubes, and reverse transcription was carried out according to the instructions provided
by the RNA Reverse Transcription Kit. The cDNA was reverse transcribed following the
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directions included with the RNA Reverse Transcription Kit, using β-actin as an internal
reference throughout the PCR process. Reaction conditions: 95 ◦C for 3 min; 94 ◦C for 10 s;
65 ◦C for 30 s; 40 cycles. The 2-ΔΔCt method was used to ascertain the mRNA’s relative
expression. The primer sequences are shown in Table 1.

Figure 1. Schematic diagram of the network pharmacology process.

Table 1. Primer sequences (5′–3′).

β-Actin F: AGAGCTATGAGCTGCCTGACG R: CCGCAAGATTCCATACCCA

Pik3ca F: GATCGCCGAAGCCATCAGGAAG R: GTCACAGCCGCAGACCTTCAG
Parp1 F: CATTTGGGTCCCTGAAGCCT R: ACCCAGTCTTTGCGATCAGG
Gsk3β F: AACTCTGCGACTTTGGCAGT R:CGGTGGCTCCAAAGATGAGT

3.11. Statistical Analysis

All experiments were carried out at least three times, and all data are presented as
mean ± S.D. Statistical significance and correlation between the groups were performed
by SPSS 25.0 software (SPSS, Inc., Chicago, IL, USA). All data were analyzed with one-
way analysis of variance (ANOVA) followed by Duncan’s multiple range tests. Values of
p < 0.05 were considered statistically significant.

4. Results

4.1. Examination of the Morphological Alterations and Teratogenic Effects of Acute Exposure to
PCA in Zebrafish

PCA gradient concentrations of 50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL
were selected for observation and photographed at 24 hpf, 48 hpf, 72 hpf, and 96 hpf,
respectively (Figure 2a–c). The figure shows that the zebrafish in the 60 μg/mL exposure
group exhibited noticeable deformities at 72 h. Zebrafish showed spine curvature as the
length of exposure to PCA increased. Zebrafish in the 60 μg/mL exposure group also
showed swim bladder closure, loss, and pericardial edema in addition to yolk cysts. At
96 h, the zebrafish in the 80 μg/mL exposure group had the most prominent exhibition
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of the previously indicated phenomena, and their mortality rate significantly increased as
the exposure concentration increased. This suggests that acute exposure to PCA affects
zebrafish larval development in a concentration-dependent manner.

Figure 2. Acute toxic effects of PCA in zebrafish. (a) Single fish images of zebrafish larvae exposed to
PCA gradient concentrations at 24 hpf, 48 hpf, 72 hpf, and 96 hpf (b) Mortality of zebrafish larvae
exposed to PCA gradient concentrations at 96 hpf. (c) Deformity score of zebrafish larvae exposed to
PCA gradient concentrations at 96 hpf. (d) Schematic diagram of the behavioral trajectory recordings
of 120 hpf zebrafish at a gradient concentration of PCA under Zebrabox. (e) Statistical graph of
distance analysis of the behavioral trajectory of 120 hpf zebrafish at a gradient concentration of PCA.
(f) Statistical graph of the speed analysis of the behavioral trajectory of 120 hpf zebrafish at a gradient
concentration of PCA. (g) Statistical graph of speed–distance analysis of the behavioral trajectory
of 120 hpf zebrafish at a gradient concentration of PCA. Comparison with the blank control group:
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.001 (n = 30). The circles, squares, triangles, inverted
triangles, and diamonds in the diagram represent the data in the histogram. Concentrations of PCA
are expressed in μg/mL.

4.2. An Examination of the Behavior of Zebrafish Larvae Exposed to PCA Acutely

Using a video monitoring and behavioral analysis system, the activity process of
zebrafish exposed to different doses of PCA was recorded in this work. Before filming, the
fish were allowed ten minutes to become used to their new environment. Behavioral data
including speed, distance traveled, and duration of activity were then extracted from the
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video recordings. The overall decrease in the three previously indicated behavioral traits of
the juvenile fish in the exposure group of 70 μg/mL is shown in Figure 2d–g. Conversely,
in zebrafish at 120 hpf, the 80 μg/mL exposure group suppressed the mean rate and
distance traveled and significantly reduced activity time and distance traveled. Therefore,
PCA significantly reduced the zebrafish larvae’s ability to move their locomotor system
at dosages of 70 μg/mL and 80 μg/mL. Meanwhile, PCA led to behavioral limitations in
zebrafish, indicating the occurrence of some neurotoxicity.

4.3. Evaluation of the Acute Exposure of Zebrafish Larvae Heart SV-BA Distance to PCA

Zebrafish cardiac SV-BA distance may be used to gauge the extent of heart injury. A
decrease in the heart stroke volume, per pulse output, ejection fraction, and short axis
shortening rate, is linked to an increase in this distance [20]. Thus, the SV-BA distance was
the main indication used in this experiment to evaluate the toxicity of PCA to zebrafish. The
effects of gradient PCA concentrations at 50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL
on morphological changes in the Tg(cmlc2:EGFP) heart after 96 h were seen using a confocal
imaging system. As compared to the control group, Figure 3a,b shows that the 80 μg/mL
exposed group saw an increase in pericardial enlargement and SV-BA distance (p < 0.01).
There was a discernible decrease in cardiac output and output per beat, along with a
significant delay in the zebrafish yolk sac’s absorption, in the 70 μg/mL and 80 μg/mL
exposure groups. It has been shown that the drug PCA may induce severe cardiotoxicity in
zebrafish larvae at doses of 70 μg/mL and 80 μg/mL.

 

Figure 3. Cardiotoxicity effects of PCA in Tg(cmlc2:EGFP) zebrafish. (a) Confocal imaging of Tg(cmlc2:
EGFP): The control group and PCA gradient concentration group zebrafish larvae SV-BA distances in
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bright and fluorescent fields of view. (b) Statistical analysis graph (SV-BA distance). (c) Morphology
of zebrafish larvae heart in bright and fluorescent fields of view in the confocal imaging: the control
group and PCA gradient concentration group of Tg(cmlc2:EGFP). (d) Graph of statistical analysis of the
fluorescence area of the heart. (e) Schematic diagram of zebrafish heartbeat frequency observed under
the ViewPoint system. (f) Statistical graph of the heartbeat frequency (HZ). (g) Statistical graph of the
heartbeat frequency (bpm). (h) Effect of PCA gradient concentration on the histopathological structure
of the heart of zebrafish larvae. White arrows represent V-A: ventricle–atrium. Note: comparison
with blank control group: ** p < 0.01; *** p < 0.001; **** p < 0.001(n = 30). The circles, squares, triangles,
inverted triangles, and diamonds in the diagram represent the data in the histogram.

4.4. Examination of the Morphological Alterations in the Heart of Zebrafish Exposed to PCA

Zebrafish cardiotoxicity from PCA may be seen right away in the atypical changes
in their cardiac anatomy. Therefore, after 96 h, experiments were conducted using con-
focal imaging equipment to determine the effects of gradient concentrations of PCA of
50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL on the changes in heart shape of Tg(cmlc2:
EGFP). Figure 3c,d show that the zebrafish heart shape was not altered substantially in the
50 μg/mL and 60 μg/mL exposure groups compared to the control group. On the other
hand, the zebrafish heart morphology in the 70 μg/mL exposure group exhibited longi-
tudinal malformation, whereas the heart ventricle in the 80 μg/mL exposure group had
distinct alterations, such as pericardial edema and longitudinal deformity of the atria and
ventricles. According to these results, cardiac damage in PCA was seen at concentration
of 70 μg/mL and 80 μg/mL. This implies that cardiac damage occurred at 70 μg/mL and
80 μg/mL of PCA.

4.5. Evaluation of Zebrafish Heart Function after Acute PCA Exposure

An excessive heart rate causes the coronary artery flow to decrease and the myocardial
diastolic period to shorten, results in inadequate filling, and even causes the compensatory
significance to disappear because of the decrease in output per minute. Blood enters the
zebrafish heart via the venous sinus and leaves the ventricle through the arterial bulb.
Since the zebrafish heart rate reflects the heart’s pumping function [21], it is employed
as a supplemental indicator to assess the zebrafish heart function. The effects of gradient
concentrations of PCA at 50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL on changes in
zebrafish larval heart function at 96 hpf were identified using the Zebrafish ViewPoint
system. As shown in Figure 3e, a deeper black line denotes a regular and powerful
heartbeat, whereas a lighter black line with short intervals suggests a rapid, feeble, and
irregular heartbeat. As shown in Figure 3f,g, compared to the control group, the heartbeat
frequencies of the exposed groups at 70 μg/mL and 80 μg/mL were weak, rapid, irregular,
and dysfunctional. The phenotypic traits were also more prominent in the 80 μg/mL
exposed group. At concentrations of 70 μg/mL and 80 μg/mL, PCA was shown to
affect zebrafish heart function, leading to abnormalities in heart rate and rhythm, cardiac
insufficiency, and a reduction in the pumping capacity.

4.6. Analysis of the Histopathological Slice of the Heart of a Zebrafish Exposed to PCA

After 96 h, HE staining was used to investigate the effects of gradient concentrations of
PCA (50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL) on histopathological alterations in
the heart of zebrafish larvae. As per Figure 3h, there was no discernible difference between
the 50 μg/mL and 60 μg/mL exposure groups and the control group in the histopatholog-
ical sections of the heart. Conversely, the zebrafish heart tissues subjected to 70 μg/mL
and 80 μg/mL had pronounced intercellular vacuoles, damaged nuclei, inflammatory
infiltration, and hazy cell-to-cell borders, indicating serious structural abnormalities and
impairments in the heart cellular structure.
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4.7. Cardiotoxic Target Gene Prediction and Enrichment Analysis Triggered by Acute PCA Exposure
4.7.1. Potential Targets for PCA-Induced Cardiotoxicity

The SwissTarget database was used to determine the 100 active component targets
of PCA. The active ingredient targets were retrieved from the SwissTarget database, and
100 drug targets were acquired after duplicates were removed. As shown in Figure 4a,
9179 cardiotoxic illness targets were retrieved using GeneCards, and 84 common targets
were produced by crossing drug targets with disease targets. These common targets are
probable targets of cardiotoxicity induced by PCA.

Figure 4. Network pharmacology chart. (a) Wayne diagram of cardiotoxicity and PCA intersection
genes. (b) PPI network diagram. (c) GO analysis chart. (d) KEGG analysis chart. (e) Cytoscape
HUB gene map. (f–h) Effect of PCA on PIK3CA, PARP1, and GSK3β mRNA expression of key target
genes of zebrafish cardiotoxicity. Note: comparison with blank control group: * p < 0.05; ** p < 0.01;
*** p < 0.001 (n = 50). The circles, squares, triangles, inverted triangles, and diamonds in the diagram
represent the data in the histogram.
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4.7.2. Networks of Protein Interactions

Figure 4b shows the PPI network of possible targets of cardiotoxicity induced by PCA
dispersions by (https://string-db.org/, accessed on 1 January 2024). The top 10 target genes
of PIK3CA, PARP1, HDAC1, GSK3β, EGFRA, ESR1, BAL211, BCL2A, AR, and PTPRC
were selected based on the degree of significance targeting values by using Cytoscape 3.9.1
software, as shown in Figure 4e.

4.7.3. GO and KEGG Pathway Enrichment Analysis Results

To investigate the potential cardiotoxicity mechanisms of PCA, we used network
pharmacology to predict the target genes that PCA might act on and performed KEGG
and GO functional enrichment analyses of these target genes. As shown in Table 2, the
target genes were found to be enriched in multiple pathways, including “phosphory-
lation, phosphatidyli-n-ositol-3-phosphatebiosynthesis, phosphatidylinositol-mediated,
signaling, cytoplasmic, axonal, phosphatidylinositol-3-kinase, complexclasslA, ATPbind-
ing, 1-phosphatidylinositol-4-ph-osp-hate, 1-phosphatidylinositol-3-kinase, or phosphate
action”. Entries were filtered by p ≤ 0.05 and plotted as an enrichment analysis circle dia-
gram in Figure 4c. We found that PCA may act on zebrafish cardiotoxicity through biological
processes. The results of KEGG analysis showed that these biological processes mainly include
“ErbB signaling pathway, apoptosis and inositol phosphate metabolism” (Table 3, Figure 4d).
Combining the results of the enrichment analyses, we found that the mechanism of action
of PCA-induced cardiotoxicity in zebrafish may be related to the core targets of PIK3CA,
PARP 1, HDAC 1, GSK3β, EGFRA, ESR 1, BAL211, BCL 2A, AR, and PTPRC. Based on the
existing reports, we selected three key target genes (PIK3CA, PARP1, and GSK3β), which
are closely related to cardiotoxicity, from which we performed mRNA validation.

Table 2. GO enrichment analysis including molecular function (MF), cellular composition (CC), and
biological process (BP).

GO Term Subgroup Count

Phosphatidylinositol-3-phosphate biosynthetic process Biological Processes 3
Extrinsic apoptotic signaling pathway in the absence of ligand Biological Processes 3

Protein kinase B signaling Biological Processes 3
Phosphatidylinositol-mediated signaling Biological Processes 3

Phosphorylation Biological Processes 5
Negative regulation of intrinsic apoptotic signaling pathway Biological Processes 2

Cell migration Biological Processes 3
Intrinsic apoptotic signaling pathway in response to DNA damage Biological Processes 2

Phosphatidylinositol 3-kinase complex, class lA Cellular Components 2
Phosphatidylinositol3-kinase complex, class lB Cellular Components 2

axon Cellular Components 3
Cytoplasm Cellular Components 10

Nuclear membrane Cellular Components 2
1-Phosphatidylinositol-4-phosphate 3-kinase activity Molecular Functions 3

1-Phosphatidylinositol-3-kinase activity Molecular Functions 3
Dopamine neurotransmitter receptor activity Molecular Functions 2

ATP binding Molecular Functions 7

Table 3. Analysis of KEGG enrichment.

Number Pathway Enrichment p-Value Count

zab00140 ErbB signaling pathway 26.31292517 0.000364195 4
zab04210 Apoptosis 10.96371882 0.000778384 5
zab04140 Inositol phosphate metabolism 8.05028305 0.002457148 5
zab04012 FoxO signaling pathway 12.44530245 0.003254212 4
zab04510 Autophagy-animal 6.692967885 0.004793276 5
zab04068 Insulin signaling pathway 8.372294372 0.009852925 4
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Table 3. Cont.

Number Pathway Enrichment p-Value Count

zab04910 Herpes simplex virus 1 infection 7.804681195 0.011931379 4
zab01100 Salmonella infection 2.030969565 0.017097321 11
zab05168 Human cytomegalovirus infection 6.771708683 0.017480242 4
zab00562 Metabolic pathways 10.62637363 0.028938037 3

4.7.4. Acute Exposure to PCA’s Effects on the mRNA Expression of the Main Target Genes
for Cardiotoxicity in Zebrafish

We exposed zebrafish larvae to gradient concentrations of PCA (50 μg/mL, 60 μg/mL,
70 μg/mL, and 80 μg/mL) for 96 h. RT-PCR validation revealed a decreasing trend in the
expression of PIK3CA, PARP1, and GSK3β in the gradient concentrations of PCA with
the increase in drug concentration. As shown in Figure 4f, compared with the control,
at PCA concentrations of 50 μg/mL and 60 μg/mL, there was no significant change in
the mRNA expression of the PIk3CA gene. However, at 60 μg/mL and 70 μg/mL, the
expression of the gene PIk3CA showed a decreasing trend compared with the control. There
was no significant change in the mRNA expression of the PARP1 gene at 50 μg/mL PCA
concentration compared with the control group, but the expression showed a decreasing
trend at 60 μg/mL, 70 μg/mL, and 80 μg/mL, as shown in Figure 4g. As shown in
Figure 4h, the mRNA expression of gene GSK3β decreased with the increase in PCA
concentration, and the difference was statistically significant. This suggests that PCA may
cause cardiotoxicity by inducing the expression of PIK3CA, PARP1, and GSK3β, especially
the GSK3β gene; however, further systematic validation is needed to illustrate this.

5. Discussion

PCA has a wide range of pharmacological activities, and its pharmacological effects
have been mainly focused on cardioprotective effects [22]. Several studies have reported
that acute/chronic exposure to PCA may lead to toxic effects. In the present study, we
used zebrafish as a sensitive and susceptible biological model for evaluating the toxicity of
PCA drugs. Acute toxicity in zebrafish embryos is commonly manifested as behavioral
changes such as the closure of the swim bladder, yolk cysts, loss of swim bladder, bending
of the zebrafish trunk, and abnormal motor trajectories, suggesting the manifestation of
neurotoxicity [23,24]. Pericardial edema and abnormal ring formation are frequently ob-
served in zebrafish embryos as morphological changes of cardiac defects [25,26], and these
changes can be reported on the basis of quantification of the pericardial area and SV-BA
distance [27,28]. In addition, the most common dysfunction of the zebrafish cardiovascular
system is abnormal heart rhythms, including tachycardia, bradycardia, atrioventricular
block, premature beats, or fibrillation [29]. Miao Wenyu [30] showed that the Pearson
correlation coefficient between zebrafish embryonic LC50 values and rodent LD50 values
was 0.9271, showing a very strong positive correlation, and a one-way regression was fitted
to the equation y = 0.4525x. Combined with previous studies [22], the LD50 of PCA in
rodents was 1627 ± 115 mg/kg. The LD50 equation was used to calculate the LD50 of PCA
on zebrafish as 57.297 ± 5.02 μg/mL. In addition, in an attempt to further investigate the
degree of toxicity of PCA to zebrafish at the lethal concentration, we combined the pre-test
with a simultaneous selection of concentrations exceeding the upper limit of the PCA
(LD50) concentration to observe the maximal toxicity of PCA to zebrafish. On this basis, the
doses of 50 μg/mL, 60 μg/mL, 70 μg/mL, and 80 μg/mL were selected for the phenotypic
observation of 96 hpf zebrafish. At these dose-induced doses, we observed severe acute
toxic injury and cardiac morphological changes in zebrafish, including pericardial edema,
structural deformities, altered cardiac function, and pathological structural damage. Based
on this, in the present study, we observed the acute toxicity of wild-type zebrafish by count-
ing the acute toxicity after the administration of a gradient concentration of PCA, including
observation of the overall morphological deformity changes, and monitoring the behavioral
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ability and cardiotoxicity by observing the cardiotoxicity in Tg(cmlc2: EGFP) zebrafish,
including the area of cardiac fluorescence, cardiac function, and cardiac pathology slides
for comprehensive evaluation of the intensity of the acute and cardiotoxicity of the gradient
concentration of PCA. It was found that the concentration of PCA at 70 μg/mL resulted
in irregular growth patterns, restricted behavioral function, led to cardiac malformation,
and caused abnormal cardiac function in zebrafish, and this abnormality increased with
the increase in exposure concentration. In order to investigate the locomotor behavior
of zebrafish under acute exposure to PCA, an autonomous locomotion experiment was
conducted in this study, and the results showed that zebrafish larvae exposed to PCA
at the concentrations of 70 μg/mL and 80 μg/mL showed a significant decrease in the
distance and speed of locomotion. These abnormal behaviors indicated that the exposure
to PCA at 70 μg/mL and 80 μg/mL resulted in acute toxicity and abnormal behavioral
functions in zebrafish. Based on this, the present study was the first to comprehensively
and systematically evaluate the effects of PCA on acute toxicity and cardiotoxicity and
to preliminarily elucidate the mechanism of action of PCA-induced cardiotoxicity using
a combination of phenotypic observation, network pharmacology, and experimental val-
idation using zebrafish of the AB and Tg(cmlc2:EGFP) strains. It provides an important
theoretical reference for the evaluation of the drug toxicity of PCA.

In the follow-up experiments, combined with enrichment analysis, three key genes,
PIK3CA, PARP1, and GSK3β, were selected. Among the key target genes, we enriched the
KEGG pathway and further analyzed it by combining it with the existing literature. The
PI3K-AKT signaling pathway in the signaling pathway enrichment results has been proven
to be related to a variety of cardiovascular diseases [31–34]. The phosphatidylinositol-45-
bisphosphate 3-kinase catalytic subunit alpha PIK3CA gene consists of multiple exons and
is expressed in a variety of tissues and organs, and is widely involved in cell proliferation,
survival, and cell cycle regulation, as well as other cellular functional activities [35]. Studies
have shown that PIK3CA can activate PI3K, mediate the phosphorylation of Akt, and
then regulate mTOR and GSK3β, which are involved in the regulation of cell prolifera-
tion, differentiation, and apoptosis [36–38]. PIK3CA is a key initiator of the PI3K-AKT
signaling pathway, which has an important role in regulating biological signaling and
pathway activation. He Yazhou [39] found that miR-320a could promote myocardial fibro-
sis through its target gene PIK3CA in protein interaction analysis of PI3K-AKT pathway
target genes. PARP-1 (poly-ADP-ribose polymerase-1) is an important member of the
PARP family whose main role is DNA damage repair and regulation of apoptosis [40].
Some studies have found that single nucleotide polymorphism changes in PARP-1 are
associated with genetic susceptibility to many diseases [41]. Rumei Men [42] found that
metoprolol reduces cardiomyocyte apoptosis and thus ameliorates MI/R injury mainly
by inhibiting PARP-1 protein expression levels. GSK3β (glycogen synthase kinase 3β) is a
class of highly structurally conserved serothreonine protein kinases that are prevalent in
organisms and eukaryotes and play an important role in the regulation of cellular func-
tions, such as cellular structure regulation, intracellular signaling, cell division, apoptosis,
microtubule movement, and determination of the fate of cells in the process of embry-
onic development [43–47]. In recent years, many studies have confirmed that GSK3β
is an important factor in the regulation of apoptosis [48]. Some studies have confirmed
that the PI3K/AKT/GSK3β pathway promotes fibrosis in myocardial tissues, and its
upregulation damages cardiomyocytes and participates in the pathogenesis of acute my-
ocardial infarction [49–51]. Huang Jing [52] found that downregulation of miR-208 could
inhibit PI3K/AKt/GSK3β signaling pathway-related proteins, which in turn inhibited car-
diomyocyte apoptosis, alleviated the body’s inflammatory response, protected the body’s
cardiomyocytes, and ultimately slowed down the degree of cardiac muscle damage. Com-
bined with the above studies, it is hypothesized that the three key target genes, PIK3CA,
PARP1, and GSK3β, are all associated with cardiomyocyte apoptosis. Apoptosis is a form
of programmed cell death regulated by the exogenous death receptor pathway and the
endogenous mitochondrial pathway, and it is essential for the normal development of the
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cardiovascular system in zebrafish [53]. However, the relevance of PIK3CA, PARP1, and
GSK3β to PCA and their regulatory mechanisms to induce cardiotoxicity in PCA have
rarely been reported [54,55]. Therefore, we performed RT-PCR to validate the expression of
PIK3CA, PARP1, and GSK3β and found that the expression of PIK3CA, PARP1, and GSK3β
decreased in a concentration-dependent manner with the PCA concentration gradient. It
can be preliminarily speculated that the mechanism of PCA-induced cardiotoxicity may be
related to the apoptosis of cardiomyocytes caused by the three core target genes, PIK3CA,
PARP1, and GSK3β. This still needs further investigation and research.

In this experiment, we found that PCA produced severe acute toxicity and cardiotoxic
effects in zebrafish at concentrations of 70 μg/mL and 80 μg/mL. In addition, PIK3CA,
PARP1, and GSK3β may be involved in the mechanism of action of this compound to
induce cardiotoxic effects. In addition, more biological model experiments are needed to
help avoid the toxic side effects and improve the safety of drug use.

6. Conclusions

For the first time, we observed the acute toxicity and cardiotoxic effects of PCA in
wild-type and transgenic zebrafish models and initially explored the mechanism of toxicity
of PCA, with the aim of better understanding the potential toxicity of PCA in order to
achieve the purpose of reducing the adverse effects of PCA and enhancing the medicinal
value of PCA, to provide strong evidence for accelerating the development of new highly
efficient and low-toxicity drugs containing PCA, and also to provide a valuable theoretical
framework for assessing the toxicity of PCA containing drugs. This study provides strong
evidence for accelerating the development of new efficient and low-toxicity drugs for
PCA and provides a valuable theoretical framework for assessing the toxicity of PCA-
containing drugs.
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Abstract: Cassiae semen, commonly consumed as roasted tea, has been widely used for both medicinal
purposes and dietary supplements. In this study, we investigated the nephrotoxic effects and
underlying mechanisms of Cassiae semen aqueous extracts (CSAEs) using computational and animal
models. Both male and female Sprague Dawley rats were treated with 4.73–47.30 g/kg (body weight)
of CSAEs by oral gavage twice a day for 7–28 days. We found that serum and urinary biomarkers
of kidney injury and kidney coefficients were increased in a dose-dependent manner, and were
accompanied by morphological alterations in the kidneys of CSAEs-treated rats. Computational
and molecular docking approaches predicted that the three most abundant components of CSAEs—
obtusifolin, aurantio-obtusin, and obtusin—exhibited strong affinity for the binding of F-actin,
ROCK1, and Rac1, and the RhoA–ROCK pathway was identified as the most likely regulatory
mechanism mediating the nephrotoxicity of CSAEs. Consistently, immunofluorescence staining
revealed F-actin and cytoskeleton were frequently disturbed in renal cells and brush borders at high
doses of CSAEs. Results from gene expression analyses confirmed that CSAEs suppressed the key
proteins in the RhoA–ROCK signaling pathway and consequently the expression of F-actin and its
stabilization genes. In summary, our findings suggest that Cassiae semen can depolymerize and
destabilize actin cytoskeleton by inhibition of the RhoA–ROCK pathway and/or direct binding to
F-actin, leading to nephrotoxicity. The consumption of Cassiae semen as a supplement and medicine
warrants attention.

Keywords: Cassiae semen; nephrotoxicity; RhoA–ROCK pathway; cytoskeleton

1. Introduction

Cassiae semen, a herb consumed as a roasted tea and a class of traditional Chinese
medicine (TCM), is widely used in eastern Asia for weight control and treatment of hyper-
lipidemia, dizziness, constipation, and eye diseases [1–4]. Traditionally, Cassiae semen is
defined as a low toxic agent [4]. However, the safety of Cassiae semen remains controver-
sial. For example, hepatotoxicity has been reported in rats after a 90-day administration
of extract mixed into the fodder [5]. Nephrotoxicity manifested by pigment deposition,
atrophy, or regeneration of renal tubules has also been found in rats after administration
of Cassiae semen (10 g/kg body weight (B.W.)) [6]. These lines of evidence support the
necessity to reevaluate the safety of Cassiae semen.

To date, over 70 components have been isolated and identified from Cassiae semen,
approximately 53 of which are biologically active and structurally distinct anthraquinones
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(AQs) [1]. We previously revealed that after oral administration of Cassiae semen, obtusi-
folin, Epi-9-dehydroxyeurotinone-β-D-glucopyranoside (EDG), aurantio-obtusin, obtusin,
2-O-methyl-9-dehydroxyeurotinone (OMD), rhein, questin, emodin, and cassiaside were
the nine most abundant components in plasma of rats [7]. Aurantio-obtusin, one major
AQ ingredient of Cassiae semen, was shown to induce hepatotoxicity through enhanced
reactive oxygen species (ROS) production, apoptosis, and ferroptosis [8]. Qin et al. found
that after administration of aurantio-obtusin, a major anthraquinone compound of Cassiae
semen at a dose of 200 mg/kg B.W., metabolites of aurantio-obtusin were detected and
identified in the heart, liver, spleen, lungs and kidneys [9]. In a tissue distribution study of
obtusifolin, after intragastric administration of 1.3 mg/kg B.W., obtusifolin was rapidly
distributed into tissues, with the highest distribution in the liver, followed by lung, heart,
kidney, spleen, and brain [10]. Yang et al. also observed the presence of chrysophanol,
emodin, aloe-emodin, rhein, physcion, obtusifolin, and aurantio-obtusin in plasma after
oral administration 1.25 g/kg B.W. of Cassiae semen extract, and the time to reach the
maximum plasma concentration varied from 0.167 to 0.5 h [11]. Nephrotoxicity can be
another problem of Cassiae semen, and the toxic molecules are worth exploring. Some
components of TCMs, such as aristolochic acids, alkaloids, anthraquinones, and flavonoids,
have been reported to cause kidney injury [12,13]. An adverse outcome pathway (AOP)
identified loss of tubular cells and tubular vacuolization as key events in kidney toxic-
ity [14]. Other mechanisms were also involved, such as the direct perturbations of cellular
or subcellular organelle function, cell death (apoptosis and necrosis), calcium dysregulation
and cytoskeleton malfunction [6]. Since the form of aqueous extracts mimics more closely
its consumption as roasted tea and decoction, it is worthwhile to study the influences of
Cassiae semen aqueous extracts (CSAEs) on kidney functions and the potential mechanisms.

Actin is one of the most abundant cytoskeleton proteins to support cellular structure
and functions [15]. Actin cytoskeletal dynamics, which regulates intracellular calcium
(Ca2+) concentration, is controlled by nuclear factor of activated T cells (NFAT)-dependent
transcriptional activity [16] and by Rho GTPases via the RhoA–ROCK signaling path-
way [17,18]. More importantly, cytoskeletal dynamics is also involved in cell death path-
ways, such as apoptosis [19] and necrosis [20]. It has been reported that actin destabilization
is one of the factors mediating nephrotoxicity [21]. However, the intrinsic interaction be-
tween the main ingredients of CSAEs and cytoskeleton and their role in the renal toxicity
of Cassiae semen remains obscure.

In this study, we aimed to elucidate the dose- and time-dependent effects and their
underlying mechanisms of CSAEs-induced nephrotoxicity in rat models and computa-
tional approaches.

2. Materials and Methods

2.1. Chemicals and Materials

Ultrapure water was prepared by a Milli-Q system (Millipore, Bedford, MA, USA).
Creatinine (Cr) and blood urea nitrogen (BUN) assay kits were purchased from Sichuan
Maccura Biotechnology Co., Ltd. (Chengdu, China). Anti-ROCK1 (phospho T455 + S456;
Cat. # ab97592), anti-myosin light chain (phospho S20; Cat. # Ab2480), anti-cofilin (phos-
pho S3; Cat. # ab 12866), and F-actin staining kit (green fluorescence; Cat. # ab112125)
were purchased from Abcam (Cambridge, UK). Anti-RhoA (26C4) (Cat. # sc-418) and
anti-GAPDH (Cat. # A19056) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and Abclonal (Wuhan, China), respectively.

2.2. Preparation of Cassiae Semen Aqueous Extracts (CSAEs)

Cassiae semen (Anguo Qi An Pharmaceutical Co., Ltd., Anguo, China) was prepared
using the seeds of Senna obtusifolia (L.) H. S. Irwin & Barneby (S. obtusifolia). Specifically, the
seeds of S. obtusifolia were immersed in eightfold volumes of distilled water for 30 minutes
(min) and then boiled for 60 min. The residue was mixed with fourfold volumes of distilled
water, decocted for 30 min, and the entire process was repeated twice. All the collected
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supernatants were filtered through eight layers of gauze and condensed to obtain different
concentrations of CSAEs (0.158, 0.525, and 1.577 g/mL).

2.3. Animal Treatment

A total of 32 male and 32 female Sprague Dawley (SD) rats (180–200 g) aged 8–12 weeks
were obtained from the Department of Laboratory Animal Science at Peking University
Health Science Center (Beijing, China). These rats were randomly divided into four treat-
ment groups, with eight rats/sex/group. Typically, the dose level for a toxicology study
should be 10- to 30-folds that of the therapeutic dose to ensure the safety of human con-
sumption. The doses we used are based on the following calculations. According to the
guidelines in the Chinese Pharmacopoeia (2020), the intake of Cassiae semen is limited to
15 g per day: 15 g/60 kg = 0.25 g/kg for humans (the average body weight of an adult
is assumed as 60 kg). For the adjustment of interspecies difference (human-to-animal)
in body size, a parameter value of 6.3 was used (body weight approach). Therefore, the
equivalent dose for rats is 0.25 × 6.3 = 1.575 g/kg. To mimic the long-term and low-dose
exposure in humans using a short-term animal toxicity study, we chose the 3-, 10- and
30-fold equivalent doses, which were equivalent to 4.73 g/kg, 15.75 g/kg, and 47.30 g/kg.
All animals were administered by gavage twice a day for 28 consecutive days. Control
animals were treated with solvent (distilled water). Animals were housed under a con-
trolled light intensity of 200 Lx with a 12 h/12 h light/dark cycle, temperature of 25 ◦C ± 1
◦C, and 55–60% humidity. All experimental procedures were conducted according to an
approved protocol by the Animal Experimental Ethical Committee of Peking University
(LA2017227, Beijing, China) and under the guidelines of the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC).

2.4. Serum Biochemical Parameters

Elevated levels of Cr and BUN are the most commonly used markers of kidney injury.
Serum Cr and BUN levels were detected on days 0, 7, 14, and 28 of CSAEs treatment using
a serum biochemistry analyzer (Hitachi, Tokyo, Japan). Blood was collected via the orbital
venous plexus, kept at room temperature for 30 min for coagulation, and then centrifuged
at 3000× g for 10 min (1630 RCF, MF300, Incheon, Republic of Korea).

2.5. Urinalysis

The urinary calbindin, kidney injury molecule 1 (KIM-1), osteopontin (OPN), neu-
trophil gelatinase-associated lipocalin (NGAL), cystatin C, and β-2-microglobulin (β2M)
levels were early indications of kidney injury. Urinary samples were collected 12 h after
the last treatment on the day, immediately centrifuged at 3000× g for 10 min (1630 RCF,
MF300, Incheon, Republic of Korea), and then tested by a Milliplex Luminex 200TM and
Milliplex® Map Kit following the manufacturer’s instructions (Cat. # RKTX2MAG-37K and
RKTX1MAG-37K, EMD Millipore, Billerica, MA, USA). Calbindin, KIM-1, and OPN levels
were tested on days 7, 14, and 28, and β2M, cystatin C, and NGAL/lipocalin 2 levels were
tested on day 28 of CSAEs treatment.

