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Integrative neurorehabilitation using brain-computer interface: 
From motor function to mental health after stroke

Ya-nan Ma1,§, Kenji Karako2,§, Peipei Song3,4, Xiqi Hu5,*, Ying Xia1,5,*

1 Department of Neurosurgery, Haikou Affiliated Hospital of Central South University Xiangya School of Medicine, Haikou, China; 
2 Department of Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan;
3 Center for Clinical Sciences, Japan institute for Health Security, Tokyo, Japan;
4 National College of Nursing Japan, Tokyo, Japan;
5 Integrated Neuroscience Center, Geriatric Hospital of Hainan, Haikou, China.

1. Introduction

Stroke is one of the leading causes of mortality and 
long-term disability worldwide, with its high incidence 
and associated impairments imposing a substantial 
burden on individuals, families, and society. According 
to 2021 statistics, more than 16 million people globally 
suffer from stroke, and approximately one-third of 
these patients experience permanent disability (1). 
As a neurovascular emergency, stroke commonly 
results in motor deficits, cognitive dysfunction, and 
emotional disturbances. Chronic motor dysfunction, and 
particularly hemiplegia, affects nearly 30% of stroke 
survivors, making it one of the most disabling outcomes 
(2). Moreover, post-stroke cognitive impairment (PSCI) 
is reported in 25% to 80% of patients (3), and a study 
in a Chinese cohort showed that 57.8% of 963 stroke 

patients exhibited depressive symptoms (4). Although 
conventional rehabilitation approaches, including 
physical therapy, occupational therapy, and speech 
therapy, have demonstrated certain benefits, their 
efficacy is often limited by insufficient individualization, 
suboptimal therapeutic outcomes, and prolonged 
recovery periods. Research indicates that approximately 
20% to 30% of stroke patients are unsuitable candidates 
for therapies such as constraint-induced movement 
therapy (CIMT) and other conventional rehabilitation 
strategies (5).
 In recent years, advances in neuroscience and 
engineering have led to the emergence of brain-
computer interface (BCI) technology, which offers 
novel therapeutic avenues for stroke rehabilitation. 
BCIs decode neural signals and either translate them 
into commands for external devices or use them directly 

DOI: 10.5582/bst.2025.01109

SUMMARY: Stroke remains a leading cause of mortality and long-term disability worldwide, frequently resulting 
in impairments in motor control, cognition, and emotional regulation. Conventional rehabilitation approaches, while 
partially effective, often lack individualization and yield suboptimal outcomes. In recent years, brain-computer 
interface (BCI) technology has emerged as a promising neurorehabilitation tool by decoding neural signals and 
providing real-time feedback to enhance neuroplasticity. This review systematically explores the use of BCI systems 
in post-stroke rehabilitation, focusing on three core domains: motor function, cognitive capacity, and emotional 
regulation. This review outlines the neurophysiological principles underpinning BCI-based motor rehabilitation, 
including neurofeedback training, Hebbian plasticity, and multimodal feedback strategies. It then examines recent 
advances in upper limb and gait recovery using BCI integrated with functional electrical stimulation (FES), robotics, 
and virtual reality (VR). Moreover, it highlights BCI's potential in cognitive and language rehabilitation through 
EEG-based neurofeedback and the integration of artificial intelligence (AI) and immersive VR environments. In 
addition, it discusses the role of BCI in monitoring and regulating post-stroke emotional disorders via closed-loop 
systems. While promising, BCI technologies face challenges related to signal accuracy, device portability, and 
clinical validation. Future research should prioritize multimodal integration, AI-driven personalization, and large-
scale randomized trials to establish long-term efficacy. This review underscores BCI's transformative potential in 
delivering intelligent, personalized, and cross-domain rehabilitation solutions for stroke survivors.

Keywords: neurorehabilitation, neural plasticity, motor dysfunction, cognitive reconstruction, neurofeedback, post-
stroke depression

Review
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for neurofeedback, thereby enhancing neuroplasticity 
and functional recovery (6). BCI applications have 
displayed considerable potential in motor recovery, 
cognitive training, and emotional regulation. The 
rehabilitation needs of stroke patients are complex 
and multidimensional, encompassing motor function 
restoration, cognitive reorganization, and emotional 
stabilization (7). These domains are highly interrelated. 
For instance, cognitive impairments may reduce 
the motivation for motor training, while emotional 
disturbances can exacerbate functional limitations. 
Consequently, the development of interdisciplinary 
and personalized rehabilitation strategies based on BCI 
technology has become a critical focus of contemporary 
research.
 This review investigates the role of BCI in stroke 
rehabilitation by examining its applications across 
motor, cognitive, and emotional domains (Figure 1). 
Specifically, it explores BCI-driven motor rehabilitation 
mechanisms and techniques, assesses cognitive 
and emotional training potentials, and discusses the 
integration of artificial intelligence (AI) and virtual 
reality (VR) into BCI-based interventions. Finally, 
it outlines the technical and clinical challenges that 
remain and proposes future research directions aimed at 
advancing this promising field.

2. BCI-based motor function rehabilitation

2.1. Principles of BCI rehabilitation for motor 
dysfunction

 Motor dysfunction is one of the most common and 
debilitating sequelae of stroke, severely compromising 
patients independence in daily living. BCI-based 
rehabilitation systems offer innovative and effective 
approaches to restoring motor function by enhancing 
neural plasticity through real-time brain signal 
interaction.

2.1.1. Neurofeedback training

Neurofeedback training is a foundational mechanism 
in BCI-based motor rehabilitation, allowing patients 
to self-regulate brain activity by observing real-time 
neural signals (8). By visualizing the activation of motor-
related cortical regions on a screen, patients can reinforce 
motor-related brain activity through motor imagery (9). 
This technique enhances motor intention and promotes 
functional reorganization of cortical networks (10). 
Repeated neurofeedback sessions have been shown to 
reactivate impaired motor areas, leading to measurable 
improvements in motor performance (11).

2.1.2. Operant conditioning

Operant conditioning utilizes a reward-based mechanism 
to reinforce desired neural patterns (12). In the BCI 
context, when patients successfully generate motor 
intention, such as imagining raising of the arm, the 
system delivers visual, tactile, or electrical feedback 
as reinforcement (13). This positive feedback not only 
boosts patient confidence but also reinforces motor 
circuit reorganization through reinforcement learning 
principles (14).

2.1.3. Repetitive participation and task-oriented training

The principle of "use it or lose it" underscores the 
necessity of repeated motor activity to enhance neural 
circuits. BCI systems enable patients to repeatedly 
engage in task-oriented training, such as controlling 
a virtual arm to perform grasping tasks using brain 
signals (15). Such task-oriented practice facilitates 
the remodeling of key motor pathways, including the 
corticospinal tract and corpus callosum, ultimately 
improving motor coordination and accuracy (16).

2.1.4. Hebbian plasticity

(244)

Figure 1. Mechanisms of brain-computer interface applications across motor, cognitive, and emotional domains in stroke rehabilitation.
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following BCI training (24). Later, Ang et al. integrated 
electroencephalography (EEG)-based BCI with the MIT-
Manus robotic system, and they reported a 4.9-point 
average improvement in Fugl-Meyer Assessment (FMA) 
scores after 12 sessions (25). However, a meta-analysis 
revealed that training of a shorter duration (< 12 hours) 
was associated with greater functional gains, suggesting 
an optimal training window (26).

2.2.2. Motor recovery with FES

FES complements BCI-based rehabilitation by executing 
movements corresponding to decoded motor intentions. 
Chung et al. found that BCI-triggered FES improved 
postural stability and gait coordination in chronic 
hemiplegic patients, as evinced by improved timed 
up and go (TUG) test scores (27). FES also enhances 
Hebbian plasticity via closed-loop feedback, facilitating 
cortical reorganization (28). A randomized controlled 
trial (RCT) by Jiang et al. further confirmed that BCI-
FES training significantly improved hand grip strength 
and enhanced alpha wave activity in the motor cortex, 
indicating that this combined approach facilitates motor 
network reorganization (29).

2.2.3. Integration of robotic assistance and VR

Robotic devices are increasingly being integrated into 
BCI systems to provide precise mechanical support and 
stimulate neuroplasticity (30). Ramos-Murguialday et 
al. developed a BCI-controlled robotic arm, resulting in 
notable improvements in hand strength and movement 
precision (31). Functional magnetic resonance imaging 
(fMRI) results confirmed increased activation in motor-
related brain areas post-training (32). VR-enhanced BCI 
systems further improve user engagement and realism. 
For instance, Pichiorri et al. combined VR with motor 
imagery (MI) tasks, which improved both MI success 
rates and motor function (33). Immersive VR enhances 
the realism of imagined movements, thereby optimizing 
training outcomes (22).

2.2.4. Gait rehabilitation and locomotion training

Gait impairment is a common post-stroke functional 
deficit, characterized by reduced step length, decreased 
gait speed, and poor balance control, severely 
affecting independent ambulation (34). BCI-based gait 
rehabilitation has emerged as a key research focus. 
Tang et al. explored a BCI gait rehabilitation system 
combining MI with visual feedback. After six weeks 
of training, significant improvements were observed 
in TUG test performance and gait stability and were 
correlated with increased corticospinal activity in the 
contralateral primary motor cortex (M1) (34,35). Kim et 
al. further developed a BCI-integrated exoskeleton-based 
lower limb training platform, allowing patients to control 

Hebbian plasticity, commonly summarized as "neurons 
that fire together, wire together," is another core concept 
in BCI motor rehabilitation (17). Stroke survivors 
often experience a disconnect between motor intention 
and actual movement, resulting in diminished sensory 
feedback to the motor cortex (18). BCI systems restore 
this feedback loop via robotic or tactile stimulation, 
re-establishing the association between intention and 
feedback, thereby promoting cortical disinhibition and 
functional recovery (17,19).

2.1.5. Personalized and adaptive training

Due to individual differences in stroke lesion location 
and severity, rehabilitation protocols must be highly 
individualized. Modern BCI platforms employ machine 
learning algorithms to dynamically adjust training 
difficulty and feedback modalities. Patients with more 
severe impairments may receive simplified tasks with 
intensive feedback, whereas those with better residual 
function can be challenged with more complex tasks to 
further enhance recovery potential.

2.1.6. Multimodal feedback integration

Conventional BCI systems often rely solely on 
visual feedback. However, integrating multimodal 
stimuli, including tactile, auditory, and VR-based 
feedback, has been shown to significantly enhance 
therapeutic outcomes (20,21). VR technologies, in 
particular, offer immersive environments that increase 
training engagement and perceived agency (22). This 
multisensory feedback fosters deeper neural engagement 
and promotes more effective reorganization of motor 
networks.

2.2. Advances in BCI-based motor rehabilitation

Stroke-related motor dysfunction significantly limits 
activities of daily living and social participation. Upper 
limb impairments are particularly prevalent, affecting 
approximately 80% of survivors (23). Recent innovations 
in BCI motor rehabilitation have incorporated 
neurofeedback, functional electrical stimulation (FES), 
robotic systems, and VR, expanding therapeutic 
possibilities.

2.2.1. BCI in upper limb rehabilitation: Clinical 
applications

Initial BCI research primarily focused on recovery 
of upper limb function, exploring how decoding 
brain activity could restore voluntary motor control. 
Buch et al .  were among the pioneers utilizing 
magnetoencephalography (MEG) to assess sensorimotor 
rhythm (SMR) training in chronic stroke patients, 
who displayed increased motor cortex activation 
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the exoskeleton for gait training, which led to significant 
improvements in gait accuracy and stability (36).

2.2.5. Multimodal integration and personalized 
rehabilitation approaches

Recent developments emphasize multimodal integration 
and personalized training protocols. Dual-modality 
BCI systems combining EEG and functional near-
infrared spectroscopy (fNIRS) significantly improve 
the accuracy of motor intention decoding. For example, 
Kwak et al. proposed an fNIRS-guided attention network 
(FGANet) system that improved MI task accuracy 
by 4.0% and mental arithmetic performance by 2.7% 
compared to conventional models (37). Moreover, 
adaptive BCI systems utilizing AI can tailor task 
difficulty and feedback in real time. Zhang et al. found 
that such systems improved training efficiency and 
patient outcomes (38), highlighting the advantages of 
individualized rehabilitation.

2.2.6. Clinical validation and long-term outcomes

Despite promising results in laboratory settings, clinical 
evidence remains limited. A meta-analysis by Cervera et 
al. found that BCI interventions produced a standardized 
mean difference (SMD) of 0.79 in FMA for upper 
extremity (FMA-UE) scores, a result comparable to 
conventional therapies such as mirror therapy and CIMT 
(39). However, small sample sizes and a lack of long-
term follow-up limit generalizability. To address this 
gap, Wang et al. conducted a multicenter RCT involving 
296 stroke patients, comparing a BCI rehabilitation 
group with a conventional rehabilitation group (40). 
After one month, the BCI group showed significantly 
greater improvements in FMA-UE scores (13.17 vs. 9.83; 
between-group difference: 3.35; 95% CI: 1.05–5.65; P = 
0.0045). 

3. BCI-based cognitive and language rehabilitation

3.1. Mechanisms and applications in cognitive 
rehabilitation

Cognitive rehabilitation is a vital aspect of post-stroke 
recovery, and yet conventional methods often lack 
precision and have limited efficacy. In contrast, BCI 
technology offers the significant potential to enhance 
cognitive function in stroke patients, particularly through 
neurofeedback-based cognitive assessment and memory 
training (41). Studies suggest that BCI systems utilizing 
theta and alpha waves — key neural oscillations tied to 
memory encoding — can precisely control the timing of 
item presentation in memory tasks, leading to substantial 
improvements in memory performance (42,43).

3.1.1. Neural features of PSCI and EEG-based targeting

PSCI typically affects domains such as attention, 
memory, executive function, and language processing 
(44). These deficits typically arise from disrupted 
neural networks or functional impairments caused by 
brain damage. For example, dysfunction in the frontal 
and parietal lobes often leads to attention deficits and 
executive dysfunction, while hippocampal atrophy is 
strongly associated with memory decline.
 BCI systems offer dynamic assessment of these 
impairments by decoding EEG patterns and other neural 
markers. Research has shown that variations in beta/theta 
power correlate with attentional control, while alpha 
wave activity is linked to memory performance (45,46). 
By modulating these EEG patterns, BCI systems can 
target specific cognitive impairments, offering tailored 
therapeutic interventions that enhance recovery.

3.1.2. Neurofeedback and modulation strategies

Neurofeedback training serves as a cornerstone of BCI-
based cognitive rehabilitation, providing real-time 
feedback that allows patients to consciously regulate 
abnormal neural activity. Evidence suggests that this 
approach can improve attention and memory function 
in stroke populations (47). For example, neurofeedback 
interventions have resulted in measurable improvements 
in both short-term and long-term verbal memory in 
patients and healthy controls (48). A case study by 
Mroczkowska et al. demonstrated that adjusting the 
beta/theta ratio in the C3 cortical region significantly 
enhanced attentional control and information processing 
efficiency (43). Moreover, neurofeedback strategies 
targeting specific cognitive domains have yielded 
promising results. In one study, patients trained 
to increase beta power in the prefrontal cortex via 
neurofeedback showed significant improvements in 
executive function task performance (49). These findings 
highlight the promise of BCI-based neurofeedback in 
restoring cognitive function.

3.1.3. Role of VR and AI in adaptive cognitive training

The incorporation of VR into BCI-based cognitive 
rehabilitation enables the creation of immersive 
environments for ecologically valid cognitive training. 
By simulating real-world scenarios such as virtual 
shopping, navigation, and social interactions, VR enables 
patients to engage in practical cognitive exercises (50). 
A recent study found that a BCI-VR system significantly 
improved multitasking abilities and spatial memory (51). 
Pichiorri et al. further developed VR-based cognitive 
tasks within a BCI system, leading to enhanced attention 
control and working memory performance in stroke 
patients (33).
 In addition, integrating AI into BCI systems allows 
for dynamic adjustments to training protocols based 
on real-time patient feedback. Machine learning 
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algorithms can detect cognitive fatigue or plateau states 
by analyzing EEG patterns and dynamically modulate 
training intensity, thereby maximizing training efficiency 
(52). Despite these promising results, large-scale clinical 
trials need to be conducted to validate these technologies 
and expand their clinical applications.

3.2. Exploration of BCI-based language rehabilitation

Language impairment, a frequent and complex 
consequence of stroke, affects approximately 30% of 
patients during the acute phase, with many experiencing 
persistent deficits in comprehension or expression 
during long-term recovery (53-55). While conventional 
approaches such as speech-language therapy (SLT) 
and computer-assisted language training (CALT) offer 
some benefits, their effectiveness is often limited by 
low patient adherence, insufficient personalization, and 
marginal improvements (56). BCI technology offers a 
novel, targeted approach to address these challenges.