2.6. Histopathological Examinations

Rats were sacrificed on day 28 and the left kidney were collected. Kidneys were fixed
in 4% paraformaldehyde, sequentially dehydrated with ethanol and xylene, embedded in
paraffin, sectioned at 5 μm thickness, and stained with hematoxylin and eosin (H&E) for
histology. The H&E-stained kidney sections were analyzed under an optical microscope
(Olympus, Tokyo, Japan) to examine morphological changes.

2.7. Fluorescent Staining of Cellular Cytoskeleton

Kidneys embedded in paraffin were sliced into sections of 4 μm thickness, deparaf-
finized and hydrated, and then rinsed in distilled water and phosphate-buffered saline
(PBS) 3 times. Tissue sections were incubated in 0.5% Triton X-100 for 30 min to allow
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permeabilization and then with green fluorescent phalloidin conjugate for 1 h followed by
rinsing with 1× PBS. Images were recorded using a confocal laser-scanning microscope
(Nikon, Tokyo, Japan) with an FITC emission filter (488/520 nm).

2.8. Molecular Docking

Cytoscape (version 3.7.2) software was used to construct a composition–target inter-
action network model with the nine most abundant components of CSAEs identified in
rat blood and key proteins of four renal injury pathways. Nodes in the network represent
compounds or proteins. If a protein is a potential target for a specific CSAEs compound,
the nodes are linked by edges.

To explore the potential mechanism of kidney injury caused by CSAEs, the key pro-
teins of different kidney injury pathways (apoptosis, necrosis, calcium regulation, and
cytoskeleton regulation) were the central focus, and the 3D structures of these proteins
were retrieved from the Protein Data Bank (PDB). The interactions between these proteins
and the nine major components in CSAEs (Figure 1) were predicted using SYBYL-X 2.0
software (Tripos, St. Louis, MO, USA). Before docking, the proteins were prepared by
removal of water molecules, metal ions, and solvent molecules, repair of side chains and
side chain amides, and addition of hydrogen atoms. The nine major components, the
ligands of proteins, were prepared by the addition of Gasteiger–Hückel charges in the
Tripos force field to attain minimum energy status. Using SYBYL-X 2.0 software, a total
score was used as a comprehensive evaluation of hydrophobic complementarity, polar
complementarity, solvation terms, and entropic terms. When a total score is higher than 7,
the interaction between the protein and molecule is considered as stable.

 
Figure 1. Structures of the 9 major components identified in rat plasma after 28 days of CSAEs
administration. EDG, Epi-9-dehydroxyeurotinone-β-D-glucopyranoside; OMD, 2-O-methyl-9-
dehydroxyeurotinone.

2.9. RNA Isolation and RT-qPCR

Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) was per-
formed to examine the expression of genes related to the RhoA–ROCK pathway. Total
ribonucleic acid (RNA) was isolated from kidney tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Subsequently, complementary deoxyribonucleic acid (cDNA) was
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synthesized from 10 μL of total RNA using a reverse-transcriptase reaction. To quantify
the relative messenger RNA (mRNA) expression, the primers were synthesized, as shown
in Table S1, with Gapdh used as the internal reference. Relative mRNA expression was
calculated using the 2−ΔΔCt method, and the fold change was normalized to the expression
levels of control animals.

2.10. Western Blotting

Total protein was extracted from kidneys by RIPA buffer supplemented with pro-
teinase inhibitors and phosphatase inhibitors and then centrifuged at 14,000× g for 5 min
at 4 ◦C. The protein concentration in the supernatant was measured using the BCA method
and denatured at 100 ◦C for 10 min. Equal amounts of protein (15 μg) were separated
on a 4–15% precast gel and then electrophoretically transferred to polyvinylidene difluo-
ride membranes at 220 mA for 120 min. The membranes were blocked with 5% bovine
serum albumin in Tris-buffered saline with 0.1% Tween 20 (TBST) buffer for 120 min at
room temperature and then rinsed three times in TBST for 10 min. The membranes were
incubated with primary antibodies in TBST overnight at 4 ◦C, and then blots were probed
by incubation with a secondary antibody for 120 min at room temperature. Finally, the
proteins were visualized using ECL chemiluminescence solution and imaged by a Tanon
4500 System (Tanon, Shanghai, China).

2.11. Statistical Analysis

Data analyses were performed using SPSS 22.0 software (IBM, New York, NY, USA).
All data are presented as means ± standard deviation (SD), and statistical significance was
tested by one-way analysis of variance (ANOVA) followed by a least-significant difference
test (LSD) for multiple comparisons as appropriate. A p value < 0.05 was considered
statistically significant.

3. Results

3.1. Administration of CSAEs Induces Nephrotoxicity in Rats

To evaluate the effects of Cassiae semen on renal functions, rats were treated with
different doses of CSAEs for 7–28 days. Renal injury was examined by the measurement
of serum and urine biomarkers. Increases in Cr and BUN are critical manifestations of
acute kidney injury. We did not observe obvious dose- or time-dependent effects in either
male or female rats. However, when compared to the control group at days 7, 14, and 28,
the levels of Cr and BUN in male rats treated with medium dose and the BUN levels in
female rats treated with low dose were significantly elevated (Figure 2). According to the
RIFLE criteria, a 1.5-fold increase in Cr level indicates an increased risk of renal injury and
a 2-fold increase indicates renal injury [22]. We thus postulated that CSAEs may cause mild
damage to kidneys, which led us to further investigate using urinalysis.

Then, we analyzed urinary levels of renal damage marker proteins KIM-1, OPN,
calbindin, β2M, cystatin C, and NGAL (Figures 3 and 4, Table S2). Compared to control
rats, urinary levels of KIM-1, OPN, and calbindin proteins were markedly increased in
male rats treated with 15.75 or 47.30 g/kg of CSAEs for 7 to 28 days (Figure 3A,C,E).
In female rats, a significant rise in KIM-1 protein level was noted at day 7 of CSAEs
treatment, which became comparable with control animals at later time points (Figure 3B).
By contrast, similar to male rats, the urinary levels of OPN and calbindin proteins remained
significantly higher for all three treatment durations when compared to time-matched
control rats (Figure 3D,F).
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Figure 2. CSAEs increased serum Cr and BUN levels in rats. Male and female SD rats were treated
with CSAEs (4.73, 15.75, and 47.3 g/kg/day) for 7–−28 days. Serum was collected after the final
treatment at each time point. (A,B) Serum Cr levels in male (A) and female (B) rats; (C,D) serum
BUN levels in male (C) and female (D) rats. * and ** indicate p < 0.05 and p < 0.01, respectively, when
compared with the vehicle control rats; n = 8 in each sex.

Figure 3. Cont.
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Figure 3. CSAEs increased urinary KIM−1, OPN, and calbindin protein levels in rats. Male and
female SD rats were treated with CSAEs (4.73, 15.75, and 47.3 g/kg/day). Urine was collected after
the final treatment on days 7, 14, and 28. (A,C,E) Levels of KIM−1, OPN, and calbindin in male rats;
(B,D,F) results of the female rats. * and ** indicate p < 0.05 and p < 0.01, respectively, when compared
with the vehicle control rats; n = 8 in each sex.

Figure 4. CSAEs−induced elevation in β2M, cystatin C, and NGAL levels in urine. Male and female
SD rats were treated with AECS (4.73, 15.75, and 47.3 g/kg/day). Urine was collected after the final
treatment on day 28. β2M (A), cystatin C (B), and NGAL (C) levels were measured by assay kits.
* and ** indicate p < 0.05 and p < 0.01, respectively, when compared with the vehicle control rats; n =
8 in each sex.
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We further determined the urinary levels of β2M, cystatin C, and NGAL on day 28 of
CSAEs treatment. Results showed that treatment of CSAEs, particularly at the highest dose
(47.30 g/kg), caused obvious increases in the levels of these three marker proteins in both
male and female animals (Figure 4). Interestingly, we noted a significant difference in the
urinary β2M levels between male and female rats at basal and CSAEs-treated conditions,
while there was no such difference for cystatin C and NGAL proteins (Figure 4). Tsuji et al.
compared the urinary biomarker excretion levels between male and female rats at 5, 7, 9,
and 12 weeks of age, and revealed higher excretion levels of β2-microglobulin (β2-MG) in
male rats than female rats [23], in line with our findings. Despite such sex differences in
absolute amounts, both male and female rats showed the same pattern, but with changes
by different extents in nephrotoxicity markers after the administration of CSAEs. Together,
these data demonstrate that high doses of CSAEs treatment cause renal damage as early as
day 7 in both male and female rats.

3.2. Changes in Organ Coefficients and Histopathology by CSAEs Administration

As presented in Figure 5, compared to the control group, the organ coefficients of the
kidneys were significantly increased in all treatment groups of both male and female rats.
These increased approximately 25% in male and female rats treated with the highest dose
(47.30 g/kg) of CSAEs.

Figure 5. Kidney coefficients of male and female rats after a 28-day repeated oral dose toxicity study
of AECS. ** p < 0.01 compared with the control (n = 8).

The histopathological changes in kidney tissues after CSAEs treatment were presented
in Figure 6. Compared to the well-characterized normal kidney tissue structures in control
rats, morphological changes in the kidney were evident in all treatment groups and both
sexes, as evidenced by larger and swelling glomeruli, shrunken or even disappearance of
glomerular capsules, tubular dilatation and congestion, and the presence of protein cast
or granular cast in the renal tubular lumen. Thus, these results also support the presence
of renal toxicity in CSAEs-treated rats. As there is no obvious difference between male
and female rats in most biochemical and histopathological markers, only male rats were
employed for the following mechanistic investigation.

Figure 6. Representative histopathological images of male (A) and female (B) rats after administration
of CSAEs for 28 days. Arrows indicate the damaged glomerulus tubes. Scale bar = 50 μm; n = 8.
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3.3. Molecular Docking Predicts the Potential Mechanisms of CSAEs-Induced Kidney Injury

To examine the underlying mechanisms mediating CSAEs-induced nephrotoxicity,
we applied an in silico approach to evaluate the molecular interactions between nine
major components in CSAEs and the key regulatory proteins of four pathways known for
their involvement in kidney injury. As shown in Figure 7 and Table S3, there were 14, 7,
13, and 12 proteins in the RhoA–ROCK pathway, apoptosis pathway, calcium regulation
pathway, and necrosis pathway, respectively, which correspondingly generated 51, 9,
45, and 36 compound–protein complexes with a total score higher than 7 in these four
pathways. Of note, the percentage of target proteins for the nine major components in the
Rho and Rho-associated coiled-coil protein kinase (ROCK) pathway was greater than that
in the other three pathways. The overall docking situation was shown in Table S4. These
results indicate a direct interaction between the nine major components in CSAEs and the
RhoA–ROCK pathway.

Figure 7. Cytoscape shows the interactions between 9 major components of CSAEs and 4 known
kidney injury pathways. The RhoA–ROCK pathway, apoptosis pathway, calcium regulation pathway,
and necrosis pathway are represented by blue, pink, purple, and green, respectively.

We next examined how the RhoA–ROCK pathway could possibly interact with the
components of CSAEs. Since obtusifolin, aurantio-obtusin, and obtusin were the three
most abundant components of CSAEs, we focused on these compounds for exemplary
illustration. Intriguingly, all of obtusifolin, aurantio-obtusin, and obtusin were found to
directly bind to F-actin, ROCK1, occludin, and Rac1 proteins through the formation of
different degrees of hydrogen bonds and hydrophobic bonds (Figures 8–10 and Table S5).
Specifically, obtusin and aurantio-obtusin bonded with Rac1 via hydrogen bonds formed by
the interaction with Ala159 (A) and Lys116 (A). Obtusin and obtusifolin bound to ROCK1
via hydrogen bonds formed by the interaction with Phe87 (C) and Ala86 (C). Obtusin
and obtusifolin bound to F-actin via hydrogen bonds formed by interactions with Asp153
(A), Gln136 (A), Gly14 (A), and Leu15 (A), while aurantio-obtusin interacted with Lys335
(A) and Glu213 (A). Thus, these computational predictions imply that the RhoA–ROCK
signaling pathway and F-actin could be potential targets of CSAEs.
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Figure 8. Molecular docking of aurantio-obtusin into the active sites of human F-actin (A,B), Rac1
(C,D), and occludin (E,F). The 3D structure is shown in panels (A,C,E), while the 2D structure is
shown in panels (B,D,F).
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Figure 9. Molecular docking of obtusifolin into the active sites of human F-actin (A,B), Rock1 (C,D),
and RhoA (E,F). The 3D structure is shown in panels (A,C,E), while the 2D structure is shown in
panels (B,D,F).
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Figure 10. Molecular docking of obtusin into the active sites of human F-actin (A,B), Rac1 (C,D),
and Rock1 (E,F). The 3D structure is shown in panels (A,C,E), while the 2D structure is presented in
panels (B,D,F).

3.4. F-Actin Protein Expression Was Inhibited in the Kidneys of CSAEs-Treated Rats

To validate the in silico prediction findings, F-actin expression was determined in rat
kidneys after 28 days of administration of CSAEs. Results from immunofluorescence stain-
ing showed that compared to intact cytoskeleton and membrane structure as well as clear
brush borders in the proximal tubules of control rats, F-actin expression was significantly
suppressed in the kidneys of CSAEs-treated rats, which was accompanied by disrupted
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membrane and brush borders in renal cells (Figure 11). Together with computational
prediction, these results identify that F-actin is a toxic action target of CSAEs.

Figure 11. Immunofluorescence staining showing F-actin expression was inhibited in kidney tissues
in CSAEs-treated rats. Alexa 488 phalloidin staining for F-actin (green) in the kidneys of male rats
after administration of CSAEs for 28 days. The injury sites are indicated by white arrows. Scale
bar = 50 μm; n = 8.

3.5. The RhoA–ROCK Pathway Is Inhibited by CSAEs

To elucidate the molecular mechanisms mediating F-actin disruption by CSAEs, we
focused on the RhoA–ROCK pathway, since cytoskeleton formation is partially controlled
by the activity of this pathway and our in silico analyses suggested possible interac-
tions between CSAEs and regulatory proteins of this pathway. Actin filament assem-
bly/disassembly can be regulated by cofilins that integrate transmembrane signals to
coordinate the spatial and temporal organization of actin filaments [24]. These transmem-
brane signals mainly involve cell–cell junctions, such as ZO-1, occludin, claudin, and
JAMs [25]. As expected, the mRNA expressions of RhoA, Rac1, ROCK1, actin, cofilin, CDC42,
ZO-1, and JAM1 were significantly and dose-dependently downregulated in renal tissues
of rats treated with higher doses of CSAEs (15.75 and 47.30 g/kg) (Figure 12A–C). Similar
effects were also observed in JAM4 and occludin mRNA expression, despite their mRNA
levels being significantly induced in rats treated with low-dose CSAEs (4.73 g/kg), and the
expression of claudin-1 mRNA was also stimulated by CSAEs (Figure 12A).
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Figure 12. Effects of CSAEs on the expression of key regulatory genes of F-actin formation, assembly,
and stabilization in the kidneys. Male SD rats were treated with CSAEs at the indicated doses for
28 days. The mRNA expression (A–C) was normalized to Gapdh mRNA, and protein expression (D)
was normalized by GAPDH protein. Fold change (E) was calculated relative to untreated control rats.
* and ** indicate p < 0.05 and p < 0.01, respectively, when compared with the vehicle control rats, n =
3.
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In line with the mRNA expression profile, kidney tissue from CSAEs-treated rats ex-
pressed lower levels of GTP-RhoA protein and phosphorylated ROCK and cofilin proteins
than that of control rats, while no changes were observed in phosphorylated levels of MLC2
protein (Figure 12D,E). The results suggest that CSAEs can inhibit the RhoA–ROCK–cofilin
pathway, leading to disruption of actin depolymerization and F-actin stabilization and
consequently renal toxicity.

4. Discussion

In earlier studies, Lee et al. [26] reported that Cassia tora Linn seed ethanol extract
exhibited no treatment-related adverse effects, even at doses of over 2000 mg/kg/day
in both sexes in rats, and no target organs were identified. Gao et al. [5] investigated
the subchronic toxicity of ethanol extract of Cassiae semen. They detected increasing
levels of BUN in 25, 35, and 45 g/kg B.W. dose groups and pigmentation in the kidney
in 45 g/kg B.W. group, but they did not detect the main components of ethanol extract.
Pei et al. [6] observed pigment deposition in the epithelial cells of the renal proximal
convoluted tubules and atrophy or regeneration of renal tubules in SD rats after treatment
with 10 g/kg B.W./day of freeze-dried powdered Cassiae semen, whose main compounds
are anthraquinones, for 26 weeks. They also found that the male rats were more sensitive
to freeze-dried powdered Cassiae semen than the female rats. Our findings were distinct
from the observations of that study. In the present study, we obtained new findings in both
renal effects and action mechanisms in rats treated with 4.73–47.30 g/kg B.W. of CSAEs for
28 days, and concluded that obtusifolin, aurantio-obtusin, and obtusin may disrupt the
cytoskeleton by interacting with F-actin, Rac1, and ROCK1 after 28 days of administration
of CSAEs.

The increase in Cr and BUN in serum indicated the risk of renal injury, while the
increase in KIM-1, cystatin C, and β2M in urine and the changes in kidney histopathology
indicated that CSAEs caused dysfunction of glomerular filtration and tubular damage.
Brush borders, which are developed by kidney tubule epithelial cells, increase the cell
surface and are required for the digestion and absorption of lumen components, which
are vital to tubular reabsorption. Brush borders are mainly constituted by microvilli, and
are single apical poles rich in cylindrical membrane protrusions. Each microvillus has
an actin bundle backbone that is composed of 19 actin filaments [27]. F-actin staining
demonstrated the disappearance of the brush border, which indicated that dysregula-
tion of the actin cytoskeleton could be the main cause of kidney injury after 28 days of
CSAEs administration.

Few experimental studies have shed new light on molecular and cellular mechanisms
of Cassiae semen-induced nephrotoxicity. Huang et al. found that the mitochondrial path-
way is involved in the nephrotoxicity induced by rhein, emodin, and aurantio-obtusin [28].
However, our previous study indicated that obtusifolin, aurantio-obtusin, and obtusin have
high plasma concentrations and can accumulate in rat plasma after 28 days of administra-
tion of CSAEs [7]. In addition, apoptosis and necrosis are often related to mitochondrial
dysfunction in the kidney [29], suggesting that the apoptosis pathway and necrosis path-
way may not be core pathways. Therefore, obtusifolin, aurantio-obtusin, and obtusin were
regarded as major nephrotoxicity components in CSAEs and may be involved in another
pathway. In this study, according to the results of the composition–target interaction net-
work model, most key regulatory proteins are related to the Rho–ROCK pathway, and actin
is closely related to the RhoA–ROCK pathway.

We first explored the effects of Cassiae semen on regulating the actin cytoskeleton
using molecular docking. The results indicated that the components in Cassiae semen are
more likely to directly regulate the actin cytoskeleton through interaction between the
key proteins in the RhoA–ROCK pathways, especially the proteins F-actin, Rac1, ROCK1,
and occludin. The RhoA–ROCK signaling has been extensively investigated since it is
critically involved in cell growth, differentiation, migration, cell contraction, adhesion,
inflammation, and survival from apoptosis [30,31]. Rho GTPases act as molecular switches
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in the cell by cycling between the inactive GDP-bound state and the active GTP-bound state.
The activation of RhoA stimulates ROCK, the downstream effector that phosphorylates
LIM kinase (LIMK), myosin light chain (MLC), and cofilin, subsequently impacting some
cellular processes [32], such as actin cytoskeleton remodeling, cell adhesion and migration,
reactive oxygen species (ROS) formation, and cell apoptosis [33]. A study showed that
inactivation of the Rho–ROCK1 pathway was associated with significant improvement
in proteinuria and tubulointerstitial fibrosis, and could affect kidney function in small
congenic regions (e.g., RBF and GFR) [34]. Another study revealed that in canine kidney
cells, apoptosis could be induced through mitochondrial malfunction and cytoskeleton
disassembly [21].

Therefore, we turned to the molecular level to see whether the RhoA–ROCK pathway
played the most important role in our model. Results of RT-PCR and Western blot showed
that GTP-RhoA, and p-cofilin, but not p-MLC-2, were downregulated at the protein level,
while mRNAs related to upstream proteins (ZO-1, RAC1, JAM1, JAM4, occludin, claudin,
and CDC42) were downregulated as well. This indicated that Cassiae semen preferred to
impact the activity of cofilin rather than MLC2. It has reported that ROCK can promote
the increase of intracellular Ca2+ concentration through the activation of Ca2+/calmodulin-
dependent MLCK, resulting in the phosphorylation of MLC2 [35]. Thus, we speculate
that the calcium regulation pathway can also be a secondary pathway. Whether cofilin
promotes actin assembly or disassembly depends on the concentration of cofilin relative
to actin and the relative concentrations of other actin-binding proteins. When the ratio of
cofilin/actin subunits in the filament is low (less than 1%), persistent filament severing
occurs. Cofilin severs rapidly but transiently at higher cofilin/actin molar ratios because it
binds to F-actin cooperatively and stabilizes F-actin in a twisted form as it saturates the
severed pieces [36]. As an actin depolymerizing factor, cofilin can be blocked by activating
the RhoA–LIMK–cofilin pathway [37], and dephosphorylation of cofilin enhances the
activation to induce apoptosis [38]. In the present study, we demonstrated that Cassiae
semen can interact with transmembrane signals, impact the RhoA–ROCK pathway, and
lead to a change in cofilin and actin cytoskeleton, and that the main components of CSAEs
can influence actin by the RhoA–ROCK pathway or bind directly to F-actin. It has been
shown that the Rho family small G protein Rac–GTP signaling pathway phosphorylates
LIMK1 at Thr508 and LIMK2 at Thr505 by p21-activated kinases 1 and 4, which further led
to phosphorylation of cofilin at Ser3 [39]. Activated cofilin converts the polymer F-actin
into monomer G-actin, which in turn affects the formation of the cytoskeleton. The loss of
p-cofilin decreased the stability of F-actin. However, the exact molecular initiation event is
still worthy of further investigation because CSAEs are a mixture. Our findings indicate
the disruption of actin as a key event of CSAEs-mediated nephrotoxicity in rats.

In conclusion, we demonstrated that Cassiae semen can cause nephrotoxicity after
28 days of repeated administration in rats and that the potential action mechanisms were the
abnormal structure of glomeruli and tubules, especially tubules, which manifested as the
disappearance of F-actin (Figure 13). Taking together the results of molecular docking and
the nephrotoxicity mechanism, Cassiae semen impacts actin cytoskeleton depolymerization
and filament stabilization by interacting with the RhoA–ROCK pathway and/or directly
binding to F-actin.
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Figure 13. Schematic illustration showing dysregulation of actin dynamics by CSAEs via the RhoA–
ROCK signaling pathway.
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Abstract: (1) Background: To investigate the risk factors associated with optic neuropathy (ON)
and validate the hypothesis that concomitant isoniazid use and other causes of toxic ON affect the
development of ON in ethambutol users. (2) Methods: This cohort study identified ethambutol users
who initiated ethambutol therapy between January 2015 and December 2021 and had no ON prior to
ethambutol therapy. ON incidence up to 31 December 2022 was evaluated. The users were grouped
on the basis of the presence of ON. Demographic and clinical characteristics were investigated for
risk factor analyses of ON. Odds ratios (ORs) were calculated using multivariate logistic regression
analyses. (3) Results: Among 204,598 ethambutol users, 5277 (2.6%) patients developed ON over the
study period. Patients with ON included a higher percentage of women and had a higher mean age
than patients without ON. In the multivariate analyses, the risk factors for ON and visual impairment
included sex, age, cumulative dose, extrapulmonary indications for ethambutol use, and systemic
conditions such as diabetes, hypertension, hyperlipidemia, diabetes, kidney disease, and liver
disease. Malnutrition or nutritional disorders significantly increased the risk of ON (OR = 1.27, 95%
confidence interval [CI] = 1.19–1.34), whereas concomitant isoniazid use decreased the risk (OR = 0.78,
95% CI = 0.72–0.86). (4) Conclusion: An increased risk of ON in patients with systemic diseases
and nutritional deficiency was identified, whereas concomitant isoniazid use was associated with a
decreased risk of ON. Patients with these risk factors should be carefully monitored to minimize the
vision-threatening ON.

Keywords: ethambutol; optic neuropathy; risk factors

1. Introduction

Ethambutol, a key anti-tuberculosis medication, can induce optic neuropathy (ON),
potentially leading to significant vision loss [1,2]. This adverse effect, known as ethambutol-
induced ON (EON), often manifests as painless, progressive vision loss and can result
in irreversible blindness if not promptly detected and managed [1,2]. Studies report that
ON incidence ranges from 0.5% to 6% among ethambutol users, with older age, renal
impairment, and daily dose >15 mg/kg implicated as potential risk factors [1–5]. The
concomitant use of other anti-tuberculosis drugs, such as isoniazid, has been suggested as
a contributing factor [6].

Isoniazid, another cornerstone of tuberculosis therapy, is known for its neurotoxic po-
tential, which primarily manifests as peripheral neuropathy [7]. This side effect is attributed
to the drug’s interference with pyridoxine (vitamin B6) metabolism, leading to a functional
deficiency in the nerves [8]. Pyridoxine is essential for neurotransmitter synthesis, and its
depletion can result in various neurological diseases such as peripheral neuropathy [8,9].
Although isoniazid is more commonly associated with peripheral neuropathy, there is
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growing concern that its neurotoxic effects might also affect the optic nerve, thus potentially
compounding the risk of EON when isoniazid is used in combination with ethambutol [10].

However, ON can stem from various sources, including exposure to toxic substances
and nutritional deficiencies [11]. For instance, alcohol consumption is linked to toxic
ON and may exacerbate the risk of EON because of its metabolic effects [12]. Heavy
smoking and nutritional deficiencies, such as vitamin deficiencies, are also associated with
ON [11,13]. The prolonged use of ethambutol has been linked to deficiencies in vitamins E
and B1, potentially exacerbating optic neuropathy by interacting with the nutritional cause
of optic nerve damage [11]. Additionally, the combination of ethambutol with isoniazid
and other nutritional or systemic factors that lead to toxic ON may further complicate ON
development [1,6], making considering these interactions crucial to clinical management.
Several studies suggest that the concurrent use of ethambutol and isoniazid and the
presence of other risk factors, such as metabolic or nutritional deficiencies, could increase
the susceptibility to ON [6,10,14], although the evidence is inconclusive, highlighting the
need for careful monitoring and early intervention.

Given these associations, we hypothesized that concomitant isoniazid use and metabolic/
nutritional deficiencies could serve as risk factors for EON, although this association has
not been validated. Our study aims to validate this hypothesis by exploring systemic dis-
eases/comorbidity data in a nationwide cohort of ethambutol users in South Korea by using
a national health claims database. We specifically focused on understanding the interplay
between ethambutol, isoniazid, and other potential conditions associated with ON.

2. Materials and Methods

2.1. Study Design and Population

This nationwide cohort study utilized the Health Insurance Review and Assessment
Service (HIRA) database, which is a health claims database in South Korea covering ap-
proximately 50 million individuals (97% of the overall population). The database comprises
comprehensive data on medication records, demographic details, and medical diagnoses
utilizing the Korean Standard Classification of Diseases (either the seventh or eighth revi-
sion), which is slightly modified from the International Statistical Classification of Diseases
and Related Health Problems, Tenth Revision (ICD-10) [15].

Ethambutol users who initiated therapy between 1 January 2013 and 31 December
2021 were identified for inclusion in the study cohort. To focus on users who began the
drug between 1 January 2015 and 31 December 2021, we excluded those receiving an
ethambutol prescription between 1 January 2013 and 31 December 2014. This exclusion
criterion was based on the assumption that the absence of ethambutol prescriptions for two
years prior to 2015 indicates no history of ethambutol use before 2015, given its continuous
prescription for treatment in typical tuberculosis patients, as employed in previous studies
on drug toxicity [15,16]. Ethambutol initiation was defined as the first prescription fill date
within the study period. Among the included patients, those with pre-existing ON or a
diagnosis of multiple sclerosis were excluded to ensure that the analyzed cohort was devoid
of pre-existing ON or other frequently encountered causes of optic neuritis/neuropathy.
The cohort for final inclusion consisted of 204,598 ethambutol users and was followed
from the date of ethambutol initiation until 31 December 2022 to evaluate the occurrence
of ON. Figure 1 shows the inclusion/exclusion criteria and the number of subjects after
applying the criteria. This research acquired approval from the Institutional Review Board
of Hanyang University Hospital (file no. 2023-11-008) and adhered to the Declaration of
Helsinki. The need for informed consent was waived because of the retrospective nature of
our study and the utilization of anonymized data.
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Figure 1. A flowchart of the study population and inclusion/exclusion criteria in this study.

2.2. Exposure and Outcome Assessments

Information on age, sex, systemic diseases (such as diabetes, hypertension, hyperlipi-
demia, kidney disease, and liver disease), and medication history (particularly ethambutol
and isoniazid use) were extracted from the HIRA database. Additionally, the potential
causes of toxic ON, such as alcohol, tobacco, and nutritional deficiencies, were assessed.
Given that there were no specific data on the uptake of alcohol or tobacco from the database,
information on alcohol- or tobacco-related disorders or alcohol or tobacco dependence was
identified on the basis of ICD-10 codes. Supplementary Table S1 shows a summary of the
diagnostic codes used for this study.

The occurrence of ON, which is the primary outcome of this study, was identified
using the diagnostic codes of several categories of ON within the database, including codes
for overall ON (ICD-10 codes H46, H47.7, and H47.2), optic neuritis/ON (ICD-10 code
H46), and optic atrophy (ICD-10 code 47.2), and a concomitant prescription of ethambutol.
Furthermore, visual impairment was assessed as a secondary outcome by using relevant
diagnostic codes, including visual impairment or blindness (ICD-10 codes H54.0 and
H54.4).

2.3. Statistical Analysis

Descriptive statistics were used to summarize the demographic and clinical charac-
teristics of the study population. Categorical variables were presented as frequencies and
percentages, whereas continuous variables were reported as means with standard devia-
tions or medians with interquartile ranges as appropriate. Multivariate logistic regression
analyses were conducted to determine the adjusted odds ratios (ORs) for the risk of ON
associated with each characteristic while controlling for potential confounding variables.
Covariates for multivariate logistic regression analyses included age, sex, cumulative dose
of ethambutol, diabetes, hypertension, hyperlipidemia, kidney disease, liver disease, mal-
nutrition/nutritional deficiency, alcohol-related diseases, and tobacco-related diseases as
covariates. These factors were selected on the basis of study results indicating their associa-
tion to ON or their significance to the pharmacokinetics of ethambutol therapy (i.e., liver
disease and kidney disease). The same analyses were performed to identify risk factors
with visual impairment/blindness. Baseline (at the time of ethambutol initiation) predictive
factors, which were associated with late ON development during the observation period,
were also assessed, and hazard ratios (HRs) were calculated for each factor by adjusting for
other confounding variables. The HRs of clinical variables such as age; sex; daily dose of
ethambutol; indication of ethambutol use; and systemic diseases such as diabetes, hyper-
tension, hyperlipidemia, kidney disease, liver disease, malnutrition/nutritional deficiency,
alcohol-related diseases, and tobacco-related diseases at baseline were calculated using the
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Cox proportional hazards model. All analyses were performed using SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA), and a two-sided p-value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Demographic and Clinical Characteristics

Table 1 summarizes the demographic and clinical characteristics of the 204,598 etham-
butol users included in this study. The cohort consisted of 118,427 males (57.9%) and 86,171
females (42.1%). The mean age was 60.1 years, and the majority of users were aged between
50 and 80 years, with 22.1%, 17.5%, and 17.2% of users in the 70–80, 50–59, and 60–69 age
groups, respectively. A significant portion of the cohort had systemic diseases: 34.9% had
diabetes mellitus, 45.4% had hypertension, 48.4% had hyperlipidemia, 18.8% had kidney
disease, and 47.1% had liver disease.

Table 1. Demographic and clinical information of ethambutol users included in this study.

Characteristics Overall Users (n = 204,598)

Sex
Male/female 118,427 (57.9%):86,171 (42.1%)

Mean age (±SD), years 60.1 ± 19.0
<30 17,560 (8.6%)
30–39 16,453 (8.0%)
40–49 23,454 (11.5%)
50–59 35,707 (17.5%)
60–69 35,168 (17.2%)
70–80 45,152 (22.1%)
≥80 31,104 (15.2%)

Systemic diseases
Diabetes mellitus 71,392 (34.9%)
Hypertension 92,843 (45.4%)
Hyperlipidemia 99,016 (48.4%)
Kidney disease 38,405 (18.8%)
Liver disease 96,261 (47.1%)
Malnutrition or other nutritional deficiency 51,150 (25.0%)
Alcohol-related disorders 121 (0.1%)
Tobacco-related disorders 194 (0.1%)

Indication for ethambutol use
Pulmonary tuberculosis 156,962 (76.7%)
Extrapulmonary tuberculosis 22,722 (11.1%)
Others 24,914 (12.2%)

Combined use of isoniazid (%) 180,874 (88.4%)
Mean duration of ethambutol use (±SD), months 12.1 ± 11.7

Less than 3 months 42,636 (20.8%)
3–6 months 27,315 (13.4%)
6 months–1 year 44,022 (21.5%)
1–1.5 years 46,603 (22.8%)
1.5–2 years 22,212 (10.9%)
2 years or longer 21,810 (10.7%)

Mean daily dose of ethambutol (±SD), mg/day 902.9 ± 193.5
Less than 750 mg 11,266 (5.5%)
750–1000 mg 137,517 (67.2%)
1000–1250 mg 51,877 (25.4%)
1250 mg or greater 3938 (1.9%)

Mean cumulative dose of ethambutol (±SD), g 315.7 ± 301.1
Less than 200 g 83,270 (40.7%)
200–400 g 60,021 (29.3%)
400–600 g 36,239 (17.7%)
600 g or greater 25,068 (12.3%)

SD, standard deviation.
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Regarding the indication for ethambutol use, the majority (76.7%) were treated for
pulmonary tuberculosis. A significant proportion of users (88.4%) were on combined
isoniazid therapy. The mean duration of ethambutol use was 12.1 months, and the mean
daily dose of ethambutol was 902.9 mg.

3.2. Comparison of Clinical Characteristics between Patients with and without ON

Among the 204,598 ethambutol users, 5277 (2.6%) developed overall ON. Table 2
presents a comparison of the demographic and clinical characteristics between ethambutol
users with ON and those without ON. Female patients were significantly more likely to
develop ON (p < 0.001). The mean age of patients with ON was slightly higher at 60.8
years than that of patients without ON at 60.1 years (p = 0.010). Systemic diseases were
more prevalent among patients with ON; these included diabetes mellitus, hypertension,
hyperlipidemia, liver diseases, kidney diseases, and malnutrition or other nutritional
deficiencies (all p < 0.001). Alcohol- and tobacco-related disorders were rare but showed a
statistically significant difference between the two groups (p < 0.001 for both). In terms of
ethambutol use, patients with ON had a higher cumulative dose than those without ON
(p < 0.001).

Table 2. Demographic and clinical characteristics of patients with and without overall optic neuropathy.

Characteristics
Without Optic

Neuropathy
(n = 199,321)

With Optic
Neuropathy

(n = 5277)
p-Value

Sex
Female (%) 83,455 (41.9%) 2716 (51.5%) <0.001

Mean age (±SD), years 60.1 ± 19.1 60.8 ± 17.5 0.010
Systemic diseases

Diabetes mellitus (%) 69,102 (34.7%) 2290 (43.4%) <0.001
Hypertension (%) 90,034 (45.2%) 2809 (53.2%) <0.001
Hyperlipidemia (%) 95,686 (48.0%) 3330 (63.1%) <0.001
Liver diseases (%) 37,104 (18.6%) 1301 (24.7%) <0.001
Kidney diseases (%) 93,291 (46.8%) 2970 (56.3%) <0.001
Malnutrition or other nutritional deficiency 49,381 (24.8%) 1769 (33.5%) <0.001
Alcohol-related disorders (F10, Z72.1, T51) 118 (0.1%) 3 (0.1%) <0.001
Tobacco-related disorders (F17, Z72.0, T65.2 188 (0.1%) 6 0.1(%) <0.001

Indication for ethambutol use
Pulmonary tuberculosis (%) 153,228 (76.9%) 3734 (70.8%) <0.001

Cumulative dose of ethambutol (± SD), g 312.9 ± 297.8 418.2 ± 392.4 <0.001
Mean (median) duration of ethambutol use, months 12.0 (10.8) 15.9 (12.3) <0.001
Mean daily dose of ethambutol (± SD), mg/day 902.5 ± 193.5 919.3 ± 191.7 <0.001

3.3. Risk Factors of Several ON Conditions and Visual Impairment

Table 3 presents the risk factors for various ON conditions in ethambutol users ob-
tained by univariate and multivariate logistic regression analyses. For overall ON, female
sex was a significant risk factor (OR = 1.51, 95% confidence interval [CI] = 1.43–1.60). Age
also showed a slight but significant association (OR = 1.002, 95% CI = 1.000–1.003). Systemic
diseases such as diabetes, hypertension, hyperlipidemia, kidney disease, liver disease, and
malnutrition/nutritional disorders were all significantly associated with increased risk of
overall ON. Interestingly, the concomitant use of isoniazid was associated with a decreased
risk (OR = 0.78, 95% CI = 0.72–0.86).
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For specific conditions such as optic neuritis/ON and optic atrophy, similar patterns
were observed. Females had higher risk, and systemic conditions such as diabetes, hy-
pertension, hyperlipidemia, kidney disease, liver disease, and malnutrition/nutritional
disorders also posed significant risks. For optic atrophy, older age showed a strong as-
sociation, and systemic diseases such as diabetes, hypertension, hyperlipidemia, kidney
disease, liver disease, and malnutrition/nutritional disorders were significant risk factors.
Remarkably, the protective effect of isoniazid was consistent across all conditions.

Table 4 presents the results of logistic regression analyses identifying risk factors
for visual impairment among ethambutol users. In the multivariate analyses, age was
significantly associated with an increased risk of visual impairment. Extrapulmonary
tuberculosis and other indications for ethambutol use also showed significant associations.
Among systemic diseases, diabetes, hypertension, hyperlipidemia, kidney disease, liver
disease, and malnutrition or nutritional disorders were identified as significant risk factors.
Whereas the concomitant use of isoniazid was significantly associated with a decreased
risk of visual impairment (OR = 0.83, 95% CI = 0.71–0.97), it did not show a significant
protective effect in the multivariate model.

Table 4. Risk factors for visual impairment on logistic regression analyses in ethambutol users.

Factors
Univariate Multivariate

OR (95% CI) p OR (95% CI) p

Sex * 1.05 (0.94–1.17) 0.417
Age 1.02 (1.01–1.02) <0.001 1.01 (1.01–1.02) <0.001
Monitoring period, months 1.01 (1.01–1.01) <0.001 1.00 (0.98–1.02) 0.858
Indications for ethambutol use † <0.001 <0.001

Extrapulmonary Tb 1.26 (1.07–1.48) 1.32 (1.12–1.56)
Others 1.42 (1.22–1.65) 1.34 (1.13–1.58)

Cumulative dose 1.000 (1.000–1.001) <0.001 1.000 (1.000–1.001) 0.214
Concomitant use of isoniazid 0.83 (0.71–0.97) 0.018 0.97 (0.81–1.16) 0.698
Diabetes 2.19 (1.97–2.44) <0.001 1.33 (1.17–1.50) <0.001
Hypertension 2.39 (2.13–2.67) <0.001 1.40 (1.22–1.60) <0.001
Hyperlipidemia 2.47 (2.20–2.77) <0.001 1.53 (1.34–1.75) <0.001
Kidney disease 2.03 (1.81–2.28) <0.001 1.37 (1.21–1.55) <0.001
Liver disease 1.68 (1.51–1.88) <0.001 1.18 (1.05–1.33) 0.006
Malnutrition or nutritional disorders 1.71 (1.53–1.92) <0.001 1.30 (1.16–1.46) <0.001
Alcohol-related disorders 3.86 (1.23–12.17) 0.021 3.02 (0.95–9.55) 0.061
Tobacco-related disorders 0.79 (0.11–5.61) 0.810

* Male as reference. † Pulmonary tuberculosis as reference.

3.4. Baseline Predictive Factors of ON and Visual Impairment in Ethambutol Initiators

Table 5 shows the baseline predictive factors associated with ON and visual im-
pairment among patients initiating ethambutol therapy, together with the HR from the
univariate and multivariate analyses. For ON, female sex showed HRs of 1.467 and 1.478
in the univariate and multivariate analyses, respectively. The daily ethambutol dose was
significantly associated with an increased risk of ON in the multivariate analysis. Factors
such as diabetes and hyperlipidemia also showed significant associations with ON. For
visual impairment, older age and systemic conditions such as diabetes and hypertension
were identified as significant risk factors in the multivariate analyses.
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Table 5. Baseline (at the time of ethambutol initiation) predictive factors of optic neuropathy and
visual impairment and their hazard ratios (HRs).

Factors

Optic Neuropathy Visual Impairment

Univariate Multivariate Univariate Multivariate

HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Sex * 1.467
(1.390–1.548) <0.001 1.478

(1.399–1.563) <0.001 0.692
(0.548–0.873) 0.002 0.630

(0.498–0.797) <0.001

Age 1.002
(1.001–1.004) 0.002 1.000

(0.998–1.002) 0.950 1.031
(1.024–1.038) <0.001 1.022

(1.014–1.030) <0.001

Daily dose 1.000
(1.000–1.001) <0.001 1.001

(1.000–1.001) <0.001 1.000
(0.999–1.000) 0.150

Indications for ethambutol use † <0.001 <0.001 0.143

Extrapulmonary Tb 1.296
(1.195–1.405)

1.204
(1.109–1.307)

0.996
(0.695–1.427)

Others 1.458
(1.354–1.571)

1.151
(1.059–1.251)

1.358
(0.998–1.846)

Concomitant use of isoniazid 0.630
(0.586–0.675) <0.001 0.669

(0.620–0.723) <0.001 1.018
(0.726–1.430) 0.916

Diabetes 1.177
(1.115–1.243) <0.001 1.147

(1.075–1.223) <0.001 2.088
(1.669–2.613) <0.001 1.311

(1.016–1.692) 0.037

Hypertension 1.081
(1.024–1.140) 0.005 0.952

(0.888–1.020) 0.160 2.948
(2.312–3.759) <0.001 1.841

(1.372–2.471) <0.001

Hyperlipidemia 1.302
(1.231–1.377) <0.001 1.245

(1.163–1.333) <0.001 1.591
(1.263–2.006) <0.001 0.847

(0.645–1.113) 0.233

Kidney disease 1.108
(1.042–1.177) 0.001 1.003

(0.940–1.071) 0.918 1.533
(1.213–1.938) <0.001 1.047

(0.816–1.342) 0.720

Liver disease 1.074
(1.017–1.134) 0.011 0.950

(0.893–1.010) 0.103 1.488
(1.183–1.873) 0.001 1.056

(0.819–1.361) 0.674

Malnutrition or nutritional disorders 1.072
(1.006–1.142) 0.032 0.985

(0.922–1.051) 0.641 1.540
(1.213–1.956) <0.001 1.200

(0.938–1.534) 0.147

* Male as reference. † Pulmonary tuberculosis as reference.

4. Discussion

This nationwide study offers significant insights into the risk of ON and visual im-
pairment during tuberculosis treatment and identified various risk factors, including
demographic characteristics, systemic diseases, and other potential contributors to toxic
ON. Specifically, female sex, older age, systemic diseases such as diabetes, hypertension,
hyperlipidemia, kidney and liver diseases, and malnutrition or nutritional disorders signifi-
cantly increased ON risk. Among them, older age and systemic diseases, including diabetes,
hypertension, hyperlipidemia, kidney and liver diseases, and malnutrition, also increased
the risk of visual impairment. Longer duration and higher cumulative doses of ethambutol
were also linked to a higher incidence of ON, whereas concomitant isoniazid use reduced
the risk. These findings suggest the complex mechanism of ON induced by ethambutol or
the vulnerability of the optic nerve to diverse factors. This also emphasizes the clinical need
for a thorough evaluation of risk factors for those receiving ethambutol therapy. Effective
monitoring strategies are essential for mitigating the risk of vision-threatening adverse
reactions in ethambutol users with risk factors.

Our findings reveal that ethambutol users were predominantly elderly, with a mean
age exceeding 60 years. The prevalence of systemic diseases such as diabetes mellitus,
hypertension, and hyperlipidemia underscores their common coexistence, which should
be carefully evaluated in populations initiating ethambutol therapy for tuberculosis. The
widespread use of combined isoniazid therapy in our cohort (88.4%) reflects the standard
clinical practice of using combination therapy in tuberculosis management [17–19]. The
diverse durations and doses of ethambutol highlight the heterogeneity of drug exposure
and their potential effects on toxicity outcomes. These demographic and clinical charac-
teristics provide crucial context for interpreting our cumulative incidence of ON (2.6%)
and identified risk factors. These data also emphasize the need for tailored monitoring
strategies and interventions to mitigate the risk of vision-threatening ON in high-risk
populations.

There were significant differences between the clinical characteristics of ethambutol
users who developed ON and those who did not. Female patients exhibited a higher
susceptibility to ON, thus highlighting a gender disparity in risk, which was also found in
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other ocular toxicities due to systemic medications such as hydroxychloroquine retinopa-
thy [20]. Moreover, patients who developed ON tended to be slightly older and have a
greater prevalence of systemic diseases such as diabetes mellitus, hypertension, hyperlipi-
demia, liver disease, kidney disease, and malnutrition/nutritional deficiencies than their
counterparts without ON. Notably, alcohol- and tobacco-related disorders also showed
a notable difference between the groups. The findings also reveal that patients who de-
veloped ON had a higher cumulative dose and longer duration of ethambutol use, thus
suggesting a potential dose-dependent relationship with ON development. Furthermore,
a smaller proportion of patients with pulmonary tuberculosis were noted among those
with ON, potentially suggesting differences in cumulative dose according to indications,
as extrapulmonary tuberculosis is usually treated for a longer duration than pulmonary
tuberculosis [18]. However, the significant differences observed from all explored character-
istics in Table 2 can also be attributed to the large sample size and the heterogeneity of the
two compared groups, as with a large number of subjects, it is easier to detect statistically
significant differences. However, this also indicates that various confounding factors may
have influenced the results. To address this, we performed multivariate analyses to account
for these potential confounders (Tables 3–5).

Our risk factor analyses (Table 3), by adjusting several confounders, identified sev-
eral risk factors. Most importantly, the association between higher cumulative doses of
ethambutol further underscored the dose-dependent nature of ethambutol toxicity on
optic nerve function. Furthermore, demographic features such as female and old age
were associated with an increased risk of ON. This highlights the heightened need for
monitoring and preventive strategies in female and old patients undergoing ethambutol
therapy. Furthermore, advancing age was a significant risk factor for optic atrophy and
visual impairment, thus highlighting the age-related vulnerability to more severe structural
and visual outcomes among elderly patients, which was also confirmed in ethambutol
users in a previous study [2]. Systemic diseases such as diabetes, hypertension, hyper-
lipidemia, liver disease, and kidney diseases were consistently identified as significant
risk factors for ON and visual impairment. These findings emphasize the importance of
considering comorbid conditions in risk assessment and management strategies of ON for
ethambutol users. Interestingly, the protective effect of concomitant isoniazid use was con-
sistently observed across different ON conditions but did not extend to reducing the risk of
visual impairment.

In addition, malnutrition or nutritional disorders significantly increased the risk of
ON in ethambutol users. Malnutrition or nutritional disorders significantly increase ON
risk due to deficiencies in essential nutrients, namely, vitamins B1, B6, and B12, which
are crucial for maintaining nerve health [21,22]. These neurotrophic vitamins play vital
roles in neuronal function, and their deficiencies impair electron transport and reduce
ATP production in nerve cells [22], exacerbating neurotoxic effects and increasing the
susceptibility of the optic nerve to damage from toxic medications such as ethambutol.

Ethambutol has also been associated with inducing deficiencies in these neurotrophic
vitamins, further increasing the risk of ON in malnourished individuals. Accordingly,
some experts recommend a combination of vitamins, specifically Vitamin B12, along
with B1 and B6, for the primary prevention of optic neuropathy in ethambutol users [23].
However, isoniazid, primarily linked to peripheral neuropathy rather than ON, is routinely
administered with pyridoxine (vitamin B6) to prevent neurotoxic side effects, as some
guidelines suggest [6,23]. This supplemental pyridoxine may also help mitigate the risk
of EON by maintaining adequate vitamin B6 levels, thereby offering some protection
to the optic nerve. Therefore, the confounding effect of vitamin supplements should
be carefully considered and adjusted; however, assessing patient uptake of vitamin B6
from our health claims database is challenging, as it may come from over-the-counter
supplements. Additionally, the presence of numerous codes for pyridoxine in our health
claims databases (>1000), along with limitations on data retrieval from the HIRA database,
complicated our comprehensive analysis of the effect of vitamin B6 on determining the true
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relationship between isoniazid and ethambutol-induced optic nerve toxicity. This should
be carefully addressed in future studies in terms of mechanisms of optic nerve damage
caused by ethambutol and its interaction with isoniazid and nutritional deficiency.

Although ethambutol is well documented for its potential to cause ON, the effect of
isoniazid is often underrecognized. Isoniazid-induced ON, although less common than
ethambutol-induced cases, can present similar symptoms such as decreased visual acuity,
color vision deficits, and central scotomas [6,24]. The concomitant use of isoniazid and
ethambutol has been believed to have an additive toxic effect, thus exacerbating the risk of
ON [6]. However, our findings indicate that there was no synergistic effect between the two,
suggesting that ethambutol and isoniazid may involve different mechanisms in causing
ON. Mechanistically, EON is attributed to its metal chelation effects, particularly on copper
and zinc, which disrupt mitochondrial function and cause cellular energy depletion. Zinc
chelation also inhibits lysosomal activation, thus affecting cellular waste processing [1,25].
Animal studies indicate that ethambutol-induced zinc deficiency may lead to myelin
destruction and glial cell proliferation in optic nerves [26,27]. By contrast, the mechanism
of isoniazid-associated ON is likely different from that of ethambutol because isoniazid is
not known for its metal chelating properties.

Notably, by comparing the daily dose and duration of ethambutol use between those
treated with ethambutol without isoniazid and those with ethambutol and isoniazid,
we found that the combined isoniazid therapy significantly reduced ethambutol use du-
ration. There were significant differences in the mean duration of ethambutol therapy
(18.0 ± 18.6 months in those without isoniazid and 11.3 ± 10.2 months in those with isoni-
azid; p < 0.001). Although there were slight differences in the mean daily dose between the
two groups (868.3 ± 202.7 mg in those without isoniazid vs. 907.5 ± 191.7 mg in those with
combined isoniazid), the shorter duration of ethambutol in those treated with combined
isoniazid and ethambutol therapy might explain the reduced risk of EON. However, to
adjust for the effect of combined isoniazid on ethambutol dose reduction, we included the
cumulative dose of ethambutol as a covariate in the multivariate analyses. Consequently,
the protective effect of combined isoniazid on visual impairment was insignificant in the
multivariate analyses (Table 4) but still significant for ON (Table 3). Accordingly, the pro-
tective effect of isoniazid should be validated in future studies, with careful consideration
and adjustment of its effects on ethambutol dose reduction.

The findings on several key baseline factors associated with the development of ON
and visual impairment have additional practical implications in treatment and monitoring
decisions for patients initiating ethambutol therapy for tuberculosis (Table 5). Female
sex and older age are consistent predictors of an increased risk of ON, as evidenced by
significant HRs in both the univariate and multivariate analyses. The association with
daily ethambutol dose further highlights the importance of monitoring toxicity in a dose-
dependent manner through pharmacovigilance. Systemic conditions such as diabetes and
hyperlipidemia also emerged as significant predictive factors, indicating the importance of
considering these comorbidities when planning baseline monitoring.

However, our study has a few limitations. First, the retrospective design and reliance
on health claims databases of this study inherently introduce typical biases such as selection
bias and misclassification errors. For example, the use of diagnostic codes for identifying
ON cases could lead to misclassification or underreporting, thus potentially affecting the
accuracy of our incidence estimates, particularly given the lack of specificity in certain ON
categories that require further validation. The daily dose divided by body weight should be
considered to define the risk of retinopathy as a measure of drug exposure, as in previous
studies [1,4]; however, information on body weight was not available in the HIRA database.
Furthermore, due to the absence of pharmacogenetic data from the HIRA database, our
study could not account for genetic factors contributing to ON development. As genetic
predispositions, such as mitochondrial mutations associated with LHON or hereditary
optic neuropathy, may affect the risk of EON [28–30], this is another limitation of our study.
Future research incorporating pharmacogenetic analyses may provide more comprehensive
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risk factor analyses, thereby enhancing the precision of risk assessments and personalized
interventions. Additionally, considering that the study population consisted exclusively of
Koreans, our findings may not be fully generalizable to other populations with different
healthcare systems and tuberculosis epidemiological profiles. The inclusion of several ON
categories might lack specificity, for which further validation is required to confirm our
findings. Furthermore, the absence of quantitative data on alcohol or tobacco use from
our database limits our ability to definitively assess their association with ethambutol
toxicity. Finally, we acknowledge that various conditions affecting the pharmacokinetics or
distribution of ethambutol in the CNS and neurological diseases such as meningitis could
be potential risk factors for EON, which we did not evaluate. These limitations underscore
the need for a cautious interpretation of our findings and suggest avenues for improving
future research in this area.

5. Conclusions

In conclusion, this nationwide study significantly enhances our understanding of the
risk factors associated with ON and visual impairment in ethambutol users. Our findings
show the significant association of demographic characteristics, systemic diseases, and
drug exposure with ON and visual impairment in ethambutol users. This study also
highlights the potential protective effects of isoniazid, although further investigation is
needed to elucidate the underlying mechanisms and interactions between these drugs. This
information needs to be utilized to refine risk assessment and monitoring schemes for ON
and to enhance the ocular safety of ethambutol treatment in patients with tuberculosis.
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Abstract: In this study, we investigated whether rutaecarpine could aggravate acetaminophen-
induced acute liver damage in vivo and in vitro. CCK-8 and apoptosis assays were performed to
verify the cytotoxicity of acetaminophen to L02 cells with or without rutaecarpine. The expression
levels of the target proteins and genes were determined using Western blotting and qRT-PCR. The
liver pathological changes were evaluated with hematoxylin and eosin staining, while the aspartate
aminotransferase (AST) and alanine aminotransferase (AST) levels in plasma were measured to
assess the liver damage. Our results revealed that pretreatment of the cell and mice with rutaecarpine
significantly aggravated the acetaminophen-induced liver damage. Mechanistically, rutaecarpine
induces the CYP1A2 protein, which accelerates the metabolism of acetaminophen to produce a
toxic intermediate, N-acetyl-p-benzoquinone imine (NAPQI), leading to severe liver inflammation.
Rutaecarpine exacerbated the liver damage by upregulating CYP1A2 and proinflammatory factors.
These findings highlight the importance of carefully considering the dosage of rutaecarpine when
combined with acetaminophen in drug design and preclinical trials.

Keywords: rutaecarpine; acetaminophen; hepatotoxicity; CYP1A2; inflammatory cytokines

1. Introduction

In recent years, the combination therapy of traditional Chinese medicine (TCM) and
synthetic drugs has become increasingly common in clinical settings for the treatment
of various diseases. Due to the diversity and complexity of the compounds in TCM,
particular and ongoing attention should be paid to their side effects and safety when used
in combination with synthetic drugs. The liver, which is rich in drug-metabolizing enzymes,
is the primary organ responsible for many critical physiological functions, including drug
metabolism and detoxification. However, some drugs can lead to hepatotoxicity, causing
liver damage or acute and chronic liver failure, resulting in higher clinical drug toxicity-
related incidence and mortality rates. As the prevalence of chemical drug use rises, there
is growing concern over the escalating number of adverse reactions resulting from the
concurrent use of Chinese and Western medications. Therefore, conducting research in this
area is imperative.

An overdose of acetaminophen (APAP) is a major cause of acute liver failure (ALF) [1–3].
Some reports indicated that therapeutic doses of APAP can increase serum transaminases
for a few days [4,5]. N-acetyl-p-benzoquinone imine (NAPQI) is a toxic intermediate
and the main product of APAP via oxidation by cytochrome P450 enzymes (CYP2E1,
CYP3A11 and CYP1A2). High production of NAPQI in the liver causes excessive depletion
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of glutathione (GSH) and production of NAPQI–protein adducts, ultimately leading to
mitochondrial oxidative stress and acute liver inflammation [6–8].

Euodiae fructus (EF) is the dried unripe fruit of Euodia rutaecarpa (Juss.) Benth.,
Euodia rutaecarpa (Juss.) Benth. var. officinalis (Dode) Huang and Euodia rutaecarpa
(Juss.) Benth. var. bodinieri (Dode) Huang. It has been used for centuries to treat gastroin-
testinal diseases, thermo-regulatory issues and headache in clinical settings [9,10]. How-
ever, the potentially hepatotoxic side effects of EF have been consistently reported [11–13].
Zhang et al. [14] found that the metabolic intermediate might contribute to the toxicity of
the EF extract in L02 cells. The hepatotoxicity of the water extract was higher than that of
the ethanol extract and volatile oil of EF, with all forms exhibiting dose-dependent toxicity
in rats [15]. The clinical hepatotoxicity of EF is usually caused by consuming unprocessed
materials or overdosing, with the potential mechanisms involving the activation or up-
regulation of inflammatory factors, mitochondrial injury and peroxidation damage [16].
Phytochemical and pharmacological evaluations have shown that indolo-quinazoline al-
kaloids, such as rutaecarpine (Rut) and evodiamine (Evo), and quinolone alkaloids, such
as 1-methyl-2-nonyl-4(1H)-quinolone (Mnq), 1-methyl-2-undecyl-4(1H)-quinolone (Muq),
and evocarpine (Evc), are the main bioactive ingredients of EF [12,17–19].

Some studies have suggested that CYP3A4 plays a role in the metabolic activation and
dehydrogenation of Evo and Rut, leading to potential liver toxicities in humans through
the formation of electrophilic intermediates [20,21].

The impact of Rut on hepatotoxicity remains uncertain, while some evidence indicates
that Rut may protect against acetaminophen-induced liver damage by enhancing Nrf2-
mediated antioxidant enzyme activity [22]. However, other reports suggest that Rut
could worsen drug-induced liver injury, such as acetaminophen-induced hepatotoxicity,
by altering the acetaminophen pharmacokinetics [23], inhibiting CYP activity [24], and
increasing the levels of AST and ALT in mouse serum through regulation of CYP3A4 [20,25].
This study aims to investigate whether Rut exacerbates acetaminophen-induced DILI by
establishing in vivo and in vitro liver damage models. The findings seek to clarify the
potential hepatotoxic effects of Rut in combination with acetaminophen and provide
insights into the safety of using Chinese and Western medicines together.

2. Materials and Methods

2.1. Chemicals and Reagents

Rut was isolated in our lab with a purity > 98%, and the structure was identified by
NMR and high-resolution mass spectrometry (Figure 1a). Acetaminophen (APAP) and
α-Naphthoflavone were provided by Sigma Chemical Co. (St. Louis, MO, USA). TRIzol
reagent was obtained from Thermo-Fisher Scientific (Halethorpe, MD). Moreover, 5×qRT
Super Mix and Mon-Amp TM SYBR Green qPCR mix (Low ROX) were purchased from
Monad (Suzhou, Jiangsu, China). RIPA Lysis Buffer was provided by Beyotime (Shanghai,
China). RPMI-1640 cell culture medium and fetal bovine serum (FBS) were obtained from
Gibco-BRL (Grand Island, NY, USA). Anti-cytochrome P450 1A2 (ab22717) and anti-β-actin
(ab8227) were obtained from Abcam (Cambridge, Cambridgeshire, UK). The assay kit for
apoptosis and the Cell Counting Kit-8 (CCK-8) were purchased from Meilunbio (Dalian,
China).

2.2. Culture of Cell Lines

The human normal liver cell line L02 was provided by Beijing University of Chinese
Medicine. The cells were cultivated in a humidified atmosphere in 5% CO2 at 37 ◦C in
RPMI-1640 (containing 10% FBS and 1% penicillin/streptomycin).
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(a) (b)

(c)

(d) (e)

Figure 1. Effects of APAP and APAP + Rut on liver damage in mouse liver. (a) The chemical structure
of Rut. (b) The activities of ALT and AST in mouse serum, data are presented as mean ± SEM (n = 5),
statistical difference: compared with control, ### p < 0.001; with APAP group, * p < 0.05 and ** p < 0.01.
(c) Morphological changes in mouse liver. (d) The liver index of mouse, data are presented as mean
± SEM (n = 5), statistical difference: compared with control, ## p < 0.01, ### p < 0.001; with APAP
group * p < 0.05, *** p < 0.001. (e) H&E staining of mouse liver, original scale: 10×. Rut pretreatment
exacerbated liver injury.
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2.3. Cell Viability Assay

The cytotoxicity of Rut and APAP was measured by the CCK-8 kit. Briefly, cells were
seeded into 96-well plates (8 × 104 cells/mL) in a CO2 incubator at 37 ◦C for 24 h, then
treated with different concentrations of Rut (20, 10, 5, 2.5, 1.25 and 0.625 μM) for 18 h. A
range of concentrations of APAP (50, 25, 12.5, 6.25, 3.125 and 1.5625 mM) were subsequently
added to the medium and treated for 6 h at 37 ◦C. Afterwards, the CCK-8 solution was
added to each well with 10% of the original concentration and co-incubated for 4 h. The
optical density (OD) value was measured at 450 nm using a microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Apoptosis Assay

Briefly, L02 cells were seeded into 12-well plates with a density of 2.5 × 105 cells/mL
and cultured for 24 h. The control group, model group (30 mM APAP), and two concentra-
tions of Rut groups (2.5 μM and 10 μM) were set, respectively, with three replicate wells for
each group. The cell suspensions were treated with the protocol for the apoptosis detection
kit and detected by flow cytometry (Beckman Coulter, Fullerton, CA, USA).

2.5. Animal Studies

Male C57BL/6J (8 weeks old) mice were purchased from the Laboratory Animal Center
of Peking University Health Science Center (Beijing, China). All the animal experiments
were approved by the Biomedical Ethical Committee of Peking. The mice were housed in a
specific pathogen-free environment controlled for temperature, light, and humidity (25 ◦C,
12-h light/dark cycle, 45–65%) for 1 week before the experiments.

Experiment 1: thirty-two mice were randomly divided into four groups (blank, APAP,
40 mg/kg Rut + APAP and 80 mg/kg Rut + APAP groups, n = 8). Rut was dissolved in
corn oil and APAP was freshly dissolved in warm saline. The mice were administered
40 mg/kg Rut, 80 mg/kg Rut and corn oil by gavage once a day for 4 days (blank and APAP
group were treated with corn oil), and treated with APAP (300 mg/kg) by intraperitoneal
administration 1 h after the last drug treatment to induce hepatotoxicity (the blank group
was administrated with saline). Finally, the mice were sacrificed by cervical dislocation
and dissected after 24 h and a proportion of the liver tissues were fixed in 10% formalin
solution, and the serum and residual liver tissues were stored at −80 ◦C for further use,
respectively.

Experiment 2: twenty-five male mice were randomly divided into five groups (n = 5).
The blank, APAP and 80 mg/kg Rut + APAP groups were processed in the same way
as in experiment 1. Mice in the 80 mg/kg Rut + inhibitor (α-Naphthoflavone) + APAP
group and inhibitor group were separately pretreated with 80 mg/kg Rut or corn oil by
gavage for 4 consecutive days. At the last day after administration, the mice were given
120 mg/kg α-Naphthoflavone by gavage one hour later, and then injected intraperitoneally
with APAP or saline, respectively. The collection of serum and liver samples was consistent
with experiment 1.

2.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The total RNA was reverse transcribed with reverse transcriptase based on the protocol
provided with the kit. The primer sequences are shown in Supplementary Tables S1 and
S2. Mon-Amp TM SYBR Green qPCR mix (Low ROX) was used for the qRT-PCR. The
Ct values were compared with β-actin/GAPDH to calculate the relative gene expression
levels.

2.7. Western Blot

The lysis of the liver tissues took place with RIPA lysis buffer (phosphatase and
protease inhibitors added) to obtain the total proteins. A BCA Protein Assay Kit was
applied for the protein quantification. After electrophoresis on the 10% SDS–PAGE gels, the
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and blocked
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with 5% non-fat milk. The PVDF membrane were incubated with primary antibodies
overnight at 4 ◦C on an orbital shaker with gentle shaking. After rinsing with TBST, the
PVDF membrane was incubated with fluorescent secondary antibody (in 5% skim milk) for
1 h and rinsed with TBS three times. Finally, the Odyssey® CLx Infrared Imaging System
(Gene Company Limited, LI-COR, Lincoln, NE, USA) was adopted to capture and quantify
the protein bands.

2.8. Serum Aminotransferase Analysis and Histological Examination

The ALT and AST contents of the serum were tested by an automatic biochemical
analyzer. H&E staining was executed for the formalin-fixed liver tissues (embedded in
paraffin and 5 μm thick sections).

2.9. Statistical Analysis

In this research, the GraphPad Prism 7.0 software (GraphPad Software, San Diego,
CA, USA) and SPSS 26 software (IBM SPSS Inc., Chicago, IL, USA) were the main tools
used for data analysis. The data in the experiments are presented as the mean ± SEM. A
two-tailed Student’s t-test analyzed the differences between two groups, and a one-way
ANOVA was used among multiple comparisons. A p value < 0.05 was considered to be
statistically significant.

3. Results

3.1. Rut Aggravated the APAP-Induced Acute Liver Injury in Mice
3.1.1. Serum Transaminases, Hepatic Index and Histological Analysis

In this study, the serum transaminases, hepatic index and histological analysis were
used to evaluate the level of liver damage in mice. The ALT and AST concentration changes
in the serum showed that a single dose of APAP (300 mg/kg) exposure significantly
increased the levels of both transaminases compared with to the blank group (p < 0.001),
indicating the severe hepatotoxicity of APAP. Additionally, 80 mg/kg Rut (80 mg/kg Rut +
APAP) remarkably increased the concentration levels of ALT and AST when administered
to mice in combination with APAP (p < 0.05 and 0.01, respectively) (Figure 1b), while
there was no significant difference between the 40 mg/kg Rut + APAP and APAP groups
(p > 0.05). The liver tissue of the mice in the APAP group appeared turgid with a dark
color, and the liver was further aggravated in the Rut-pretreated mice (Figure 1c). The
liver weight and hepatic index were more elevated in the APAP group compared to the
blank group (p < 0.01 and 0.001, respectively) and Rut (80 mg/kg Rut + APAP) could
increase these changes significantly (p < 0.001 and 0.05, respectively) (Figure 1d), but the
hepatic index of the mice had no significant changes in the 40 mg/kg + APAP group
compared to that in APAP group. The H&E staining results revealed that livers from the
APAP-treated mice exhibited extensive focal necrosis and cell membrane damage, and Rut
pretreatment exacerbated these symptoms (Figure 1e). These results demonstrated that Rut
could aggravate APAP-induced acute liver injury in a dose-dependent manner.

3.1.2. The Involvement of Cyp1a2 in Rut-Aggravated APAP-Induced Hepatotoxicity

NAPQI is a highly reactive metabolite of APAP, catalyzed by cytochrome P450.
The overproduction of NAPQI depletes glutathione (GSH), leading to the formation of
NAPQI-GSH adducts, which triggers mitochondrial oxidative stress and ultimately ini-
tiates liver injury. The 3-alkylindole moiety in Rut is dehydrogenated to an electrophile,
3-methyleneindolenine, which is catalyzed by cytochrome P450, and this compound subse-
quently binds with hepatic GSH to form 3-methyleneindolenine-GSH, causing hepatotoxicity.