3.2.1. Characteristics of aphasia and BCIs applicability

Aphasia, a multifaceted neurological language disorder, 
impairs both expressive abilities (e.g., word retrieval and 
articulation) and comprehension (e.g., semantics and 
syntax). Its manifestations vary depending on the location 
of brain damage, with lesions in Brocas area typically 
linked to expressive aphasia and damage to Wernickes 
area associated with comprehension difficulties (57).
 BCI technology enhances rehabilitation by capturing 
and decoding neural signals related to language 
processing, providing real-time feedback to strengthen 
neural activity and connectivity. Both EEG and fNIRS 
have proven effective in detecting changes in neural 
activity within Brocas and Wernickes areas, providing 
a basis for designing individualized neurofeedback 
interventions (58).

3.2.2. Neurofeedback-based language rehabilitation

Neurofeedback training is a pivotal technique in BCI-
based language rehabilitation, enabling patients to 
monitor and regulate brain activity associated with 
language processing. For example, Mroczkowska et al. 
showed that modulating beta wave activity at the C3 
electrode site significantly improved word selection 
and generation in patients with expressive aphasia 
(43). Moreover, neurofeedback targeting relative alpha 
wave power in the occipital lobe yielded moderate 
improvements in naming, image and color recognition, 
sentence completion, and language fluency (59). In a 
10-session intervention, training to enhance the beta/theta 
ratio at the C3 EEG electrode site significantly improved 
speech fluency, word retrieval speed and accuracy, and 
comprehension of complex syntactic structures (43). 
However, the generalizability of these findings remains 

limited by small sample sizes and lack of a long-term 
follow-up. 

4. BCI-based emotional regulation and mental health 
interventions

4.1. Impact of post-stroke emotional disorders

Emotional disturbances such as post-stroke depression 
(PSD) and anxiety significantly affect rehabilitation 
outcomes by reducing motivation, adherence, and overall 
quality of life. Studies estimate that 25% to 50% of 
patients experience depression during the acute phase, 
with approximately 30% continuing to suffer in the 
chronic phase (60,61). Depression often manifests as 
negative thought patterns, diminished motivation, and 
social withdrawal, all of which indirectly impede the 
progress of rehabilitation. 
 Similarly, post-stroke anxiety (PSA) affects 18% 
to 34% of survivors within the first year, with rates 
remaining stable up to five years post-stroke (62-66). 
Patients with PSA frequently exhibit excessive worry 
about their prognosis, including fears of recurrence, 
returning to work, falling, or losing independence. 
This anxiety can exacerbate depression and cognitive 
impairment, further worsening outcomes (63).

4.2. Real-time emotional monitoring and closed-loop 
regulation techniques

BCI technology enables real-time monitoring of 
emotional states by decoding key brain activity features. 
EEG signals, and particularly alpha and beta waves, 
are widely studied in emotional regulation. Low alpha-
wave activity is typically linked to anxiety and tension, 
while high alpha-wave activity indicates relaxation 
and stability. Increased frontal midline theta power, 
conversely, correlates with positive emotions (67).
 To improve emotion detection accuracy, recent BCI 
models have integrated multimodal signals such as 
EEG, heart rate variability (HRV), and electrodermal 
activity (EDA). Reduced HRV is often indicative 
of psychological distress, while heightened EDA is 
associated with anxiety (68). This integrative approach 
provides a more comprehensive assessment of emotional 
dynamics. In addition to monitoring, BCI systems with 
affective closed-loop interactions show promise in 
emotional regulation. For example, participants have 
successfully modulated musical feedback by recalling 
emotionally salient memories, illustrating the potential 
of BCI-assisted emotional self-regulation (69). Closed-
loop systems can also detect negative emotions and 
trigger real-time interventions — such as mood-
regulating music, VR-based meditation environments, 
or neurofeedback training — to adjust EEG activity 
and restore emotional balance (70). Recent advances in 
AI and machine learning have significantly enhanced 
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the accuracy and efficiency of real-time EEG-based 
emotion recognition within BCI systems. Self-supervised 
learning models, which reduce the need for large labeled 
datasets, have shown promise in decoding affective 
states by learning internal signal representations 
through signal transformation tasks prior to fine-tuning 
for emotion classification (71). Similarly, deep 3D 
convolutional neural networks with multiscale kernels 
have demonstrated a high level of accuracy — up to 
95.67% on the DEAP dataset — by capturing complex 
spatiotemporal EEG patterns (72). Transformer-based 
architectures, known for their sequence modeling 
capabilities, have also emerged as powerful tools for 
EEG-based decoding of emotion, enabling more scalable 
and generalizable models for real-time applications (73).
 One proof-of-concept study integrated real-time 
fMRI-based neurofeedback (rtfMRI-NFB) with both 
musical stimuli and immersive virtual environments, 
demonstrating the feasibility of such multimodal closed-
loop systems. This interface employed both localized 
(region of interest, or ROI) and distributed (support 
vector machine, or SVM) neural activity analyses, 
enabling more precise detection and modulation of 
emotion-related brain states (70). The combination of 
BCI and VR technology offers particular advantages 
in managing emotional dysregulation. Through BCI-
mediated neurocognitive training, both the patient and 
the system help to modify neuronal activity, which 

can lead to significant reductions in anxiety-related 
symptoms (74). In one study, a VR scenario displaying 
calming landscapes (e.g., forests or oceans) was activated 
when anxiety was detected, significantly reducing 
anxiety scores and enhancing well-being (75). Similarly, 
SMR-BCI systems, which decode motor-related alpha 
and beta waves to control external devices like robots or 
exoskeletons, suggest broader applications in emotional 
rehabilitation (76). These findings highlight BCIs 
potential to deliver integrated, interactive, and patient-
centered mental health interventions post-stroke.

5. Discussion

In recent years, BCI technology has made remarkable 
progress in enhancing motor, cognitive, and emotional 
recovery following stroke. As an interdisciplinary tool 
integrating neuroscience, engineering, and AI, BCI has 
shown significant potential to reshape conventional 
neurorehabilitation paradigms (as illustrated in Figure 
2). By enabling real-time decoding of neural activity 
and providing personalized feedback, BCI-based 
interventions offer novel and precise rehabilitation 
strategies across multiple functional domains. Despite 
these promising developments, several technical and 
clinical challenges must be addressed to fully realize the 
clinical potential of BCI systems. One of the primary 
limitations is the accuracy and stability of signal 

Figure 2. A conceptual framework of brain-computer interface-driven neurorehabilitation in stroke.
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decoding. EEG-based motor intention signals are highly 
susceptible to noise and artifacts, which can compromise 
decoding reliability and reduce system responsiveness. 
Future research should prioritize the integration of 
multimodal data sources, such as EEG combined with 
fNIRS or fMRI, to enhance signal fidelity and improve 
the precision of motor intention and emotional state 
recognition.
 Another critical area where advances are needed is 
the personalization of rehabilitation protocols. Current 
BCI interventions often employ static, one-size-fits-all 
task models, which limit adaptability to individual patient 
profiles. The integration of AI and machine learning can 
address this issue by enabling real-time adaptation of 
training difficulty, feedback type, and task complexity 
based on patient performance and cognitive-emotional 
states. This approach can significantly improve training 
efficiency and patient engagement. In addition, the 
clinical translation of BCI systems remains hindered by 
practical limitations. Most current systems are confined 
to research or laboratory settings due to their complexity, 
bulkiness, and cost. To increase accessibility and 
facilitate home-based, long-term rehabilitation, wireless, 
lightweight, and cost-effective BCI devices need to be 
developed. Advances in wearable sensor technology and 
mobile computing may facilitate the design of portable, 
user-friendly BCI platforms suitable for continuous at-
home use.
 A major gap in the field is the lack of large-scale, 
multicenter RCTs to establish the long-term efficacy 
and safety of BCI interventions. Existing studies are 
often limited by small sample sizes, heterogeneous 
methodologies, and follow-up of an insufficient 
duration. Future research should focus on conducting 
well-designed clinical trials to evaluate both short- and 
long-term outcomes across diverse patient populations. 
Additionally, the development of standardized clinical 
guidelines and training protocols will be essential to 
the widespread adoption of BCI technology in routine 
rehabilitation practice.

6. Conclusion

In summary, BCI technology represents a transformative 
innovation in stroke rehabilitation, offering integrated 
and adaptive solutions for motor function recovery, 
cognitive enhancement, and emotional regulation. 
BCI technology currently has limitations, but ongoing 
advances in neuroscience, AI, VR, and wearable systems 
should help to further refine BCI platforms. In the future, 
BCI is poised to become a cornerstone of personalized, 
intelligent neurorehabilitation, providing stroke survivors 
with more effective, accessible, and holistic recovery 
pathways.
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1. Introduction

With societal development, lifestyle changes have led 
to increased obesity globally. GBD projections warn 
that without strict interventions, by 2050, 38 billion 
adults — over half the global adult population — will 
be overweight or obese. Besides, one-third (746 million) 
of children and adolescents will be overweight or obese, 
with about 360 million suffering from obesity (1). These 
trends underscore the urgent need for effective obesity 
interventions.
 Globally, obesity has been identified as the fifth 
leading risk factor for mortality (3). primarily due to 
complications like type 2 diabetes, cardiovascular 
diseases, osteoarthritis, sleep apnea, and cancer (4). 
By 2025, over 1.31 billion people are projected to 
have diabetes due to rising obesity rates (5), while 

cardiovascular events may double in some countries 
within a decade (6). According to a prediction, by 2070, 
obesity is predicted to cause over 2 million new cancer 
cases annually, accounting for 7% of all cancers (7).
 Beyond health risks, obesity strains global public 
health systems and socioeconomic resources. In high-
income countries, it adds pressure to aging populations 
and healthcare costs, while in low- and middle-income 
countries, it worsens child malnutrition and overburdens 
limited resources (8). In 2019, obesity-related costs 
ranged from 3.19 billion in low – income countries to 
1.33 trillion in high-income countries (9). By 2035, the 
obesity epidemic could reduce global GDP by 2.9%, 
equivalent to a $4 trillion loss (10), underscoring its 
critical impact on modern public health.
 The evolving understanding of obesity as a complex 
chronic disease has spurred advancements in its 
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SUMMARY: In the context of the rising global prevalence of obesity, traditional intervention measures have proven 
insufficient to meet the demands of personalized and sustainable health management, necessitating the exploration of 
innovative solutions through innovative technologies. This study explores how advanced digital technologies, including 
Internet of Things (IoT) and Artificial Intelligence (AI), can manage weight and enhance full-lifecycle health in 
individuals with obesity under simulated high-altitude hypoxic conditions (HC). The findings suggest that integrating 
simulated HC with digital health technologies offers a novel and safe approach to obesity rehabilitation. By leveraging 
environmental stimuli, real-time monitoring through wearable devices, and intelligent evaluation using large language 
models (LLMs), this method enables more scientific weight loss, prevents rebound weight gain, and fosters proactive 
healthy lifestyles, significantly improving weight control outcomes for individuals with obesity. Future research should 
evaluate the efficacy of simulated HC in weight management and its long-term impact on obesity control. Establishing 
an integrated framework that combines simulated HC, lifestyle interventions, and smart health ecosystems is crucial for 
advancing rehabilitative healthcare and addressing the global burden of obesity through digital innovation.
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treatment (4), including oral medications to bariatric 
surgery (BS). Oral medications can cause gastrointestinal 
side effects despite better weight loss than placebos (11) 
, while BS effectively achieves rapid, sustained weight 
loss but comes with significant complications (early 
complications require specialized center care, while later 
complications are managed locally) (12,13) .
 Therefore, multiple countries are now prioritizing 
lifestyle-based interventions such as health management 
for obesity. For instance, on March 9, 2025, China's 
National Health Commission promoted a "Weight 
Management Year" three-year action, declaring "healthy 
weight as the core indicator of national health," and 
integrating weight management into chronic disease 
prevention and treatment strategies. Since 2024, in 
collaboration with other departments, they've launched 
campaigns to boost public awareness and skills in weight 
management, aiming to control overweight, obesity, and 
prevent chronic diseases. This initiative not only covers 
all age groups but also emphasizes the family as the 
smallest unit of health management, which needs to take 
primary responsibility (92).
 Current research on weight management utilizing 
health management approaches includes lifestyle 
interventions (14), commercial weight management 
programs such as the CSIRO Total Wellbeing Diet 
Online (15), online exercise programs (16), and dietary 
interventions (17), all of which have been shown to 
significantly improve obesity. Recently, hypobaric 
hypoxia environments have gained attention for their 
role in weight management. Studies show high altitudes 
positively correlate with metabolic health and a non-
obese phenotype, while negatively associating with 
unhealthy metabolic states (18). Multiple studies confirm 
altitude's beneficial impact on weight loss (19-21), 

positioning high-altitude environment as a promising 
intervention. Recently, HC has been applied to both 
acute (single exposure) and chronic (repeated exposure 
over several weeks) sessions for overweight and obese 
individuals. The aim is to enhance cardiac metabolic 
health and promote weight loss (2). Encouraging obese 
individuals to engage in diet or physical activities in 
simulated high altitude environment promotes weight 
management, while combining  HC with exercise offers 
therapeutic potential (22). This approach supports weight 
loss and enhances metabolic health, making simulated 
high-altitude environment an innovative obesity solution. 
An integrated scenario for weight intervention is 
illustrated in Figure 1.
 Modern technologies like IoT, AI, and 5G are 
revolutionizing weight management by effectively 
intervening in the lifestyles of obese individuals. Johanna 
et al. studied wearable IoT devices for lifestyle changes 
in obese pregnant women (23). Sharareh et al. used 
AI to predict obesity, showing that AI algorithms can 
accurately forecast obesity (3). These digital innovations 
have proven effective in addressing obesity. However, 
research on integrating HC with AI, IoT, and 5G for 
enhanced weight management is scarce.
 This study investigates the integration of IoT, AI, and 
5G with HC (via simulated high altitude environment in 
laboratory) for weight management in obese patients. By 
promoting lifestyle interventions and supporting the entire 
life cycle, it offers theoretical support for simulated high-
altitude environment as a weight management strategy, 
improving patient quality of life and reducing public 
health burdens. The contributions of this study:
 1). Highlights the effectiveness of combining lifestyle 
interventions, physical exercise, and hypobaric hypoxic 
therapy in simulated high-altitude environment as an 
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Figure 1. Scenario diagram of four obesity management approaches.
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activity is aimed at sustained weight loss (16); on 
the other hand, personalized weight loss behavioral 
counseling serves to motivate obese patients by adjusting 
and optimizing weight loss strategies in real time (14). 
This approach provides a gentle yet effective pathway for 
weight loss among obese patients, emphasizing gradual 
and sustainable improvements in lifestyle.

2.2. The efficacy of  HC in simulated high-altitude 
environment

High-altitude environment refers to elevated areas 
above 2,500 meters (30,31). HC is defined as exposure 
to systemic and/or local hypoxia at rest (passive) or 
combined with exercise training (active) (2). With 
advancements in technology, the ability to simulate high-
altitude environments has become more accessible, 
leading to a surge in its popularity. This trend has attracted 
numerous researchers to investigate the effects and 
applications of simulated HC. Such environments offer 
promising avenues for studying weight management, 
cardio-metabolic health, and other physiological 
impacts on obese populations, spurring innovation and 
exploration in both research and practical applications.
 Simulated high-altitude environments, characterized 
by low atmospheric pressure, reduced oxygen partial 
pressure, long daylight hours, and low humidity, create 
unique physiological effects on the human body. 
Exposure to hypobaric hypoxia condition often leads to 
weight loss (19), driven by multiple factors: decreased 
oxygen levels at higher altitudes reduce blood and 
tissue oxygen partial pressure, triggering compensatory 
responses such as increased ventilation and sympathetic 
nervous system activation, which elevate metabolic 
demands (32,33). Additionally, reduced appetite (20) 
or impaired gut function (34) decreases energy intake, 
creating a negative energy balance. Cold environments 
further increase energy expenditure for thermoregulation, 
depleting fat stores (35), while extra exercises amplify 
this effect through increased energy expend, altering 
body composition (22). Combining hypobaric hypoxia 
conditioning with dietary or exercise interventions 
has been proposed as an effective weight management 
strategy. Kayser noted that intermittent hypoxic exposure 
during rest or exercise improves body composition, 
exercise tolerance, metabolism, and arterial pressure (36). 
Quintero et al. highlighted oxygen availability as a key 
regulator of body weight and energy homeostasis (37), 
showcasing promising potential for obesity treatment. 
The mechanisms underlying weight reduction in 
simulated high-altitude hypobaric hypoxia environments 
are illustrated in Figure 2.
 Rapid adaptation training in a simulated hypobaric 
and hypoxic environment may challenge the body's 
ability to acclimatize to acute hypoxia, but it offers a 
unique opportunity for weight management and health 
improvement. This environment can effectively promote 

emerging weight management approach.
 2). Integrates innovative technologies (IoT, AI, 5G) 
with traditional methods to offer personalized solutions. 
Utilizes wearable health monitoring devices and AI-
driven predictions for obesity and related diseases.
 3). Identifies research gaps in technology integration 
and hypobaric hypoxic applications, proposing further 
exploration of simulated high-altitude environment's 
long-term effects on weight management, offering 
valuable insights for researchers and global public health 
innovation.

2. Fundamental theory

2.1. Obesity and weight management

The WHO defines obesity as "an abnormal or excessive 
fat accumulation that may impair health," pointing 
out that the fundamental cause of obesity is an energy 
imbalance between calories consumed and calories 
expended (3,24). Research indicates that genetic factors 
only account for obesity in a very small segment of the 
population, with the widespread prevalence of obesity 
mainly attributed to modifiable environmental factors 
and individual lifestyle choices (25). In other words, 
overeating and insufficient physical activity are the 
primary causes of obesity. This is because diet is the 
form through which humans consume calories, while 
physical activity is the main pathway through which 
humans expend calories.
 Jeffrey emphasized that obesity should be viewed 
as a biological disease akin to other chronic conditions 
like heart disease, hypercholesterolemia, diabetes, 
or hypertension (26). The adverse effects of obesity 
extend beyond its complications to the challenges in its 
treatment. Stella highlighted the difficulty overweight 
or obese individuals face in returning to a normal or 
healthy weight once classified as such (27). Although 
weight loss can improve complications and quality of 
life, maintaining that weight loss remains a significant 
challenge (4).
 The primary goal of obesity management has 
shifted from merely achieving weight loss to improving 
health at a broader level (28), encompassing lifestyle 
changes, weight-loss medications, and bariatric surgery 
(16). Lifestyle interventions, mainly including dietary 
modifications, tailored exercise plans, and personalized 
behavioral counseling, have been shown to significantly 
improve weight outcomes and are now widely used in 
weight management.
 Moreover, comprehensive behavioral weight 
management programs that combine physical activity 
with dietary restrictions have proven more effective for 
both short-term and long-term weight loss compared to 
interventions based solely on diet or physical activity 
(29). On one hand, creating a calorie deficit through 
prescribed caloric intake and appropriate physical 
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weight loss, but it is also important to take precautions 
against acute mountain sickness (AMS), commonly 
caused by hypoxia. Zhou et al. found that weight loss 
at high altitudes correlates with the severity of AMS, 
particularly due to fatigue(38), while Ge et al. noted 
that higher body weight increases susceptibility to 
AMS under hypoxic conditions(21). Therefore, while 
simulated HC provide potential for weight management, 
attention must also be paid to preventing and managing 
AMS, especially in obese individuals.

2.3. The integrated application of digital innovation 
technologies such as IoT, 5G, and AI

The Internet of Things (IoT), defined as an open network 
of intelligent objects capable of self-organizing, sharing 
data, and reacting to environmental changes, enables 
previously impossible connectivity and communication 
(39). IoT devices, including sensors and actuators, 
gather and store data locally or in the cloud, supporting 
applications like smart homes, smart health, and smart 
cities (40,41). Integrating IoT with machine learning 
(ML) or deep learning (DL) architectures tailored to 
specific needs has revolutionized healthcare, enabling 
innovative solutions for disease detection and health 
monitoring (40).
 AI, particularly ML and DL, has proven effective 
in predicting obesity risks. Faria Ferdowsy achieved 
97.09% accuracy in obesity risk prediction using ML 
techniques (42) , while Sharareh Rostam demonstrated 
AI's potential for early detection, enabling timely 
interventions to prevent related diseases like type 2 
diabetes and cardiovascular conditions (3). Similarly, 
Mahmood Safaei and Elankovan validated the efficacy 
of ML methods, such as neural networks, decision trees, 
random forests, and DL, in managing obesity (43).
 The advent of 5G, with its high bandwidth, low 
latency, reliability, and massive connectivity, is a key 
driver of IoT growth (44). In healthcare, 5G-enabled 
IoT expands device connectivity and enhances 
wireless services. For instance, Chen et al. developed 
a personalized emotion-aware healthcare system using 
5G, targeting emotional care for children, psychiatric 
patients, and the elderly (45). This integration highlights 
the transformative potential of combining digital 
innovations, as illustrated in Figure 3.
 This study synthesizes a comprehensive strategy 
through an integrative review of the literature, combining 
lifestyle interventions with simulated high-altitude 
hypoxia, enhanced by digital innovations. It supports 
weight management for obese individuals, monitors 
hypoxia-related risks, and ensures holistic health 
protection. The approach benefits personal health and 
provides solutions to global public health challenges 
associated with obesity. Additionally, it enhances 
safety for obese patients in simulated high-altitude 
environments, ensuring comprehensive health protection.

3. Methodology

This study adheres to the PRISMA framework (46), 
conducting a systematic review of literature on weight 
management, high-altitude environment (hypobaric 
hypoxia intervention), AMS, and the application of 
5G-IoT and AI (ML/DL) technologies in healthcare. 
Through four stages—identification, screening, 
eligibility assessment, and inclusion—a conceptual 
model was developed to explore the potential of high-
altitude environment in improving obesity symptoms and 
its integration with digital innovations. From January 
to March 2025, searches were conducted in Web of 
Science, PubMed, and IEEE databases, targeting high-
quality journals. Inclusion criteria focused on English 
peer-reviewed articles published after 1990 at SJR Q1 
level (47). The search strategy revolved around several 
themes:
 Related to weight management: "obesity" OR 
"overweight" OR "obesity management" OR "weight 
management"
 Related to high-altitude environment (hypobaric 
hypoxia intervention): "high altitude" OR "low pressure" 
OR "low oxygen" OR "hypobaric" OR "hypoxia"
 Related to digital innovation technologies: "5G-IoT" 
OR "AI" OR "ML" OR "DL"
 Related to AMS: "acute mountain sickness" OR 
"AMS"
 The specific classifications and results analysis are as 
follows:
 A systematic search was conducted using the 
keywords "obesity" OR "overweight" OR "obesity 
management" OR "weight management," yielding 
1,400,452 articles, of which 126,079 met the inclusion 
criteria. Among these, 88 studies explored the application 
of AI (ML/DL) in weight management. A combined 
search using the keywords ("high altitude" OR "low 
pressure" OR "low oxygen" OR "hypobaric" OR 
"hypoxia") AND ("obesity" OR "overweight" OR "obesity 
management" OR "weight management") generated 1,101 
publications, with 122 selected to demonstrate the effects 
of hypobaric hypoxia on body composition. Additionally, 
a search combining terms ("5G" OR "IoT" OR "AI" OR 
"ML" OR "DL") with high-altitude-related keywords 
retrieved 2,658 articles, of which 119 were retained; 
15 studies focused on digital interventions for treating 
respiratory diseases and chronic kidney disease, which 
are closely associated with obesity. Also, we noted that 13 
papers highlighted the significant role of technologies in 
the early detection and prevention of AMS.
 Based on the above literature search and screening 
results, the study ultimately included 181 articles for in-
depth review. Existing research highlights high-altitude 
environment, simulated or real hypobaric hypoxia, 
weight management, and digital technologies as key 
areas. However, interdisciplinary research remains 
scarce, particularly integrating high-altitude environment 
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with digital innovations.This gap underscores the need 
for further exploration in this field. The search process 
and criteria are illustrated in Figure 4.

4. 5G-IoT and AI Synergy for Weight Management 
and Safety in Hypobaric Conditions

This study reviews an integrated health management 
strategy, merging simulated high-altitude environment's 
hypobaric hypoxia (combine with diet and exercise) 
with digital innovations. This approach supports weight 
management for obese individuals, relevant health risks, 
and ensures comprehensive health protection. It benefits 
personal health and provides innovative solutions and 
technical support for global public health systems facing 
rising obesity rates among various age groups.

4.1. Data-driven obesity management and safety rescue

AI (ML, DL) can describe, classify, and predict obesity-
related risks and outcomes using data from sensors, 
smartphone apps, electronic health records, and insurance 
data. Besides, ML and DL analyze causes and risks of 
dietary plan failures, such as alcohol consumption and 
self-efficacy. Additionally, IoT wearable devices monitor 
physiological indicators in real time for tailored diet and 
exercise plans. By applying AI, we can comprehensively 
analyze data from obese patients engaging in simulated 
high-altitude environment, assessing and predicting their 
obesity risks and severity. Combining exercise habits, 
dietary risks, and environmental conditions at laboratory, 
personalized hypobaric hypoxia weight management 
plans can be developed for each patient.

Figure 2. Schematic diagram of weight management in simulated high-altitude hypobaric & hypoxic environments.

Figure 3. Integrated application scenarios of digital innovation technologies.
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 For example, DeGregory et al. reviewed ML 
methods (e.g., regression, neural networks, decision 
trees) applied to health survey data, demonstrating 
their potential for large-scale obesity analysis (48). 
Chatterjee et al. developed an intelligent eCoach system 
using ML to predict risks and provide personalized 
recommendations for obesity and related conditions 
(49). Sala et al. created an ML model predicting dietary 
lapses, identifying alcohol and low self-efficacy as key 
risk factors (50). Greco et al. highlighted AI's role in 
accurately segmenting adipose tissue in CT/MR images, 
aiding weight change tracking (51). Varun et al. assessed 
wearable-EHR integration for remote obesity monitoring, 
finding positive patient attitudes toward sharing activity 
data with healthcare teams (52). Please see Table 1 for 
details of the study and the proof process.

4.2. Real-time health monitoring and adverse health 
event prevention – Under simulated hypobaric hypoxia 
conditions

IoT wearables monitor hydration, respiratory conditions, 
and other physiological indicators in real time. AI 
algorithms analyze these data to predict relevant risks 
and recommend preventive measures. Continuous 
tracking of weight, oxygen levels, exercise, and nutrition 
enables early health warnings and timely adjustments 
to weight management plans, enhancing safety and 
precision in obesity treatment.
 Nicholas et al. showed obese individuals lost more 
weight in simulated hypoxia than in normoxic conditions, 
marking the first trial of hypoxia-induced weight loss 
and highlighting normobaric hypoxia's potential for 
non-dietary weight management (53). Hobbins et al. 
reviewed passive and active hypoxic conditioning (HC), 
finding passive HC increased energy expenditure and 
altered fuel use, while active HC reduced weight and 
blood pressure, though results were inconsistent for 
triglycerides, cholesterol, and fitness.
 These studies fully confirm the effectiveness and 
feasibility of weight loss in simulated high-altitude 
environments. With the widespread adoption of 
technologies like IoT and AI, wearable devices' health 
monitoring capabilities and smart healthcare ecosystems 
based on digital innovation now provide strong support 
for such weight loss programs. Real-time monitoring 
of patients' physiological indicators via IoT devices, 
combined with data sharing through 5G cloud platforms, 
enables healthcare providers to better understand patient 
conditions, enhance doctor-patient communication, and 
optimize weight management strategies.
 Many studies have indicated that fluid retention, 
obesity, and obesity-related symptoms (such as 
respiratory impairments) are major factors contributing 
to the risk of AMS among obese patients at high 
altitudes (54-57). With the effective promotion of weight 
management for obese patients in simulated HC, the 
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application of innovation technologies to help obese 
patients avoid the risk of AMS under this condition. 
For instance, Pablo et al.'s wearable system monitors 
vital signs and environmental conditions for workers, 
providing real-time cardiac and respiratory analysis via 
Bluetooth (58). Wei et al. used ML algorithms for an 
AMS risk model, demonstrating higher accuracy with 
multivariate analysis (59).
 Table 2 shows details of the main research methods 
and results.

4.3. Personalized lifestyle support – Prognosis

During and after high-altitude environment therapy, the 
big data analytics powered by AI and IoT technologies, 
along with personal health data tracking, can not only 
provide each participant with customized daily health 
meal plans and appropriate regular exercise programs 
but also monitor for post-travel physical discomfort. 
This helps in the prognosis of obese patients. Such 
personalized health management strategies contribute 
to long-term weight management and overall health 
maintenance, supporting healthy living while preventing 
weight regain.
 Woo et al. demonstrated that AI-IoT technology 
improves elderly healthcare by enhancing medication 
habits, managing hypertension, frailty, diabetes, and 
promoting physical activity and nutrition (60). Ying et al. 
showcased how AI dietitians improve food recognition, 
dietary recording, nutritional assessment, and recipe 
suggestions, significantly boosting efficiency (61). Rafael 
et al. highlighted wearable devices for personalized 
medicine in ketosis and diabetic ketoacidosis (DKA) 
management, emphasizing their role in early diagnosis 
and timely interventions (62).
 Renu et al. explored an Ambient Assisted Living 
(AAL) system using a DNN-based IoMT architecture 
to accelerate data collection and processing, enabling 
effective healthcare predictions (63). Saeed et al. proposed 
an IoT framework with an ML activity classification 
system to monitor surgical and overweight patients, 
facilitating accurate patient profiles and automated data 
analysis (64). Chioma et al.'s review underscored the 
effectiveness of ML and DL algorithms in analyzing 
sensor data for various health issues, including activity 
monitoring and sleep disorder detection (65). Alireza 
et al. found that integrating IoT and AI in smart fitness 
equipment enhances user self-awareness and motivation 
during workouts (66). Table 3 shows the specific details of 
these studies.

4.4. 5G-enabled comprehensive health management 
services – Empowering VR/AR, IoT, and AI technologies 
to build a digital healthcare ecosystem

By integrating the advantages of 5G networks (high speed, 
low latency, and massive connectivity), IoT, AI algorithms, 
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and VR/AR, it is possible to achieve full-process health 
management supervision and remote hyper-realistic 
assistance for obese patients. This applies whether patients 
are undergoing HC in simulated high-altitude environment 
or managing their health independently at home after 
completing their treatment programs.
 Specifically, 5G will enhance telemedicine by 
enabling remote precision medicine through seamless 
connectivity of medical devices to cloud platforms, 
avoiding network congestion. This supports immersive 
VR, real-time AR, and latency-free interactions, 
providing doctors with accurate diagnostic tools and 
improving training quality (67). By integrating 5G 
with IoT, wearable devices monitor patient health data, 
analyzed via cloud, fog, and edge computing, creating a 
"smart network" ecosystem that optimizes health plans 
and visualizes outcomes. Furthermore, 5G-enabled 
emotion recognition, with up to 99.87% accuracy (68), 
provides real-time emotional feedback for obese patients 
in HC, facilitating timely treatment adjustments and 
remote psychological counseling.
 It is evident that the application of cutting-edge 
technologies such as 5G in healthcare not only enhances 
the quality of health management services but also 
ensures comprehensive weight management from the 
short term to the long term, ultimately achieving the goal 
of full lifecycle health assurance.
 Machorro-Cano et al.'s PISIoT platform effectively 
aids weight loss and reduces myocardial infarction 
risk in elderly obese patients (69). Mohanta et al. 
describe Healthcare 5.0, which uses AI, IoT, and 5G 
for swift transmission of large medical files, enhancing 
remote monitoring (70). Singh highlights gamified 5G 
wearable interventions for childhood obesity, proving 
effective through engaging strategies and motivational 
challenges (71). Venkatachalam et al. demonstrate 
diabetes management in obese patients using IoT devices 
integrated with 5G networks (72). Dong et al.'s smart 
physical education system improves college student 
fitness through 5G and VR technology (73). Chen et 
al.'s 5GCS-Health-Sys focuses on emotional interaction, 
benefiting children, psychiatric patients, and the elderly 
(45). Specific details of the relevant studies can be viewed 
in Table 4.
 These technologies optimize weight management 
strategies for obese patients in HC, enhance safety 
during simulated high-altitude therapy, and support full 
lifecycle health management. They offer new solutions 
to public health challenges posed by rising global 
obesity rates, improving service quality and addressing 
critical health issues (as summarized in Table 4 and 
illustrated in Figure 5).