To evaluate the effect of Rut on APAP-mediated hepatic damage, we examined the
expression of Cyp2e1, Cyp1a2, and pro-inflammatory cytokines. The qRT-PCR results
showed that APAP significantly induced hepatic mRNA expression of Il6 and Il-1β, indicat-
ing the presence of a inflammatory reaction in the mice liver. Rut pretreatment aggravated
the APAP-mediated liver toxicity in a dose-dependent manner (Figure 2a). Additionally,
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the mRNA and protein expression levels of Cyp1a2 in the Rut-pretreated groups were
significantly upregulated compared to the APAP groups, respectively (Figure 2a,b), while
there was no significant change in the Cyp2e1 mRNA expression (Figure 2a). These results
demonstrated that Rut increased the inflammatory response in mice administered APAP.
The potential mechanism may involve the modulation of CYP1A2 expression.

(a) (b)

Figure 2. Effects of APAP and APAP + Rut on mRNA and protein levels in mouse liver. (a) The
mRNA expression of Cyp2e1, Cyp1a2, mIl6 and mIl-1β, data are presented as mean ± SEM (n = 5),
statistical difference: ns (no significant difference), * p < 0.05, ** p < 0.01 and *** p < 0.001. (b) Protein
level of Cyp1a2, results are indicated as means ± SEM (n = 3), significantly different compared with
control, * p < 0.05.

3.2. CYP1A2 Inhibitor Reversed Rut Aggravation of APAP-Induced Hepatotoxicity
3.2.1. The Serum ALT and AST Levels and H&E Staining

The Cyp1a2 inhibitor (α-Naphthoflavone) was used to verify the effect of Cyp1a2 in
relation to Rut aggravating APAP-mediated hepatotoxicity. The levels of ALT and AST,
as well as the H&E staining, showed no significant pathological changes in mice liver
when comparing the α-Naphthoflavone group with the control group, indicating that the
inhibitor itself did not influence the results (Figure 3a,c). Compared to the control group,
APAP significantly increased the concentrations of ALT and AST. When 80 mg/kg Rut was
administered to mice in combination with APAP, these levels increased further. However,
α-Naphthoflavone reversed these abnormal increases very significantly.

The histologic observations revealed that Rut exacerbated the hepatic damage in
the APAP-administered mice, showing extensive focal necrosis, cell membrane dam-
age, nuclear shrinkage, and significant inflammatory cell infiltration. In contrast, α-
Naphthoflavone significantly alleviated these symptoms (Figure 3c). The results showed
that the inhibition of CYP1A2 activity by α-Naphthoflavone ameliorated the liver injury
caused by Rut and APAP, implying that CYP1A2 plays a critical role in Rut-aggravated
APAP-mediated hepatotoxicity.
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(a) (b)

(c) (d)

Figure 3. α-Naphthoflavone reversed the effects of Rut-aggravated APAP-induced acute liver injury.
(a) The ALT and AST levels in mouse serum after treatment with α-Naphthoflavone. ns (no significant
difference). (b) The ALT and AST levels in APAP/Rut-induced mouse serum with or without α-
Naphthoflavone, data are presented as mean ± SEM (n = 5), statistical difference: ** p < 0.01 and
*** p < 0.001. (c) H&E staining of mouse liver after treated α-Naphthoflavone, original scale: 10×.
(d) The mRNA expression of mIl6, miNOS, mIl10 and mIl-1β, results are indicated as means ± SEM
(n = 5), statistical difference: * p < 0.05, ** p < 0.01 and *** p < 0.001.

3.2.2. The Expression of Pro-Inflammatory Cytokines

The pro-inflammatory cytokines, including Il6, Il-1β and iNOS, as well as the anti-
inflammatory cytokine, Il10, could directly reflect the extent of the liver damage. In this
study, the mRNA expression levels of Il6, Il-1β, iNOS and Il-10 in mice liver increased
in the APAP group, and Rut further upregulated the levels of these factors. However,
treatment with α-Naphthoflavone significantly decreased the mRNA levels of these cy-
tokines (Figure 3d). These findings indicated that Rut could aggravate APAP-induced liver
inflammation via upregulating the mRNA expression of pro-inflammatory cytokines, and
it is also related to the Cyp1a2 expression [26].
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3.3. Rut Aggravated the APAP-Induced Acute Liver Injury In Vitro
3.3.1. Hepatocyte Injury Model In Vitro and Drug Concentration

The CCK-8 assay was conducted to determine the appropriate concentrations and
dosages of APAP and Rut for modeling. According to the IC50 value, 30 mM of APAP
increased the cell inhibition ratio to around 50% after being incubated with L02 cells for
6 h (Figure 4a). Rut showed significant cytotoxicity at a concentration of 20 μM, while
the cell viability remained above 98% at 10 μM after 24 h of incubation. Based on these
results, a simulated injury model was constructed with L02 cells co-cultured with 30 mM
APAP for 6 h. Cells cocultured with 2.5 μM and 10 μM Rut for 24 h were used as the drug
concentrations in the following experiments.

(a) (b)

(c)

Figure 4. Rut aggravated the APAP-induced acute liver injury in vitro. (a) The relationship between
the APAP concentration and L02 cell inhibition rate, 30 mM APAP is a suitable concentration for
the model. (b) Apoptosis was detected by flow cytometry and date analysis, values are expressed
as mean ± SEM (n = 3), statistical difference: compared with control, ### p < 0.001; with APAP
group *** p < 0.001. (c) The mRNA expression of CYP1A2, IL6 and IL-1β, values are expressed as
mean ± SEM (n = 3), statistical difference: compared with control, # p < 0.05 and ## p < 0.01; with
APAP group * p < 0.05.

3.3.2. Rut Upregulates the Apoptosis Level of APAP-Induced Cells Injury

As shown in Figure 4b, flow cytometry analysis was used to evaluate whether Rut
could exacerbate the apoptotic effect of APAP in L02 cells in vitro. The Annexin V/PI
apoptosis assay revealed that the rates of the late stages of apoptosis in 40 mg/kg Rut +
APAP group and 80 mg/kg Rut + APAP group were 7.46 (p < 0.01) and 11.98 (p < 0.01),
respectively, which were significantly higher than in the APAP group. The results indicated
that Rut increased the level of apoptosis in APAP-mediated cell injury.
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3.3.3. Rut Upregulates the mRNA Expression of CYP1A2 and Pro-Inflammatory Factors
In Vitro

To further evaluate whether CYP1A2 was involved in Rut exacerbating the APAP-
induced cell injury, we measured the mRNA expression of CYP1A2, along with several
pro-inflammatory factors. The result revealed that the mRNA expression of CYP1A2 in
the APAP group did not significantly change compared to the blank group, indicating
that APAP did not affect the expression level of CYP1A2. However, CYP1A2 was sig-
nificantly upregulated in both the 2.5 and 10 μM Rut groups. The RT-PCR results of the
pro-inflammatory factors showed that 10 μM Rut could remarkably upregulate the mRNA
expression of Il6 and Il1β, while there was no significant difference between the 2.5 μM Rut
group and the APAP group (Figure 4c). According to these results, CYP1A2 was involved
in the process of Rut aggravating the APAP-mediated cells injury, which is consistent with
the in vivo findings.

4. Discussion

The combination of traditional Chinese medicine (TCM) with synthetic drugs is a com-
mon clinical practice, which is increasingly popular due to the enhanced therapeutic effects
achieved through multi-drug regimens. However, the complexity of TCM compositions can
lead to adverse reactions when used in conjunction with synthetic drugs. Therefore, it is
essential to conduct a comprehensive investigation into the toxic components of TCM, the
potential toxic interactions with synthetic drugs, the metabolic enzyme systems involved
in these reactions, and the underlying metabolic mechanisms. This study focuses on how
Rut, a component of TCM, exacerbates APAP-induced acute liver damage by inducing the
drug-metabolizing enzyme CYP1A2. The findings underscore the importance of under-
standing these drug interactions and their metabolic mechanisms to ensure the safe and
effective use of combined TCM and synthetic drug therapies.

Hepatotoxicity can result from various factors, including excessive alcohol consump-
tion, drugs, and viral infections. Among these, drug-induced toxicity is a major concern,
with APAP overdose being the most common cause of acute liver injury.

APAP is commonly used as an antipyretic and analgesic, and it generally has few side
effects at therapeutic doses. However, an overdose of APAP can lead to liver injury begin-
ning as early as 3 h post-administration and progressing to severe hepatocyte death within
24 h in mouse models [27–30]. CYP2E1 and CYP1A2 are the primary cytochrome P450
enzymes responsible for metabolizing APAP into its metabolite, NAPQI. Elevated levels
of NAPQI deplete GSH, leading to the formation of NAPQI-GSH adducts. This process
triggers mitochondrial oxidative stress and ultimately causes acute liver inflammation [31].

APAP overdose can cause serious hepatic injury, as characterized by high serum
level of ALT/AST, which are indicators of significant hepatotoxicity [32,33]. Previous
reports have suggested that Rut pretreatment can ameliorate hepatocyte damage by
inhibiting the expression of CYP2E1, reducing ALT/AST release and decreasing GSH
consumption [34–36]. In contrast to these findings, our study demonstrated that Rut pre-
treatment of mice and L02 cells could exacerbate the APAP-mediated acute liver injury. This
exacerbation occurs through the upregulation of both the mRNA and protein expressions
of CYP1A2, which enhances the formation of the toxic metabolite NAPQI from APAP. Our
results indicate that while Rut has previously been reported to mitigate liver damage under
certain conditions, it can also aggravate APAP-induced acute liver injury by modulating
CYP1A2 expression and promoting the toxicity of APAP.

Liver damage is always associated with the overexpression of pro-inflammatory fac-
tors, while a reduction in these factors is often related to the protection or restoration of
hepatic function. Therefore, the inflammatory response is a crucial aspect of the mechanism
underlying hepatotoxicity caused by APAP [27,37]. The APAP metabolite NAPQI can acti-
vate pro-inflammatory cytokines, such as IL-1β, IL-6, TNF-α, COX-2, and iNOS, leading to
a significant inflammatory response [37]. In our study, we found that Rut exacerbates APAP-
induced liver inflammation by further increasing the expression of Il-1β, Il-6, and iNOS,
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both in vivo and in vitro. These results suggest that Rut upregulates pro-inflammatory
factors and aggravates APAP-induced liver inflammation. This process is linked to the
upregulation of CYP1A2, which enhances the production of NAPQI and thereby intensifies
the inflammatory response. A piece of more obvious evidence is that the exacerbation of
APAP-induced hepatotoxicity by RUT can be mitigated by the CYP1A2-specific inhibitor
α-Naphthoflavone. Unfortunately, the interaction of α-Naphthoflavone with APAP in
hepatotoxicity was not involved in this study. However, the specific mechanisms through
which Rut modulates CYP1A2 expression and influences inflammatory responses require
further investigation to fully understand its role in APAP-induced liver injury and to
explore the relationship between metabolic enzymes and inflammatory processes.

5. Conclusions

In summary, Rut exacerbates APAP-mediated liver damage by upregulating CYP1A2
and increasing the levels of pro-inflammatory factors. These results underscore the impor-
tance of carefully considering the dosage of Rut when used in combination with APAP. This
study offers valuable insights for exploring the mechanisms of drug interactions in clinical
practice, particularly in the context of combining TCM with synthetic pharmaceuticals.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abstract: One of the main barriers to the successful treatment of laryngeal squamous cell carcinoma
(LSCC) is postoperative progression, primarily due to tumor cell metastasis. To systematically inves-
tigate the molecular characteristics and potential mechanisms underlying the metastasis in laryngeal
cancer, we carried out a TMT-based proteomic analysis of both cancerous and adjacent non-cancerous
tissues from 10 LSCC patients with lymph node metastasis (LNM) and 10 without. A total of 5545 pro-
teins were quantified across all samples. We identified 57 proteins that were downregulated in LSCC
with LNM, which were enriched in cell adhesion pathways, and 69 upregulated proteins predomi-
nantly enriched in protein production pathways. Importantly, our data revealed a strong correlation
between increased ribosomal activity and the presence of LNM, as 18 ribosomal subunit proteins
were found to be upregulated, with RPS10 and RPL24 being the most significantly overexpressed.
The potential of ribosomal proteins, including RPS10 and RPL24, as biomarkers for LSCC with LNM
was confirmed in external validation samples (six with LNM and six without LNM) using Western
blotting and immunohistochemistry. Furthermore, we have confirmed that the RNA polymerase
I inhibitor CX-5461, which impedes ribosome biogenesis in LSCC, also decreases the expression of
RPS10, RPL24, and RPS26. In vitro experiments have revealed that CX-5461 moderately reduces cell
viability, while it significantly inhibits the invasion and migration of LSCC cells. It can enhance the
expression of the epithelial marker CDH1 and suppress the expression of the mesenchymal markers
CDH2, VIM, and FN at a dose that does not affect cell viability. Our study broadens the scope of the
proteomic data on laryngeal cancer and suggests that ribosome targeting could be a supplementary
therapeutic strategy for metastatic LSCC.

Keywords: LSCC; Lymph node metastasis; Proteomics; Ribosome; CX-5461

1. Introduction

Head and neck cancers (HNCs) are ranked as the sixth most common type of cancer
worldwide, they encompass a diverse range of tumors classified by their site of origin [1,2].
Laryngeal carcinoma (LC) represents a substantial fraction of HNCs, accounting for one
third of all such cases [3]. Laryngeal squamous cell carcinoma (LSCC) is estimated to
constitute approximately 85% to 95% of all cases of LC [4,5]. Despite advancements in
its treatment, the five-year overall survival rate for laryngeal cancer hovers around 50%,
primarily due to the occurrence of distant metastases and the development of therapy-
resistant local and regional recurrences [6,7]. It is widely acknowledged that the presence of
metastasis at the time of diagnosis is a critical prognostic factor for patients with LSCC [7,8].

The initial spread of head and neck squamous cell carcinoma (HNSCC) typically
targets the neck lymph nodes [9,10]. Most patients with LSCC present with advanced
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stages of the disease, and over 60 percent are predisposed to lymph node metastasis (LNM),
which is a crucial factor in their prognosis [11]. The presence, number, distribution, and
extranodal extension of lymph node metastases are all critical in assessing the risk of distant
disease and patient survival. An ipsilateral single-node metastasis can reduce survival rates
by half, and contralateral or bilateral involvement can decrease survival by an additional
50% [12,13]. Consequently, preventing and inhibiting lymph node metastasis should be
integral to strategies aimed at controlling tumor progression.

Lymph node metastasis is a multi-step process that encompasses invasion, lymphan-
giogenesis, the spread of cancer cells through lymphatic channels, their transit into the
lymph nodes, and their subsequent settlement and proliferation [14]. Over the last few
decades, a range of biomarkers implicated in the metastatic cascade of HNSCC have been
identified [15]. Key among these are matrix metalloproteinases (MMPs), which are critical
enzymes that degrade and remodel the extracellular matrix (ECM), thus facilitating tumor
invasion and metastasis [16,17]. CD44, functioning as a cell surface receptor, not only binds
to but also potentiates the activity of MMPs [18]. Furthermore, proangiogenic factors, in-
cluding VEGF and IL-8, along with chemokine receptor-7 (CCR7), have been implicated in
the promotion of metastatic disease [19]. Recent findings also suggest a correlation between
elevated levels of miR-23a [20] and EPCAM in laryngeal cancer [13], which is associated
with an increased risk of lymph node metastasis and poorer prognostic outcomes. There is
still a noticeable gap in in-depth omics-level analyses that could elucidate the molecular
mechanisms and identify reliable biomarkers of lymph node metastasis in LSCC.

The metastasis of tumor cells is a complex process involving numerous genes, with
increasing evidence suggesting that ribosomal proteins (RPs) play a pivotal role [21]. The
proliferation in cancer cells demands accelerated protein production, requiring enhanced
ribosome biogenesis. This enhancement can be driven by altered signaling, metabolic shifts,
and changes in non-coding RNA, leading to increased RNA Pol I (RNA polymerase I)
activity [22]. Studies have revealed that RPs such as RPL15 are key in advancing metas-
tasis, particularly in circulating tumor cells (CTCs), through the amplification of protein
translation [23]. Moreover, reducing RPL27A or RPL15 in vitro can hinder the movement
of breast cancer cells [24]. La-related protein 6 (LARP6) has also been recognized for its role
in epithelial–mesenchymal transition (EMT) through affecting the localization of ribosomal
proteins (RPs), thereby aiding cell migration [25]. In addition to cytoplasmic ribosomal
proteins, the abnormal expression of mitochondrial ribosomal proteins may also promote
the invasion and metastasis of tumors [26]. For example, MRPS16 promotes the migration
and invasion of glioma cells by activating the PI3K/Akt/Snail axis [27]. The protein levels
of MRPL15, MRPL13, and MRPL54 are associated with the recurrence, distant metastasis,
and prognosis of breast cancer [28]. Additionally, MRPL38 is more abundant in most
metastatic cancer cell lines [29]. Such studies underscore the critical role of ribosomal pro-
tein variations in modulating the transition of cancer cells to a state of enhanced migration
and invasion.

In this study, we conducted a tandem mass tag (TMT)-based whole-cell proteomic
analysis of LSCC to obtain a comprehensive view of the proteins that are dysregulated and
their association with lymph node metastasis. A proteome-based bioinformatics analysis
highlighted the importance of ribosomal proteins in LSCC’s metastasis to the lymph nodes.
Moreover, we confirmed the efficacy of CX-5461, a selective and orally bioavailable RNA
polymerase I inhibitor, in inhibiting LSCC cell invasion in vitro.

2. Methods

2.1. Clinical Tissue Sample Collection

Laryngeal squamous cell carcinoma tissues, along with adjacent normal tissues, were
obtained from patients diagnosed with laryngeal cancer who underwent surgical resection
at the First Affiliated Hospital of Fujian Medical University. Patients with a history of
chemotherapy or radiotherapy were excluded from the study. After gross examination,
pathologists selectively excised non-necrotic sections from the resected tumor specimens.
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Adjacent normal tissues were harvested at least 2 cm away from the tumor margin. Tumor
tissues and adjacent normal tissues from the same patients were stored in liquid nitrogen
and were also subjected to pathological confirmation via hematoxylin-eosin (HE) staining
by pathologists. For the proteomic analysis, subsets of LSCC patients with LNM (n = 10) and
without LNM (n = 10) were selected based on comparable clinical and histopathological
characteristics, as well as similar age and gender distributions. The validation cohort
included an additional six LSCC patients with LNM and six LSCC patients without LNM.
The clinicopathological features of the 32 patients are summarized in Table 1.

Table 1. Clinical characteristics of the 32 LSCC patients.

Characteristic Whole Cohort
Lymph Node Metastasis

Present Absent

Total (cases) 32 16 16
Age [years (mean ± SD)] 64.1 ± 8.1 63.6 ± 7.5 64.6 ± 8.7
Gender [cases (%)]
Male 32 (100) 16 (50) 16 (50)
Pathologic-T [cases (%)]
T3 15 (50) 8 (53.3) 7 (46.7)
T4 17 (50) 8 (47.1) 9 (52.9)

Abbreviations: SD, standard deviation.

The ethical committee of Fujian Medical University granted approval for this study,
and informed consent was acquired from each participant for the use of their data in
this research.

2.2. Protein Extraction, Digestion, and Tandem Mass Tag (TMT) Isobaric Labeling

Twenty milligrams of tissue were homogenized in lysis buffer [8 M urea, 150 mM
NaCl, 50 mM Tris-HCl (pH 8.0), and 1× protease inhibitor (Thermo Fisher Scientific,
Waltham, MA, USA, 78429)] and incubated for 30 min on ice. The samples then underwent
sonication to reduce lysate viscosity. After centrifugation at 16,000× g for 10 min, the soluble
supernatants were collected. The protein concentration in the lysates was quantified using
BCA assays.

For tryptic digestion, 500 μg of the protein samples was first reduced with 10 mM
dithi-othreitol (DTT) at 37 ◦C for 60 min and alkylated with 50 mM iodoacetamide (IAA),
in the dark, for 10 min. The proteins were precipitated with a 5-fold volume of ice-cold
acetone, and the resulting pellet was collected via centrifugation at 1000× g for 10 min,
followed by three washes with precooled acetone. The pellet was then redissolved in
100 mM triethylammonium bicarbonate (TEAB) and digested using trypsin at a 1:50 (w:w)
trypsin-to-protein ratio and incubated at 37 ◦C overnight.

The peptide concentrations were determined using BCA assays. Subsequently, 100 μg
of peptides from each sample were labeled with TMTpro-18plex (A52047) or TMT-11plex
(A37725) isobaric tags, according to the manufacturer’s protocol. The 40 samples, compris-
ing 20 tumor-to-normal pairs, included mixed peptides that served as an internal reference
across three TMT experiments (the samples’ labeling details are presented in Table S1). The
labeled peptides were then mixed, desalted, and vacuum-dried.

2.3. Fractionation of Peptides and LC-MS/MS Analysis

Using a high pH reversed-phase peptide fractionation kit (Thermo Fisher Scientific,
Waltham, MA, USA, 84868), the labeled peptides were divided into 15 fractions and dried
via vacuum centrifugation. Each peptide fraction was dissolved in 0.1% formic acid and
injected into an Acclaim PepMap C18 column (75 μm × 25 cm) for LC-MS/MS analysis.
A 50-min gradient was run at 200 nL/min on an EASY-nLC 1200 UPLC system (Thermo
Fisher Scientific, Waltham, MA, USA); 2% to 30% of solvent B (0.1% formic acid in 98%
acetonitrile) was increased to 50% within 5 min and then to 80% over a further minute,
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where it remained for 4 min. The peptides underwent ionization using an NSI source
before a tandem MS analysis using an Orbitrap Exploris 480 MS, coupled online with
the UPLC. The settings included a 2.3 kV spray voltage, a funnel RF level of 50, and a
capillary temperature of 320 ◦C. In its data-dependent acquisition (DDA) mode, the full
MS operated with a resolution of 60,000 at m/z 200, an AGC target of 300%, and scanned
a mass range of 350–1600 m/z. The fragment spectra were established using a 200% AGC
target, 15,000 resolution, and 50 ms injection times, using a Top12 approach. Additional
parameters included an intensity threshold of 2 × 105, an isolation width of 1.6 m/z, and a
normalized collision energy of 30%.

2.4. MS Data Processing and Data Analysis

The mass spectrometric files were processed using MaxQuant (version 2.4.2.0, Max-
Planck Institute of Biochemistry, Munich, Germany). The data were searched against
the Homo sapiens Uniprot database (20,597 sequences), assuming the digestion enzyme
trypsin. The mass error was set to 10 ppm for precursor ions and 4.5 ppm for fragment ions.
The oxidation of methionine and the protein’s N-terminus acetylation were specified as
variable modifications. For the TMT-labeled experiment, the carbamidomethyl of cysteine,
TMT of lysine, and the N-terminus were specified as fixed modifications, while, for the
TMTpro-labeled experiments, the fixed modifications were set as TMTpro lysine and the
N-terminus and carbamidomethyl of cysteine. The number of max missed cleavage sites
was set to 2. The enzyme was set as trypsin. The acceptance criterion for identifications was
that the false discovery rate (FDR) should be less than 1% for peptides and proteins. For the
quantification of proteins, the MS intensity of each protein across three TMT experiments
was corrected with respect to the reference channel. The harmonized data from three TMT
experiments were subsequently combined into a single expression matrix, subjected to a
log2 transformation, and normalized using upper quartile normalization.

2.5. Bioinformatics Analysis

The filtered proteomic data with no missing values (n = 5545 proteins) were used as
input data for the differential expression analysis. Proteins with a fold change > 1.2 and
p < 0.01, as determined by the two-sample Student’s t-test, were identified as differentially
expressed proteins (DEPs). A functional enrichment analysis, including gene ontology (GO)
and the Kyoto Encyclopedia of Genes and Genomes (KEGG), was performed using DAVID
bioinformatics resources [30]. A Benjamini–Hochberg-adjusted p-value of less than 0.05
was considered to indicate statistical significance. A gene set enrichment analysis (GSEA)
was carried out to pinpoint the predominantly enriched pathways using the “clusterProfiler”
package in R software (version 4.3.2) [8], with pathways achieving a nominal q-value
below 0.01 being deemed statistically significant. The Kaplan–Meier plotter, utilizing the
R package “survival”, was employed to compare the OS and PFS times between specific
groups. The processed gene expression profiles and clinical attributes of laryngeal cancer
patients were acquired from the TCGA and CPTAC databases through LinkedOmics
(http://www.linkedomics.org, accessed on 10 December 2023). Any samples deficient in
crucial clinicopathological or prognostic data were eliminated from the subsequent analyses.

2.6. Western Blotting

The proteins from LSCC tissues were isolated as previously described (Method 2.2).
For the cell lines, we harvested and thrice washed cells with PBS. They were then lysed on
ice for 30 min in RIPA buffer supplemented with phenylmethylsulfonyl fluoride (PMSF)
and protease and phosphatase inhibitors. Afterwards, protein separation was conducted
via SDS-PAGE, and their transfer onto a PVDF membrane followed. The mem-brane under-
went blocking with 5% nonfat milk before overnight incubation with primary antibodies
at 4 ◦C. The employed primary antibodies included GAPDH (Abclonal, Wuhan, China,
AC001), β-actin (Abclonal, A17910), RPS10 (Abclonal, A6056), CDH1 (Abclonal, A24874),
CDH2 (Abclonal, A19083), Snail (Abclonal, A5243), RPL29 (Immunoway, Plano, TX, USA,
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YN0379), RPS28 (Immunoway, YN4647), RPL3 (Immunoway, YT4105), RPS26 (Proteintech,
Wuhan, China, 14909), VIM (Proteintech, 10366), FN (Proteintech, 15613), ZO1(Proteintech,
21773), and RPL24 (Proteintech, 17082). After being rinsed with PBS and 0.1% Tween 20,
the membrane was incubated with the pertinent secondary antibodies for an hour at room
temperature. Protein bands were visualized using enhanced chemiluminescence (ECL)
reagents and the Bio-Rad ChemiDoc MP imaging system (Hercules, CA, USA), with their
quantification performed using ImageJ software (version 1.49).

2.7. RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated from the cells using TRIzol reagent and cDNA was syn-
thesized from 1 μg of total RNA using a reverse transcription kit (YEASEN, Shanghai,
China) according to the manufacturer’s instructions. A quantitative mRNA analysis was
performed using SYBR Green qPCR Mix (Vazyme, Najing, China). The mean Ct for each
sample was normalized using GAPDH as the reference gene (for primer sequences, see
Supplementary Materials, Table S2).

2.8. Immunohistochemistry

Tissue samples were fixed in 10% neutral buffered formalin for 24 h and then embed-
ded in paraffin. Sections with a thickness of 5 μm were deparaffinized and rehydrated, with
their endogenous peroxidase activity quenched using a 3% hydrogen peroxide solution.
Sections were stained with anti-PRS10 or RPL24 antibodies at a 1:200 dilution ratio and
incubated overnight at 4 ◦C. After washing with PBST, they were treated with the Elivision
super HRP (Rabbit) IHC Kit (Maxim, Fuzhou, China) according to the manufacturer’s
protocol. For the visualization of their proteins, diaminobenzidine (DAB kit, Maxim) was
applied, and the slides were counterstained with hematoxylin. Imaging was carried out
using a Nikon light microscope at 200× magnification. A semiquantitative analysis of
protein expression was conducted using Image Pro Plus software (version 6.0).

2.9. Cell Lines and Culture

The Tu686 and Tu212 LSCC cell lines were purchased from the Cell Center of Life
Science of the Chinese Academy of Science (Shanghai, China). The cells were maintained
in RPMI-1640 medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum and 1% penicillin–streptomycin (100 μg/mL) at 37 ◦C in a humidified incubator
(Thermo Fisher Scientific, Waltham, MA, USA) in the presence of 5% CO2.

2.10. Cell Viability and Invasion

Cells were seeded onto 96-well plates and left overnight, before being treated with a
dose–response-determined volume of CX-5461 (MEC, Lansdale, New Jersey, USA, 13323A)
for a duration of 96 h. Cell viability was assessed using a Cell Counting Kit-8 (CCK8)
(YEASEN, Shanghai, China, 40203ES). For the invasion assay, cells were placed in serum-
free RPMI 1640 media within Matrigelcoated chambers (8 μm pore size, Corning Inc., New
York, NY, USA), and the lower chamber was filled with 600 μL of medium supplemented
with 20% FBS. After a 48 h incubation at 37 ◦C with 5% CO2, the cells were fixed with 4%
paraformaldehyde (PFA) and stained with 0.5% crystal violet for 20 min. The invasive cells
were imaged and quantified across five randomly selected fields.

2.11. Wound Healing Assay

A wound healing assay was employed for assessing cell migration. Cells were placed
in a 6-well plate and left to grow overnight until they covered 80–90% of the surface. A
single layer of cells was then scratched using a sterile 10 μL pipette tip and cleaned with
PBS to remove any cell residue. After the scratch was made, cells were allowed to grow
further in RPMI-1640 culture medium without fetal bovine serum. The movement of cells
was observed and captured every 24 h using an inverted microscope.
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2.12. Statistical Analysis

In the proteomic analysis, we applied a two-tailed unpaired Student’s t-test to de-
termine the statistical significance of the difference between LSCC tumor tissues with
and without lymph node metastasis (LNM). For comparisons between tumor samples
and their adjacent normal tissue counterparts, a two-tailed paired Student’s t-test was
applied. Proteins with a fold change > 1.2 and a p value < 0.01 were defined as signifi-
cantly differentially expressed. In vitro experiments, such as the transwell assays, wound
healing assays, cell viability measurements, and Western blot analyses of various markers,
were each independently repeated at least three times. Two-tailed Student’s t-tests were
used to compare between groups. Data were presented as means ± SD, and p < 0.05 was
considered significant.

3. Results

3.1. Schematic Workflow for Screening Metastasis-Specific Proteins from LSCC Patients

The survival rate of laryngeal squamous cell carcinoma (LSCC) patients is significantly
affected by the tumor’s high invasiveness and its tendency to spread to distant body sites,
such as cervical lymph nodes and other organs. In our analysis of the clinical data from
LSCC patients within the TCGA and CPTAC databases, we discovered that more than
59% of these patients experience lymph node metastasis (LNM). Those with lymph node
metastasis showed lower overall survival (OS) and progression-free survival (PFS) rates, as
indicated by the generated Kaplan–Meier curves, which had p values of 2.2 × 10−3 and
2.1 × 10−3, respectively (Figure 1A,B, Supplementary Materials, Table S3).

Figure 1. Study design and data analysis pipeline. (A,B) Kaplan–Meier curves illustrating the
overall survival (OS) (A) and progression-free survival (PFS) (B) of patients in the CPTAC and
TCGA LSCC cohorts, stratified by the presence or absence of lymphatic metastasis. (C) Workflow
and strategy for the quantitative proteomic analysis of LSCC. Abbreviations: LNM, lymph node
metastasis; T, tumor tissue; Pt, peritumoral tissue; TMT, tandem mass tag; HPRP, high-performance
liquid chromatography; MS, mass spectrometry.
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To gain a comprehensive understanding of LSCC patients with lymph node metastasis
(LNM), we developed an efficient workflow to identify the proteins that are dysregulated
specifically in relation to the LNM occurring in LSCC (Figure 1C). Paired tumor and ad-
jacent non-tumor tissue samples from twenty LSCC patients, including ten with LNM
(Patients 1–10) and ten without LNM (Patients 11–20), were collected for a global proteomic
analysis utilizing a TMT-based strategy that followed stringent criteria. The clinicopatho-
logical characteristics of these 20 LSCC patients are summarized in Table 1. After protein
extraction, trypsin digestion, and TMT labeling, the labeled peptides were pooled for HPLC
fractionation and subsequently analyzed using LC-MS/MS. In order to avoid protein varia-
tions due to batch effects, the patients were randomly shuffled during sample preparation
and MS acquisition, and the abundance of each protein was normalized, with respect to
a reference channel, across three TMT groups (Groups I–III). The database search results
indicated that the labeling efficiency of all three TMT groups exceeded 98% (Figure S1A)
and that the overall intensities of each channel fluctuated within a small range (Figure S1B).
These findings demonstrate the rigorous control we had over our experimental procedure
and attest to the high quality of the proteomic data.

3.2. The Landscape of Dysregulated Proteins in LSCC Patients with LNM

For the quantitative proteomics analysis, three sets of TMT experiments identified a total
of 6979, 6875, and 6692 proteins, respectively, with 6870, 6747, and 6619 of these proteins being
quantified (Figure 2A). Among these proteins, 5545 were quantified across all samples and,
therefore, included in subsequent analyses (Figure 2B, Table S4). Next, we compared the differ-
entially expressed proteins between tumors with and without LNM, revealing that 126 proteins
were significantly differentially expressed (fold change > 1.2, p < 0.01): 69 were upregulated
and 57 downregulated, as shown in Figure 2C. The 69 stably upregulated proteins in tumors
with LNM could serve as a potential pool for the identification of high-invasion-specific LSCC
biomarkers. Furthermore, 23% of these proteins (16 out of 69) exhibited the same trend of
dysregulation when comparing tumor to peritumoral tissues (Figure S2B). To better understand
the biological functions of the dysregulated proteins specific to LNM, we performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway (KEGG) enrich-
ment analyses using DAVID bioinformatics resources. The most enriched pathways among
the proteins positively related to LNM included ribosome (p = 6.31 × 10−20), spliceosome
(p = 1.96 × 10−3), and cytoplasmic translation (p = 5.53 × 10−25), indicating an extraordinary acti-
vation of ribosome biogenesis and the synthesis of proteins. As expected, the proteins negatively
related to LNM were significantly enriched in pathways such as complement and coagulation
cascades (p = 5.54 × 10−6), ECM–receptor interactions (p = 6.76 × 10−6), and cell adhesion
(p = 5.16 × 10−4) (Figure 2D, Table S5). This enrichment indicates a disruption of the intercellu-
lar matrix and cell–cell junctions, which, coupled with the active biosynthesis of tumor cells,
collectively promotes the invasion and metastasis of LSCC.

The dysregulated proteins in T/Pt are displayed as a volcano plot (Figure S2A); a
total of 848 proteins were observed to be significantly differentially expressed (a fold
change > 1.2, p < 0.01), of which 419 were upregulated and 429 were downregulated. The
most enriched pathways of the dysregulated proteins in tumor tissues are illustrated in
Figure S2C. Notably, upregulated proteins were overrepresented in pathways including
DNA replication (p = 1.35 × 10−4), spliceosome (p = 1.18 × 10−3), base excision repair
(p = 2.95 × 10−3), and antigen processing and presentation (p = 8.16 × 10−3), while the
downregulated proteins were enriched in pathways including complement and coagulation
cascades (p = 4.54 × 10−12), thermogenesis (p = 2.65 × 10−7), and oxidative phosphorylation
(p = 3.23 × 10−7). This enrichment analysis underscores the notable genomic instability
and mitochondrial functional impairments in LSCC cells.
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Figure 2. Quantitative profiling of whole-cell proteome in LSCC. (A) Summary of identified and
quantified proteins in the three TMT groups. (B) Venn diagram of the quantified proteins of three
TMT-based protein profiling: 5545 proteins were quantified across all samples. (C) Volcano plot
indicating the differentially regulated proteins in LSCC with LNM versus LSCC without LNM. Red
and blue colors represent fold changes ≥ 1.2 and a p < 0.01. (D) Heatmap showing the differently
expressed proteins. Histogram showing the enrichment of KEGG and GOBP (GO biological processes)
terms in upregulated (upper right) and downregulated (bottom right) proteins; this analysis was
conducted using DAVID. Detailed data are available in Tables S4 and S5.

3.3. Dysregulation of Ribosomal Proteins is Closely Associated with LNM of LSCC

The aberrant growth and proliferation of tumor cells depend on increased protein
synthesis, which requires an overly activated ribosomal biogenesis process. In line with
this requirement, the most enriched pathways among the dysregulated proteins in LSCC
with LNM are all ribosome-associated. Our gene set enrichment analysis (GSEA) reveals
that most of the proteins of the ribosomal subunits, as well as those related to translation,
are upregulated to various extents in LSCC with lymph node metastasis (Figure 3A). When
all quantified ribosomal proteins were displayed as a heatmap, the ribosomal protein
expression levels in LSCC tissues with lymph node metastasis were generally found to be

137



Toxics 2024, 12, 363

higher than those in adjacent non-cancerous tissues (Figure 3B). In contrast, the fluctuations
in ribosomal protein expression between cancerous and peritumoral tissues in LSCC
without lymph node metastasis were found to be less pronounced.

Figure 3. The ribosome is markedly activated in LSCC with LNM. (A) Gene set enrichment analysis
(GSEA) of samples with and without LNM. (B) Heatmap showing the expression pattern of ribosomal
proteins in LSCC with and without LNM. (C) The quantified ribosomal proteins have been categorized
according to their presence in either the large or small subunit. Proteins specifically associated with
lymph node metastasis and exhibiting a p-value of less than 0.01 are marked in red. To the right, box
plots illustrate the expression levels of these proteins, arranged in ascending order according to their
p values.

The ribosome consists of 60S and 40S subunits, which include a series of proteins and
RNA molecules. These subunits assemble to form a specific structure that accommodates
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mRNA and tRNA and promotes reactions such as amino acid binding. Ten proteins,
comprising up to 21% of the proteins quantified in the 60S ribosomal subunit, and eight
proteins, representing 25% of those in the 40S subunit, were significantly overexpressed
in LSCC with lymph node metastasis, exhibiting a p-value of less than 0.01, as shown in
Figure 3C. These 18 stably upregulated proteins could serve as a potential resource for the
identification of LSCC biomarkers specific to lymph node metastasis. Notably, RPS10 and
RPL24, which are integral to the small and large ribosomal subunits, respectively, are the
proteins most relevant to lymph node metastasis.

3.4. Validation of the LNM Specific Biomarkers

To validate the biomarkers identified via MS, we procured an additional 12 LSCC
tissue samples, thereby extending our study beyond the initial cohort of 20 patients. Within
this new subset, half the subjects exhibited lymph node metastasis, while the other half were
metastasis-free. We focused on the ribosomal proteins previously identified as the most
upregulated (RPS10, RPL24, RPS26, RPL29, RPL3, and RPS28). A Western blot analysis
confirmed that these proteins had heightened expression specificity in LNM within this
novel validation cohort (Figure 4A). To address any potential bias in protein quantification
due to variations in tumor purity, we conducted immunohistochemical (IHC) analyses for
RPS10 and RPL24, which were consistent with our Western blot results (Figure 4C).

Figure 4. Validation of biomarker expression patterns in LSCC with LNM. (A) Western blot validation of
the protein abundance of the most upregulated ribosomal proteins in LSCC with LNM (n = 6) compared
to LSCC without LNM (n = 6). Densitometric quantification of Western blot signals is illustrated in the
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histogram on the right. (B) QPCR analysis detected the expression of rps10 and rpl24 genes in
LSCC with (n = 6) versus without LNM (n = 6). (C) Representative IHC staining demonstrated
marked overexpression of RPS10 and RPL24 in LSCC with LNM: (a) Original magnification, ×20;
(b) representative higher magnification (×40) images of the views marked by the black squares in (a),
showing the hybridization of RPS10 and RPL24 to tumor cells; (c) assessment of proteins expression
by relative density to area. (D) Gene expression of ribosomal proteins specifically associated with
LNM. The mRNA expression data from LSCC cases with (n = 53) and without (n = 39) LNM were
extracted from the TCGA database and compared. Abbreviations: LNM, LSCC with lymph node
metastasis; NO, LSCC without lymph node metastasis; TPM, transcripts per million. Data are
presented as mean ± SD. Significant differences were determined using a two-tailed t-test, * p < 0.05,
** p < 0.01.

To determine whether the heightened expression of these ribosomal proteins was
rooted in gene expression anomalies, we performed quantitative PCR (QPCR) assays for
the rps10 and rpl24 genes and found no significant alterations (Figure 4B). This finding
implies that the overexpression of ribosomal proteins in LSCC is likely an event that
occurs during translation or post-translation, rather than at the gene transcription stage.
In pursuit of further evidence, we analyzed the expression of the genes encoding these
ribosomal proteins in LSCC cases from The Cancer Genome Atlas (TCGA) database. In
agreement with our experimental results, there were no notable disparities at the mRNA
level in the identified ribosomal proteins with LNM-specific overexpression (Figure 4D).
This additional analysis reinforces the notion that post-transcriptional mechanisms may
account for the discrepant ribosomal protein expression observed in LSCC with lymph
node metastasis.

3.5. CX-5461 Hinders Ribosome Biogenesis and Reduces the Expression of Several Ribosomal Proteins

CX-5461 is an orally available inhibitor of ribosome biogenesis capable of disrupting
the production of rRNA and thereby inhibiting ribosome biogenesis within the nucleolus.
Based on our previous findings of increased ribosomal activity in LSCC tissues with
lymph node metastasis compared to those without metastasis, we proposed that CX-5461
could potentially inhibit the abnormal activation of ribosomes in laryngeal cancer, thereby
impeding cancer cell invasion and metastatic progression. To test this hypothesis, we
conducted quantitative PCR experiments to assess the effectiveness of CX-5461 in inhibiting
rRNA synthesis in laryngeal cancer cells. The results showed that CX-5461 significantly
reduces the production of 47S rRNA precursor in vitro at nanomolar concentrations, with a
mean half-maximal inhibitory concentration (IC50) of 173 nM in the Tu686 cell line and
269 nM in the Tu212 cell line. The primary target of CX-5461 is RNA polymerase I, which is
involved in rRNA transcription, rather than RNA polymerase II, which is responsible for
mRNA transcription [31]. Consequently, CX-5461 does not suppress the mRNA expression
levels of the genes encoding RPS10 and RPL24, as shown in Figure 5A,B.

To investigate the effects of CX-5461 on the expression of RPs at the protein level,
we conducted Western blot analyses on laryngeal cancer cell lines treated with varying
con-centrations of CX-5461. The results indicated that CX-5461 significantly reduced the
expression levels of RPS10, RPS26, and RPL24, while not affecting RPS28, RPL29, and RPL3
(Figure 5C). The differing sensitivities of various ribosomal proteins to CX-5461 suggest
that the dynamic regulation of ribosomal proteins in cells is complex and may involve
multiple layers of regulatory mechanisms. Given the strong correlation of RPS10, RPL24,
and RPS26 with LNM in LSCC, and as their expression is inhibited by CX-5461, we suggest
that CX-5461 has the potential to be used to treat metastatic LSCC.
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Figure 5. Inhibition of rRNA production and ribosomal protein expression by CX-5461. (A,B) qRT-
PCR analyses of 47S pre-rRNA, β-actin, rps10, and rpl24 transcription after a 2 h treatment of CX-5461
in Tu686 (A) and Tu212 cells (B); (C,D) Western blot detecting the expression of six ribosomal proteins
RPS10, PRS26, RPS28, RPL24, RPL29, and RPL3, after a 48 h treatment of CX-5461 in Tu686 (C) and
Tu212 cells (D). Data are presented as mean ± SD, n = 3. Significant differences were determined using
a two-tailed t-test, * p < 0.05, ** p < 0.01. Abbreviations: IC50, half-maximal inhibitory concentration.

3.6. CX-5461 More Effectively Inhibits LSCC Invasion than cell Viability

Next, we sought to investigate the anti-proliferative and anti-invasive potential of CX-
5461 against laryngeal squamous cell carcinoma (LSCC). By performing the CCK-8 assay,
we assessed the reduction in the cell viability of the Tu686 and Tu212 cell lines across a range
of drug concentrations. Although CX-5461 indeed inhibited the viability of these laryngeal
cancer cells, they displayed a relative insensitivity to it when compared to other cell lines,
such as HCT116 and A375, which had IC50s in the low nanomolar range (hundreds or even
tens of nM) [31]. The IC50 values of CX-5461 were notably higher for Tu686 and Tu212, at
2.13 μM and 1.71 μM, respectively (Figure 6A). Nevertheless, CX-5461 appears to have a
significant inhibitory impact on the metastatic potential of laryngeal cancer cells. The results
of the transwell assay show that CX-5461 concentrations of 100 nM or higher significantly
reduced the invasiveness of both the Tu686 and Tu212 cell lines (Figure 6B). Interestingly,
cell viability was not significantly affected by CX-5461 concentrations of 100 nM and
200 nM. Moreover, this effective concentration aligns precisely with the one required to
diminish the expression levels of the ribosomal proteins RPS10 and RPL24 (Figure 5C).
To further confirm the specific inhibitory ability of CX-5461 towards cell invasion and
metastasis, we assessed the effects of a 200 nM CX-5461 treatment on scratch closure and
the expression of epithelial–mesenchymal transition (EMT) markers in laryngeal cancer
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cells. The results indicated that treatment with 200 nM CX-5461 significantly inhibited cell
migration (Figure 6C), promoted the expression of the epithelial cell marker E-cadherin
(CDH1), and suppressed the expression of the mesenchymal cell markers N-cadherin
(CDH2), vimentin (VIM), and fibronectin (FN) (Figure 6D).

Figure 6. CX-5461’s inhibition of cell viability and invasion. (A) Effect of CX-5461 on the cell viability
of Tu686 and Tu212 cells. (B) Transwell invasion assays were conducted on Tu686 and Tu212 cells
using various concentrations of CX-5461, as indicated. (C) Wound healing assay revealing the
inhibition of cell migration by CX-5461. (D) Western blot analysis detecting the effect of CX-5461 on
the expression levels of EMT markers CDH1, CDH2, VIM, FN, ZO1, and Snail. Data are presented
as mean ± SD, n = 3. Significant differences were determined using a two-tailed t-test, * p < 0.05,
** p < 0.01.
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4. Discussion

In this study, we report a comprehensive quantitative proteomic analysis of laryngeal
squamous cell carcinoma, focusing on the proteome dysregulation associated with lymph
node metastasis.

The potential of clinical proteomics to identify and quantify new biomarkers, as well
as to distinguish patient profiles, offers remarkable promise for early molecular detection,
prognostication, and tailored therapeutic strategies. However, the integration of proteomic
technologies into routine clinical practice remains limited, despite the proven success of
oncological identification through multi-omics research in specific cancer cohorts [32–34].
Proteogenomic data releases for common cancers, such as breast [35], lung [36], liver [37],
and HNSCC [38], have deepened our understanding of tumor biology. Huang et al.
contributed to this by providing an extensive proteogenomic database for HNSCC that
included multi-omics data from 49 LSCC cases, focusing on distinguishing cancerous from
non-cancerous tissues [38]. However, the mechanisms and biomarkers of laryngeal cancer
risk, such as lymph node metastasis, vascular invasion, and tumor grading, have not yet
been fully elucidated. To address this gap, our study implemented a proteomic workflow
on a precisely matched cohort of 20 LSCC patients, evenly divided between those with and
without lymph node metastasis and controlled for gender and age. In contrast to the pro-
teomic data published by Huang et al., in which cancerous and non-cancerous tissues were
not paired, our proteomic data include expression profiles from both cancerous and paired
adjacent normal tissues. This meticulously designed proteomic analysis, which carefully
considers sample selection, not only provides a refined view of metastatic laryngeal cancer
but also enriches the breadth of the available data on laryngeal cancer.

Our comparative proteomic analysis identified a set of 848 proteins with marked ex-
pression differences between LSCC tissues and their normal counterparts. The enrichment
analyses of these proteins highlighted several critical pathways, with DNA replication
emerging as the most prominent, along with a significant overexpression of the spliceo-
some, cell cycle, and ribosome pathways (Figure S2). These insights reflect the tumor’s
proliferative vigor and align well with prior proteomic research into HNSCC [38,39]. The
consistency of these findings affirms the authenticity of our proteomic data and the appro-
priateness of our sample selection.

A key finding of our study is the identification of 126 aberrantly expressed proteins in
LSCC with lymph node metastasis. Proteins that are downregulated primarily enrich path-
ways related to cell adhesion (Figure 2D), corresponding to the metastatic tumor’s tendency
to detach from the primary site and spread distantly [40]. This pattern of protein function
enrichment has also been observed in proteomic analyses of metastatic colorectal cancer [41]
and lung cancer [42]. Notably, among the 69 overexpressed proteins in the lymph node
metastasis group, 18 belong to ribosomal subunits. The majority of the other quantified
ribosomal proteins are also overexpressed, albeit with slightly lower fold-changes than
these 18 (Figure 3). Research has shown that ribosomes can modulate the rate of protein
synthesis and play critical roles in cellular processes, such as proliferation, differentiation,
apoptosis, and transformation [43,44]. Tumors may enhance ribosomal function to support
their increased demand for active biosynthesis [45,46]. The overactivation of ribosomes in
tumors is regulated by oncoproteins, noncoding RNAs, and various other factors [47]. Myc
is one of the proto-oncogenes involved in abnormal ribosome biogenesis by promoting the
transcription of rDNA [22,48]. Conversely, compromised ribosome function can inhibit
the malignant progression of tumors [49]. Mossmann et al. have suggested that targeting
abnormal ribosome biogenesis by blocking mTORC1/ribosomal protein S6 (RPS6) signal-
ing using drugs is an effective cancer treatment strategy [50]. Our proteomic data suggest
that this ribosomal overactivation may play a particularly prominent role in driving the
metastasis of laryngeal cancer and could be considered a diagnostic marker for metastatic
laryngeal carcinoma.

Among the aberrantly expressed ribosomal proteins in LSCC tissues with lymph node
metastasis, RPS10 and RPL24 are significantly prominent and are considered biomarkers
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for lymph node metastasis. Mutations in RPS10 have been reported to correlate with
Diamond–Blackfan anemia [51] and to have a role in regulating the mitochondrial function
in plants [52]. Additionally, RPL24 may play a role in liver regeneration and could serve
as a potential prognostic biomarker for cervical cancer when treated with cisplatin and
concurrent chemoradiotherapy [53,54]. Both RPS10 and RPL24 have consistently shown
their higher expression in the LNM group in external validation cohorts, as demonstrated
by our WB and IHC assays (Figure 4). However, the qPCR and TCGA analyses identified
no significant differences in their mRNA levels between the groups with and without
LNM. These findings suggest that post-transcriptional regulatory mechanisms, such as
translation efficiency or protein control by the ubiquitin proteasome system and autophagy,
may play roles in the ribosomal hyperactivation observed in metastatic laryngeal cancer
cells [55]. We noted that RPL15, a ribosomal protein well known to be overexpressed
and to enhance tumor invasiveness in metastatic breast cancer [23,56], did not exhibit
significant changes in our data, indicating its potential ribosomal heterogeneity across
different tumor types. Recent research has proposed the concept of ribosomal heterogeneity,
implying that ribosomes are not uniform entities, but rather variable complexes with
components that differ across diseases and cellular states [57]. Variations can occur in rRNA
modifications [58,59], ribosomal protein ratios [60], post-translational alterations [57], and
their associated protein regulation, leading to the formation of “specialized ribosomes” or
“onco-ribosomes” in cancer. Our findings may support this evolving viewpoint.

Given our discovery of heightened ribosomal activity in metastatic laryngeal cancer
cells, we propose that inhibiting ribosome biogenesis may effectively suppress the invasion
and metastasis of such cancer cells. We experimentally employed CX-5461, an inhibitor of
ribosome biogenesis [31,61], and observed its potent ability to suppress ribosomal RNA
transcription in laryngeal cancer cell lines. Intriguingly, it also attenuated the protein
expression levels of RPS10, RPL24, and RPS26, irrespective of their mRNA expression.
We speculated that this CX-5461 treatment diminishes the expression of essential rRNA,
promoting the cellular proteostasis mechanisms, such as the ubiquitin–proteasome system,
to degrade unincorporated ribosomal proteins [55,62]. Although CX-5461 has shown
significant anti-proliferative effects on various cancer cell lines, including HCT116 and
A375 [31], laryngeal cancer cells exhibit a relative resistance to it, with an IC50 value nearly
10 times higher than that of HCT116 cells.

Our in vitro experimental results demonstrate that CX-5461 preferentially inhibited the
invasiveness of laryngeal cancer cells, rather than their viability (Figure 6). This suggests
that CX-5461 could potentially serve as an adjunct to frontline therapies or as a prophylactic
agent to prevent postoperative recurrence, rather than as the primary treatment for killing
laryngeal cancer cells. This conclusion requires further validation through more extensive
in vivo experiments in the future. Moreover, for CX-5461 to be applied in the treatment of
laryngeal cancer, its validation through more extensive preclinical and clinical research is
necessary. Considering that CX-5461 has been linked to potential DNA damage [61] and
topoisomerase II poisoning [63], it is particularly essential for future studies to conduct
comprehensive in vivo toxicological assessments of CX-5461 using animal models. It is
noteworthy that, apart from CX-5461, other RNA polymerase I inhibitors such as BMH-
22, BMH-21 [64], and POL1-IN-1 may also have promising potential applications. It is
crucial to compare the efficiency of different ribosome biogenesis inhibitors at inhibiting
cancer cell invasion and metastasis both in vitro and in vivo, as well as their safety profiles.
There is a pressing demand for novel, safer, and more efficacious treatments targeting
ribosomal biogenesis in tumors with elevated ribosomal activity to open new paths for
cancer treatment.

In summary, our study characterized the comprehensive proteome of laryngeal car-
cinoma with lymph node metastasis and analyzed the molecular mechanisms involved.
We proposed and demonstrated the value of ribosomal biogenesis as a potential thera-
peutic target for metastatic laryngeal cancer. We believe that this study offers valuable
insights into the progression of LSCC with lymph node metastasis and facilitates advance-
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ments in the development of diagnostics and therapeutics for LSCC patients with lymph
node metastasis.

5. Conclusions

Using a TMT-based proteomic workflow, we depicted the proteomic landscape of
LSCC with lymph node metastasis, thereby enriching the current proteomic database of
laryngeal cancer. A significant upregulation of ribosomal proteins was noted in metastatic
LSCC, with the ribosomal proteins RPS10 and RPL24 identified as potential biomarkers
of the condition. By employing CX-5461 as an inhibitor of ribosomal biogenesis, our
preliminary in vitro experiments showcased the potential of targeting ribosomal biogenesis
as a therapeutic strategy for metastatic laryngeal squamous cell carcinoma.
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Abstract: Oridonin is the primary active component in the traditional Chinese medicine Rabdosia
rubescens, displaying anti-inflammatory, anti-tumor, and antibacterial effects. It is widely employed
in clinical therapy for acute and chronic pharyngitis, tonsillitis, as well as bronchitis. Nevertheless,
the clinical application of oridonin is significantly restricted due to its reproductive toxicity, with the
exact mechanism remaining unclear. The aim of this study was to investigate the mechanism of
oridonin-induced damage to HTR-8/SVneo cells. Through the integration of epigenetics, proteomics,
and metabolomics methodologies, the mechanisms of oridonin-induced reproductive toxicity were
discovered and confirmed through fluorescence imaging, RT-qPCR, and Western blotting. Experimental
findings indicated that oridonin altered m6A levels, gene and protein expression levels, along with
metabolite levels within the cells. Additionally, oridonin triggered oxidative stress and mitochondrial
damage, leading to a notable decrease in WNT6, β-catenin, CLDN1, CCND1, and ZO-1 protein levels.
This implied that the inhibition of the Wnt/β-catenin signaling pathway and disruption of tight junction
might be attributed to the cytotoxicity induced by oridonin and mitochondrial dysfunction, ultimately
resulting in damage to HTR-8/SVneo cells.

Keywords: oridonin; reproductive toxicity; Wnt/β-catenin signaling pathway; tight junction;
mitochondrial dysfunction

1. Introduction

Oridonin, characterized by a tetracyclic diterpenoid structure with isoprene as its core
framework, is recognized as the primary bioactive constituent of the traditional Chinese
medicine Rabdosia rubescens [1]. Studies have demonstrated the potent pharmacological prop-
erties of oridonin, including anti-inflammatory, anti-tumor, and antibacterial effects [2,3]. It is
frequently prescribed for treating pharyngitis, tonsillitis, and bronchitis in clinical practice [4].
Conversely, an increasing amount of research has been dedicated to exploring the adverse
reactions associated with oridonin. After 21 days of continuous injection of 10 mg/kg of ori-
donin in healthy nude mice, it led to hepatic sinusoidal constriction and a significant increase in
alanine aminotransferase level [5]. Treatment with 10 μM of oridonin for 24 h resulted in DNA
damage and cellular accumulation of reactive oxygen species (ROS), promoting H460 human
lung epithelial cell apoptosis [6]. Notably, after treating ovarian granulosa cells with 15 μg/mL
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of oridonin for 24 h, it was observed that cell proliferation was inhibited, SOD activity decreased,
and the levels of malondialdehyde and ROS increased, resulting in oxidative damage to the
ovarian granulosa cells [7]. However, few studies have been conducted on the reproductive
toxicity of oridonin, and its potential toxicity mechanism remains unclear, which hinders its
clinical application.

The mitochondria serve as the central hub for cellular energy synthesis and repre-
sent the primary source of ROS. Given the intricate structure and diverse functions of
mitochondria, numerous mechanisms can contribute to mitochondrial toxicity triggered
by drugs and other chemical compounds [8]. Previous research has demonstrated that
the combination of AG1478 and oridonin enhances ROS generation. Cells treated with
n-acetylcysteine during incubation mitigated apoptosis and prevented disruption of mito-
chondrial membrane potential (MMP) caused by the combined treatment of AG1478 and
oridonin, implying that ROS are crucial in mediating cell death triggered by oridonin [9].
Furthermore, given the limited protective system against oxidative stress, mitochondria
are anticipated to be prone to oxidative damage [10]. It has been firmly established that
an excess of ROS is responsible for impeding the respiratory chain complexes, particu-
larly complex I, as well as ATP synthesis. Additionally, ROS causes the oxidation of lipid
peroxidation, and protein oxidation. These consequences ultimately trigger the initiation
of the mitochondrial permeability transition pore (mPTP) and a subsequent reduction
in MMP [11,12]. During embryogenesis, WNTs act as signaling molecules that regulate
essential processes such as cell division, tissue morphogenesis, and cell development. By
binding to specific receptors on neighboring cells, WNTs activate intracellular signaling
pathways, leading to changes in gene expression and cellular homeostasis [13]. The Wnt
signaling pathway primarily refers to mediation by the activation of target genes and
the nuclear translocation of β-catenin [14]. Regulation of the cytoskeleton, adhesion, and
migration involves the Wnt signaling via the Wnt/Ca2+ and Wnt/PCP pathways [15]. By
modulating the β-catenin stability, a crucial constituent of the adherens junction, canonical
Wnt signaling significantly impacts the regulation of cell adhesion [16]. The upregulation of
Wnt-5a led to enhanced cell–substrate adhesion, cell migration, and focal adhesion kinase
activation dependent on adhesion in cancer cells [17]. The tumor suppressor protein APC
plays a crucial role in the Wnt signaling pathway by coordinating cytoskeletal networks.
By binding to the plasma membrane in an actin-dependent fashion, APC modulates the
actin cytoskeleton, which is necessary for cell polarization and directed migration [18].
Overexpression of CLDN1, which serves as a primary element within tight junction com-
plexes governing the permeability of epithelial barriers in the colorectal cancer mouse
model, led to decreased survival. Transcriptome analysis supported an upregulation in
the Wnt signaling pathway [19]. However, the exact mechanism behind oridonin-induced
reproductive toxicity is not thoroughly elucidated and there is no evidence of a relationship
between its toxicity to mitochondria and Wnt/β-catenin signaling pathway.

The advancement of omics methodologies in recent years has been crucial in driving
progress in the field of biology, with the ultimate goal of unraveling intricate mechanisms
underlying complex phenomena. Instead of employing conventional biochemical methods
to analyze individual components of an organism, the omics approach encompasses a com-
prehensive examination of all components and their intricate interconnections throughout
the entire system. Omics technology is commonly used in traditional Chinese medicine and
other ethnomedical practices. Genomics, transcriptomics, proteomics, and metabolomics
are increasingly integral to pharmaceutical research, often used individually or in com-
bination. The application of omics technologies is becoming more prevalent, with its
effectiveness acknowledged in target discovery, toxicology studies, and traditional Chinese
medicine research [20]. Epigenetics primarily encompasses the investigation of heritable
variations in cell phenotype or gene expression that occur without alterations to the nu-
cleotide sequence. Based on the extent of modification, it can be divided into transcriptional,
post-transcriptional, and post-translational modifications [21,22]. RNA modifications also
exert regulatory functions at the post-transcriptional level. More than 170 RNA modifica-
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tions have been discovered [23], with N6-methyladenosine (m6A) being widely acknowl-
edged as the most prevalent and abundant modification [24,25]. With the advancement
of our comprehension regarding regulatory mechanisms, it has become evident that m6A
methylation is critical in various stages of RNA metabolism [26]. Recent research has em-
phasized the crucial role of m6A methylation modifications in orchestrating diverse cellular
processes, encompassing the regulation of cell proliferation and differentiation [27], DNA
damage response regulation [28], and cellular autophagy modulation [29]. For instance,
the collaborative involvement of methyltransferase 3, N6-adenosine-methyltransferase
complex catalytic subunit (METTL3), and fat mass and obesity (FTO)-mediated m6A mod-
ifications is observed in the cadmium sulfate-induced oxidative stress process, leading
to cellular apoptosis [30]. The downregulation of METTL3 modulates the response to
oxidative stress in mouse renal tubular epithelial cell models when exposed to colistin [31].
In addition, advancements in proteomics have significantly broadened its applications
in the field of biomedicine, enabling specific identification and quantification of proteins
within organisms [32]. The utilization of proteomics shows great potential in the realm of
drug development, particularly in identifying drug targets, exploring drug mechanisms,
and conducting toxicology research. Gambogic acid and gambogenic acid, two derivatives
of Gamboge, have been discovered to be capable of inhibiting the target protein stathmin 1
in HepG2 cell proliferation [33]. Metabolomics, an emerging omics technology that follows
transcriptomics and proteomics, investigates endogenous metabolites of small molecules
within organisms to explore organismal metabolic states and enhance the comprehensive
understanding of the entire system when integrated with other omics approaches [34].
Metabolites serve as the ultimate products of biological processes, enabling metabolomic
findings to depict prior toxicological events. In a metabolomic investigation, nephrotoxicity
induced by aristolochic acid was characterized by the significant acceleration of specific
metabolic pathways such as the folate cycle and homocysteine synthesis, alongside a
decrease in activity in pathways such as arachidonic acid biosynthesis [35]. By integrat-
ing assessments of the epigenetic transcriptome, proteome, and metabolome, potential
biomarkers within crucial signaling pathways can be effectively discerned.

In the present study, the reproductive toxicity of oridonin was evaluated on HTR-
8/SVneo cells and potential molecular mechanisms were demonstrated. It was found
that there is a dose-dependent inhibition of viability in HTR-8/SVneo cells by oridonin.
Moreover, oridonin demonstrated damage to mitochondria and disruption of tight junction.
Mechanistically, our study suggested that oridonin might mediate its reproductive toxicity
by suppressing the activation of the Wnt/β-catenin signaling pathway.

2. Materials and Methods

2.1. Chemical Reagent and Cell Culture

Oridonin, provided by Chengdu Must Bio-Technology Co., Ltd. (Chengdu, China),
boasted a purity of 99.64% (Figure 1D). The purity and chemical structure (Figure 1A) of
oridonin were verified through high-performance liquid chromatography (HPLC) and
400 MHz 13C (Figure 1B) and 1H (Figure 1C) nuclear magnetic resonance spectroscopy, re-
spectively. The human trophoblast cell line HTR-8/SVneo was sourced from the American
Type Culture Collection and cultured in DMEM supplemented with 100 μg/mL strepto-
mycin, 100 U/mL penicillin G sodium salt, and 10% fetal bovine serum. The maintenance
conditions included a temperature of 37 ◦C and 5% CO2. To treat HTR-8/SVneo cells, it
was dissolved in DMSO at concentrations of 12.5, 25, and 37.5 μM in well plates for 24 h.
The concentration of DMSO in the cell culture was maintained at 1%.
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Figure 1. (A) The chemical structure of oridonin. (B) 400 MHz 13C NMR spectra of oridonin.
(C) 400 MHz 1H NMR spectra of oridonin. (D) Purity analysis of oridonin by HPLC. The viability
(E) and LDH release level (F) of HTR-8/SVneo cells following treatment with 0, 12.5, 25, and 37.5 μM
oridonin for 24 h. * p < 0.05, *** p < 0.001, n = 3.

2.2. MTT and LDH Release Assay for Determining Cytotoxic Effects

The evaluation of HTR-8/SVneo cell viability following exposure to oridonin was
carried out through the MTT cytotoxicity assay. Briefly, 4 × 103 cells were plated in
individual wells of 96-well plates and exposed to 0, 12.5, 25, and 37.5 μM oridonin for 24 h.
Subsequently, each well received 10% MTT solution and was then incubated in a 37 ◦C cell
culture incubator for 4 h. Post-medium removal, 100 μL DMSO was added to each well to
dissolve the intracellular formazan product. The absorbance of formazan was determined
at 490 nm with a microplate reader (BioTek, Santa Clara, CA, USA).

The assessment of cell membrane integrity included quantifying the release of LDH.
Following a 24 h treatment with 0, 12.5, 25, and 37.5 μM oridonin, the 96-well plate was
centrifuged at 400× g for 5 min. Subsequently, a volume of 120 μL supernatant was
transferred to a new 96-well culture plate and incubated with LDH detection reagent for
30 min. The release level of LDH was assessed using a microplate reader (BioTek) at a
wavelength of 490 nm.

2.3. RNA Extraction and High-Throughput Sequence

The HTR-8/SVneo cells were exposed to 25 μM oridonin for 24 h, followed by washing
with PBS. Subsequently, total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad,
CA, USA), followed by DNaseI treatment to remove DNA. The quality of samples was
evaluated by a Nanodrop One C spectrophotometer (Thermo Fisher, Waltham, MA, USA),
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while the integrity was assessed using agarose gel electrophoresis. A total of 50 μg eligible
RNA was used for high-throughput sequence, including m6A MeRIP-seq and mRNA-
seq, conducted by Seqhealth (Wuhan, China). To address the issue of duplication bias
during RNA library establishment, the KC-Digital Stranded mRNA Library Prep Kit for
Illumina (Seqhealth) was applied. The resulting library fragments, ranging from 200 to
500 bps, were enriched and quantified. The comparison between the oridonin group and
the control group was conducted using fold change and p-value. To obtain RIP-Seq peaks,
motifs, and data analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO), the data were inputted into exomePeak (Suzhou, China), Homer
(San Diego, CA, USA), and DAVID (Frederick, MD, USA). Each group was sequenced with
three independent samples.

Quality control of mRNA-seq data is shown in Table S1. The control groups obtained
average quantities of 75.1 million raw reads of mRNA, with 68.1 million clean reads.
Meanwhile, the oridonin groups obtained average quantities of 71.0 million raw reads
of mRNA, with 64.1 million clean reads. The Q20 was 99.4% and Q30 was 97.0% in all
samples. The above results suggest that our mRNA-seq was of high quality.

2.4. Molecular Docking and Molecular Dynamics (MD) Simulation

The interaction between oridonin and m6A regulators was explored through SYBYL
software (Tripos, St Louis, MO, USA). The structure of oridonin was obtained from PubChem,
subjected to energy minimization, and converted into 3D structures using Chem3D (Waltham,
MA, USA) [36]. The crystalline structure of docking proteins was acquired from PDB. Then,
the high-precision and semi-flexible docking was performed in SYBYL-X 2.0. A stable binding
between proteins and molecules was considered if the total score surpassed 5 [37].

To investigate protein–ligand interactions, we employed the Simulation Package tO-
ward Next GEneration (SPONGE, Beijing, China) [38]. Throughout the simulation study,
the FF14SB united-atom force field was utilized [39]. The resolution of complex systems
involved the utilization of the SPC/E water model within cubic boxes [40], keeping a mini-
mum distance of 1.2 nm from the box edges. Neutralization was achieved by introducing
potassium and chloride ions, while periodic boundary conditions were imposed. Energy
minimizations were computed utilizing the steepest descent algorithm with a tolerance of
5.0 kJ/mol. Subsequently, a 100 ps NVT equilibration was executed at 300 K employing
Langevin thermostat temperature coupling, with relaxation time constants set at 1.0 ps.
This was followed by a 100 ps NPT simulation at 1 bar, performed utilizing Andersen
barostat in conjunction with Nosé–Hoover thermostat to maintain constant pressure. Sub-
sequently, 50 ns MD simulations were conducted for each system. Various MD trajectory
analyses were employed to evaluate binding stability under dynamic conditions.