5. Limitations and future prospects of current 
research

Despite the potential of 5G and IoT in healthcare, 
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their application in weight management for obese 
patients in simulated high-altitude (hypobaric hypoxia) 
environments remains limited. Most studies focus 
on isolated domains rather than integrating these 
technologies for comprehensive HC interventions. While 
5G offers superior security, reliability, and mobility 
compared to Wi-Fi, making it ideal for monitoring 
patients and providing real-time feedback during 
simulated hypoxia, empirical research is scarce (74-78). 
Peralta et al.'s review reveals that only 15.91% of studied 
cases involve operational 5G-based smart healthcare 
systems, indicating a lack of large-scale implementation 
(79-82). This gap extends to obesity management in HC, 
where cross-domain technological integration is crucial. 
Managing sensitive health data in 5G-IoT systems is 
challenging, especially for resource-constrained devices 
(83). AI-driven authentication mechanisms, such as radio 
frequency fingerprinting, are essential to protect privacy 
and build trust (84,85).
 Empirical evidence on hypoxia's impact in simulated 
high-altitude environments is also limited, with 
only 0.87% of studies addressing this topic, notably 
Gutwenger et al.'s low-altitude control study (86). 
Findings suggest improvements in BMI, cardiovascular 
health, and metabolism in HC and the integration of 
digital innovations like 5G-IoT remain understudied. 
Lippl et al. demonstrated weight loss driven by 
increased metabolic rates and reduced food intake, 
though their study relied on traditional methods  (87). 
Similarly, Marlatt et al. and Mackenzie et al. confirmed 
metabolic benefits but did not incorporate modern 
technologies (88,89). Kayser et al. noted that systematic 
implementation of hypoxia-induced weight loss is 
premature due to insufficient evidence (90). Current 
efforts focus on theoretical frameworks and short-term 
outcomes, emphasizing the need for empirical validation 
of 5G-IoT applications to ensure safe deployment. These 
advancements aim to improve health outcomes and foster 
inclusive healthcare solutions.

6. Conclusion

This study addresses the gap in systematically reviewing 
IoT and AI technologies for laboratory-simulated high-
altitude (hypobaric hypoxia) weight management. 
It highlights their potential in personalized weight 
management, real-time health monitoring, mitigating 
risks, and supporting long-term health. Integrating IoT 
and AI with laboratory-simulated hypobaric hypoxia 
weight management leverages synergies in HC, reducing 
chronic disease risks and global health burdens. This 
approach opens new frontiers in weight management and 
builds comprehensive health systems, improving global 
health outcomes.
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1. Introduction

Gender differences significantly influence the incidence 
and mortality rates of tumors worldwide, spanning a wide 
range of ages and various cancer types. Research reveals 
that the incidence rates of hematological malignancies, 
as well as cancers of the bladder, colon, skin, liver, and 
brain, are notably higher in men than in women (1). 
Furthermore, these gender differences contribute to 
variations in prognoses, which are shaped not only by 
biological, environmental, and hormonal factors but also 
by differences in the immune system (2).
 Hepatocellular carcinoma (HCC) ranks as the sixth 
most common tumor globally and is the third leading 
cause of cancer-related mortality, accounting for 865,269 
new cases and 757,948 deaths annually (3). The primary 
risk factors for HCC include hepatitis B virus, hepatitis 
C virus, exposure to aflatoxins, alcohol consumption, 
smoking, obesity, and diabetes (4). The incidence of 
HCC is at least two to three times higher in men than in 

women, with a worse prognosis observed in men (3). 
This gender disparity is attributed not only to differences 
in sex hormones but also to an unequal distribution of 
risk factors, such as alcohol use and smoking, which are 
more prevalent among men.
 The pathogenesis of HCC involves intricate molecular 
and immune processes. Recent research has underscored 
the pivotal roles of various immune cells and signaling 
pathways within the tumor microenvironment of HCC. 
Tumor-associated macrophages (TAMs) display notable 
heterogeneity and plasticity, with M2-type TAMs driving 
tumor progression and immune suppression through 
the release of anti-inflammatory cytokines, such as IL-
10 and TGF-β. Similarly, regulatory T cells contribute 
to immune homeostasis by inhibiting T-cell activation, 
thereby dampening anti-tumor immune responses. 
Additionally, myeloid-derived suppressor cells amplify 
immune suppression by restraining the functional 
activities of T cells and natural killer cells (5,6).
 The goal of this review is to explore the factors 
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SUMMARY: Hepatocellular carcinoma (HCC) risk factors and incidence vary globally, but men generally have 
higher incidence than women. Men also tend to have a worse prognosis in terms of survival period and pathological 
characteristics. Furthermore, there are notable gender differences in treatment strategies and drug responses. While 
traditional risk factors such as hepatitis B virus, hepatitis C virus, alcohol consumption, and metabolic syndrome 
contribute to these differences, the underlying molecular mechanisms remain partly understood. Recent research has 
focused on elucidating the roles of sex hormones, DNA damage and repair pathways, immune microenvironments, 
and genetic/epigenetic factors in driving gender-specific disparities. For instance, estrogen receptor signaling has been 
shown to suppress HCC progression, whereas androgen receptor signaling promotes tumor development. Additionally, 
immune cells such as tumor-associated macrophages and regulatory T cells exhibit gender-specific patterns, with males 
typically showing higher levels of immunosuppressive cells. Omics analyses, including genomics, transcriptomics, 
and proteomics, have further revealed sex-specific differences in gene expression, protein interactions, and metabolic 
pathways. Despite these advances, significant gaps remain in understanding the interplay between environmental, 
hormonal, and genetic factors in shaping gender disparities in HCC. Future research should prioritize the identification 
of novel molecular targets, the development of gender-specific therapeutic strategies, and the integration of multi-omics 
data to address these disparities. Addressing these challenges will be critical for improving diagnostic, prognostic, and 
therapeutic outcomes in HCC patients of both sexes.
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influencing sex-based differences in the incidence and 
prognosis of HCC, delve into the current understanding 
and future perspectives of the molecular mechanisms 
underlying these differences, and discuss the clinical 
implications that contribute to this heterogeneity.

2. Epidemiological Sex Differences in HCC Incidence 
and Prognosis

2.1. Sex Differences in HCC Incidence

According to statistics from the International Agency 
for Research on Cancer, in recent years, the global 
incidence and mortality rates of HCC have consistently 
been significantly higher in males than in females. 
While the magnitude of this sex difference varies across 
regions and ethnic groups, the overall trend remains 
consistent (3).
 In East and Southeast Asia, such as China and Japan, 
the incidence of HCC is 2 to 3 times higher in males 
than in females, which is primarily attributed to hepatitis 
B virus (HBV) infection (7,8). In West and North Africa, 
the male-to-female ratio of HCC incidence is 1 to 2 
times higher, with hepatitis C virus (HCV) and HBV 
infections being the main etiologies (9,10). In North 
America and Europe, the primary etiologies are alcohol 
use and metabolic syndrome. In the United States, the 
incidence of HCC in males is 3.18 times higher than 
in females (11). In Europe, the male-to-female ratio 
of HCC incidence ranges from 2:1 to 5:1. Notably, 
in countries such as France and Malta, the male-to-
female ratios are as high as 5.0 and 4.8, respectively 
(3). However, in Mexico, the sex difference in HCC 
incidence is smaller, with a male-to-female ratio of 
approximately 1.4, primarily attributed to alcoholic liver 
disease and HCV infection (12). The male-to-female 
ratios of HCC incidence across different regions and 
countries are summarized in Table 1.

2.2. Sex Differences in HCC Prognosis

Significant sex differences exist in the prognosis of HCC. 
Females are typically older at the time of HCC diagnosis. 
For instance, in a multi-ethnic Asian cohort study 
involving 1,716 patients, the median age at diagnosis 

was 69 years for females, compared to 62 years for males 
(13). Another retrospective study of 1,110 patients also 
found that the mean age at diagnosis was 62.5 years for 
females, compared to 59.2 years for males (14).
 Males have shorter overall and disease-free survival 
than females. In the aforementioned retrospective study 
of 1,110 patients, the median overall survival was 17.1 
months for females versus 12.0 months for males19. 
Additionally, in a single-center study of patients with 
unresectable HCC, the median survival was 14 months 
for females and 9 months for males (15). Males also have 
higher HCC recurrence rates and shorter disease-free 
survival. One study showed that the median disease-free 
survival was 19.5 months for females versus 4.5 months 
for males (16).
 Males with HCC exhibit higher malignancy than 
females. In the cohort of 1,716 patients, males presented 
with more advanced tumor stages at diagnosis, with 
39.7% of females versus 28.4% of males in BCLC stage 
0/A. Males had a higher incidence of distant metastasis 
(11% vs. 7.7% in females) and portal vein tumor 
thrombosis (33.4% vs. 19.4% in females). Additionally, 
males had a higher incidence of multifocal lesions (39.5% 
vs. 30% in females) (13).
 Overall, males typically have a worse prognosis 
than females in HCC, with differences observed in age 
at onset, overall survival, recurrence rate, disease-free 
survival, and tumor characteristics (Table 2).

3. Sex differences in therapeutic strategy and drug 
response of HCC

3.1. Sex differences in therapeutic strategy

Sex differences exist in healthcare utilization and 
treatment adherence for HCC. Females are more 
proactive in utilizing healthcare resources, such as 
engaging in preventive services like liver cancer 
screening, which may be attributed to their generally 
higher health awareness and willingness to undergo 
medical check-ups. In contrast, males tend to seek 
medical care only when the disease progresses to more 
advanced stages (17). Additionally, females tend to show 
better adherence to medical advice during treatment, 
such as taking medications as prescribed and attending 
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Table 1. Etiologies and male-to-female incidence ratios of HCC across different regions and countries

Region

Asia

West and North Africa

North America
Europe

South America

Main etiology

HBV
HBV
HBV
HCV

Alcohol and metabolic syndrome
Alcohol and metabolic syndrome
Alcohol and metabolic syndrome

Alcoholic liver disease and HCV infection

Country

China
Japan

Gambia
Egypt
USA

France
Malta

Mexico

Male-to-Female Incidence Ratio

  2.71
  2.14
  1.56
  1.50
  3.18
5.0
4.8
1.4
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4.1. Sex hormones

Recent studies indicate that sex hormones may play 
a pivotal role in the onset and progression of HCC 
(20,21). Furthermore, HBV-associated HCC appears to 
be more prevalent in men and postmenopausal women 
compared to premenopausal women, likely due to its 
close relationship with sex hormones. Broadly speaking, 
the androgen axis tends to promote tumor development 
in HCC, whereas the estrogen axis generally exerts a 
tumor-suppressing effect (22).
 The estrogen pathway constitutes a signaling network 
involving estrogen and its related receptors, believed to 
have a protective role in the pathogenesis of HCC. These 
anti-tumor effects are thought to be mediated through 
various transduction pathways. Estrogen receptor α 
appears to inhibit HCC cell invasion by transcriptionally 
regulating the expression of circRNA SMG1.72, 
achieved by directly binding to the 5' promoter region of 
its host gene, SMG1 (23). Protein tyrosine phosphatase 
receptor type O has been identified as an inhibitor of 
JAK- and PI3K-dependent dephosphorylation signaling, 
as well as STAT3 transcriptional activity, thereby 
suppressing tumorigenesis and progression. ERα 
functions as a transcription factor for Protein tyrosine 
phosphatase receptor type O, promoting its expression 
and enhancing its anti-tumor activity (24). Additionally, 
within the tumor microenvironment, estrogens may act 
as immunoregulatory agents. Estrogen-related genes 
have been shown to influence immune cell infiltration 
and modulate the response to immunotherapy in cases of 
HCC.
 Phosphorylation of the androgen receptor by 
the mechanistic target of rapamycin complex 1 
promotes hepatic steatosis as well as the development 
and progression of HCC, both independently and 
synergistically with androgen (25). Recent findings 
reveal that androgen receptor (AR) variant 7 amplifies 
c-MYC-driven hepatocarcinogenesis by enhancing 
its oncogenic functions while suppressing its anti-
oncogenic roles (26). Transcriptionally active splice 
variants of the AR have been shown to accelerate the 
progression of HCC. Furthermore, the activation of Toll-
like receptor 4 (TLR4) is essential for the progression of 
HCC. By interacting with TLR4, the AR facilitates the 
development, migration, and invasion of HCC cells (27).

regular follow-ups, which helps improve treatment 
outcomes and prognosis. In contrast, males may have 
poorer adherence due to reasons such as busy work 
schedules or insufficient emphasis on treatment (14).
 Sex differences also exist in the selection of HCC 
treatment approaches. Multiple studies have indicated 
that females are more inclined to undergo surgical 
resection and ablation for HCC treatment (18). This may 
be related to females being diagnosed at earlier stages, 
making them more suitable for surgical treatment. Early 
access to effective treatment may be one reason why 
females have a better prognosis than males with HCC.

3.2. Sex differences in drug response

Females exhibit higher blood drug concentrations and 
longer drug elimination times in chemotherapeutic 
pharmacokinetics, which may be related to lower drug 
clearance capacity and higher drug exposure levels 
(19). A clinical trial with over 23,000 patients found 
that females had a 34% higher risk of severe toxicity 
when receiving immunotherapy, targeted therapy, 
or chemotherapy (2). Conversely, due to lower drug 
clearance rates in females, chemotherapeutic agents 
may remain in the body for a longer period, potentially 
leading to better therapeutic outcomes (19).
 Estrogen-related drugs have been confirmed to 
have a protective effect on HCC. A study of over 3,000 
HCC patients in China found that females and oral 
contraceptive use were associated with improved survival 
(20). Another case-control study of 234 female HCC 
patients found that hormone therapy was associated with 
improved survival (21). However, the use of estrogen-
related drugs for HCC treatment has not yet been applied 
in clinical practice, and is a promising direction for future 
research.

4. Epidemiological risk factors in gender disparity of 
HCC

Gender disparities in HCC are influenced by several 
epidemiological risk factors, including sex hormones, 
alcohol consumption, smoking, metabolic states, diet, 
and HBV infection. These risk factors vary between 
genders, contributing to the observed differences in the 
incidence and progression of HCC (Figure 1).

Table 2. Gender Differences in the Prognosis of HCC

Prognosis Factor

Survival time

Pathological characteristics

Median age at onset (years)
Median overall survival (months)
Disease-free survival (months)
BCLC stage 0/A rate
Distant metastasis rate
Vascular invasion rate
multiple lesion rate

Male

62
   12.0
     4.5

      28.4%
   11%

      33.4%
      39.5%

Female

69
   17.1
   19.5

       39.7%
         7.7%
       19.4%

    30%
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4.2. Alcohol and smoking

Alcohol abuse has been established as a significant 
contributor to HCC. Among patients with alcohol-
associated cirrhosis, the annual incidence of HCC ranges 
from 1.3% to 3%. In 2019, alcohol was responsible for 
approximately 20% of global HCC-related deaths (28). 
Alcohol can cause HCC through various mechanisms, 
including the mutagenic effects of acetaldehyde toxicity, 
which leads to the formation of proteins and DNA 
adducts. Additionally, excessive iron deposition in the 
liver can lead to alterations in reactive oxygen species, 
lipid peroxidation, and metabolism. Inflammatory 
and damaged immune responses, modifications to 
DNA methylation, and various signaling pathways, 
including the gut-liver axis, can also contribute to the 
progression of HCC (29). Women are generally more 
susceptible to the toxic effects of alcohol than men, 

which may be attributed to the lower activity of alcohol 
dehydrogenase and aldehyde dehydrogenase in women. 
Women may develop severe alcoholic liver disease 
with comparatively lower alcohol consumption, and 
women are at an elevated risk of developing HCC due 
to alcoholic liver disease (30). Due to cultural, lifestyle, 
and economic differences, alcohol consumption patterns 
between genders differ across various countries and 
regions. Overall, men consume alcohol at significantly 
higher rates than women (31). Additionally, due to the 
anti-cancer effect of estrogen on HCC and the promoting 
effect of androgens on HCC, men are more likely to 
develop HCC.
 Smoking is an independent risk factor for liver 
fibrosis and also contributes to the development of HCC. 
Smoking is more prevalent in men than in women in 
most countries (32). Female and male smokers exhibit 
distinct smoking-induced immune cell profiles in the 

Figure 1. Epidemiological risk factors in gender disparity of HCC. Epidemiological risk factors in gender disparity of HCC include sex 
hormones, alcohol and smoking, metabolic state of the body, diet, and HBV. Estrogen and estrogen receptors (ER) have a tumor-inhibiting effect, 
while androgen and androgen receptors (AR) have a tumor-promoting effect. Men consume alcohol and smoke at higher rates than women. Among 
smokers, antioxidant enzyme activity in the liver of men is lower than that of women. Men's liver has weak ability to metabolize and detoxify 
smoking-related toxins. The incidence of type 2 diabetes in men is higher than that in women. Insulin resistance and hyperinsulinemia caused by 
type 2 diabetes affect the development of HCC through several molecular pathways, including phosphatase and tensin homolog (PTEN)/P13K/
Akt and MAPK kinase (MAPKK). Men prefer fatty foods, which contain abundant cholesterol. Dietary cholesterol induces changes in gut bacterial 
metabolites, including increased taurocholic acid and decreased 3-indolepropionic acid, which can lead to the sequential progression of steatosis, 
steatohepatitis, fibrosis and ultimately HCC. Men are more likely to become infected with HBV. A novel HCC-associated W4P/R mutation in HBV 
genotype C large surface protein, found exclusively in male HCC patients. Androgen may enhance aflatoxin-induced genotoxicity and inflammation 
to HCC in male hepatitis B patients. HBV-integrated AR-induced telomerase reverse transcriptase gene (TERT) upregulation and point mutation in 
TERT promoter region identified as mechanism for male dominance of HBV-related HCC.
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tumor microenvironment (33). Male livers have a 
reduced capacity to metabolize and detoxify smoking-
related toxins, leading to a higher risk of HCC among 
male smokers. Smoking increases the risk of HCC 
through multiple molecular mechanisms, including DNA 
damage, oxidative stress, and inflammatory responses. 
Antioxidant enzyme activity in the liver of men is 
lower than in women, and DNA damage and oxidative 
stress caused by smoking are more significant in men 
(34). Moreover, the activities of T cells and NK cells 
are significantly lower in male smokers than in female 
smokers, resulting in decreased immune surveillance 
against HCC in men (33).

4.3. Metabolic state of the body

Metabolic syndrome is a clinical syndrome characterized 
by obesity,  dyslipidemia,  hyperglycemia,  and 
hypertension, and is associated with an increased risk of 
HCC (35). Metabolic comorbidities have been strongly 
correlated with higher all-cause mortality rates in 
HCC patients. Notably, the risk of all-cause mortality 
rises significantly in HCC patients who present with 
two or more metabolic risk factors, such as diabetes, 
hypertension, or high cholesterol (36).
 Metabolic complications, such as obesity and 
diabetes, are cancer-promoting factors. Although women 
have higher rates of obesity, obese men face a higher 
risk of HCC. Furthermore, men are more prone than 
women to develop insulin resistance and hyperglycemia 
in response to nutritional challenges (37). Research 
indicates that many aspects of energy balance and glucose 
metabolism are regulated differently between sexes, 
influencing susceptibility to type 2 diabetes. Globally, 
the incidence of type 2 diabetes is higher in men than in 
women, particularly among young people (38). Recent 
studies have shown that type 2 diabetes increases the risk 
of HCC by 2.5- to 4-fold (39). Moreover, patients with 
long-standing and poorly controlled disease seem to face 
a higher risk. Insulin resistance and hyperinsulinemia 
caused by type 2 diabetes affect the development of 
HCC through several molecular pathways, including 
the PTEN/PI3K/Akt and MAPK pathways (40). Insulin 
resistance and the insulin-like growth factor-1 signaling 
pathways are major contributors to the development of 
HCC. Insulin resistance induces inflammation, oxidative 
stress, DNA damage, and activates cellular pathways 
that promote cell growth and proliferation, thereby 
contributing to HCC development (39).

4.4. Diet

The liver plays a crucial role in the metabolism of 
carbohydrates, fats, and proteins. Consequently, diet has 
significant biological impacts on key pathways that are 
hypothesized to be involved in the risk of HCC. Research 
conducted by Peng Zhou et al. demonstrates that elevated 

levels of uridine diphospho-N-acetylglucosamine 
and O-GlcNAcylation, resulting from high dietary 
fructose intake, contribute to the progression of HCC 
(41). Małgorzata Grzymisławska et al. found that 
dietary behavior, dietary styles, and dietary profiles are 
associated with gender. Men prefer high-fat foods with 
strong flavors, primarily driven by the pleasure of eating 
(42). However, fatty foods contain abundant cholesterol. 
Dietary cholesterol induces changes in gut bacterial 
metabolites, including increased taurocholic acid and 
decreased 3-indolepropionic acid, which can drive the 
sequential progression from steatosis to steatohepatitis, 
fibrosis, and ultimately HCC (43). Yanan Ma et al. 
found a positive association between the intake of meat-
derived mutagenicity or heterocyclic amines and the 
risk of HCC. The intake of processed red meat may be 
associated with a higher risk, while the intake of poultry 
or fish may be associated with a lower risk of HCC (44). 
There is currently limited evidence to confirm the role of 
diet in gender differences in HCC, and further research 
in this area is warranted.

4.5. Hepatitis B virus

Hepatitis B Virus (HBV) is a DNA-based virus, 
belonging to the Hepadnaviridae family, which can cause 
liver disease and increase the risk of developing HCC in 
infected individuals. Many epidemiological studies have 
reported that men are more likely to become infected 
with HBV and to develop HCC(45). The gender disparity 
in HBV-related liver disease has long been recognized 
and may be attributed to the effects of sex hormones and 
immune responses (4).
 Seoung-Ae Lee recently reported a novel HCC-
associated W4P/R mutation in the HBV genotype C 
large surface protein, found exclusively in male HCC 
patients, which may contribute to sex differences (46). 
HBV integration with androgen receptor-induced 
TERT upregulation and point mutations in the TERT 
promoter region have been identified as mechanisms 
underlying male prevalence in HBV-related HCC (47). 
Androgen may enhance aflatoxin-induced genotoxicity 
and inflammation, contributing to HCC development in 
male hepatitis B patients (47). The androgen pathway 
can increase HBV transcription by directly binding to the 
androgen-responsive element in viral enhancer I (27).
 The molecular mechanisms of HCC associated with 
epidemiological risk factors contributing to gender 
disparity are summarized in Table 3.

5. Gender-biased molecular mechanisms of HCC

Significant differences exist between men and women 
in DNA damage and repair, X chromosome mutations, 
and immune system function, which may contribute to 
disparate incidences and prognosis of HCC. Analysis 
of these molecular mechanisms may elucidate the 
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underlying causes of gender disparities in HCC and offer 
novel insights for future clinical research and therapeutic 
strategies.

5.1. DNA damage and repair

DNA alterations are fundamental to carcinogenesis, and 
DNA damage repair (DDR) mechanisms may contribute 
to gender disparities in cancer incidence. The activation 
of DNA repair mechanisms following DNA damage is 
essential for suppressing carcinogenesis. Carcinogenic 
agents and metabolic processes can induce genetic 
changes that lead to genomic instability and malignant 
transformation (48). A recent study demonstrated that 
high DDR activity in HCC is significantly associated 
with high microsatellite instability (MSI) and high 
intratumor heterogeneity. Additionally, increased DDR 
activity correlates with enhanced cell proliferation and 
poorer survival outcomes in HCC patients (49).
 DDR alterations in HCC patients have been 
categorized into two distinct subtypes with heterogeneous 
clinical and molecular profiles: activated and suppressed 
DDR. Moreover, DDR status has emerged as a potential 
biomarker for predicting clinical outcomes in HCC. 
Typically, men exhibit higher levels of DNA damage, 
whereas women demonstrate reduced DNA repair 
capacity (50). Following exposure to ionizing radiation, 
solid tumors occurred more frequently in male survivors 
of the Hiroshima and Nagasaki atomic bombings (93.7 

and 86.9 per 104 person-years, respectively) compared 
with female survivors (63.7 and 48.8 per 104 person-
years, respectively) (51). TP53, a key DDR gene, may 
influence HCC patient survival by modulating anti-
tumor immunity (52). When exposed to UV-B, male and 
female vascular smooth muscle cells exhibit sex-specific 
differences in p53 localization and cell fate, with male 
cells more prone to apoptosis and female cells more 
likely to undergo senescence (53).

5.2. X chromosome mutation

In mammals, the X chromosome harbors genes that 
are present in one copy in males (XY) and two copies 
in females (XX). This dosage difference necessitates 
complex regulatory mechanisms to ensure proper 
gene expression, which can influence the severity of 
diseases caused by X-linked mutations. Tarek Mohamed 
Kamal Motawi et al. identified a promoter SNP 
(rs2267531) within the glypican-3 gene (GPC3) on the X 
chromosome, which is associated with HCC in Egyptians 
(54). Sital Singh and colleagues further demonstrated 
that GPC3 is an X-linked recessive trait, contributing to 
higher HCC incidence in men compared to women (55). 
Another study revealed that the Wilms tumor gene on 
the X chromosome is downregulated in HCC tissues, 
and WTX loss activates the TGF-β pathway, promoting 
HCC cell proliferation, migration, invasion, and 
autophagy (56). S. H. Yeh showed that X chromosomal 

Table 3. The molecular mechanisms of HCC in relation to epidemiological risk factors and gender disparity

Epidemiological risk factors

Diet

Alcohol and smoking

Metabolic state of the body

Sex hormones

Hepatitis B virus

The molecular mechanisms

High-fructose diet intake causes increased levels of UDP-GlcNAc and O-GlcNAcylation, and high-cholesterol 
diet causes increased cholic acid and decreased 3-indolepropionic acid, leading to fatty liver, steatohepatitis, liver 
fibrosis, and ultimately HCC.

The mutagenic effect of acetaldehyde toxicity leads to the formation of proteins and DNA adducts. Excessive 
iron deposition in the liver can cause changes in reactive oxygen species, lipid peroxidation, and metabolism, 
leading to HCC.

Smoking causes liver fibrosis, causing DNA damage and oxidative stress. Male smokers have significantly lower 
T cell and NK cell activities than women, causing HCC.

Insulin resistance and hyperinsulinemia caused by type 2 diabetes affect the development of HCC through 
several molecular pathways, including PTEN/P13K/Akt and MAPKK. IR and IGF-1 signaling pathways are the 
main factors contributing to the development of HCC.

ERα may inhibit the invasion of HCC cells by transcriptionally regulating the expression of circRNA SMG1.72 
by binding directly to the 5' promoter region of its host gene SMG145. PTPRO inhibits JAK and PI3K 
dephosphorylation-dependent signaling and STAT3 transcriptional activity, thereby suppressing tumorigenesis 
and development.

AR by mTORC1 drives hepatic steatosis and HCC development and progression with androgen. AR-V7 
enhances c-MYC-driven hepatocellular carcinogenesis by potentiating its oncogenic and diminishing its anti-
oncogenic functions. The interaction between TLR4 and AR promotes the development, migration, and invasion 
of HCC cells.

A novel HCC-associated W4P/R mutation in HBV genotype C large surface protein, found exclusively in male 
HCC patients and can cause a sex difference. HBV-integrated AR-induced TERT upregulation and point mutation 
in TERT promoter region identified as mechanism for male dominance of HBV-related HCC.
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allele imbalance contributes to the progression from 
liver cirrhosis to HCC (57). F. Liu et al. discovered 
that the long non-coding RNA FTX (lnc-FTX), an 
X-inactivation-specific transcript (XIST) regulator, is 
involved in HCC and may explain gender disparities in 
disease incidence. lnc-FTX acts as a tumor suppressor by 
binding to miR-374a and minichromosome maintenance 
protein 2 (MCM2), potentially contributing to the 
observed gender differences in HCC (58).

5.3. Immune system

The liver is an organ capable of suppressing its 
immune responses to prevent pathogen invasion and 
tumor formation. However, immune evasion is a 
hallmark of inflammation-associated tumorigenesis 
and can lead to the development of HCC. The HCC 
tumor microenvironment (TME) is a dynamic system 
comprising cancer cells, a complex cytokine milieu, 
the extracellular matrix, immune cell subsets, and other 
components (59). Tumor-associated macrophages 
(TAMs), neutrophils (TANs), and dendritic cells are 
key components of the TME and can promote tumor 
progression, including proliferation, metastasis, and 
invasion. Immune suppression, particularly of T cells, as 
observed in chronic liver disease, is associated with the 
development of HCC (60).
 Male-dominated sex differences in antitumor 
immunity are driven by androgen receptor-mediated 
CD8+ T cell stemness programs. Hyunwoo Kwon et 
al. found that androgens conspire with the CD8+ T cell 
exhaustion program, contributing to sex bias in cancer 
(61). Additionally, the major circulating estrogens and 
each of the three estrogen receptors (ERα, ERβ, and 
G-protein-coupled receptor) regulate the activity of 
different immune cells, leading to females exhibiting 
more robust immune responses than males (62). Wei 
et al. demonstrated that estrogens can significantly 
upregulate the NLRP3 inflammasome via the E2/ERβ/
MAPK pathway, which suppresses the development 
and progression of HCC (63). Moreover, interleukin-6 
(IL-6) levels are significantly elevated in HCC patients 
and correlate with HCC incidence and prognosis 
(64). Naugler et al. found that IL-6 levels increase 
more in males than in females following DEN serum 
administration (65).

5.3.1. Immune cell interactions in the immune 
microenvironment

The TME of HCC is a complex ecosystem that includes 
a diverse array of immune cells, such as tumor-associated 
macrophages (TAMs), regulatory T cells (Tregs), 
myeloid-derived suppressor cells (MDSCs), and natural 
killer (NK) cells, among others. These immune cells 
interact with one another and with cancer cells, thereby 
playing a crucial role in the progression and prognosis of 

HCC (60).
 The heterogeneity and dynamic plasticity of TAMs 
in HCC can influence the progression of the disease by 
altering their phenotypes in response to changes in the 
tumor microenvironment. TAMs are categorized into 
two major subtypes: pro-inflammatory M1 and anti-
inflammatory M2 macrophages. M2-type TAMs promote 
tumor progression and immunosuppression by secreting 
anti-inflammatory cytokines, such as IL-10 and TGF-β. 
These cytokines can inhibit the activation and function 
of T cells and NK cells, thereby suppressing the anti-
tumor immune response (5). However, the phenotype 
and function of TAMs differ between cancer patients of 
different sexes. Multiple studies have demonstrated that 
men typically exhibit a higher proportion of M2-type 
TAMs in various tumors, including HCC, a distribution 
influenced by sex hormones (6). This may lead to gender 
differences in HCC.
 Tregs are a subset of T cells with significant 
immunosuppressive properties that inhibit  the 
proliferation and activation of effector T cells, such 
as CD8+ T cells, by secreting inhibitory cytokines, 
including TGF-β and IL-10. This inhibition can weaken 
the anti-tumor immune response, thereby promoting 
tumor immune escape and progression (61). In HCC, the 
expression of Tregs exhibits gender differences. Studies 
have shown that male patients have a higher number 
of Tregs, and activation of the androgen receptor can 
enhance the immunosuppressive function of Tregs. This 
enhancement leads to a weakened anti-tumor immune 
response, thereby promoting tumor immune escape and 
progression (66). This may be one of the reasons for the 
poor prognosis of HCC in men.
 MDSCs are a group of immature myeloid cells with 
immunosuppressive functions. They can inhibit the 
activity of T cells and NK cells by producing reactive 
oxygen species (ROS) and arginase. In the TME of 
HCC, MDSCs can suppress the proliferation and 
activation of T cells and NK cells, resulting in immune 
tolerance and tumor progression (67). Androgens 
enhance the immunosuppressive function of MDSCs. 
Research indicates that, within a range of organs, the 
immune cells primarily consist of myeloid immune 
cells, such as neutrophils and macrophages, which are 
positively regulated by androgens (68). These findings 
offer significant insights into the gender differences in 
HCC.