2.5. Proteomics Sample Processing and LC-MS/MS Analysis

After exposure to 25 μM oridonin for 24 h, cells were lysed using a lysis buffer compris-
ing 100 mM triethyl-ammonium bicarbonate and 1% SDS. After centrifugation at 12,000× g
for 10 min, the supernatant was subjected to protein concentration measurement using bicin-
choninic acid (BCA) assays. A total of 150 μg protein underwent reduction and alkylation with
200 mM Tris (2-carboxyethyl) phosphine hydrochloride and 375 mM iodoacetamide, respec-
tively. After pre-cooled acetone treatment, the precipitate was accumulated through a 5 min
centrifugation and then dried in air. Following mixing with a 200 mM triethylammonium
bicarbonate buffer, the samples were incubated with trypsin overnight at 37 ◦C.

After labeling, blending, desalting, and vacuum-drying, the peptides were partitioned
into 15 fractions employing the high-pH reversed-phase peptide fractionation kit (Thermo
Fisher). The 0.1% formic acid was used for dissolution processing, loaded directly onto a C18,
75 μm × 25 cm reversed-phase analytical column (Thermo Fisher) for LC-MS/MS analysis.
The output data underwent processing in Proteome Discoverer version 3.0, where it was
matched against the mus musculus Uniprot database. Methionine oxidation and protein N-
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terminus acetylation were considered as the variable modification, while fixed modifications
were specified as carbamidomethyl for cysteine and TMTpro for lysine and the N-terminus.

2.6. Sample Preparation and Analysis for Metabolomics

HTR-8/SVneo cells, exposed to 25 μM oridonin for 24 h, were washed with PBS and
flash-frozen in liquid nitrogen before being prepared for UPLC-MS/MS analysis performed
by Metware (Wuhan, China). The cells were then treated with 300 μL methanol extract
containing 20% acetonitrile and vortexed. After centrifugation at 12,000 rpm for 10 min
to separate the supernatant, the samples were incubated at −20 ◦C for 30 min. A further
centrifugation under the same conditions was performed to collect supernatant.

Metabolites were separated using a 1.8 μm, 2.1 mm × 100 mm ACQUITY UPLC HSS
T3 C18 column (Waters, Milford, MA, USA), under the conditions of an injection volume of
2 μL, flow rate of 0.4 mL/min, and a column temperature maintained at 40 ◦C. The solvent
setup comprised water containing 0.1% formic acid (mobile phase A) and acetonitrile
with 0.1% formic acid (mobile phase B). The linear gradient began at 5% to 90% mobile
phase B over an 11 min period, followed by holding it for an additional minute before
returning to the initial composition within just 0.1 min and maintaining it for another
1.9 min. After separation, the nanoparticles were ionized and analyzed using a Triple
TOF-6600 mass spectrometer (AB Sciex, Foster City, CA, USA). The resulting data were
cross-referenced with the NIST Chemistry WebBook, the Human Metabolome Database, as
well as various personal and public databases. Statistical algorithms were then employed
to process the data for missing value supplementation and fold change calculation of
metabolites. Subsequently, significantly different metabolites were identified for further
multi-level bioinformatics and functional analysis.

2.7. ROS Measurement

Cellular ROS levels were quantified utilizing an ROS assay kit (Solarbio, Beijing, China)
following the provided guideline. In brief, cells were treated with oridonin at concentrations
of 0, 12.5, 25, and 37.5 μM and subsequently exposed to DCFH-DA (10 μM) at 37 ◦C for
30 min, followed by rinsing with PBS. Afterwards, visualization of intracellular fluorescence
was accomplished utilizing a fluorescence microscope (Zeiss, Oberko-chen, Germany), and
quantification of fluorescence intensity was analyzed using ImageJ software (Bio-Rad,
Hercules, CA, USA).

2.8. DNA Damage Assay by γ-H2AX Immunofluorescence

The DNA damage assay kit (Beyotime, Shanghai, China) was utilized to assess the
immunofluorescence of γ-H2AX. HTR-8/SVneo cells were exposed to oridonin at con-
centrations of 0, 12.5, 25, and 37.5 μM for 24 h. Cells were fixed and blocked at room
temperature for 15 min. The cells underwent incubation with a rabbit anti-γ-H2AX pri-
mary antibody and corresponding secondary antibody for 1 h. Subsequently, nuclear
staining was conducted using 4′,6-diamidino-2-phenylindole (DAPI). Ultimately, the green
fluorescence images were captured by a microscope (Zeiss) at 519 nm.

2.9. Detection of Calcium by Fluo-4 AM

Intracellular Ca2+ levels in HTR-8/SVneo cells were detected using Fluo-4 AM (Bey-
otime), a fluorescence probe that can penetrate cell membranes. Cells were cultured with 0,
12.5, 25, and 37.5 μM oridonin for 24 h and washed thrice in PBS. Fluo-4 AM was diluted
to 1 μM working solution with PBS and used to incubate cells at 37 ◦C for 1 h. Following a
single wash, the fluorescence of Ca2+ was observed using a fluorescence microscope (Zeiss).

2.10. Detection of MMP and mPTP

The MMP was assessed using the JC-10 probe (Solarbio). In general, the MMP is in a
relatively high state. Within the mitochondria matrix, the JC-10 probe forms polymers that
result in red fluorescence. When the mitochondria are damaged, the membrane potential
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decreases. At this point, JC-10 cannot aggregate in the matrix and exists as monomers,
producing green fluorescence. This shift from red to green fluorescence with the JC-10
probe enables easy detection of MMP reduction. The HTR-8/SVneo cells were exposed to
concentrations of 0, 12.5, 25, and 37.5 μM oridonin for 24 h. Subsequently, the cells were
incubated with the JC-10 probe under dark conditions at 37 ◦C for 20 min. Finally, red and
green fluorescence were analyzed using a microscope (Zeiss).

The mPTP opening of HTR-8/SVneo cells in each group was evaluated using Calcein
AM probe (Beyotime). The mPTP is a non-selective channel formed by both the inner and
outer mitochondrial membranes and plays a role in substance release from the mitochondria
during cell death. The Calcein AM probe can passively enter the cell and accumulate in
cellular components, including the cytoplasm and mitochondria. Within the cell, the
nearly non-fluorescent Calcein AM undergoes hydrolysis by intracellular esterases to
remove the acetyl methyl ester, leading to the generation of the membrane-impermeable
polar fluorescent dye calcein. This allows Calcein to be retained within the cell, emitting
intense green fluorescence. Calcein is also utilized as a metal chelating agent. When the
opening degree of the mPTP increases, it complexes with metal ions such as Co2+, causing
fluorescence signal quenching. Therefore, CoCl2 serves as a positive control for mPTP
detection. The HTR-8/SVneo cells were exposed to oridonin (0, 12.5, 25, and 37.5 μM)
for 24 h. Afterward, they were incubated with the Calcein AM probe at 37 ◦C in the dark
for 40 min. The staining solution was then substituted with warm culture medium, and
the cells were cultured for an additional 30 min. Subsequently, Hoechst 33342 was used
to stain the nuclei for 10 min, and the fluorescence was observed under a fluorescence
microscope (Zeiss).

2.11. RT-qPCR

The HTR-8/Svneo cells were exposed to concentrations of 0, 12.5, 25, and 37.5 μM
oridonin for 24 h. As previously specified, the RNA extraction was subsequently executed,
quantified to 1 μg. Then, the RNA underwent reverse transcription into cDNA using
Evo M-MLV reverse transcription premixed kit (Accurate Biology, Changsha, China) for
RT-qPCR. The reaction took place in a 20 μL volume, with 10 μL SYBR Green qPCR Mix,
2 μL template, and 10 μM primers (Monad, Suzhou, China). The relative gene expression
under oridonin treatment was determined utilizing the 2−ΔΔCt method [41], with the fold
change compared to the control group. Table 1 displays the RT-qPCR primer sequences
employed in this investigation. GAPDH was designated as the endogenous control for the
remaining target genes.

Table 1. The RT-qPCR primer sequences employed in this study.

Gene Forward Primer (5′→3′) Reverse Primer (5′→3′)

GSK3B GCACTCTTCAACTTCACCACTCAAG (F) CTGTCCACGGTCTCCAGTATTAGC (R)
β-catenin ATAGAGGCTCTTGTGCGTACTGTC (F) TTGGTGTCGGCTGGTCAGATG (R)
WNT-6 TGCCAGTTCCAGTTCCGCTTC (F) CCGTCTCCCGAATGTCCTGTTG (R)
CLDN1 AGCCAAGGTGTTGACTCAGACTC (F) AGCCTCCGCATTAGTTCCATAGC (R)
TCF7L1 GGAGCCGAGCAGCGATAGC (F) CCTCTCCGCCTCCGAGTCC (R)

ZO-1 GCGGATGGTGCTACAAGTGATG (F) GCCTTCTGTGTCTGTGTCTTCATAG (R)
CCND1 CGCCCTCGGTGTCCTACTTC (F) GACCTCCTCCTCGCACTTCTG (R)
OCLN ACTTCGCCTGTGGATGACTTCAG (F) TTCTCTTTGACCTTCCTGCTCTTCC (R)

GAPDH TGACATCAAGAAGGTGGTGAAGCAG (F) GTGTCGCTGTTGAAGTCAGAGGAG (R)

2.12. Western Blotting Assay

Cells exposed to oridonin with 0, 12.5, 25, and 37.5 μM for 24 h were collected and
lysed using RIPA buffer (Beyotime) containing a phosphatase inhibitor cocktail (Beyotime)
and PMSF for protein extraction. The BCA protein assay kit (Vazyme, Nanjing, China)
was used to quantify total protein concentration. Protein samples were separated through
electrophoresis on 10% sodium dodecyl sulphate–polyacrylamide gel and subsequently
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transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA) for 90 min. The membranes were then blocked by 5% skimmed milk at room temper-
ature for 90 min and then incubated with primary antibodies, including WNT6 (Protein-
tech, Wuhan, China), β-catenin (Proteintech), GSK3B (Proteintech), CCND1 (Proteintech),
CLDN1 (Proteintech), ZO-1 (Proteintech), and TCF7L1 (Proteintech), which were used at
a dilution of 1:1000, 1:10,000, 1:4500, 1:10,000, 1:4500, 1:10,000, and 1:1000, respectively.
GAPDH (ABclonal, Wuhan, China) was used as internal control at a dilution of 1:10,000.
Following primary antibody incubation, PVDF membranes were incubated with either goat
anti-mouse IgG secondary antibody or horseradish peroxidase-conjugated goat anti-rabbit
IgG secondary antibody (both at a dilution of 1:10,000; Proteintech) at room temperature
for 90 min. Visualization of protein bands was carried out using the Amersham Imager 680
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The Image J software (Bio-Rad) was
utilized for quantitative analysis of the target bands.

2.13. Statistical Analysis

SPSS 26 (IBM, New York, NY, USA) was used for conducting the data analysis. The test
of homogeneity of variances and one-way analysis of variance (ANOVA) were employed
to assess variance consistency and group differences, respectively. Data were presented as
mean ± standard error of the mean (SEM). Statistically significant ANOVA results were
determined by p-values < 0.05.

3. Results

3.1. The Cytotoxic Effect of Oridonin on HTR-8/SVneo Cells

Cell viability of HTR-8/SVneo cells was examined through the MTT assay. A concentration-
dependent inhibition of cell viability was observed for oridonin, as illustrated in Figure 1E.
Exposure to 37.5 μM oridonin for 24 h resulted in a cell viability of 17% for HTR-8/SVneo cells.
Moreover, at concentrations of 12.5 and 25 μM, cell viability decreased to 86.4% and 57.7%,
respectively.

LDH level serves as a crucial indicator for assessing the integrity of cell membranes.
Quantitative analysis of cytotoxicity can be carried out by measuring the amount of LDH
released into the supernatant due to membrane rupture. As depicted in Figure 1F, treat-
ment with oridonin resulted in an elevation in the LDH release, suggesting that oridonin
compromised cell integrity and caused cellular damage.

3.2. Transcriptome-Wide Assessment of m6A Modification Post-Oridonin Treatment in
HTR-8/SVneo Cells

RNA epigenetic modifications, particularly m6A, have been reported to be involved in
gene expression regulation. We performed MeRIP-seq on both oridonin-treated cells and con-
trol cells that were untreated to analyze the changes in m6A modification following oridonin
treatment. The analysis revealed 22,329 peaks across 8074 genes in the control group, while
20,209 m6A peaks were identified in 7564 m6A genes in the oridonin group (Figure 2A,B).
STREME analysis revealed that the mammalian m6A conserved modification motif RRACH
was enriched in both the control and oridonin groups, with R representing adenine or guanine
and H representing adenine, uracil, or cytosine (Figure 2C). Transcripts containing m6A
modifications were classified based on the quantity of modification peaks observed in each
transcript. The analysis revealed that over 3000 genes displayed 1–2 m6A modification peaks
in every group, while a relatively limited number of transcripts showed an increased occur-
rence of more than 4 m6A modification peaks (Figure 2D). m6A modification on transcripts
was not randomly distributed. Figure 2E shows that m6A modifications were primarily
concentrated in the coding region sequence and the 3′ untranslated region of mRNA, and
were highly enriched in the stop codon region. Interestingly, m6A modifications were also
abundant in non-coding RNA (Figure 2F).
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Figure 2. Illustration in a Venn diagram depicting the overlap of m6A-modified genes (A) and peaks
(B) between oridonin and control groups. (C) Analysis of m6A motifs in the oridonin and control
groups. (D) Distribution pattern of m6A modification peaks per gene. Comparing the difference in
density of m6A-modified peaks in mRNA (E) and ncRNA (F). Identification of conserved m6A sites
(G), m6A genes and peaks related to the disease (H) in differentially modified m6A-mRNAs.

By conducting ConsRM and RMDisease analyses, we explored the conservation of m6A
and its association with diseases. The ConsRM analysis showed that 95.5% of m6A-modified
sites exhibited non-conservative characteristics in differentially modified m6A and differentially
expressed genes (DEGs) (Figure 2G). Additionally, the RMDisease analysis indicated that 15%
of m6A peaks and 44% of m6A genes were linked to various diseases (Figure 2H).

3.3. Combined Analysis of RNA-seq and MeRIP-seq

To demonstrate the regulatory effect of m6A modification on the Wnt signaling pathway,
this study combined RNA-seq and MeRIP-seq data analysis to identify genes with notable
changes at both mRNA expression and m6A modification. The PCA results demonstrated
marked distinctions among samples from the oridonin and control groups, with well-clustered
samples within each group indicating that gene expression levels were significantly altered after
oridonin treatment of HTR-8/SVneo cells, and also confirmed the reliability of the sequencing
data (Figure 3A). The screening criteria for DEGs and differentially modified m6A genes were
set as fold change > 1.2 or <0.83, with p < 0.05. A total of 2296 DEGs were detected by mRNA-seq,
with 1437 genes upregulated and 1559 genes downregulated. MeRIP-seq identified a total of
4039 differentially modified m6A genes, including 2741 genes with enhanced m6A modification
and 1298 genes with weakened m6A modification (Figure 3C,D). Notably, 829 genes showed
significant changes at both levels (Figure 3B). The 4039 differentially modified m6A genes,
along with their p-values and fold changes, as well as the 2296 DEGs with their corresponding
p-values and fold changes, are listed in Table S2 and Table S3, respectively.
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Figure 3. Molecular diversity of HTR-8/SVneo cells post-treatment with oridonin. (A) PCA for
the mRNA expression between the oridonin and control groups. (B) Venn plot illustrating the
intersection between differentially modified m6A genes and DEGs. (C) Volcano plot depicting genes
m6A methylation downregulated (in blue) or upregulated (in red). (D) Volcano plot depicting genes
expression downregulated (in blue) or upregulated (in red). The GO (E) and KEGG (F) enrichment of
829 overlapped genes among DEGs and differentially m6A-methylated mRNAs. (G) GSEA revealed
that genes in oridonin group were enriched for DNA biosynthetic process, regulation of cell cycle
G2/M phase transition, and mitochondrial gene expression.
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Subsequently, 829 overlapping genes were analyzed for KEGG and GO enrichment.
GO enrichment analysis revealed that these genes were mainly enriched in regulation
of cell cycle, cellular response to DNA damage stimulus, regulation of cell proliferation,
adherens junction, focal adhesion, Wnt-activated receptor activity, and Wnt-protein binding
(Figure 3E). KEGG enrichment results mainly included focal adhesion, adherens junction,
growth hormone synthesis, secretion and action, and tight junction (Figure 3F). We con-
ducted gene set enrichment analysis (GSEA) to further clarify the signaling pathways
linked to oridonin treatment. Comparative GSEA analysis between the oridonin and con-
trol groups indicated that regulation of cell cycle G2/M phase transition, DNA biosynthetic
process, and mitochondrial gene expression were inhibited (Figure 3G).

3.4. Potential Regulators of RNA m6A Methylation

An analysis of mRNA expression levels for 22 RNA m6A methylation regulators was
conducted to identify potential regulators using mRNA-seq data. As shown in Table 2,
writers RBM15, RBM15B, WTAP, and reader IGF2BP2 were significantly downregulated,
while readers FMR1, HNRNPA2B1, and YTHDF2 were significantly upregulated.

Table 2. The mRNA expression levels of m6A regulators in oridonin-treated HTR-8/SVneo cells.

Genes Regulation Base Mean log2Fold Change p Value

IGF2BP2 reader 12,299 −0.42 6.2 × 10−16

FMR1 reader 5256 0.44 1.2 × 10−5

HNRNPA2B1 reader 190,433 0.27 1.4 × 10−4

RBM15B writer 4641 −0.15 3.2 × 10−3

WTAP writer 4354 −0.19 1.2 × 10−2

RBM15 writer 810 −0.68 2.3 × 10−2

YTHDF2 reader 1870 0.17 3.2 × 10−2

IGF2BP1 reader 8764 −0.22 5.6 × 10−2

HNRNPC reader 82,291 −0.09 7.4 × 10−2

YTHDF3 reader 883 1.15 1.1 × 10−1

ZC3H13 writer 47,093 0.12 1.3 × 10−1

IGF2BP3 reader 2040 −0.12 1.6 × 10−1

FTO eraser 1580 0.14 1.7 × 10−1

ALKBH5 eraser 16,193 0.08 2.4 × 10−1

YTHDC2 reader 1778 −0.09 2.4 × 10−1

METTL14 writer 5153 −0.06 3.5 × 10−1

METTL5 writer 2978 −0.06 3.7 × 10−1

YTHDF1 reader 3137 0.04 4.6 × 10−1

CBLL1 writer 1580 0.03 7.7 × 10−1

YTHDC1 reader 18,686 −0.08 8.0 × 10−1

VIRMA writer 10,151 0.01 8.3 × 10−1

METTL3 writer 1885 0.01 9.4 × 10−1

We collected genes related to the Wnt signaling pathway, regulation of cell cycle,
cellular response to DNA damage, and tight junction from GO and KEGG enrichment re-
sults. Subsequently, we utilized STRING to investigate the regulatory connections between
these genes and m6A regulators, thereby conducting network analysis for protein–protein
interactions. In Figure 4A–D, the top five genes in Wnt signaling pathway term were
SFRP1, FZD2, TCF7, FZD8, and FZD1, with the degrees of 10, 8, 7, 7, and 7 (Figure 4A); the
top five genes in cellular response to DNA damage term were CCND1, BCL2, CDKN1A,
SETD7, and SFPQ, with the degrees of 15, 15, 10, 10, and 7 (Figure 4B); in regulation of
cell cycle term, the top-ranking genes included FOXM1, ACTB, JUN, PLK1, and CDKN1A,
with the degrees of 20, 20, 17,16, and 15 (Figure 4C); the top five genes in tight junction
term were CCND1, ACTB, JUN, TJP1, and ACTN4, with the degrees of 18, 18, 17, 13, and 10
(Figure 4D).
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Figure 4. The associations between m6A regulators and the genes of Wnt signaling pathway (A),
cellular response to DNA damage (B), regulation of cell cycle (C), and tight junction (D). (E) The
impact of m6A regulators on the DEGs within Wnt signaling pathway, regulation of cell cycle, cellular
response to DNA damage, and tight junction. (F) The level of m6A modification on SFRP1, CCND1,
and FOXM1 mRNA transcripts visualized by IGV. The interactions of oridonin with m6A regulators
of FMR1 protein (G) and HNRNPA2B1 protein (H). (I) Molecular dynamics simulation between
FMR1 protein and oridonin.
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To explore substrates targeted by RNA m6A methylation regulators, the writers
RBM15, RBM15B, WTAP, and readers IGF2BP2, FMR1, HNRNPA2B1, and YTHDF2 were
selected, along with genes related to the Wnt signaling pathway, regulation of the cell
cycle, cellular response to DNA damage, and tight junction. The results indicated that
IGF2BP2 and FMR1 were extensively involved in regulating the majority of genes within
these four terms (Figure 4E). Utilizing IGV, the m6A methylation patterns of transcripts
were visualized. After treatment with oridonin, the m6A methylation levels of the Wnt
signaling pathway-related gene SFRP1, regulation of cell cycle-related gene FOXM1, and
cellular response to DNA damage-related gene CCND1 decreased (Figure 4F).

3.5. Molecular Interactions and Molecular Dynamics between Oridonin and m6A Regulatory Proteins

Predictions of the interactions between oridonin and m6A regulatory proteins are
presented in Table 3, Figure 4G,H. Oridonin formed hydrogen bonds with Arg11, Asp13,
Arg102, and Glu68 in FMR1 protein, as well as with Glu101, Lys104, and Ala107 in HN-
RNPA2B1 protein. In Arg100 and Glu104 sites, FMR1 made hydrophobic contacts with
oridonin, while in Pro105, Gly106, Lys186, Arg185, Val170, Lys173, Leu171, and Val197
sites, HNRNPA2B1 made hydrophobic contacts with oridonin. The total scores of the
above two proteins exceeded 5, suggesting that the proteins were the most likely to bind to
oridonin.

Table 3. The interactions between oridonin and m6A regulatory proteins.

Protein PDB ID Total Score Crash Polar
H-Bond
Number

Residues Involve
in H-Bond
Formation

Hydrophobic
Contact Number

Residues Involve in
Hydrophobic

Contacts

FMR1 2QND 6.5681 −0.9508 6.7019 5
Arg11, Asp13,

Glu68
(3 H-bonds)

2 Arg100, Glu104

HNRNPA2B1 5WWG 5.9849 −4.3987 3.4371 3 Glu101, Lys104,
Ala107 8

Pro105, Gly106,
Lys186, Arg185,
Val170, Lys173,
Leu171, Val197

IGF2BP2 6ROL 4.432 −0.8333 3.5298 4
Lys509

(3 H-bonds),
Asn503

5
Phe502, Leu510,
Glu511, Ile562,

Gol604

RBM15 7Z27 4.1057 −0.6563 3.4976 4
Lys9, Lys51,

Leu12
(2 H-bonds)

2 Ala13, Gln15

WTAP 7YFJ 3.6498 −0.9403 2.5236 3 Gln61
(3 H-bonds) 3 Tyr64, Leu68, Ser65

YTHDF2 4WQN 3.1273 −0.587 2.3001 2 Arg425, Lys428 2 Asp421, His424

In evaluating the binding stability and conformational variability of the FMR1 protein and
oridonin complex throughout MD simulation, RMSD, RMSF, Rg, H-bound, and occupancy
analyses were performed (Figure 4I). The complex demonstrated average RMSD values
spanning from 0.6 to 3.9 Å, with Rg values showing fluctuations within a 1 Å range. The
residue-wise fluctuations of FMR1 protein and oridonin were plotted. Analysis of RMSF
indicated that no amino acid residues exhibited conformational fluctuations exceeding 4.7 Å
relative to their mean structure, highlighting the significant stability of backbone atoms within
this complex system. The quantity of hydrogen bonds established throughout the simulation
was recorded. Noteworthy is the observation that among the 280 amino acid residues, aspartic
acid at position 206 exhibited the highest hydrogen bond occupancy at 40%.

3.6. Results of the Analysis of Differentially Expressed Proteins (DEPs)

The PCA plot between the oridonin and control groups (Figure 5A) shows a significant
difference. The volcano plot illustrates the distribution of all proteins identified through
the LC-MS/MS approach. Proteins that were significantly downregulated and upregulated
(FDR < 0.05, fold change > 1.2 or <0.83) are highlighted in blue and red, while proteins
showing non-significant distinctions between the oridonin and control groups are depicted
in grey. A total of 62 differentially expressed proteins (DEPs) were screened, with 26 down-
regulated and 36 upregulated (Figure 5B). The clustering analysis of DEPs is presented
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in the heatmap (Figure 5C). The 62 DEPs, along with their corresponding FDR and fold
changes, are listed in Table S4.

 

Figure 5. (A) PCA for the protein expression in the oridonin and control groups. (B) The volcano
plot showed the DEPs in the oridonin and control groups. (C) Heatmap of DEPs in the oridonin and
control groups. Enrichment analysis for GO terms (D) and KEGG pathway (E) related to DEPs.
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3.7. Analysis Results from GO Annotation and Enrichment of KEGG Pathways

Supplementary analyses using GO and KEGG pathways were carried out to examine
potential significant enrichment trends of DEPs (FDR < 0.05) in distinct functional categories.
The DEPs associated with biological processes (BPs) were mainly enriched in functions
associated with cell division, cytoskeleton organization, cell cycle regulation, the Wnt
signaling pathway, and apoptosis. In terms of cellular components (CC), the DEPs were
significantly enriched in terms such as focal adhesion, actin cytoskeleton, and chromosome.
For molecular functions (MFs), terms showed predominant enrichment in actin binding,
RNA binding, and cadherin binding, as illustrated in Figure 5D. The KEGG pathway
is associated with the terpenoid backbone biosynthesis, ferroptosis, and focal adhesion
(Figure 5E).

In comparison to the control group, GSEA of oridonin-treated samples revealed inhibi-
tion in cytoskeletal protein binding, positive regulation of cell differentiation, regulation of
cytoskeleton organization, and cadherin binding, while the DNA templated transcription
initiation and mRNA binding were activated (Figure 6A–F).

Figure 6. GSEA results between the oridonin and control groups. Cytoskeletal protein binding (A),
positive regulation of cell differentiation (B), regulation of cytoskeleton organization (C), cadherin
binding (D), DNA templated transcription initiation (E), and mRNA binding (F).
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3.8. Analysis of Metabolomics Data between Oridonin-Treated and Control Groups

Metabolites in the samples were detected using LC-MS/MS, with PCA plots (Figure 7A)
showing substantial variances in metabolite compositions between the two groups. Moreover,
the OPLS-DA analysis demonstrated effective differentiation of the oridonin group from the
control group. Results of the permutation test showed R2X = 0.389, R2Y = 0.995, and Q2 = 0.79,
confirming the reliability of the predictive ability of the OPLS-DA model (Figure 7B,C).

 

Figure 7. (A) PCA plots between the oridonin and control groups. (B) The predictive ability of the
OPLS-DA model is reliable. (C) The OPLS-DA model was able to clearly separate the oridonin group
from the control group. (D) OPLS-DA S-plot. Red dots indicate metabolites with VIP values greater
than 1, while green dots indicate metabolites with VIP values less than or equal to 1. (E) Volcano
plots showing upregulated and downregulated metabolites. (F) Correlation heatmap of DEMs.

The OPLS-DA S-plot displays metabolites with significant differences based on VIP
values (Figure 7D). Metabolites positioned closer to the upper right and lower left corners
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indicate more pronounced variances. In this plot, red dots represent metabolites with
VIP > 1, while green dots represent those with VIP ≤ 1. According to the VIP values in
the OPLS-DA model variables, where p < 0.05 and VIP > 1, 476 differentially expressed
metabolites (DEMs) were identified, comprising 190 downregulated and 286 upregulated
metabolites (Figure 7E). As shown in the volcano diagram, green represents downregu-
lated changes and red represents upregulated changes. In order to express the clustering
relationships between the two groups, 476 DEMs were selected to construct a heatmap
(Figure 7F). The information of 476 DEMs is listed in Table S5.

Among the differentially accumulated metabolites, 2,3-bis-0-(geranylgeranyl)-sn-
glycerol 1-phosphate had the highest |log2Fold Change| values (Figure 8A). The analysis
of the differential metabolites identified in the previous screening was conducted using
KEGG metabolic database; the primary pathways in these differential metabolites were
cholinergic synapse, thiamine metabolism, longevity regulating pathways, and valine,
leucine, and isoleucine degradation pathways (Figure 8B). Figure 8C illustrates a differen-
tial metabolite correlation network diagram, showing the top 20 metabolites with the largest
VIP values. In this diagram, pink lines represent positive correlations, while blue lines
indicated negative correlations. The thickness of the lines reflects the absolute value of the
correlation coefficient; thicker lines denote stronger correlations. A violin plot (Figure 8D)
displays the top 20 metabolites with the greatest differential multiplicity, with red indicat-
ing upregulated and green indicating downregulated. The names of the 20 metabolites
corresponding to their IDs are listed in Table S6.

 

Figure 8. (A) Bar graph of DEM multiplicity, presenting the top 20 metabolites with the highest
difference in multiplicity. (B) The top 10 enriched KEGG pathways of DEMs displayed by p-value in
the oridonin and control groups (p < 0.05, VIP > 1). (C) Correlation analysis among samples. The top
20 differential metabolites with the highest VIP values are included. (D) Violin plot showing the top
20 DEMs based on VIP values.

165



Toxics 2024, 12, 339

3.9. Oxidative Stress and DNA Damage Induced by Oridonin

Oridonin-induced oxidative damage in HTR-8/SVneo cells was evaluated by measur-
ing the level of intracellular ROS. After a 24 h exposure, the fluorescence intensity of DCF,
which indicates the level of ROS production, exhibited a significant rise from 100% in the
control group to 123.6%, 165.2%, and 382.7% in the 12.5, 25, and 37.5 μM oridonin groups
(Figure 9A,B). The excessive accumulation of intracellular ROS is considered detrimental to
the cells.

 

Figure 9. (A) Representative images showing the intracellular ROS production. (B) Analysis of the
relative fluorescence intensity of DCF in the oridonin group and the control group. Immunofluores-
cence analysis (C) and quantitative analysis (D) of phosphorylated γ-H2AX induced by 0, 12.5, 25,
and 37.5 μM oridonin. * p < 0.05, ** p < 0.01, and *** p < 0.001, n = 3. Scale bar = 100 μm.

γ-H2AX acts as a highly sensitive marker for detecting DNA damage that leads to
double-strand breaks. Figure 9C,D demonstrate that treatment with oridonin resulted in
intensified green fluorescence and a notable increase in the level of γ-H2AX, indicating
DNA damage occurred in HTR-8/SVneo cells.

3.10. The Adverse Impacts of Oridonin Therapy on Mitochondrial Function

In this study, intracellular Ca2+ levels were measured by fluorescence probe Fluo-4 AM.
Compared with the control group, exposure of HTR-8/SVneo cells to oridonin increased
intracellular Ca2+ levels (Figure 10A,B), and revealed the overload of intracellular calcium
ions. Figure 10C,D illustrate a decreasing trend in the red–green fluorescence ratio, which was
measured in the 12.5, 25, and 37.5 μM groups compared to the control group (p < 0.05), with
values of 1.53 ± 0.07, 1.03 ± 0.04, and 0.83 ± 0.01, respectively. This indicated that oridonin
treatment leads to a decrease in MMP in HTR-8/SVneo cells. The fluorescence intensities of
Calcein were measured in different groups in Figure 10E,F. The obtained results demonstrated
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that the fluorescence intensities of Calcein were 136.14 ± 2.85, 105.16 ± 1.85, 36.58 ± 3.14, and
24.73 ± 1.85 in the 0, 12.5, 25, and 37.5 μM oridonin groups, respectively. This result indicated
that oridonin treatment led to a dose-dependent reduction in the green fluorescence intensity
of Calcein, suggesting a notable induction of mPTP opening.

 

Figure 10. (A) Intracellular Ca2+ was visualized using Fluo-4 AM in fluorescence microscopy images.
(B) Statistics of intracellular Ca2+ level. Oridonin induced mitochondrial damage in HTR-8/SVneo
cells. JC-10 (C) and Calcein AM (E) probes were used to detect the MMP and mPTP in oridonin-
treated HTR-8/SVneo cells, respectively. Quantitative results of the JC-10 probe (D) and Calcein AM
probe (F) in oridonin-treated HTR-8/SVneo cells. ** p < 0.01, *** p < 0.001, n = 3. Scale bar = 100 μm.
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3.11. Expression Levels of mRNA and Proteins

In order to demonstrate the high correlation of Wnt signaling pathway, cell cycle, and
tight junction with the reproductive toxicity of oridonin, we selected pivotal genes and
proteins associated with these terms for experimental validation. RT-qPCR was employed
to evaluate the mRNA expression levels of these pivotal genes. The results depicted in
Figure 11A demonstrate that oridonin led to a decrease in the expression of β-catenin,
CLDN1, and OCLN in HTR-8/SVneo cells, while increasing expression of GSK3B, TCF7L1,
WNT-6, CCND1, and ZO-1.

 

Figure 11. (A) The mRNA levels were measured through RT-qPCR analysis. (B) Expression levels
of WNT6, β-catenin, TCF7L1, and GSK-3β proteins in 0, 12.5, 25, and 37.5 μM oridonin-treated
HTR-8/SVneo cells. (C) Protein expression levels of CLDIN1, ZO-1, and CCND1 in 0, 12.5, 25, and
37.5 μM oridonin-treated HTR-8/SVneo cells. * p < 0.05, ** p < 0.01, and *** p < 0.001, n = 3.
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As shown in Figure 11B,C, results of Western blotting indicated a significant reduction
in the expression level of WNT6, β-catenin, TCF7L1, and GSK-3β in the oridonin group
compared to the control group. Additionally, the levels of CLDN1, ZO-1, and CCND1 also
decreased in response to oridonin.