5.3.2. Molecular immune signaling networks in immune 
microenvironments

In the TME of HCC, a variety of complex molecular 
immune signaling networks are involved in modulating 
the functions of immune cells and their interactions with 
cancer cells, and these networks exhibit notable gender 
disparities.
 The TGF-β signaling pathway plays a crucial role 
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in the progression of HCC and exhibits distinct activity 
patterns between males and females. Male HCC patients 
often display higher expression levels of TGF-β, which 
is associated with the promotional effect of androgens 
on the TGF-β signaling pathway. Androgens can bind 
to their receptors and enhance the activity of the TGF-β 
signaling pathway, thereby promoting the epithelial-
mesenchymal transition (EMT), invasion, and metastasis 
of tumor cells, while also suppressing the activity of 
T cells and natural killer (NK) cells and enhancing the 
functions of immunosuppressive cells. In contrast, in 
females, estrogen may inhibit the activity of the TGF-β 
signaling pathway, reducing its promotion of tumor 
progression and immunosuppression, thereby helping to 
maintain anti-tumor immune responses (65,69).
 The IL-6/STAT3 signaling pathway is a crucial 
pro-inflammatory pathway that is frequently activated 
in the TME of HCC. IL-6 can bind to its receptors 
on immune cells, such as TAMs and Tregs, thereby 
activating the STAT3 signaling pathway. The activation 
of STAT3 promotes the production of anti-inflammatory 
cytokines, such as IL-10 and TGF-β, leading to immune 
suppression and tumor progression(64). Studies have 
shown that IL-6 levels are significantly higher in male 
HCC patients, which may be one of the reasons for the 
faster progression of HCC in males (70).
 The PI3K/AKT/mTOR signaling pathway is 
involved in modulating immune cell metabolism and 
function in the TME of HCC. The activation of this 
signaling pathway can promote the proliferation and 
activation of immune cells, such as T lymphocytes and 

natural killer (NK) cells, and enhance their anti-tumor 
immune responses. However, the activation of this 
signaling pathway can also promote the production of 
immunosuppressive cells, such as TAMs and MDSCs, 
leading to immune suppression and tumor progression 
(71). Ren QN et al. found that the phosphorylation 
of the androgen receptor by mTORC1 promotes liver 
steatosis and tumorigenesis, with the PI3K/AKT/mTOR 
signaling pathway playing a significant role in this 
process (25). This leads to faster progression of HCC 
tumors in male.
 The NLRP3 inflammasome is a multiprotein 
complex that plays a pivotal role in regulating immune 
responses within the TME of HCC. The activation of 
the NLRP3 inflammasome can facilitate the production 
of pro-inflammatory cytokines, such as IL-1β and IL-
18, thereby inducing immune activation and tumor 
regression (72,73). A study conducted by Wei Q et al. 
revealed that estrogens can significantly upregulate the 
NLRP3 inflammasome via the E2/ERβ/MAPK pathway, 
thereby inhibiting the development and progression of 
HCC (63). Perhaps this is one of the reasons why HCC 
progresses more slowly in women than in men.
 Gender disparity in the molecular mechanisms of 
HCC in relation with the immune system is summarized 
in Figure 2.

6. Gene and Epigenetic differences in HCC based on 
omics analysis

Current multi-omics studies, including genomics, 

Figure 2. The molecular mechanisms of HCC related with immune system in gender disparity. The left side illustrates the roles of different 
immune cells in tumor progression. M2-type tumor-associated macrophages (TAMs) and regulatory T cells (Tregs) secrete IL-10 and TGF-β, 
while myeloid-derived suppressor cells (MDSCs) produce reactive oxygen species (ROS) and arginine. Male-dominant M2-type TAMs, Tregs, and 
MDSCs can all decrease the activity of T cells and NK cells, thereby promoting tumor progression. The right side shows molecular immune signaling 
networks. Male-dominant TGF-β, IL-8/STAT3, and PI3K/AKT/mTOR signaling pathways can promote tumor progression. Female-dominant NLRP3 
inflammasome can promote the production of IL-1β and IL-18 to activate immune responses and tumor regression.
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transcriptomics, proteomics, and metabolomics, have 
helped us gain a deeper understanding of the mechanisms 
underlying HCC and its gender differences. These studies 
have revealed gene mutations, transcriptional regulation, 
protein expression, and metabolic changes associated 
with HCC, providing a solid theoretical basis for the 
development of targeted therapeutic strategies (Figure 3).

6.1. Genomic analysis

Genomics is a cross-disciplinary field that involves 
the collective characterization, quantitative study, 
and comparative analysis of genomes across different 
organisms. It plays a crucial role in the study of HCC. By 
analyzing the genomes of patients with HCC, scientists 
can identify specific genetic changes and mutations 
associated with the pathogenesis and development of 
HCC. TERT promoter, CTNNB1 and TP53 mutations are 
the most common alterations identified to date (74). A 
study identified 26 genes that were significantly mutated 
in HCC. These genes included TP53 (31%), AXIN1 (8%), 
and RB1 (4%), which were inactivated by mutation, 
as well as CTNNB1 (27%), an oncogene in the WNT 
pathway, and the chromatin remodeling genes ARID1A 
(7%), ARID2 (5%), and BAP1 (5%) (75). Another 

study showed that CTNNB1 was found in only 14% of 
Taiwanese patients, whereas ALDH2 and KMT2C were 
mutated at much higher frequencies in this cohort than in 
TCGA (76).
 Many studies have found that krasV12, xmrk and 
Myc oncogenes induce HCC in zebrafish and cause 
males to develop faster and more severe hepatocellular 
carcinoma than females (77). An examination of HCC 
patients in Qidong showed that men expressed higher 
levels of aflatoxin metabolism genes, including AHR and 
CYP1A1, and lower levels of non-homologous DNA end 
joining factors, including XRCC4, LIG4 and MRE11, 
than women, which increased the incidence of HCC 
(78). Bioinformatics analysis showed that compared 
with female HCC patients, CDK1 and CCNB1 genes 
were downregulated in males, which is associated with 
reduced male survival. CYP3A4 and SERPINA4 genes 
were downregulated in males, which may serve as 
markers of poor male prognosis (79).

6.2. Transcriptomic analysis

Transcriptomics is the study of gene transcription and 
transcriptional regulation in cells at the whole cell level, 
and gene expression at the RNA level. A transcriptome 
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Figure 3. Gene and Epigenetic differences in HCC based on omics analysis. Genome analysis shows that AHR and CYP1A1 gene expression 
is upregulated in males, while XRCC4, LIG4, and MRE11 gene expression is downregulated. Transcriptome analysis shows that CYP38A1 and 
Inc-FTX gene expression is upregulated in females. Proteomics analysis shows that the YY1-TET2 protein complex and XIST gene expression are 
upregulated in females. Metabolomics analysis shows that adiponectin, p38, and AMPK protein expression is upregulated in females. Immunomics 
analysis shows high expression of TGF-β and IL-10 cytokines in males. The results of these omics analyses explain the gender differences in HCC 
from different perspectives: males have a higher incidence and worse prognosis.
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is the sum of all RNA transcribed by a given tissue or 
cell at a given stage of development or functional state, 
including mainly messenger RNA and non-coding RNA. 
Using single-cell RNA sequencing analysis, Jialu Liang 
et al. identified a cluster of proliferative cancer cells 
(HCC C4) with significant levels of KI67, TOP2A, and 
CENPF (80). KI-67 expression in HCC is related to 
differentiation grading, TOP2A is up-regulated in HCC, 
CENPF is related to the centrosome kinetochore complex 
and affects cell proliferation and metastasis in HCC 
(81). Complementary to scRNA-seq sequencing, Yue-
Fan Wang et al. used spatial transcriptome sequencing 
(ST) analysis to reveal the spatial expression patterns 
in specific regions of some key molecules, including 
CCL15, CCL19, and CCL21, which affect the infiltration 
and recruitment of various immune cells and collectively 
contribute to the intratumoral heterogeneity of the HCC 
microenvironment, thereby affecting the prognosis of 
HCC patients (82).
 CYP39A1, which is highly expressed in females, 
blocks the transcriptional activation activity of c-Myc 
and suppresses the development of HCC through its 
C-terminal region (83). Long non-coding RNA FTX, a 
regulatory factor highly expressed in females, inhibits 
HCC proliferation and metastasis. The androgen 
receptor enhances HBV transcription and replication, 
which significantly increases the risk of HCC; estrogen 
suppresses HBV transcription by increasing the hepatic 
expression of estrogen receptor alpha, which may reduce 
the risk of HCC (4). MiRNA-23a and p53 are activated 
by estradiol and induce cell apoptosis, conferring a 
protective role, thereby reducing the risk of HCC in 
women (84). These transcriptomics related studies 
collectively indicate the reasons for gender differences in 
HCC, but the specific molecular mechanisms still need 
further investigation.

6.3. Proteomic analysis

In 1994, Marc Wilkins defined and coined the concept 
of the proteome. Proteomics, the study of the proteome 
- how different proteins interact and what role they play 
in the living organism - provides unique insights into 
disease biology beyond the genomic and transcriptomic 
(85). Traditionally, HCC has been broadly classified into 
two major classes based on transcriptomic characteristics, 
the proliferative class and the non-proliferative class, 
each comprising ~50% of HCC patients (86). Jiang Ying 
and colleagues classified HCC into subtypes S-I, S-II, 
and S-III, each of which has a different clinical outcome. 
The S-III subtype was associated with the lowest overall 
survival and the highest recurrence rate after first-line 
surgery and was characterized by proliferation, immune 
infiltration, and disrupted cholesterol homeostasis (87). 
Based on the proteome molecular classification data of 
early HCC, Zhiwen Gu et al. showed that LYZ levels 
were significantly increased in the most malignant HCC 

subgroup (88).
 Proteomics analysis has also contributed to insights 
into gender differences in HCC. Zhihui Dai et al. found 
that YY1 and TET2 could interact to form protein 
complexes that bind to the promoter region of XIST 
and regulate the methylation level of XIST, and female 
patients with higher XIST in HCC had a higher overall 
survival (OS) and longer recurrence-free survival 
(RFS) (89). By high-throughput comparative proteomic 
analysis, Huiling Li et al. identified 1344 differentially 
expressed proteins (DEPs) in Hras12V transgenic male 
and female HCC mice, with significantly higher DEPs 
in males than in females, providing insight into the 
mechanism of ras oncogene-induced HCC and male-
biased HCC (90). Another proteomic analysis of 
Hras12V transgenic mice also showed that 5 pathways in 
males but only 1 in females were significantly altered in 
terms of up-regulated proteins in tumor tissues compared 
with normal liver tissues (91). These data indicate that 
female hepatocytes are more difficult to be disturbed by 
oncogenes.

6.4. Other potential genes

Besides genomics, proteomics and transcriptomics, 
omics also includes metabolomics, immunomics, etc., 
which are related and together explain the gender 
differences of HCC.
 Cancer cells have metabolic dysregulation to 
support the demands of uncontrolled proliferation. 
Metabolomics is the global analysis of small-molecule 
metabolites, providing critical information about how 
cancer and cancer treatment interact with metabolism 
at the cellular and systemic level (92). Non-targeted 
metabolomics and stable isotope tracing revealed that 
high levels of dietary fructose promote the progression 
of HCC through the enhancement of O-GlcNAcylation 
via microbiota-derived acetate (41). Loss of the 
metabolic regulator Sirt5 leads to abnormal bile acid 
levels and the immunosuppressive microenvironment 
favoring the development of HCC (93). The decrease 
in propionyl-CoA metabolism mediated by ALDH6A1 
contributes to metabolic remodeling and facilitates 
hepatocarcinogenesis (94). Specific diacylglycerols 
enr iched by hepat ic  l ipogenesis  increase  the 
transcriptional activity of hepatic AR and increase the 
risk of HCC, a novel mechanism underlying the higher 
risk of HCC in obese/NAFLD men (95). Adiponectin 
is a hormone secreted by fat cells, with higher levels in 
women. It can inhibit HCC proliferation and damage its 
growth through activation of p38 and AMPK proteins 
in liver cells (96). Research has shown that although 
women's fasting triacylglycerol levels are higher, they 
can more effectively take advantage of the protective 
effects of N⁶-methyladenosine (m6A) modification and 
achieve greater health benefits under a high-fat diet, 
explaining the sex differences in liver metabolism from 
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the perspective of RNA modification (97).
 Immunomics technology has also provided a new 
perspective for studying gender differences in HCC. By 
analyzing the composition of immune cells, immune 
signaling pathways, and the regulatory effects of sex 
hormones on immune responses, studies have revealed 
significant differences between genders in the occurrence, 
progression, and immune treatment responses of HCC. 
For example, activation of the androgen receptor can 
modulate the function of immune cells and affect the 
expansion of regulatory T cells, thereby inhibiting 
antitumor immune responses (98). In addition, targeting 
the androgen receptor signaling pathway can enhance 
the efficacy of immunotherapy, offering new strategies 
for personalized treatment of HCC. Males have a higher 
proportion of M2 (anti-inflammatory) macrophages. M2-
type tumor-associated macrophages (TAMs) promote 
tumor progression and immune suppression by secreting 
anti-inflammatory cytokines (such as IL - 10 and TGF 
- β), resulting in a worse prognosis for male HCC 
(99). These findings indicate that immunomics plays a 
significant role in elucidating the underlying mechanisms 
of gender differences in HCC.
 The detailed gene and epigenetic differences in HCC 
based on omics analysis are summarized in Table 4.

7. Conclusions and perspectives

HCC exhibits striking gender disparities in incidence 
and prognosis, with males generally experiencing higher 
rates of occurrence and worse outcomes compared to 
females. These disparities are shaped by a complex 
interplay of epidemiological, molecular, and genetic 

factors. While traditional risk factors such as hepatitis 
B virus (HBV), hepatitis C virus (HCV), alcohol 
consumption, and metabolic syndrome contribute to 
these differences, recent advances in molecular biology 
and multi-omics analysis have provided deeper insights 
into the underlying mechanisms.
 Sex hormones, such as estrogen and androgen, 
play pivotal roles in modulating HCC progression. 
Estrogen receptor (ER) signaling is generally protective, 
suppressing tumor development, while androgen 
receptor (AR) signaling promotes tumorigenesis. 
Additionally, gender-specific differences in DNA 
damage repair, immune microenvironments, and genetic/
epigenetic factors further contribute to the observed 
disparities. For instance, males typically exhibit higher 
levels of immunosuppressive cells such as M2-type 
tumor-associated macrophages (TAMs) and regulatory 
T cells (Tregs), which dampen anti-tumor immune 
responses. Multi-omics analyses, including genomics, 
transcriptomics, and proteomics, have revealed sex-
specific differences in gene expression, protein 
interactions, and metabolic pathways, providing a 
foundation for developing targeted therapeutic strategies.
 Despite these advances, significant gaps remain in 
understanding the precise mechanisms driving gender 
disparities in HCC. Future research should prioritize the 
following directions:
 i) Identification of Novel Molecular Targets: Further 
exploration of gender-specific molecular pathways, 
particularly those involving sex hormones, immune 
microenvironments, and epigenetic modifications, is 
critical. For example, elucidating how estrogen and 
androgen signaling interact with metabolic pathways and 
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Table 4. The detailed gene and epigenetic differences in HCC based on omics analysis

Category

Genes

Proteins

Metabolites

Other Molecules

Cytokines

Name

krasV12, xmrk, Myc
AHR, CYP1A1
XRCC4, LIG4,  MRE11
CDK1, CCNB1
CYP3A4, SERPINA4
CYP39A1
lnc-FTX
AR
ERα
XIST

ALDH6A1
YY1

TET2

p38, AMPK
Propionyl-CoA
Specific diacylglycerols
m6A modification

Adiponectin
IL – 10, TGF - β

Gender Differences

Induces faster and more severe HCC in males compared to females.
Higher expression in males, associated with increased HCC incidence.
Lower expression in males, associated with increased HCC incidence.
Downregulated in males, associated with reduced male survival.
Downregulated in males, may serve as a marker of poor male prognosis.
Highly expressed in females, inhibits HCC development by blocking c-Myc activity.
Highly expressed in females, inhibits HCC proliferation and metastasis.
Enhances HBV transcription and replication, increasing HCC risk, more impactful in males.
Suppresses HBV transcription in females, reducing HCC risk.
Higher expression in female HCC patients, associated with better overall survival and 
recurrence-free survival.
Mediates decreased propionyl-CoA metabolism in males, facilitating hepatocarcinogenesis.
Forms complexes with TET2 to regulate XIST methylation, influencing survival in female 
HCC patients.
Forms complexes with YY1 to regulate XIST methylation, influencing survival in female HCC 
patients.
Activated by adiponectin in females, inhibits HCC proliferation.
Decreased metabolism in males, promoting hepatocarcinogenesis.
Increased in obese/NAFLD males, activates AR and increases HCC risk.
More effectively utilized by females for protection under high-fat diets, explaining sex 
differences in liver metabolism.
Higher levels in females, inhibits HCC proliferation through activation of p38 and AMPK.
Higher expression in males, associated with increased HCC incidence.
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immune cells could reveal new therapeutic targets.
 ii) Integration of Multi-Omics Data: Combining 
genomics ,  t r ansc r ip tomics ,  p ro teomics ,  and 
metabolomics data will help uncover the complex 
interplay between genetic, epigenetic, and environmental 
factors in shaping gender disparities. This integrative 
approach may identify biomarkers for early diagnosis 
and personalized treatment.
 iii) Development of Gender-Specific Therapies: 
Given the distinct molecular and immunological profiles 
between males and females, therapeutic strategies 
tailored to gender-specific mechanisms should be 
explored. For instance, estrogen-related drugs or AR-
targeted therapies may offer promising avenues for 
improving outcomes in HCC patients.
 iv) Longitudinal and Population-Based Studies: 
Large-scale, longitudinal studies are needed to better 
understand how gender differences in HCC evolve 
over time and across diverse populations. These studies 
should account for regional, ethnic, and socioeconomic 
variations in risk factors and outcomes.
 v) Prevention and Public Health Interventions: 
Targeted public health initiatives aimed at reducing 
gender-specific risk factors, such as alcohol consumption, 
smoking, and metabolic syndrome, could help mitigate 
gender disparities in HCC incidence and prognosis.
 In conclusion, addressing the challenges of gender 
disparities in HCC requires a multidisciplinary approach 
that integrates epidemiological, molecular, and clinical 
insights. By prioritizing research into the underlying 
mechanisms and translating these findings into clinical 
practice, we can improve diagnostic, prognostic, and 
therapeutic outcomes for both male and female patients. 
Future studies should continue to explore the interactions 
between environmental, hormonal, and genetic factors to 
develop personalized therapeutic strategies for HCC in 
different sexes.
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1. Introduction

Obesity is a significant public health challenge 
worldwide. The World Obesity Alliance's 2023 World 
Obesity Map predicts that 1.9 billion people globally will 
be classified as obese by 2035, leading to an anticipated 
global economic impact of $4.32 trillion (1). Obesity 
increases the risk of various health issues, including 
type 2 diabetes, cardiovascular disease, chronic kidney 
disease, gastrointestinal disorders, nonalcoholic fatty 
liver disease, cancer, respiratory ailments, dementia, 
and Alzheimer's disease (2).Moreover, for women 
of childbearing potential, a higher BMI is associated 
with a reduced likelihood of conception within 3 years 
following diagnosis (3). Consequently, reducing the 
incidence of obesity is an urgent global health concern.
 Genetic and environmental factors promote 
the development and progression of obesity. Key 
contributors to the rising prevalence of obesity include 
changes in social and economic modes of production and 

lifestyle changes, such as diet, nutrition, and exercise (4). 
A disequilibrium between energy intake and expenditure 
can lead to metabolic diseases like obesity and diabetes. 
Eating is the primary source of energy intake in the 
human body, and the hypothalamus plays a crucial role 
in regulating eating behaviors and energy balance (5). 
Therefore, controlling appetite and energy intake through 
hypothalamic mechanisms is essential to combating 
obesity.
 To date, a number of pharmacological agents for 
weight management, including orlistat, liraglutide, 
lorcaserin, and diethylpropion, have received regulatory 
approval (6,7). However, the financial burden associated 
with these medications is substantial, and a growing array 
of adverse effects has been documented, encompassing 
cephalalgia, vertigo, asthenia, nausea, xerostomia, 
insomnia, anxiety, and constipation (8,9,10). These 
limitations necessitate the exploration of alternative 
therapeutic options, among which traditional Chinese 
medicine (TCM) holds significant promise.
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SUMMARY: Obesity has emerged as a global health crisis, imposing substantial burdens on both individual 
well-being and socioeconomic development. The pathogenesis of obesity primarily stems from disrupted energy 
homeostasis, wherein the hypothalamus plays a pivotal role through its complex neuropeptide networks that regulate 
appetite and energy balance. Recent advances have highlighted the therapeutic potential of traditional Chinese medicine 
(TCM) in modulating hypothalamic appetite regulation. This comprehensive review systematically evaluates current 
evidence from PubMed and China National Knowledge Infrastructure databases, focusing on the mechanisms by 
which TCM interventions influence hypothalamic neuropeptide signaling pathways. Our analysis reveals that various 
TCM modalities, including bioactive compounds (e.g., berberine and, evodiamine), herbal formulations (e.g., Pingwei 
Powder, Fangji Huangqi Decoction), plant extracts (e.g., Cyclocarya paliurus aqueous extract), and Chinese patent 
medicines (e.g., Danzhi Jiangtang Capsules and Jingui Shenqi Pills), have significant effects on key appetite-regulating 
pathways. These effects are mediated through modulation of critical neuropeptide systems, particularly AgRP/NPY and 
POMC/CART neurons, as well as leptin signaling. These findings not only provide mechanistic insights into TCM's 
anti-obesity effects but also demonstrate the value of integrating traditional medicine with modern pharmacological 
approaches. The synergistic potential of TCM formulas, when combined with contemporary research methodologies, 
offers promising avenues for developing novel therapeutic strategies for obesity and related metabolic disorders.

Keywords: obesity, traditional Chinese medicine (TCM), hypothalamic neuropeptides, appetite regulation, energy 
homeostasis
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 TCM, with its holistic approach and utilization of 
natural compounds, offers a complementary perspective 
on appetite suppression and weight management. Many 
drugs have demonstrated the ability to regulate appetite 
and energy metabolism, which is closely related to the 
function of neuropeptides that modulate appetite in 
the hypothalamus, such as AgRP/NPY, POMC/CART 
and leptin (11). This paper reviews the effects of TCM 
monomers, formulas, extracts, single medicines, or 
Chinese patent medicines on appetite regulation mediated 
by hypothalamic neuropeptides in order to provide 
insights to develop traditional prescriptions and improve 
medicinal preparations. By capitalizing on the strengths 
of TCM, we can explore new avenues to address the 
global challenge of obesity and metabolic disorders.

2. Regulatory mechanism of the hypothalamus in 
feeding and energy consumption

Appetite is not only regulated by the energy steady-
state system to meet the body's metabolic needs but is 
also regulated by the reward system to achieve steady-
state regulation. The two systems form a complex neural 
circuit of mutual projection through various factors to 
comprehensively regulate appetite. Eating is reliable 
when most organisms are in a steady-state energy-
deficient state but can be observed when energy is 
not required, and especially in the presence of highly 
palatable foods (12,13). The hypothalamus regulates 
energy metabolism through various nuclei, including 
the arcuate nucleus (ARC), ventromedial hypothalamus 
nucleus (VMH), dorsomedial hypothalamic nucleus 
(DMH), lateral hypothalamus (LH), parabrachial nucleus 
(PBN), and paraventricular nucleus (PVN). These nuclei 
interact through synaptic connections that affect each 
other while independently regulating energy homeostasis 

(14). In the hypothalamus, there are mainly three types 
of neural circuits that affect appetite. These circuits 
have different characteristics that can affect appetite 
independently and interact with each other, thus forming 
three pillars of appetite control (15) (Figure 1).

2.1. Appetite-regulated neurons predominantly in the 
ARC region

The first pillar involves the expressing neurons in the 
hypothalamic ARC, they are primarily involved in 
food seeking but are less likely to normally drive food 
consumption. In the ARC, neuropeptide Y (NPY) and 
agouti-related protein (AgRP), which promote appetite, 
and pro-opiomelanocortin (POMC), which inhibits 
feeding, play essential roles in regulating appetite. 
When the ARC receives, integrates, and evaluates 
signals from the peripheral circulation, it secretes 
AgRP/NPY or POMC to the LH and PVN, generating 
corresponding feedback responses (16). During satiety, 
POMC cleaves to form the α-melanocyte-stimulating 
hormone (α-MSH), which binds to the melanocortin 
(MC) 3/4 receptor of POMC, and especially to MC-
4R (17). This binding promotes the synthesis of 
PVN, which reduces appetite and enhances energy 
consumption. Additionally, it stimulates the release 
of thyrotropin-releasing hormone and corticotropin-
releasing hormone to inhibit feeding and increase 
energy consumption. Conversely, in a hungry state, 
AgRP/NPY neurons secreted by ARC promote appetite 
and release NPY and AgRP. NPY directly stimulates 
food intake by activating the Y1 and Y5 receptors of 
NPY. The binding of AgRP to MC-3/4R and NPY to 
NPY-1/5R can antagonize the effects of α-MSH and 
stimulate food intake (17) (Figure 2). Additionally, 
AgRP/NPY neurons can release the inhibitory 

(282)

Figure 1. In the hypothalamus, three main types of neural circuits affect appetite, including ARC, LHs, and PBN. The interaction of these 
three pathways drives the initiation, maintenance, and termination of food consumption. AGRP and POMC neurons receive hunger or satiety signals 
and transmit them to LHs, which complete feeding behavior that can be counteracted by the loop of PBNCGRP.
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body weight (23).

2.2. LH-dominated appetite regulation circuit

The second pillar consists of circuits involving LH 
(Figure 3). LH is usually a feeding-promoting hunger 
center that receives both AgRP/NPY and POMC/
CART neuronal projections from the arcuate nucleus 
and into the cerebral system and extracortical areas. It 
contains neurons that express melanin concentrating 
hormone (MCH), neurotensin (NT), and orexin. Melanin 
concentrate and neurotensin are factors that inhibit 
appetite. MCHs activate downstream G-protein-coupled 
receptors, including MCHR1 and MCHR2, and regulate 
food intake, energy balance, and other physiological 
functions by stimulating MCHR1 and MCHR2 receptors 
(24). Orexin is a factor that promotes appetite. Orexin 
can be divided into two neuropeptides, orexin A(OXA) 
and orexin B (OXB), whose common precursor is 
preorexin secreted by hypothalamic neurons (25). Orexin 
binds to two G-protein-coupled receptors, orexin 1 
receptor (OX1R) and orexin 2 receptor (OX2R) (26). 
OXR1 is mainly distributed in areas that control food 
intake, learning and memory, and reward (27).
 Orexin-expressing neurons can be widely projected 
into the ARC (especially NPY neurons), VMH, DMH, 
PVN, and ventral capsular region (28). These neurons 
receive different inputs from the area of direct self-
balance control and the area associated with hedonic 
or environmental feeding (29,30). Other studies have 
shown that photogenetic activation of LH inhibitory 
neurons marked by the vesicular GABA transporter leads 

neurotransmitter γ-aminobutyric acid, which acts on 
several neurons that inhibit appetite in the brain (18).
 Leptin, a hormone secreted by white adipocytes, 
is regulated by fat content. This hormone is crucial 
in modulating the AgRP/NPY and POMC/cocaine 
amphetamine-regulated transcript (CART) neuronal 
pathways. The primary mechanism involves leptin 
inhibiting the AgRP/NPY neuronal pathway while 
stimulating the POMC/CART neuronal pathway (19). 
High levels of leptin act on the hypothalamus through 
blood circulation and bind to the leptin receptor (OB-R) 
in the ARC to regulate animal body weight and energy 
intake. Research has demonstrated that POMC/CART 
and AgRP/NPY neurons express the OB-Rb receptor, 
bind leptin to its receptor, and inhibit neuropeptide 
synthesis and release, thereby reducing appetite (20). In 
vitro studies indicate that glucagon-like peptide (GLP-1) 
directly stimulates POMC/CART neurons and indirectly 
inhibits the neurotransmission of AgRP/NPY neurons 
through γ-aminobutyric acid (GABA) -dependent signal 
transduction pathways, thereby inhibiting appetite and 
reducing energy intake (21).
 Central and peripheral serotonin (5-hydroxytryptamine, 
5-HT) modulate alimentary signals associated with energy 
homeostasis. There are at least fourteen 5-HTR subtypes 
expressed in the hypothalamus that regulate appetite and 
energy metabolism, such as 5-HT1BR and 5-HT2CR 
(22). 5-HT2CR is distributed in POMC neurons of ARC, 
while 5-HT1BR is expressed in AgRP/NPY neurons. The 
combination of 5-HT and 5-HT subtype receptors can 
regulate the expression of POMC/CART and AgRP/NPY 
neurons and result in inhibiting appetite and reducing 

Figure 2. Appetite-regulated neurons predominantly in the ARC region. In the ARC, AgRP/NPY neurons and POMC/CART neurons modulate 
receptors NPY-1/5R, MC-3R, and MC-4R by releasing neuropeptides such as AgRP, NPY, and α-MSH, thereby influencing appetite regulation and 
energy expenditure.
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to feeding, and these manoeuvres are also beneficial 
(31). In contrast, activation of excitatory LH neurons 
expressing vesicular glutamate transporter type 2 
inhibits feeding and leads to avoidance responses, while 
photoinhibition of these neurons is rewarding and leads 
to food consumption (32).
 In most studies, evoked feeding was strongly 
associated with the reward characteristics of LH 
stimulation. LH neurons, for example, display different 
patterns of activity, including multiple stages of 
searching for and consuming food. LH activity regulates 
the hedonic quality of taste stimuli, suggesting the role of 
LH in the formation and maintenance of taste preference 
and aversion (33,34,35). In addition, taste sensory 
information enters the brain through the nucleus of the 
solitary tract (NTS) and reaches the LH through the PBN 
(36). This sensitivity to food palatability, coupled with 
exacerbated LH disturbance, suggests a role for the LH 
in promoting the consumption of palatable foods (37).

2.3. Mechanism of calcitonin gene-related peptide 
(CGRP) neurons in PBN

The third pillar consists mainly of CGRP neurons in 
the PBN. NTS is the main entry point for visceral, 
taste, hormone, and metabolic information into the 
brain, and PBN is the link between taste and visceral 
sensory information. These neurons effectively inhibit 
feeding when PBN is activated, but they do not increase 
food intake when inhibited. Studies have shown that 
activation of PBN neurons is associated with nausea (38), 
hormones causing satiety(39,40), and gastric dilatation-
mediated visceral aversion (41,42).

 CGRP neurons mediate the physiological effects of 
satiety, unlike PBN neurons that mediate the transmission 
of taste information (43), whose photogenetic activation 
strongly reduces food intake. PBNCGRP neurons receive 
projections from excitatory Vglut 2-expressing neurons 
from NTS (44,45). When PBNCGRP neurons are activated 
by signals associated with food intake, they provide 
a signal of satiety. Moreover, inhibition of PBNCGRP 
neurons increases the duration of a meal without 
increasing total food consumption (46). As a result, the 
number of rounds of food consumption decreases over a 
fixed period of time, while the amount of food consumed 
increases within a round.

3.  Effect  of  TCM on related factors  in the 
hypothalamus

3.1. Effects of Chinese medicine monomers

The role of Chinese medicine monomers in the regulation 
of hypothalamic appetite is reported to be mainly in the 
neuropeptides AGRP/NPY and POMC/CART and leptin 
in ARCs. The following studies illustrate the effects of 
Chinese herbal monomers in this process (Figure 4 and 
Table 1).
 Berberine in isoquinoline alkaloids is one of the main 
effective components of Coptis chinensis (Huanglian). 
According to TCM theory, Coptis chinensis Franch has 
effects of regulating the spleen and stomach, clearing 
heat and drying dampness, and eliminating fire and 
removing toxic substances, so it is one of the common 
TCMs used to treat obesity and diabetes. Modern 
studies have proven that berberine has a variety of 

Figure 3. LH-dominated appetite regulation circuit. LH receives signals from AgRP/NPY and POMC/CART neuronal expression in ARCs and 
influences food intake by releasing MCHs, NTs, and orexin, while projecting signals into areas such as ARCs, DMHs, VMHs, and PVNs.
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biological activities, including antioxidative action, 
anti-inflammatory action, anti-cancer action, immune 
regulation, and antibacterial activity (47). It can 
reduce blood glucose and blood lipids and inhibit lipid 
production (48). Park et al. demonstrated that berberine 
can reduce food intake, body weight, fat content, serum 
leptin, and glucose levels in mice fed a high-fat diet (49). 
The food intake of mice injected with NPY increased, 
compared to those injected with artificial cerebrospinal 
fluid, and the food intake of mice injected with berberine 
decreased significantly, while the serum glucose level in 
mice treated with NPY and berberine was significantly 
lower than that in mice injected with NPY.
 Evodiamine is a tryptamine indole alkaloid and the 
principal bioactive compound in Evodia rutaecarpa 
(Wuzhuyu). Contemporary pharmacological studies have 
demonstrated that this compound has antineoplastic, 
cardioprotective, anti-ulcerative, antimicrobial, anti-
inflammatory, and analgesic properties (50). A study 
has revealed that evodiamine exhibits a previously 
unidentified capacity to suppress adipogenesis through 
a mechanism involving the activation of ERK/MAPK 
signaling pathways, which subsequently down-regulated 

the expression of adipogenic transcription factors and 
attenuated insulin-mediated Akt signaling (51). Shi 
et al. examined the impact of evodiamine on dietary 
consumption, body mass, and the levels of mRNA and 
peptide expression of appetite-regulating neuropeptides 
within the hypothalamus of male rats (52). Their 
findings demonstrated that intragastric administration 
of evodiamine at a dose of 40 mg/kg resulted in reduced 
food consumption and attenuated a body weight increase 
post-onset in rats. This was accompanied by elevated 
circulating leptin levels and a reduction in NPY and 
AgRP mRNA and peptide levels within the ARC. 
However, there were no significant alterations in the 
hypothalamic levels of POMC, CART, MCH, and MC4. 
Conversely, a lower dose of evodiamine (4 mg/kg) 
proved ineffective.
 Astragaloside IV is one of the main components of 
Astragalus membranaceus (Huangqi)  extract, which has 
many characteristics such as antioxidative action, anti-
inflammatory action, and anti-apoptotic action. Thus far, 
numerous studies in cellular and animal models have 
shown that astragaloside IV is effective at protecting 
the cardiovascular system, lungs, kidneys, and the brain 