4. Discussion

Traditional Chinese medicine has long been recognized for its safety. However,
there have been frequent reports of adverse reactions in recent years. Oridonin is a
tetracyclic diterpene compound extracted from Rabdosia rubescens, which exhibits anti-
inflammatory [42] and anti-tumor effects [43]. However, studies have shown that oridonin
promotes apoptosis by inhibiting nuclear factor-κB activation and causing G2/M phase
arrest [44–47]. Furthermore, oridonin inhibits caspase-9 and activates TP53-related and
PI3K/Akt pathways to promote ROS accumulation, resulting in cell death [48,49]. There-
fore, these reports suggest that attention should be paid to the safety problems associated
with oridonin in clinical practice. Although the toxic effects of oridonin have been reported,
the exact toxicity mechanisms remain incompletely understood.

The combination of multiple omics methods has been utilized to investigate the mech-
anisms and potential biomarkers of reproductive toxicity induced by Chinese medicine
components. In a study on testicular injury induced by Tripterygium wilfordii polyglycoside
tablet (TWP) in rats, it was observed that TWP significantly reduced the protein levels of
ZO-1, OCT4, CLDN11, and PLZF, indicating dysfunction of the blood–testis barrier and
impairment of spermatogenesis. Furthermore, levels of ferroptosis-related proteins NRF2,
SLC7A11, and GPX4 were notably decreased, while the expression level of 4-HNE was
elevated. Additionally, the integrated analysis of DEGs and altered metabolites revealed the
crucial roles of ferroptosis and glutathione metabolism in testicular injury [50]. Our study
successfully constructed a comprehensive multiomics map of oridonin and identified the
signaling pathways and biomarkers. Utilizing epigenetic transcriptome and proteome data,
we uncovered key signaling pathways including the Wnt signaling pathway, tight junction,
and focal adhesion. m6A regulators confer biological functions to m6A in RNA, precisely
regulating balance under stimulation to maintain proper cellular metabolism. Defects in
m6A methylation or demethylation may lead to severe physiological consequences, such
as abnormal reproductive development in mammals. The study indicated that treatment
with oridonin increased the expression of FRM1, a ribosome-associated RNA-binding
protein involved in follicular genesis. The expression of FRM1 was notably upregulated in
patients with premature ovarian insufficiency [51]. Metabolomics analysis indicated that
differential metabolites mainly participated in thiamine metabolism, longevity regulating
pathway, and valine, leucine, and isoleucine degradation pathway. Adequate thiamine
levels help sustain maternal and fetal mitochondrial function, ensuring normal cell division
and growth progression, particularly in germ cell maturation [52].

Oridonin has been found to exert effects across multiple cellular levels [43,53,54]. Nu-
merous investigations have associated oridonin toxicity with the modification of essential
biomolecule structure and function through involvement in ROS generation [43,44,55].
Ca2+ ions serve as multifunctional second messengers, and participate in various intracel-
lular processes, including signal transduction, muscle contraction, and oxidative stress.
Treatment of HTR-8/SVneo cells with oridonin increased Ca2+ levels and demonstrated
the presence of mitochondrial dysfunction and oxidative stress. Free radicals and oxidative
molecules produced during oxidative stress can trigger DNA damage. Exposure of human
colorectal cancer cells SW1116 and SW480 to alantolactone caused a substantial increase
in ROS level, leading to profound oxidative DNA damage [56]. The results indicated
that oridonin triggered HTR-8/SVneo cell ROS accumulation and DNA damage. The
study demonstrated that reproductive toxicity was mediated by oridonin, as shown by
increased ROS levels, elevated LDH leakage, reduced MMP, and changes in WNT6, β-
catenin, TCF7L1, GSK-3β, CLDN1, ZO-1, and CCND1 mRNA and protein expression. We
confirmed through RT-qPCR and Western blotting that these factors associated with the
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Wnt signaling pathway, cell cycle, and tight junctions were highly correlated with the repro-
ductive toxicity of oridonin. However, the observed mRNA and protein expression levels
in our experimental results were inconsistent with those obtained from transcriptomics
and proteomics analysis, possibly due to differences in technical sensitivity between omics
approaches and experimental methods. Oxidative damage leads to mitochondrial dys-
function, which is characterized by alterations in mitochondrial morphology and impaired
mitochondrial function. Pathological conditions often give rise to structural changes in
mitochondria, including swelling and fragmentation, with increased mitochondrial fission.
A significant indicator of mitochondrial dysfunction is the disruption of the MMP. Loss
of MMP leads to dysfunction in the mitochondrial electron transport chain, diminished
oxygen consumption for metabolism, ATP depletion, and compromised energy metabolism.
More specifically, the opening of the mPTP leads to the liberation of cytochrome c from
mitochondria into the cytoplasm, thereby activating pro-apoptotic caspases. Mitochon-
drial dysfunction is frequently associated with disruptions in calcium homeostasis and
mutations in mitochondrial DNA [57]. The Wnt/β-catenin signaling pathway serves as
a crucial controller of cell proliferation and maintains the pluripotent state in embryonic
stem cells (ESCs). Dysregulation of the Wnt signaling pathway during early development
stages gives rise to a range of hereditary diseases that result in abnormalities in embryonic
development [58]. To further understand the mechanism of reproductive toxicity induced
by oridonin, the status of the Wnt signaling pathway was examined. The Wnt/β-catenin
signaling pathway is crucial and highly conserved in embryonic development and is
also implicated in carcinogenesis due to its involvement in regulating cell differentiation,
proliferation, and migration [59]. Berberine antagonized the increase in FITC-dextran per-
meability in rat intestinal microvascular endothelial cells caused by LPS and upregulated
the expression levels of VE-cadherin, β-catenin, and claudin-12 [60]. Furthermore, the
upregulation of Wnt1 expression in C57MG mammary tumor-derived cell line results in
elevated levels of Connexin43 protein expression [61]. In this study, the downregulation of
tight junction-associated proteins CLDN1 and ZO1 led to damage in HTR-8/SVneo cell
junctions caused by oridonin. This damage may have resulted in injury to the epithelial
barrier, restricting embryo growth and development. According to the transcriptomics,
proteomics, and metabolomics analysis, the Wnt/β-catenin signaling pathway is one of
the most relevant pathways involved in the adverse reproductive effects of oridonin. In
the current study, a notable decrease in the expression of Wnt6 and β-catenin proteins was
observed in HTR-8/SVneo cells following treatment with oridonin, as compared to the
control group. This discovery aligns with a recent investigation that demonstrated the
persistent activation of the Wnt signaling pathway during oridonin-induced reproductive
toxicity injury. These results indicate that inhibiting the Wnt/β-catenin signaling pathway
and disruption of tight junction are associated with oridonin-induced cytotoxicity and
mitochondrial dysfunction.

5. Conclusions

The study identified that oridonin can induce reproductive toxicity by eliciting oxida-
tive stress, DNA damage, and mitochondrial dysfunction. The integration of multi-omics
approaches revealed the participation of the Wnt/β-catenin signaling pathway and tight
junction in the damage caused by oridonin to HTR-8/SVneo cells. The mechanism uncovered
in this study may provide new strategies to mitigate oridonin-induced reproductive toxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics12050339/s1, Table S1: Summary of mRNA sequence reads
from HTR-8/SVneo cells with or without oridonin treatment. Table S2: 4039 differentially modified
m6A genes were obtained after treating with 25 μM oridonin for 24 h in HTR-8/SVneo cells. Table S3:
2996 DEGs were obtained after treating with 25 μM oridonin for 24 h in HTR-8/SVneo cells. Table S4:
62 DEPs were obtained after treating with 25 μM oridonin for 24 h in HTR-8/SVneo cells. Table S5:
476 DEMs were obtained after treating with 25 μM oridonin for 24 h in HTR-8/SVneo cells. Table S6:
The names of 20 metabolites corresponding to the IDs.
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Abstract: Due to nonspecific pathological changes and the rapid degradation of insulin in postmortem
blood samples, the identification of the cause of death during insulin overdose has always been a
difficulty in forensic medicine. At present, there is a lack of studies on the toxicological changes and
related mechanisms of an insulin overdose, and the specific molecular markers of insulin overdose
are still unclear. In this study, an animal model of insulin overdose was established, and 24 SD
rats were randomly divided into a control group, insulin overdose group, and a recovery group
(n = 8). We detected the biochemical changes and analyzed the toxicological mechanism of an insulin
overdose. The results showed that after insulin overdose, the rats developed irregular convulsions,
Eclampsia, Opisthotonos, and other symptoms. The levels of glucose, glycogen, and C-peptide
in the body decreased significantly, while the levels of lactate, insulin, and glucagon increased
significantly. The decrease in plasma K+ was accompanied by the increase in skeletal muscle K+. The
PI3K-AKT signaling pathway was significantly activated in skeletal muscle, and the translocation of
GLUT4/Na+-K+-ATPase to sarcolemma was significantly increased. Rare glycogenic hepatopathy
occurred in the recovery group after insulin overdose. Our study showed that insulin overdose also
plays a role in skeletal muscle cells, mainly through the PI3K-Akt signaling pathway. Therefore, the
detection of signaling pathway proteins of the skeletal muscle cell membrane GLUT4 and Na+-K+-
ATPase has a certain auxiliary diagnostic value for forensic insulin overdose identification. Glycogen
detection in the liver and skeletal muscle is important for the diagnosis of insulin overdose, but it still
needs to be differentiated from other causes of death. Skeletal muscle has great potential for insulin
detection, and the ratio of insulin to the C-peptide (I:C) can determine whether an exogenous insulin
overdose is present.

Keywords: insulin overdose; forensic medicine; hypoglycemia; toxicology

1. Introduction

Insulin is an anabolic hormone produced by pancreatic β-cells and consists of two
polypeptide chains, A and B, linked by disulfide bonds [1,2]. The main functions of insulin
include regulating blood glucose levels and promoting glucose uptake by peripheral cells [1–3].
Insulin biosynthesis is performed by the cleavage and processing of the precursor single-
chain molecule proinsulin to secrete equimolar masses of mature insulin and C-peptide into
the blood [2–4]. The blood glucose level is the only major physiological stimulus of insulin
secretion, and insulin and C-peptide secretion almost ceases when the blood glucose level
stabilizes between 2.5 and 3.33 mmol/L [2,3].
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Insulin is the most common drug used in the clinical treatment of diabetes [3], so
insulin overdose is mostly an accidental treatment for diabetic patients, including the
miscalculation of dosage and incorrect use of insulin specifications [1,5–7]. An insulin over-
dose can lead to hypoglycemia, with blood glucose levels below 3.9 mmol/L (70 mg/dL)
defined as clinical hypoglycemia and blood glucose levels below 3 mmol/L (54 mg/dL) de-
fined as clinically important hypoglycemia [7–9]. The clinical symptoms of hypoglycemia
can be summarized into the following two aspects: sympathetic hyperactivity, including
sweating, hunger, palpitation, and brain dysfunction, including confusion, drowsiness,
impaired coordination, visual impairment, paresthesia, serious convulsions, coma, and
even death [5,6,8–10]. The exact mechanism by which hypoglycemia leads to sudden death
is unknown, but arrhythmias and cerebral epilepsy appear to play a major role [8,11–13].

Insulin overdose also appears in forensic cases, especially among medical personnel
and families of diabetic patients, who can easily obtain insulin to commit suicide or
murder [7,14–17]. In 1958, BIRKINSHAW reported the first insulin murder in history [18].
Since then, the number of insulin homicides has gradually increased, and some novelists
have described insulin as “the perfect murder method” [17,19–23]. The identification of
the cause of death after an insulin overdose has always been difficult in forensic medicine
due to the lack of evidence left at the crime scene, the difficulty in finding insulin injection
needle marks on the corpse’s surface, the lack of obvious pathological characteristics
in autopsy, the rapid degradation of insulin caused by postmortem hemolysis, and the
significant difference in postmortem blood biochemistry compared with antemortem
conditions [14,15,17,20,21,23]. At present, the studies of insulin overdose are mostly limited
to case reports and reviews of the literature [7,14,17,18,23], and there is a lack of research on
the biochemical and toxicological mechanism of insulin overdose death, molecular markers
related to insulin overdose, and alternative samples for insulin forensic determination.

The purpose of this experiment was to study the biochemical changes and toxicological
mechanisms of insulin overdose through animal models and to search for specific molecular
markers after insulin overdose so as to provide a reference for the clinical treatment of
insulin overdose and theoretical support for the forensic diagnosis of insulin.

2. Materials and Methods

2.1. Experimental Animals

A total of 24 SPF male SD rats (8 weeks, 310 g ± 20 g) were purchased from Chongqing
Medical University Laboratory Animal Center. All rats were maintained at 22–24 ◦C
(12 h light/dark cycle) with sterile rat chow and water ad libitum. All rats were sacrificed
or died under intraperitoneal sodic pentobarbital anesthesia (100 mg/kg, ip). All animal
procedures were performed in accordance with animal care ethics, and all animal experi-
ments for this study were approved by the Experimental Animal Care and Use Committee
of Chongqing Medical University.

2.2. Experimental Design

All rats fasted overnight before the experiment and were provided with pure water
only. In total, 24 SD rats were randomly divided into the control group, insulin overdose
group, and insulin overdose recovery group (n = 8). The rats in the insulin overdose
group were intraperitoneally injected with 20 IU/kg of insulin (insulin aspart injection,
Novonordisk A/S, Copenhagen, Denmark). Their blood glucose levels were measured
every 30 min from the end of their tail veins using a glucometer (Accu-Chek-performa,
Roche, Mannheim, Germany) until they died, and their physical signs were recorded
throughout the experiment. The rats in the recovery group were intraperitoneally injected
with 20 IU/kg of insulin; a 0.3 mL mixture of 50% glucose and bicarbonate buffer (1:1) was
injected intraperitoneally when blood glucose dropped to 1.5 mmol/L (27 mg/dL); 5 mL of
a 50% glucose solution (H50020071, TaiJi, Chongqing, China) was injected intraperitoneally
for resuscitation if the rats developed convulsions or opisthotonos; they were fed in cages
after their blood glucose levels rose above 3.9 mmol/L (70 mg/dL) and were sacrificed
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3 days later. The rats in the control group were injected intraperitoneally with the same
volume of sterile normal saline (BL158 A, Biosharp, Hefei, China) only; blood glucose levels
were measured every 30 min, and the rats were sacrificed 3 h later. Plasma, the quadriceps
femoris muscle, and the liver were collected from all rats and stored at −80 ◦C for further
analysis. The experimental protocol is shown in Figure 1A.

Figure 1. (A) Experimental protocol. Rats were divided into three groups: Control (n = 8), Insulin
overdose (n = 8), Recovery (n = 8). Blood glucose was measured per 30 min in all rats. Control
group rats were injected with normal saline (ip). Insulin overdose group rats were injected with
insulin (20 IU/kg,ip). Recovery group rats were injected with insulin (20 IU/kg,ip) injected with a
0.3 mL mixture (50%-glucose: bicarbonate buffer = 1:1, ip) after blood glucose dropped to 1.5 mmol/L
(27 mg/dL) (blue arrow), and intraperitoneally injected with 5 mL of 50%-glucose (red arrow).
(B) Blood glucose in all rats was recorded within 3 h.

2.3. Biochemical Index

The glucose content in liver and skeletal muscle tissue was determined using the
glucose colorimetric method kit (E-BC-K234-M, Elabscience, Wuhan, China) according
to the manufacturer’s instructions. Lactate levels in plasma and the skeletal muscle,
potassium levels in plasma and the skeletal muscle, and ALT and AST levels in plasma
were determined using kits (A019-2-1, C001-2-1, C009-2-1, C010-2-1, NanJing Jiancheng
Bioengineering Institute, NanJing, China) according to the manufacturer’s instructions.
The plasma total ketone body content was determined via ultraviolet spectrophotometry
according to the manufacturer’s instructions (BC5060, Solarbio, Beijing, China). All tissue
homogenates were obtained using a Cryogenic freezing grinder (JXFSTPRP-CL, JINXIN,
Shanghai, China).

2.4. ELISA for Hormone Levels

Insulin in plasma and the skeletal muscle were determined using the Iso-Insulin
ELISA kit (10-1128-01, Mercodia, Uppsala, Sweden) with standardized cross-reaction
validation. Glucagon (MM-21295R1, MEIMIAN, Yancheng, China) and C-peptide (MM-
0588R1, MEIMIAN, Yancheng, China) levels in the plasma were determined using reagent
vendors standardized ELISA kits according to the manufacturer’s protocol.

2.5. Liver Pathology

Liver weights were determined by analytical balance. Liver tissues were fixed in
Carnoy’s solution, embedded in paraffin, sectioned at 4 μm, and stained using H&E to
observe pathological changes in the liver.

2.6. Glycogen Determination

The absolute glycogen content in fresh liver and skeletal muscle was determined using
an anthrone method kit (A043-1-1, NanJing Jiancheng Bioengineering Institute, NanJing,
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China) according to the manufacturer’s instructions. Parts of the liver and skeletal muscle
from the same site were fixed in Carnoy’s solution, embedded in paraffin, sectioned at
4 μm, and stained with PAS. Image J was used to analyze the degree of PAS staining.

2.7. Western Blotting Analysis

Skeletal muscle samples were ground and homogenized in a RIPA lysis buffer contain-
ing protease inhibitors and phosphatase inhibitors (P0013B, Beyotime, Shanghai, China),
and total protein supernatants were obtained after centrifugation and protein concen-
trations were determined using the BCA protein assay kit (P0010, Beyotime, Shanghai,
China). The protein supernatant was mixed with bromophenol blue and boiled at 95 ◦C
for 10 min. Total proteins (20 ug) were separated via 10% SDS-PAGE gel electrophore-
sis and transferred onto PVDF membranes (PR05505, Immobilon, Darmstadt, Germany).
After blocking with 5% free-fat milk for 2 h at room temperature, membranes were incu-
bated with the primary antibodies against GSK3 (1:5000, ab185141, abcam, Cambridge,
UK), Phosphorylated-GSK3-Ser9 (1:5000, ab75814, abcam, Cambridge, UK), AKT (1:1000,
T55561F, Abmart, Shanghai, China), Phosphorylated-AKT-Ser473 (1:1000, T40067F, Ab-
mart, Shanghai, China), Phosphorylated-AKT-Thr308 (1:1000, T40068F, Abmart, Shang-
hai, China), PI3K (1:5000, 60225-1-lg, proteintech, Wuhan, China), Phosphorylated-PI3K
(1:1000, bs-3332R, Bioss, Beijing, China), GLUT4 (1:1000, 66846-1-lg, proteintech, Wuhan,
China), Na+/K+-ATPase (1:5000, 14418-1-AP, proteintech, Wuhan, China), and β-actin
(1:5000, 66009-1-lg, proteintech, Wuhan, China) overnight at 4 ◦C, then incubated with HRP
secondary antibodies(1:2000, proteintech, Wuhan, China), detected using ECL(BL520B,
Biosharp, Hefei, China), and visualized using the ChemiDoc imaging system(Bio-Rad,
California, USA). Total protein normalization was performed using 10% acryl-amide TGX
Stain-freeTM gels(Bio-Rad, California, USA). Protein levels were quantified using Image
Lab 5.2.1 software. The mean density of protein bands was normalized to β-actin and
control data, expressed as fold changes relative to the control.

2.8. Confocal Immunofluorescent Staining

Skeletal muscles were fixed in a 4% formaldehyde solution, embedded in paraffin,
and sectioned at 4 μm for immunofluorescence staining to detect the expression and
subcellular localization of GLUT4 and Na+/K+-ATPase. Sections were deparaffinized,
antigen-repaired, blocked, and incubated with the anti-GLUT4 antibody (1:200, 66846-
1-lg, proteintech, Wuhan, China) and anti-Na+/K+-ATPase antibody (1:400, 14418-1-AP,
proteintech, Wuhan, China) overnight at 4 ◦C. After washing with PBS, sections were
incubated with the fluorescent secondary antibody CoraLite594/CoraLite488 (1:100, pro-
teintech, Wuhan, China) for 2 h at room temperature, washed again with PBS, stained with
nuclei and sealed with the DAPI-containing anti-fluorescence-quenching agent (P0131,
Beyotime, Shanghai, China). Imaging was performed using the Leica confocal microscope
(STELLARIS, Leica, Hessen, Germany) and analyzed using Leica LAS X software.

2.9. Statistical Analysis

The results are expressed as the mean ± SEM. GraphPad Prism version 8.0.2 was
used for statistical analysis and graphs. One-way ANOVA was used to compare multiple
groups. Tukey’s post hoc test was performed only if F reached p < 0.05 with homogeneity
of variance. p-values < 0.05 were considered statistically significant.

3. Results

3.1. Blood Glucose Levels and Corresponding Symptoms after Insulin Overdose

Following the insulin overdose injection, blood glucose levels decreased significantly
over time, and various symptoms appeared, as shown in Figure 1B and Table 1. When
blood glucose dropped below 1.5 mmol/L (27 mg/dL), severe symptoms were observed,
including irregular convulsions, hypermyotonia, eclampsia, opisthotonos, etc. The blood
glucose levels in the insulin overdose group decreased further until death. By contrast,
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after the injection of glucose, the blood glucose levels in the recovery group increased
rapidly to more than 3.9 mmol/L (70 mg/dL); the symptoms gradually disappeared, and
all the rats survived.

Table 1. Blood glucose levels and corresponding symptoms in rats. Data are expressed as the
mean ± SEM.

Time
Blood Glucose

Symptoms
mmol/L

—
X± SEM mg/dL

—
X±SEM

0 h 5.5 ± 0.4 99.0 ± 7.2 Normal behavior
0.5 h 2.5 ± 0.4 45.0 ± 7.2 Blunted response; hypodynamia; hypotonia
1 h 1.5 ± 0.3 27.0 ± 5.4 Irregular convulsions; hypermyotonia

1.5 h 1.2 ± 0.2 21.6 ± 3.6 Eclampsia; opisthotonos
2 h 0.9 ± 0.2 16.2 ± 3.6 Collapse; uroclepsia; near-death

2.5 h 0.8 ± 0.1 14.4 ± 1.8 Death

3.2. Effects of Insulin Overdose on Biochemical Indexes

As shown in Figure 2A–C, compared with the control group, glucose levels in plasma,
liver, and muscle tissue were significantly decreased in the insulin overdose group
(p < 0.0001). After 3 days of recovering from an insulin overdose, glucose levels in the
blood, liver, and muscle tissue returned to normal. As shown in Figure 2D,E, lactate levels in
the skeletal muscle and plasma were significantly increased in the insulin overdose group
compared with the control group (muscle p < 0.0001, plasma p < 0.001). In the recovery group,
lactate levels in skeletal muscle and plasma returned to normal. The glucose consumption
and lactate accumulation indicated that glycolysis increased after the insulin overdose. In
addition, the plasma total ketone body level in the recovery group was slightly increased,
but there was no significant difference compared with the other groups (p > 0.05), Figure 2F.

Figure 2. Energy index determination. (A–C) Glucose levels in plasma, liver, and skeletal muscle
of each group; (D,E) Lactate levels in plasma and skeletal muscle of each group; (F) Plasma ketone
body levels of each group. Data are expressed as mean ± SEM, ns p > 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, One-way ANOVA.
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As shown in Figure 3A,B, compared with the other groups, the plasma potassium level
decreased in the insulin overdose group (p < 0.01), while the potassium level in skeletal
muscle was increased in the insulin overdose group (p < 0.05). These data indicate that
insulin overdose alters potassium distribution in plasma and the skeletal muscle.

Figure 3. Other biochemical indexes. (A,B) Potassium levels in plasma and skeletal muscle of each
group; (C,D) Plasma AST and ALT levels in each group. AST, Aspartate aminotransferase; ALT,
alanine aminotransferase. Data are expressed as mean ± SEM, ns p > 0.05, * p < 0.05, ** p < 0.01,
**** p < 0.0001, One-way ANOVA.

As shown in Figure 3C,D, compared with the other groups, plasma alanine aminotrans-
ferase (ALT) and aspartate transaminase (AST) in the recovery group were significantly
increased (p < 0.0001), indicating that liver function was damaged after insulin overdose
and glucose resuscitation.

3.3. Effects of Insulin Overdose on Glucose Metabolic Hormones

As shown in Figure 4A,B, compared with the other groups, the insulin levels of plasma
and skeletal muscle in the insulin overdose group significantly increased (p < 0.0001). After
recovery, the insulin levels in plasma and skeletal muscle decreased to the control level
(p > 0.05). Plasma C-peptide levels in the insulin overdose group decreased significantly
compared with the control group (p < 0.0001); after recovery, plasma C-peptide levels
to returned to the control group (p > 0.05), as shown in Figure 4C. In addition, plasma
glucagon levels in the insulin overdose group were significantly increased compared with
the control group (p < 0.0001), but plasma glucagon levels in the recovery group decreased
to the control level (p > 0.05), as shown in Figure 4D. These hormone levels indicate
that after insulin overdose, endogenous insulin secretion is suppressed, while glucagon
secretion is stimulated sharply.
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Figure 4. Hormone Levels. (A,B) Insulin levels in plasma and skeletal muscle of each group;
(C) Plasma C-peptide levels in each group; (D) Plasma glucagon levels in each group. Data are
expressed as mean ± SEM, ns p > 0.05, **** p < 0.0001, One-way ANOVA.

3.4. Glycogen Deposition after Insulin Overdose and Glucose Recovery

Liver H&E staining, as shown in Figure 5A, resulted in the congestion of the central
hepatic vein and hepatic sinuses in the insulin overdose group, including swelling and
balloon-like changes in hepatocytes in the recovery group. As shown in Figure 5B,C, there
was no significant change in the liver mass and liver coefficient in the insulin overdose
group compared with the control group (p > 0.05), while the liver mass and liver coefficient
were significantly increased in the recovery group (p < 0.0001). Compared with the control
group, as shown in Figure 6A–C, liver glycogen in the insulin overdose group decreased
significantly (PAS staining p < 0.0001, glycogen quantification p < 0.01), while liver glycogen
in the recovery group increased significantly (PAS staining p < 0.05, glycogen quantification
p < 0.0001). Compared with the control group, as shown in Figure 7A–C, skeletal muscle
glycogen in the insulin overdose group decreased significantly (PAS staining p < 0.0001,
glycogen quantification p < 0.05), while skeletal muscle glycogen in the recovery group
increased significantly (PAS staining p < 0.05, glycogen quantification p < 0.05). These
data indicate that glycogen in both the liver and skeletal muscle decreased after an insulin
overdose. However, the glycogen of the liver and skeletal muscle increased after insulin

180



Toxics 2024, 12, 17

overdose and glucose resuscitation, and hepatocyte degeneration and balloon-like changes,
resulting in glycogenic hepatopathy.

Figure 5. Liver weight and HE staining. (A) Representative images of liver HE staining in each
group, scale 200 μm; (B,C) Liver weight and liver coefficient in each group. Data are expressed as
mean ± SEM, ns p > 0.05, **** p < 0.0001, One-way ANOVA.

3.5. Insulin Overdose Activates the PI3K-AKT Signaling Pathway in Skeletal Muscle

AKT is a key protein that regulates cellular metabolism. As shown in Figure 8A–C,
there were no significant changes in the total protein loading amount and the expression of
the reference β-actin in each group. As shown in Figure 8B,D, compared with the other
groups, the ratio of P-PI3K to total PI3K in the insulin overdose group was significantly
increased (p < 0.01 VS control group, p < 0.05 VS recover group). As shown in Figure 8B,E,
compared with the other groups, the ratio of P-AKT-Ser473 to total AKT was significantly
increased in the insulin overdose group (p < 0.0001 VS control group, p < 0.0001 VS recover
group), while the ratio of P-AKT-Thr308 to the total AKT was not significantly changed
in the hypoglycemia group (p > 0.05). As shown in Figure 8B,F, compared with the other
groups, the ratio of P-GSK3-Ser9 to total GSK3 was significantly increased in the insulin
overdose group (p < 0.0001 VS control group, p < 0.0001 VS recover group). These data
indicate that insulin overdose significantly activates the PI3K-AKT signaling pathway in
skeletal muscle and stimulates the ability of glycogen synthesis.
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Figure 6. Liver PAS staining and glycogen quantification. (A) Representative images of liver PAS
staining in each group, scale 200 μm; (B) The ratio of IOD and the distribution area of liver PAS
staining were calculated using Image J software in each group; (C) Liver glycogen was quantitatively
detected in each group. Data are expressed as mean ± SEM, * p < 0.05, ** p < 0.01, **** p < 0.0001,
One-way ANOVA.

Figure 7. Skeletal muscle PAS staining and glycogen quantification. (A) Representative images of
skeletal muscle PAS staining in each group, scale 200 μm; (B) The ratio of IOD and the distribution
area of skeletal muscle PAS staining was calculated using Image J software in each group; (C) Skeletal
muscle glycogen was quantitatively detected in each group. Data are expressed as mean ± SEM,
* p < 0.05, **** p < 0.0001, One-way ANOVA.
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Figure 8. Protein levels of insulin signaling pathway in skeletal muscle. (A) Total protein normal-
ization and β-actin internal reference in each group; (B) Band images of key proteins in each group;
(C–F) Relative levels of key proteins in each group. Data are expressed as mean ± SEM, * p < 0.05,
** p < 0.01, **** p < 0.0001, One-way ANOVA.

3.6. Insulin Overdose Promotes GLUT4 and Na+-K+-ATPase Translocation in Skeletal Muscle

WB results, as shown in Figure 9A–C, with GLUT4 and Na+-K+-ATPase expression
levels were not significantly different among all groups (p > 0.05). However, compared with
the other groups, confocal microscopy immunofluorescence images, as shown in Figure 10,
indicated that the signals of GLUT4 and Na+-K+-ATPase on the sarcolemma were signifi-
cantly increased in the insulin overdose group. The above data and the phosphorylation of
PI3K-AKT suggest that insulin overdose stimulates GLUT4 and Na+-K+-ATPase translo-
cation to the sarcolemma through the PI3K-AKT signaling pathway. Figure 11 shows
the schematic diagram of the membrane translocation of GLUT4 and Na+-K+-ATPase
stimulated by insulin overdose, which was drawn by ourselves.
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Figure 9. GLUT4 and Na+/K+-ATPase in skeletal muscle. (A) Band images of GLUT4 and Na+/K+-
ATPase in each group; (B,C) Relative levels of GLUT4 and Na+/K+-ATPase in each group. Data are
expressed as mean ± SEM, One-way ANOVA.

Figure 10. Immunofluorescence images in each group. (A) Immunofluorescence images of GLUT4 in
skeletal muscle, scale 100 μm; (B) Immunofluorescence images of Na+/K+-ATPase in skeletal muscle,
scale 100 μm.
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Figure 11. Schematic diagram of the regulation of GLUT4 translocation, Na+/K+-ATPase translo-
cation, and glycogen synthase kinase phosphorylation after insulin overdose in skeletal mus-
cle. IR: insulin receptor; IRS1: insulin receptor substrate 1; PI3K: Phosphoinositide-3-Kinase;
PIP2: phosphatidylinositol-4,5-bisphosphate; PIP3: phosphatidylinositol-3,4,5-bisphosphate; PDK1:
Phosphoinositide-dependent kinase; mTORC: Mammalian Target of Rapamycin; AKT: Protein ki-
nase B; aPKC: atypical Protein kinase C; AS160: TBC1D4, TBC1 domain family, member 4; GSK3β:
glycogen synthase kinase 3 beta; NKA: Na+/K+ ATPase 1; GLUT4: solute carrier family 2 (facilitated
glucose transporter), member 4.

4. Discussion

Insulin has a variety of effects on peripheral tissues, such as promoting glucose trans-
port from extracellular to intracellular, regulating cellular glucose metabolism, promoting
substance synthesis, inhibiting glycogenolysis, inhibiting gluconeogenesis, etc. [24,25]. The
physiological effects of insulin are mainly realized through the PI3K-AKT signaling path-
way, in which AKT plays an important role in substance metabolism [24,26,27]. As shown
in Figure 11, insulin binds to the insulin receptor (IR), phosphorylates the tyrosine site of in-
sulin receptor substrate 1 (IRS1) in the skeletal muscle, and then activates Phosphoinositide-
3-Kinase (PI3K). Activated PI3K catalyzes Phosphatidylinositol-4,5-bisphosphate (PIP2)
to Phosphatidylinositol-3,4,5-bisphosphate (PIP3), which acts as a second messenger to
activate Protein kinase B (AKT) through phosphoinositide-dependent kinase (PDK1) and
the Mammalian Target of Rapamycin (mTORC), respectively [26–28]. Phosphorylation
at Thr308 is required for AKT activation, while phosphorylation at Ser473 is required for
complete AKT activation [27,29]. In this study, as shown in Figure 8, we found that the
phosphorylation levels of PI3K and Akt were significantly increased in skeletal muscle cells
after insulin overdose, which verified that insulin overdose also exerts its effects mainly
through the PI3K-Akt signaling pathway in skeletal muscle cells.

Glucose transporter 4, as an insulin-sensitive glucose transporter, is mainly distributed
in the skeletal muscle and adipose tissue [30,31]. Without insulin stimulation, more than
95% glut4 is stored in cells as vesicle GSV [30,32,33]. When insulin stimulates the cells,
the downstream proteins are activated through the PI3K-Akt signaling pathway [33,34].
This leads to GLUT4 vesicles losing their anchoring function and translocating to the cell
membrane in the form of vesicles, thereby promoting glucose absorption and playing
a vital role in lowering blood glucose levels [30,33,35]. The half-life of insulin in the
body is only 4–6 min [2,25]. After insulin binds to the receptor, the signaling pathway is
activated, and the insulin–receptor complex is rapidly degraded after internalization [2,32].
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Therefore, physiological doses of insulin do not cause the sustained translocation of GLUT4
to the membrane of skeletal muscle cells [32,33]. In this study, as shown in Figure 9B, we
found no significant difference in the expression of GLUT4 between the insulin overdose
group and the control group. However, as shown in Figures 8B and 10A, the intensified
immunofluorescence signal of GLUT4 on the skeletal sarcolemma and the activation of the
PI3K-Akt signaling pathway following insulin overdose suggested that excessive insulin
facilitated the translocation of GLUT4 to the muscle membrane, leading to increased glucose
absorption in the skeletal muscle. Furthermore, excess insulin can maintain the continuous
translocation of GLUT4 to skeletal sarcolemma, and considering the specific effect of insulin
on GLUT4, the detection of GLUT4 signal intensity in skeletal sarcolemma could be useful
for the forensic diagnosis of insulin overdose.

Skeletal muscle stores more than 70% of the total body K+, with a total amount of
about 2600 mmol, which is 46 times the total extracellular K+ and 236 times the total
plasma K+, and contains abundant Na+-K+-ATPase [36,37]. Therefore, slight K+ changes
in skeletal muscle can cause significant changes in plasma K+ [36,38]. K+ homeostasis
on a moment-to-moment basis is mainly achieved by the transmembrane transport of
extracellular K+ to skeletal muscle [38–40]. Studies have shown that insulin may activate
the PI3K-Akt signaling pathway and promote the translocation of intracellular vesicles
containing Na+-K+-ATPase to the skeletal sarcolemma through atypical protein kinase C
(aPKC) [40,41]. Interestingly, it has also been shown that muscle contractions during intense
exercise or during epilepsy promote the diffusion of K+ from the muscles to the capillaries,
thereby raising blood potassium levels [36,41]. In this study, as shown in Figure 9C, we
found no significant difference in the expression level of Na+-K+-ATPase between the
insulin overdose group and the control group. However, as shown in Figure 10B, there was
an enhanced immunofluorescence signal of Na+-K+-ATPase on the skeletal sarcolemma,
suggesting that excessive insulin activates the PI3K-Akt signaling pathway, leading to the
translocation of Na+-K+-ATPase to the skeletal sarcolemma and subsequently increasing
the transport of blood potassium into the muscles. It is important to emphasize that
the decrease in blood potassium levels after insulin overdose is primarily attributed to
the skeletal muscle-mediated translocation of potassium rather than absolute potassium
loss. Clinical cases have provided evidence that aggressively supplementing potassium
in response to initial hypokalemia during the early stages of an insulin overdose can lead
to hyperkalemia once the underlying cause of the insulin overdose is resolved [42,43].
Therefore, it is necessary to prolong the monitoring of the plasma potassium level and
consider conservative potassium supplementation in clinical practice for the decrease in
plasma potassium induced by insulin overdose. In addition, due to the relatively specific
effect of insulin on Na+-K+-ATPase, it is worthwhile to further investigate the detection of
the signal intensity of Na+-K+-ATPase in skeletal sarcolemma for the forensic diagnosis of
insulin overdose.

Studies have shown that the body activates counterregulatory systems to prevent
hypoglycemia in response to decreased blood glucose levels [44–46]. After an exoge-
nous insulin overdose, the secretion of endogenous insulin decreases, and the release of
glucose-raising hormones increases, among which glucagon plays a major role [44,45,47].
Furthermore, hypoglycemia can increase the ability of glucagon to produce glucose in the
liver [48,49], and the dual effect of hypoglycemia and glucagon surpasses the inhibitory
impact of insulin, resulting in enhanced glycogen decomposition but has no significant
effect on gluconeogenesis [45,48,50]. In this study, as shown in Figure 4A,D, plasma in-
sulin levels and glucagon levels were significantly increased after insulin overdose, while
liver glycogen and glucose contents were significantly decreased, confirming the hepatic
glycogen depletion caused by insulin overdose. Previous studies have shown that, during
intense exercise, glucose is the only fuel for muscles, while muscles produce large amounts
of lactate that diffuse along the concentration gradients [51–54]. In this study, symptoms
such as persistent muscle twitching during insulin overdose may lead to substantial glu-
cose consumption and the production of significant amounts of lactic acid in the skeletal

186



Toxics 2024, 12, 17

muscle. Although insulin overdose promotes GLUT4 cell membrane translocation and
glycogen synthase kinase activation in the skeletal muscle, it eventually leads to glycogen
consumption in the skeletal muscle under the dual effects of energy consumption and the
negative feedback regulation mechanism after insulin overdose. Therefore, the detection of
glycogen levels in the liver and skeletal muscle is beneficial for the forensic diagnosis of
insulin overdose, but it needs to be differentiated from other causes of death.

When endogenous insulin is released from the pancreas, equimolar amounts of the
C-peptide are released simultaneously, and the C-peptide is metabolized and cleared more
slowly than insulin, so the C-peptide can be used to assess the level of endogenous insulin
secretion [55–57]. In the normal body, the ratio of insulin to C-peptide (I:C) is less than
1 [55]. When hyperinsulinemia occurs, such as pancreatic β-cell tumors and the rare insulin
autoimmune syndrome, the insulin level and C-peptide level increase simultaneously, and
the ratio of insulin to C-peptide (I:C) is still less than one [55,58]. However, when exogenous
insulin is injected into the body, endogenous insulin secretion is inhibited, resulting in a
decrease in the C-peptide level, and the ratio of the insulin level to C-peptide (I:C) is greater
than one [55,57]. In this study, as shown in Figure 4C, the level of C-peptide decreased
significantly after insulin overdose, and the ratio of insulin to the C-peptide (I:C) was much
greater than one, which could be diagnosed as an exogenous insulin overdose. Therefore,
both forensically and clinically, measurements of insulin and the C-peptide, as well as the
ratio of insulin to the C-peptide (I:C), can be used to determine whether an insulin overdose
is endogenous or exogenous.

For the immunological detection of insulin, it is necessary to consider the influence
of insulin analog cross-reactions [59,60]. In this study, the Mercodia Iso-Insulin Elisa kit
validated by an insulin analog cross-reaction was used for detection to exclude the interfer-
ence of a cross-reaction on the detection value. Studies have shown that insulin is easily
distributed widely throughout the body through blood vessels [61,62]. Clinically, hypo-
glycemia caused by an exogenous insulin overdose can be diagnosed via the simultaneous
detection of an absolute increase in insulin, a decrease in the C-peptide level, and a decrease
in the blood glucose level of <2.8 mmol/L (50 mg/dL) [63]. However, in forensic prac-
tice, insulin in postmortem blood is easily degraded by hemolysis, corruption, and other
influences, which makes it extremely difficult to detect insulin in postmortem blood [64].
In addition, postmortem blood glucose shows a wide range of fluctuations, resulting in
blood glucose parameters that are also of no value in forensic pathology [65]. Interestingly,
Duckworth found that the muscle is the third major organ for insulin metabolism [66], and
Bryant confirmed that insulin is more stable in acidic media [67]. In this study, as shown in
Figures 2E and 4B, both insulin and lactate levels were increased in the skeletal muscle after
insulin overdose. Given the ample sample size of the muscle and the acidic environment
provided by postmortem glycolysis, there is great potential for forensic insulin detection
from muscle.

Glycogenic hepatopathy is a rare complication of poor glycemic control in patients
with type 1 diabetes mellitus [68,69], which is pathologically characterized by elevated liver
transaminase, hepatomegaly, and glycogen deposition [70,71]. In this study, rats developed
glycogenic hepatopathy similar to those in type 1 diabetes after resuscitation and insulin
overdose. In the recovery group, as shown in Figure 3C,D, Figures 5 and 6, AST and ALT
were significantly increased, the liver weight and liver coefficient were significantly in-
creased, HE staining showed hepatomegaly and ballooning degeneration, and PAS staining
and glycogen measurement confirmed that liver glycogen was significantly increased. Stud-
ies have shown that transient glycogenic hepatopathy generally does not cause persistent
liver damage, but it is easily misdiagnosed by clinicians as non-alcoholic fatty liver disease
(NAFLD) in patients with type 2 diabetes [70,72], which requires differential diagnosis
by clinicians.
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5. Conclusions

In conclusion, our study shows that insulin overdose also plays a role in skeletal
muscle cells mainly through the PI3K-Akt signaling pathway, and the detection of GLUT4
and Na+-K+-ATPase signals in the skeletal muscle cell membrane is helpful for the forensic
diagnosis of insulin overdose. Glycogen detection in the liver and skeletal muscle is helpful
for the forensic diagnosis of insulin overdose, but it needs to be differentiated from other
causes of death. Skeletal muscle has great potential as a substitute for blood to detect
an insulin overdose, and the ratio of insulin to C-peptide (I:C) can be used to determine
whether it is an exogenous insulin overdose.
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Abstract: Methanol is a widely used industrial and household alcohol that poses significant health
risks upon exposure. Despite its extensive use, methanol poisoning remains a critical public health
concern globally, often resulting from accidental or intentional ingestion and outbreaks linked to
contaminated beverages. Methanol toxicity stems from its metabolic conversion to formaldehyde and
formic acid, leading to severe metabolic acidosis and multiorgan damage, including profound CNS
effects and visual impairments. Epidemiological data underscore the widespread impact of methanol
poisoning, with alarming case fatality rates reported in various countries. Comprehensive prevention
and effective management strategies are urgently needed to address the significant morbidity and
mortality associated with methanol poisoning. The clinical manifestations of methanol toxicity vary
between adult and pediatric populations and between acute and chronic exposure. Adults typically
present with gastrointestinal and neurological symptoms, whereas pediatric patients often exhibit
more severe outcomes due to differences in metabolism and body weight. The diagnosis of methanol
poisoning involves a combination of clinical evaluation, laboratory testing, and advanced diagnostic
techniques. The identification of metabolic acidosis, elevated anion and osmolal gaps, and confirma-
tion through methanol and formate levels are critical for accurate diagnosis. Timely intervention is
crucial, and the management of methanol poisoning includes securing the airway, breathing, and
circulation; addressing metabolic acidosis with sodium bicarbonate; administering antidotes such as
fomepizole or ethanol; and administering hemodialysis, which plays a pivotal role in eliminating
methanol and its toxic metabolites, especially in severe cases. The complexity of methanol poisoning
necessitates a comprehensive approach encompassing early recognition, prompt intervention, and
coordinated care among healthcare providers. Increased awareness, effective prevention strategies,
and timely treatment protocols are essential to mitigate severe health consequences and improve
patient survival and recovery.

Keywords: methanol; toxicity; pathophysiology; clinical presentation; diagnostics; management
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1. Introduction

Methanol is a toxic alcohol found in various products. Methanol poisoning occurs
through accidental or intentional ingestion, leading to outbreaks. This global health concern
contributes to significant morbidity and mortality. Common products containing methanol
include windshield washer fluid, gas line antifreeze, carburetor cleaner, copy machine
fluids, perfumes, food warming fuels, and other types of fuel. A variety of detrimental
consequences are associated with methanol poisoning, necessitating measures such labo-
ratory monitoring, antidotal therapy, and emergency dialysis. The severity of methanol
poisoning highlights the urgent need for comprehensive preventive measures and effective
management strategies to address its consequences, including permanent neurological
damage, blindness, and even death [1].

The global consumption of methanol exceeds 225 million liters per day, and in recent
years, methanol poisoning outbreaks in many developed countries have increased alarm-
ingly [2]. Methanol poisoning presents differently in adult and pediatric populations and
varies between acute and chronic exposure. Although uncommon among pediatric patients,
methanol toxicity has been reported with varying severity. In mild cases, there is a minimal
decrease in central nervous system (CNS) activity, accompanied by weakness, dizziness,
and nausea. Severe cases lead to metabolic acidosis, which manifests as blurred vision,
bilateral mydriasis, gastrointestinal (GI) symptoms, disorientation, visual abnormalities,
photophobia, and sporadic blindness [3]. Adults may present symptoms such as nausea,
vomiting, abdominal pain, and neurological disturbances, whereas pediatric patients pose
unique challenges due to differences in metabolism and body weight, potentially resulting
in more severe manifestations and poorer outcomes [4]. Acute poisoning typically involves
a single large ingestion, resulting in rapid onset of symptoms such as metabolic acido-
sis, visual disturbance, and CNS depression. Conversely, chronic poisoning results from
repeated low-level exposures over time, leading to insidious symptoms such as chronic
headaches, dizziness, and progressive visual impairment [5].

This review aims to examine methanol toxicity, focusing on the proper evaluation of
methanol poisoning cases, the contributing factors and circumstances leading to exposure,
the effectiveness of current treatment protocols, challenges in diagnosis and management,
and preventive strategies to reduce methanol-related incidents in various regions. Under-
standing these aspects is crucial for improving outcomes and implementing effective public
health measures.

2. Pathophysiology

Methanol poisoning manifests as a complex pathophysiological sequence. Methanol
is rapidly absorbed through the GI tract, causing nausea, vomiting, and abdominal pain,
and subsequently enters the CNS, causing confusion and drowsiness. Methanol undergoes
metabolism through several enzymatic processes in the liver. This series of oxidation
reactions results in the accumulation of more toxic metabolites (Figure 1) [1].

Figure 1. The metabolism of methanol in the liver.

The key driver of the pathophysiological effects of methanol poisoning is the accu-
mulation of formic acid, which leads to metabolic acidosis. This condition interferes with
normal cellular metabolism and can result in harmful consequences for various organ
systems. The CNS is particularly vulnerable to the consequences of methanol poisoning.
Formic acid and formaldehyde can lead to neurological symptoms, including headache,
confusion, seizures, and, in severe cases, coma. These CNS effects contribute to direct
damage to brain tissues and neurotransmitter imbalances. Another hallmark of methanol
poisoning pathophysiology is visual impairment, including blindness. If not promptly
addressed, this damage can become irreversible [1,6].
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Methanol poisoning is not limited to the CNS; it can impact multiple other organ
systems. The cardiovascular system may experience hemodynamic instability, and acute
kidney injury may occur because of the systemic influence of acidosis and the accumulation
of toxic metabolites. Timely intervention is crucial when managing methanol poisoning
cases. Antidotes such as ethanol or fomepizole are administered to inhibit the activity of
alcohol dehydrogenase (ADH), effectively halting the further breakdown of methanol. This
intervention reduces the formation of toxic metabolites and mitigates acidosis, CNS effects,
and multiorgan dysfunction [4,6]. Ethanol administration plays a crucial role in inhibiting
methanol metabolism due to its competitive binding with ADH. Ethanol has a higher
affinity (lower Km) for ADH compared to methanol, effectively outcompeting methanol for
enzymatic binding. This prevents the oxidation of methanol into its toxic metabolites, such
as formaldehyde and formic acid, thereby reducing their harmful effects. Fomepizole, on
the other hand, is a direct inhibitor of ADH and works by completely halting the enzymatic
activity of ADH. Both interventions are essential for mitigating metabolic acidosis, CNS
effects, and multiorgan dysfunction associated with methanol poisoning [4,6].

3. Toxicokinetic

Methanol toxicity primarily occurs through ingestion, although exposure can also hap-
pen via inhalation or skin absorption. For an adult, a potentially fatal dose is approximately
1 g per kilogram of body weight [1,7]. Once ingested, methanol is rapidly absorbed from
the GI tract, reaching peak concentrations within 30 to 90 min. Due to its small molecular
size and lipophilic nature, methanol readily crosses the blood–brain barrier, leading to
severe CNS effects in poisoning cases [8].

The liver plays a critical role in methanol pharmacokinetics as the primary site for its
metabolism. Hepatic alcohol dehydrogenase (ADH) oxidizes methanol into formaldehyde,
a highly toxic intermediate metabolite [9]. Formaldehyde is then rapidly oxidized into
formic acid [10]. At physiological pH, formic acid dissociates into formate and a hydrogen
ion. A folate-dependent system further metabolizes formate, ultimately producing water
and carbon dioxide (Figure 1). This metabolic pathway begins with the interaction of
formate and tetrahydrofolate, leading to the formation of 10-formyl tetrahydrofolate [11].

Formate oxidation depends on hepatic tetrahydrofolate levels, which are regulated by
two key factors: the availability of dietary folic acid and the efficiency of tetrahydrofolate
regeneration during formate oxidation [12]. The enzyme 10-formyl tetrahydrofolate dehy-
drogenase plays a pivotal role in recycling tetrahydrofolate and catalyzing the final step
of formate oxidation [11]. Studies have shown that folic acid supplementation can reduce
the toxic effects of methanol and enhance formate oxidation in various species, including
humans and monkeys [13]. These findings highlight the critical role of formic acid in
methanol toxicity and suggest that folate supplementation may be beneficial in treating
methanol poisoning [14]. Methanol oxidation leads to the formation of formaldehyde,
which is subsequently converted into formic acid.

Formic acid, a primary toxic metabolite of methanol, inhibits cytochrome oxidase,
a critical enzyme in the electron transport chain responsible for oxidative phosphoryla-
tion. This inhibition disrupts mitochondrial energy production, leading to reduced ATP
synthesis and cellular energy failure. High-energy-demand organs, such as the brain and
retina, are particularly vulnerable to this effect. Furthermore, cytochrome oxidase inhibi-
tion contributes to the accumulation of lactate and exacerbates metabolic acidosis, further
impairing cellular function. These highly reactive metabolites can also quickly bind to
tissue proteins [8]. During methanol metabolism, the osmolar gap decreases while the
anion gap increases. The development of anion gap metabolic acidosis due to formic acid
accumulation is a complex process. It involves the buildup of organic acids, such as formic
acid and formate, which are difficult to eliminate. Moreover, formate disrupts oxidative
phosphorylation by inhibiting cytochrome oxidase, thereby impairing mitochondrial respi-
ration. This disruption can lead to elevated lactate levels, which facilitates the passage of
formic acid across the blood–brain barrier [1,15,16].
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The half-life of methanol is approximately eight minutes, with peak blood levels
reached rapidly after ingestion, before declining [17]. Methanol elimination generally
follows zero-order kinetics due to the saturation of ADH. Limited data indicate elimination
rates ranging from 2.7 mmol/L/h (8.5 mg/dL/h) to 6.3 mmol/L/h (20 mg/dL/h). How-
ever, when methanol metabolism is inhibited by antidotes such as ethanol or fomepizole,
elimination transitions to first-order kinetics, with a half-life extending from 22 to 87 h.
Half-life appears to increase with higher serum methanol concentrations, although the
underlying reasons remain unclear [18].

4. Clinical Presentation

Like ethanol, methanol acts as a central nervous system depressant. Early symptoms
include a general feeling of malaise, accompanied by weakness, headache, and nausea. In
some cases, severe symptoms may develop. Most of the methanol in the body is converted
into formaldehyde, which is then rapidly metabolized into the highly toxic formic acid and
its anion, formate. Extremely high doses can cause severe acidosis, leading to multiorgan
failure, brain damage, blindness, and even death [1].

Methanol poisoning can be identified through a range of clinical signs and symptoms,
often occurring in distinct phases. In the early stages, which occur within the first few
hours following exposure, individuals may experience nonspecific symptoms, such as
headache and dizziness, and GI disturbance, such as nausea and vomiting. These early
manifestations can be misleading or confusing and may not be immediately recognized as
methanol poisoning. However, as toxic metabolites accumulate, more severe and specific
symptoms arise. Systemic toxicity includes metabolic acidosis, increased respiratory rate
(hyperpnea), loss of appetite (anorexia), headache, and nausea. Hyperventilation may lead
to the initial complaint of shortness of breath in many patients. Some individuals may
experience chest pain and, as a result, could be initially diagnosed with acute myocardial
infarction. The neurological symptoms of these patients often include altered mental
status, confusion, and, in severe cases, seizures or coma. Delayed treatment can lead to
lasting consequences such as impaired vision and brain damage [1,4,19]. A comprehensive
understanding of these clinical signs and symptoms is critical for timely diagnosis and
intervention, emphasizing the need for early treatment to mitigate the potentially life-
threatening consequences of methanol poisoning (Figure 2).

Figure 2. Clinical manifestations of methanol poisoning across various organ systems.
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5. Evaluation and Diagnostic Testing

Diagnosing methanol poisoning becomes challenging in the absence of exposure
history, particularly when ethanol coingestion occurs, leading to an extended latency
period. A comprehensive evaluation approach is needed to assess the severity of methanol
toxicity. Clinical evaluation plays a crucial role in the initial assessment, with healthcare
professionals considering symptoms such as headache, nausea, vomiting, and visual
disturbances. Vital signs are typically normal, and Kussmaul respirations are uncommon
even in cases of severe acidosis [20]. Patients who experience severe abdominal pain
may exhibit rigidity of the abdominal wall, although rebound tenderness is not usually
present [20].

Performing visual acuity and fundoscopy examinations is essential in cases of methanol
poisoning. Signs of ocular toxicity include dilated pupils that are partially reactive or
nonreactive, as well as optic disc hyperemia with blurred margins resembling pseudopa-
pillitis [20,21]. Microscopic analysis of optic nerves from methanol-poisoned individuals
may reveal generalized swelling of intra-axonal mitochondria and clear spaces within
the myelin sheath in the retrolaminar portion. These ocular changes are attributed to the
direct toxic effects of formate, which inhibits cytochrome oxidase, leading to decreased ATP
production and impaired ATP-dependent functions. Inhibition of the sodium–potassium
membrane pump disrupts electrical conduction, resulting in early but potentially reversible
visual disturbances [22].

A definitive diagnosis of methanol poisoning is made by detecting methanol and
formic acid in the blood or urine. A patient who has ingested methanol may present with
symptoms ranging from being asymptomatic with an elevated osmolar gap to experiencing
severe illness with end-organ toxicity, high anion gap metabolic acidosis, and potentially
elevated lactic acid levels. Urinalysis results are generally normal, with no crystals found
in the sediment [4]. Advanced diagnostic techniques, such as gas chromatography, can be
employed to quantify methanol and its metabolites in biological fluids. Arterial blood gas
analysis may reveal metabolic acidosis, a hallmark of methanol poisoning in severe cases.
The osmolar gap, which measures the difference between the measured and calculated
serum osmolarity, can also be a valuable diagnostic tool [4]. To evaluate neurological com-
plications, which are a hallmark of methanol poisoning, radiological imaging, particularly
brain imaging, may be necessary. Multidisciplinary team collaboration in evaluations is
essential to confirm the diagnosis and guide appropriate therapeutic interventions.

All toxicology patients suspected of self-harm should receive a complete toxicological
screening, an electrocardiogram, and a basic metabolic panel. Additional tests to consider
include complete blood count; transaminase, lipase, and amylase levels; pregnancy status;
and serum or urine ketone, lactate, ethanol, and salicylate concentrations. White blood cell
counts, hemoglobin, and hematocrit are typically normal, but the mean corpuscular volume
may be higher, which could be a sign of more serious poisoning and widespread cellular
swelling. Elevated serum amylase levels can also indicate acute pancreatitis. Salicylate
toxicity must be eliminated, particularly in patients who have metabolic acidosis. Because
ethanol prevents methanol from being metabolized, the concentration of ethanol is also
required. Although gas chromatography is a confirmatory method for measuring toxic
alcohol concentrations, it is not readily available in all healthcare facilities. These concentra-
tions, reported in mg/dL, typically peak soon after absorption and decrease via zero-order
kinetics. The time of ingestion is important because the toxic alcohol concentration may
not reflect toxicity levels if metabolism has progressed, as the metabolites are primarily
responsible for the toxic effects. Assessing the formate concentration for methanol can be
related to clinical signs of end-organ damage or acidosis. While a diagnosis is typically re-
quired sooner, obtaining dangerous alcohol concentrations frequently necessitates sending
a serum sample to an external institution, which could take hours or days for findings. A
patient with normal acid–base status shortly after methanol ingestion should be observed
for at least 12 h, with serial basic metabolic panels performed every 2 to 4 h to monitor
for the onset of metabolic acidosis and an elevated anion gap. This observation period
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should begin only after confirming that the patient’s ethanol concentration is undetectable.
The 12 h observation period is considered the standard of care, based more on clinical
experience than specific data, as acidosis typically develops within this timeframe follow-
ing ingestion [3]. Diagnosing methanol poisoning can be challenging, particularly when
the patient’s history is unclear, necessitating a high degree of clinical suspicion. Prompt
detection and timely therapeutic interventions, including the use of ADH inhibitors, are
critical for assessing and potentially reversing the damage caused by formic acid.

6. Diagnostic Testing

Methanol levels are typically assessed via gas chromatography or radioimmunoassay
methods [4]. Laboratory assessments for methanol poisoning should include arterial blood
gas analysis alongside blood samples. Urinalysis with microscopy is essential for detecting
crystalluria, which may indicate ethylene glycol poisoning, although the absence of crystals
has no diagnostic significance. When encountering patients with unexplained metabolic
acidosis, especially after diabetic ketoacidosis and renal failure are ruled out, calculating
the anion and osmolal gaps (OGs) can provide diagnostic clues [4,21]. Methanol increases
serum osmolality at toxicity-related doses. This effect can be evaluated by calculating the
OG with the following common formula:

Osmolal Gap = [Measured Osmolality] − [Calculated Osmolality]

Calculated osmolality = [1.86 × sodium concentration (mmol)] + [glucose concentration
(mg/dL)/18] + [BUN concentration (mg/dL)/2.8] + [1.25 × ethanol (mmol/L)]

The normal range for OG in acute patients is 5 ± 14 mOsm/kg H2O [23]. An OG above
10 indicates the presence of exogenous osmoles. However, a cutoff value of 25 mOsm/kg
H2O is considered effective [23,24]. In the initial stages or with ethanol coingestion, only
OG may be elevated, as methanol has not yet been metabolized into formate. In the later
stages, when methanol is converted to formate, the anion gap increases, whereas the OG
may normalize. Detecting formate might then be necessary for confirmation. Additionally,
brain scans such as CT or MRI might reveal late-stage findings such as necrosis in the
putamenal areas due to methanol poisoning [4].

7. Treatment

Methanol poisoning is a medical emergency that can lead to severe complications such
as permanent neurological damage, blindness, and death. Therefore, prompt recognition
and intervention are needed. Treatment decisions are based only upon clinical suspicion
and readily available laboratory data (Figure 3).

7.1. Airways, Breathing, and Circulation

The first step in managing methanol toxicity is to secure the patient’s airway, breath-
ing, and circulation. Advanced cardiac life support measures are considered in cases of
severe metabolic acidosis, complications that threaten cardiac and respiratory functions,
or standard treatments for methanol toxicity that have proven ineffective in stabilizing
patients’ condition [6,25]. In hyperventilated patients with existing or suspected significant
metabolic acidosis, endotracheal intubation is needed. In addition, it is crucial to monitor
arterial/venous blood gases closely to evaluate pH and ensure adequate ventilation and
oxygenation [7].

7.2. Gastrointestinal Decontamination

Gastrointestinal decontamination is not commonly used when treating methanol
poisoning, as methanol is rapidly absorbed. However, gastric aspiration via flexible
nasogastric tubing can be an option if a patient ingests a large amount of methanol within
60 min of admission. Other methods, such as activated charcoal, gastric lavage, and syrup
with ipecac, do not have a role in alcohol toxicity [8].
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Figure 3. The clinical management of methanol poisoning.

7.3. Treatment with Sodium Bicarbonate

The immediate and aggressive treatment of methanol poisoning involves the admin-
istration of sodium bicarbonate with the aim of completely correcting acidosis. Notably,
bicarbonate treatment lowers the quantity of undissociated formic acid to diminish the
access of formate to the CNS and thereby reduce toxicity [25]. It also treats metabolic
acidosis. Initial infusion may require as many as 400 to 600 milliequivalents (mEq) within
the first few hours. The final goal of treatment is to maintain the arterial/venous pH above
7.35 when infusion is discontinued.

7.4. Antidotes and Elimination Enhancement

The inhibition of ADH prevents the metabolism of methanol into its more toxic
metabolites. The ADH inhibitors used for managing methanol toxicity are fomepizole
and ethanol. They are indicated if the serum methanol level is >20 mg/dL, there is a
recent history of ingesting toxic amounts of methanol and a serum osmol gap > 10, or
there is strong clinical suspicion of methanol toxicity with at least two of the following
criteria: arterial pH < 7.3, serum bicarbonate < 20 meq/L (mmol/L), an osmol gap > 10,
and the presence of urinary oxalate crystals. If obtaining a methanol level is challenging
and interpreting anions and OG is difficult, initiating ethanol or fomepizole therapy is
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recommended for any patient with metabolic acidosis and symptoms or a history of
potential toxic alcohol ingestion [1,6,26].

7.4.1. Folinic Acid

Increasing additional formate metabolism may be facilitated by intravenous folinic
acid administration at doses ranging from 1 mg/kg to 50 mg every 4 h. If folinic acid is not
available, folic acid at the same dosage can serve as an alternative [4].

7.4.2. Ethanol

A therapeutic blood ethanol level of about 22 mmol/L (100 mg/dL) is recommended.
However, because there is dynamic competition with the liver’s ADH enzyme, the amount
of ethanol needed to block methanol metabolism is dependent on the level of methanol
present at the time. The molar ethanol concentration should be at least one-fourth of
the molar methanol concentration if the blood methanol level is known [1,4,25,26]. By
giving a bolus dose of 600–800 mg/kg of 10% ethanol in D5W, followed by a maintenance
dose of 66–154 mg/kg/h as an intravenous infusion of the 10% ethanol in D5W, or by
taking 20% ethanol diluted in orange juice orally, for instance, a blood ethanol level
of 100 mg/dL can be achieved. Monitoring blood ethanol levels is crucial, especially
during hemodialysis. If ethanol was coingested with methanol and the blood ethanol
level initially was >22 mmol/L (100 mg/dL), the bolus dose of ethanol can be skipped.
Typically, the maintenance dose of ethanol should be doubled during hemodialysis to
prevent the resumption of methanol metabolism when ethanol levels decrease, leading
to worsening toxicity despite hemodialysis [1,25–27]. Ethanol therapy should continue
until the diagnosis of toxic alcohol ingestion is ruled out or specific criteria related to blood
pH and the serum alcohol concentration are met. In addition, owing to associated risks,
patients should be treated in a critical care setting, ideally with a central venous catheter
and an infusion pump. In the absence of fomepizole and pharmaceutical-grade IV ethanol,
oral ethanol administration can be considered with appropriate dilutions, but it may lead
to side effects such as gastritis and vomiting. Combining ethanol with fomepizole therapy
offers no added benefit in methanol and ethylene glycol poisoning cases [28].

7.4.3. Fomepizole

Fomepizole is a commercially available treatment for methanol poisoning and is
preferred over ethanol. A loading dose of fomepizole (15 mg/kg IV) followed by four
maintenance doses 12 h apart (10 mg/kg IV) and 15 mg/kg every 12 h thereafter is the
recommended dosing regimen for fomepizole. If hemodialysis is initiated, the fomepizole
dosing frequency should be increased every 4 h [29–31]. Fomepizole therapy should
continue until the diagnosis of toxic alcohol ingestion is ruled out or a controlled blood pH
and decreased serum alcohol concentration to <20 mg/dL is achieved.

Fomepizole, due to its higher affinity for ADH compared to ethanol, offers several
clinical advantages. These include a broader therapeutic index, longer duration of action,
simplified dosing, and more consistent pharmacokinetics. Additionally, fomepizole is
associated with fewer side effects compared to ethanol [8]. However, its primary drawback
is its high cost. Despite this, significant cost savings can be achieved by reducing the
need for hemodialysis, ethanol infusions, prolonged hospital stays, and intensive care unit
admissions [15].

7.4.4. Hemodialysis

Hemodialysis is a highly effective method for eliminating methanol and formate
while correcting metabolic acidosis. The primary indication for hemodialysis is any degree
of visual impairment in a patient with metabolic acidosis or detectable methanol levels.
Other indications include severe metabolic acidosis (especially if unresponsive to previous
therapies), deteriorating vital signs and electrolyte imbalances despite optimal treatment,
renal failure, a blood methanol level exceeding 15.6 mmol/L (50 mg/dL), and ingestion
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of more than 1 g/kg methanol. In severe poisonings characterized by marked metabolic
acidosis (base deficit > 20 mmol/L) and visual disturbances, hemodialysis is strongly
recommended to rapidly remove methanol and formate [4,27].

Hemodialysis is typically continued until the blood methanol level falls below
6.3 mmol/L (20 mg/dL) and metabolic acidosis resolves. In cases where methanol level
testing is unavailable, hemodialysis should proceed for at least 8 h or until the osmolar gap
normalizes in two consecutive samples taken 1 h apart (after accounting for any osmolal
contribution from ethanol) [1,26,27]. This method has proven effective in optimizing dialy-
sis time, particularly during large outbreaks or when dialysis resources are limited. Serum
formate concentrations may also serve as an alternative guide for determining the need for
hemodialysis. Additionally, doubling the maintenance dose of ethanol during hemodialysis
is generally recommended, as failing to do so may allow methanol metabolism to resume
when ethanol levels drop, potentially worsening toxicity despite ongoing hemodialysis [27].

8. Conclusions

Methanol (CH3OH) is a widely used industrial and household alcohol that poses
significant health risks upon exposure. Despite its extensive use, methanol poisoning re-
mains a critical public health concern globally, often resulting from accidental or intentional
ingestion and outbreaks linked to contaminated beverages. Methanol toxicity stems from
its metabolic conversion to formaldehyde and formic acid, leading to severe metabolic
acidosis and multiorgan damage, including profound CNS effects and visual impairments.

Epidemiological data underscore the widespread impact of methanol poisoning, with
alarming case fatality rates reported in various countries. Comprehensive prevention and
effective management strategies are urgently needed to address the significant morbidity
and mortality associated with methanol poisoning.

The clinical manifestations of methanol toxicity vary between adult and pediatric pop-
ulations and between acute and chronic exposure. Adults typically present with gastroin-
testinal and neurological symptoms, whereas pediatric patients often exhibit more severe
outcomes due to differences in metabolism and body weight. Acute poisoning generally in-
volves a large, single ingestion, leading to rapid symptom onset, whereas chronic poisoning
results from small, repeated exposures, causing insidious, progressive symptoms.

The diagnosis of methanol poisoning involves a combination of clinical evaluation,
laboratory testing, and advanced diagnostic techniques. The identification of metabolic
acidosis, elevated anion and OG levels, and confirmation through methanol and formate
levels are critical for accurate diagnosis. Timely intervention is crucial, and the man-
agement of methanol poisoning includes securing the airway, breathing, and circulation;
addressing metabolic acidosis with sodium bicarbonate; and administering antidotes, such
as fomepizole or ethanol. Hemodialysis plays a pivotal role in eliminating methanol
and its toxic metabolites, especially in severe cases with significant metabolic acidosis or
visual disturbances.

In conclusion, the complexity of methanol poisoning necessitates a comprehensive
approach encompassing early recognition, prompt intervention, and coordinated care
among healthcare providers. Increased awareness, effective prevention strategies, and
timely treatment protocols are essential to mitigate severe health consequences and improve
patient survival and recovery.
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