Figure 4. Several monomeric compounds derived from Chinese herbal medicines possess appetite-regulating effects. (A) Evodia rutaecarpa 
herbal plant and its processed slices; (B) 3D structural diagram of evodiamine; (C) Coptis chinensis herbal plant and its processed slices; (D) 
3D structural diagram of berberine; (E) Polygonum cuspidatum herbal plant and its processed slices; (F) 3D structural diagram of polydatin; (G) 
Astragalus membranaceus herbal plant and its processed slices; (H) 3D structural diagram of astragaloside IV; (I) Ginseng herbal plant and its 
processed slices; (J) 3D structural diagram of ginsenoside; (K) Tripterygium wilfordii herbal plant and its processed slices; (L) 3D structural diagram 
of celastrol. (Note: The Chinese herbal medicine illustrations and sliced herbs were modified and illustrated by the author based on reference images 
online. Image sources: https://weibo.com; https://www.163.com; https://mp.weixin.qq.com; https://baike.baidu.com; http://www.dajiazhongyi.com/
drug.php; The 3D structural information on the compounds was obtained from the PubChem database, and the molecular models were rendered using 
the software PyMOL).
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(53,54). Jiang et al. found that astragaloside IV reduced 
leptin resistance in fat-fed rats by increasing p-signal 
transducer and activator of transcription 3 (STAT3), 
LepRb mRNA, and POMC mRNA and decreasing 
p-PI3K, suppressor of cytokine signaling (SOCS3), and 
protein tyrosine phosphatase-1B (PTP1B) mRNA in the 
hypothalamus (55). STAT3 modulates the suppression 
of AGRP/NPY neuronal activity and the facilitation of 
POMC/CART neuronal activation through its interaction 
with leptin and OB-R (56). Concurrently, the inhibition 
of SOCS3 and PTP1B expression augments STAT3 
phosphorylation, thereby amplifying leptin signal 
transduction and ultimately having an anorexigenic effect 
(57). This pharmacological effect helps astragaloside 
IV prevent body weight gain and fat accumulation in 
rats with obesity induced by a high-fat diet, it alleviates 
metabolic disorders, and it reduces blood pressure and 
heart rate as well as noradrenaline levels in blood and 
kidney tissues.
 Ginsenosides, which are extracted from ginseng 
(Renshen) with anti-obesity properties, have the ability to 
modulate metabolic processes and appetite regulation in 
murine models. A comprehensive review of previous in 
vitro and in vivo studies has indicated that ginseng and its 
ginsenosides enhance energy expenditure by activating 
the AMPK pathway and concurrently diminishing energy 
intake (58). Yao et al. demonstrated that ginsenosides 
inhibit ERS and regulate the phosphorylation of 
GT1-7 cells, a mouse hypothalamic gonadotropin-
releasing hormone neuronal cell line, and STAT3 in 
the hypothalamus to reduce body weight and improve 
hepatic steatosis in mice with obesity induced by a high-
fat diet (59). In that study, ginsenosides inhibited appetite, 
reduced body weight, visceral fat, body fat content, and 
blood glucose and leptin levels and improved glucose 
tolerance and blood lipids in obese mice.
 Celastrol  is  the most promising compound 
in Tripterygium wilfordii (Leigongteng) and has 
therapeutic effects on inflammatory diseases, cancer, 
neurodegenerative diseases, and other conditions 
such as diabetes, obesity, atherosclerosis, and hearing 
loss (60). A study has reported that celastrol can 
reduce weight by regulating leptin sensitivity, energy 
metabolism, inflammation, lipid metabolism, and even 
intestinal microbiota (61). Liu et al. demonstrated that 
celastrol mitigated ERS in the hypothalamus through 
the suppression of PERK activity, thereby increasing 
phosphorylated STAT3 expression and subsequently 
reducing food intake in mice (62). This indicates that 
celastrol enhances leptin sensitivity, curtails energy 
expenditure, and induces weight loss in mice with obesity 
induced by a high-leptin diet. However, the compound 
showed no efficacy in ob/ob and db/db mouse models, 
implying that celastrol functions as a leptin sensitizer. 
Similarly, Feng et al. demonstrated that celastrol can 
enhance the sensitivity of leptin through interleukin-1 
receptor 1 to inhibit appetite and weight loss (63). In 
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addition, the effect of celastrol has been found to be 
associated with the absence of PERK in arcuate nuclei 
POMC neurons, but specific mechanisms and PERK in 
other regions are still being examined (64).
 Polydatin, one of the primary active components 
of Polygonum cuspidatum (Huzhang), has been shown 
in modern pharmacological studies to possess a broad 
spectrum of biological activities. These activities include 
the regulation of inflammation, oxidative stress, and 
apoptosis in key signaling pathways. Polydatin has 
demonstrated efficacy against cancer, against microbes, 
and providing protection for various systems, impacting 
the cardiovascular, nervous, endocrine, digestive, renal, 
and respiratory systems, as well as offering benefits for 
rheumatoid diseases, the skeletal system, and female 
health (65). Polygonum cuspidatum itself exhibits 
pharmacological properties such as dispelling dampness, 
alleviating jaundice, clearing heat, reducing toxins, 
activating blood, and removing stasis (66). Zheng et 
al. investigated the effects of polydatin on body weight 
control, glucose and lipid metabolism regulation, and 
combating inflammation in a mouse model of obesity 
induced by a high-fat diet (67). Polydatin reduced the 
weight of obese mice, regulated blood lipid levels, and 
significantly upregulated the expression of leptin mRNA 
and protein in the adipose tissue of obese mice.

3.2. Effects of TCM formulas

The absorption and metabolism of Chinese herbal 
decoctions and granules can also affect the hypothalamus 
(Table 2). They also play a role in regulating appetite 
by influencing AgRP/NPY, POMC/CART, leptin, and 
related factors.
 Deng et al. conducted a clinical study on patients 
with simple obesity in which they were given Pingwei 
Powder, a combination of stir-fried Rhizoma Atractylodis 
(12 g), ginger-prepared Cortex Magnoliae Officinalis 
(9 g), Pericarpium Citri Reticulatae (6 g), and Radix 
Glycyrrhizae Preparata (3 g), and underwent ear 
acupoint treatment (68). This treatment resulted in a 
significant reduction in serum leptin and NPY levels.
 Similarly, Li et al. treated simple obesity with Fangji 
Huangqi Decoction (Fourstamen Stephania Root 15 g, 
Glycyrrhiza uralensis 6 g, Atractylodes macrocephala 
Koidz 15 g, and Astragalus membranaceus 15 g) 
combined with abdominal massage (69). Although the 
drugs used differed from Pingwei Powder, the clinical 
trends were consistent. Fangji Huangqi Decoction 
can increase adiponectin levels, increase insulin 
hypersensitivity, enhance the inhibitory effect of insulin 
glycogen, and reduce blood lipid synthesis.
 In a clinical trial, Jin et al. used Lianzhu Xiaoke 
Recipe containing Coptis chinensis Franch (30 g), 
parched Rhizoma Atractylodis (12 g), Fructus Aurantii 
Immaturus (10 g), Cimicifugae (10 g), Pericarpium 
Citri Reticulatae (12 g), parched Rhizoma Pinelliae 

(10 g), Crataegus pinnatifida Bunge (30 g), Massa 
Medicata Fermentata (10 g), Rhizoma Alismatis (30 g), 
Poria (15 g), Bombyx Batryticatus (10 g), Hirudo (3 g), 
Rhizoma Zingiberis (10 g), Jujubae Fructus (10 g), and 
Glycyrrhiza uralensis (6 g) to treat patients with obesity 
and type II diabetes, with metformin hydrochloride as 
a comparison (70). The experimental data revealed a 
significant decrease in serum leptin and SOCS3 levels in 
the Chinese medicine group, In contrast, the difference 
in NPY levels before and after treatment was not 
statistically significant. The researchers concluded that 
the mechanisms of action of Lianzhu Xiaoke Decoction 
and metformin may be inconsistent and that further 
research is needed.
 Bai et al. found that POMC expression in the 
hypothalamus of obese mice treated with Jiangtang 
No. 3 recipe (JTSHF) — a formulation consisting of 
Ginseng, Bupleurum, Radix Paeoniae Rubra, Poria, and 
10 other traditional Chinese herbs in a 1:1:3:1 ratio of 
free decoction granules — was slightly higher than that 
in the model group Additionally, AgRP levels decreased 
significantly, indicating that this recipe may help reduce 
food intake, lower body weight, and enhance glucose 
and lipid metabolism by influencing the expression of 
neuronal proteins associated with the hypothalamic 
feeding center (71). At the genus level, JTSHF increases 
the relative abundance of Bacteroides, Prevoda, and 
Bacteroides in the intestinal microflora and reduces the 
genera Clostridium, Lactobacillus, and Oscillibacter. 
JTSHF increased the content of short-chain fatty acids, 
increased the expression of GPR43/41, increased the 
expression of POMC, and decreased the expression 
of AgRP and NPY in the hypothalamus (72). Serum 
GLP-1 increased and ghrelin decreased after JTSHF 
intervention. Therefore, the authors believe that JTSHF 
plays an anti-diabetic role by affecting the composition, 
relative abundance and metabolites of intestinal flora, 
regulating a variety of intestinal brain peptides, affecting 
the feeding center of hypothalamus, and improving 
glycolipid metabolism.
 Yang et al. reported that Wendan Decoction, 
consisting of Citri Reticulatae Pericarpium (10 g), 
Pinelliae Rhizoma (10 g), Poria (10 g), Glycyrrhizae 
Radix Et Rhizoma (3 g), Caulis Bambusae in Taenia 
(10 g), Aurantii Fructus Immaturus (10 g), Zingiberis 
Rhizoma Recens (5 slices), and Jujubae Fructus, 
effectively reduced body weight in obese rats on a high-
fat diet, significantly improved the expression of leptin 
receptors and POMC mRNA in the hypothalamus, and 
reduced the level of leptin and OB-R in peripheral blood 
while reducing body weight (73).
 Some medicines can also increase appetite-promoting 
factors. For example, Wang et al. observed changes 
in feeding behavior, body mass, Ob-R, AgRP, and 
NPY in rats with chronic restraint stress, revealing a 
possible mechanism of decreased food consumption and 
slow growth of body mass in rats with chronic stress. 
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Concurrently, Xiaoyao Powder (Bupleurum, Angelica 
sinensis, Radix Paeoniae Alba, Rhizoma Atractylodis 
Macrocephalae, Radix Glycyrrhizae, Rhizoma Zingiberis 
Recens, Herba Menthae) was selected as the intervention 
drug (74). The results indicated that Xiaoyao Powder 
effectively alleviated the symptoms of decreased appetite 
and reduced body weight under chronic restraint stress. 
This may be related to the inhibition of Ob-R protein and 
gene expression in ARCs and the upregulation of AgRP 
and NPY protein and gene expression.
 In the treatment of different diseases, formulas 
affect the appetite-regulating neuropeptides of the 
hypothalamus differently. Liujunzi Decoction originates 
from the Medical Biography in the Ming dynasty and 
consists of six types of herbal medicines such as Radix 
Ginseng, Rhizoma Atractylodis Macrocephalae, Poria, 
Radix Glycyrrhizae, Pericarpium Citri Reticulatae, and 
Rhizoma Pinelliae. It benefits qi and invigorates the 
spleen and dries dampness to eliminate phlegm. Dai et 
al. created a rat model of anorexia by intraperitoneal 
injection of cisplatin to evaluate the efficacy of Liujunzi 
Decoction (75). Results showed that Liujunzi Decoction 
alleviated injury to the gastric antrum, liver, and ileum 
induced by cisplatin, decreased the serum leptin level, 
and also decreased the levels of ghrelin, IL-6 and 
growth differentiation factor 15. In the antrum and 
hypothalamus, Liujunzi Decoction inhibited cisplatin-
induced activation of the JAK-STAT signaling pathway, 
resulting in down-regulation of transcription levels of 
the downstream anorexia-related neuropeptides CART, 
POMC, and TRH and up-regulation of expression of the 
hypothalamic appetite-related peptides NPY and AGRP.

3.3. Effects of a single medicine or extract

There are two types of Chinese medicine extracts and 
a type of lyophilized powder that can regulate appetite-
related neuropeptides. These are Cyclocarya paliurus 
(Qingqianliu) aqueous extract, Ginkgo biloba (Yinxing) 
extract, and Ziziphi Spinosae Semen freeze-dried powder 
(Table 3).
 Cyclocarya paliurus (Batalin) Iljinskaja, an 
indigenous and rare monocotyledonous species from 
Southern China, is renowned for its extensive traditional 
medicinal properties. These include clearing heat, 
detoxification, increasing saliva production, quenching 
thirst, anti-inflammatory action, insecticidal action, 
dispelling wind, and relieving itchiness. Additionally, it 
demonstrates efficacy in the prevention and management 
of diabetes, hypertension, hyperlipidemia, dizziness, and 
edema as well as in reducing cholesterol and modulating 
immune system functions (76). To reduce obesity, 
Cyclocarya paliurus ethanol leaf extracts primarily 
alleviate glucose metabolism disorders by reducing 
glucose absorption, modulating lipid profiles, regulating 
the insulin signaling pathway, decreasing β-cell apoptosis, 
enhancing insulin synthesis and secretion, altering 
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the composition of the gut microbiota, and inhibiting 
α-glucosidase activity (77). In rats with diabetes induced 
by a high-fat diet and streptozotocin, both the ethanol and 
aqueous extracts of Cyclocarya paliurus demonstrated 
comparable antihyperglycemic, antihyperlipidemic, and 
antioxidant properties, with no significant differences 
observed between the two extracts (78). Xu et al. used 
Cg-Leprcp/NDmcr SHR/cp rats as an obesity and 
metabolic syndrome model to investigate the effects of 
Cyclocarya paliurus aqueous extract (CPAE) (79). Their 
findings indicated that CPAE administration significantly 
decreased food consumption, body weight, organ weight, 
adiposity, and BMI in SHR/cp rats. Additionally, CPAE 
treatment resulted in a reduction in fasting blood glucose, 
fasting serum insulin, HOMA-IR, serum free fatty acids, 
serum malondialdehyde, serum superoxide dismutase, 
and serum total glutathione levels. Moreover, CPAE 
markedly increased the phosphorylation levels of InsR, 
IRS1, PI3Kp85, Akt, and FoXO1, and upregulated the 
protein expression of POMC in the hypothalamus while 
significantly downregulating NPY expression.
 Ginkgo biloba has demonstrated effects both centrally 
and peripherally, influencing the electrochemical, 
physiological, neurological, and vascular systems in 
animal models (80). Ginkgo biloba extract (GBE), 
derived from the desiccated foliage of the plant, is 
regarded as one of the most effective extracts for 
therapeutic applications. In a pilot study, Banin et 
al. established that GBE markedly diminished food 
consumption and body fat accumulation while averting 
diet-induced hyperglycemia and dyslipidemia in obese 
rats. On this basis, the ovaries of female rats were 
removed to simulate menopause, and GBE was given 
by gavage for 14 days (81). Banin et al. showed that 
GBE decreased the activity of 5-HT transporter, increase 
the local concentration of 5-HT, and improved appetite 
and alleviated obesity caused by an estrogen deficiency 
in climacteric rats (82). A separate study indicated 
that a single oral administration of GBE significantly 
upregulated the hypothalamic gene expression of 
anorexigenic mediators in male rats, such as the 5-HT2C 
serotonin receptor and the neuropeptides POMC and 
CART, while there were no observable changes in the 
expression of orexigenic mediators (83).
 Ziziphi Spinosae Semen has the effects of alleviating 
anxiety, tranquillizing and hypnosis, preventing 
depression, and preventing convulsions (84). Chinese 
medicine theory holds that Ziziphi Spinosae Semen has 
the effects of tonifying the liver and calming the heart, 
and arresting sweating and promoting the production 
of bodily fluids. It can be used to treat insomnia due 
to deficiency and restlessness, palpitations, body 
deficiencies and sweating, and thirst due to disturbed 
bodily fluids. Xu et al. reported that the lyophilized 
powder of Ziziphi Spinosae Semen increased the 
levels of leptin and POMC in the hypothalamus of rats 
and decreased the levels of NPY so as to correct the 

disturbance of awakening from sleep and an abnormal 
rate of energy metabolism caused by 24 h of darkness 
(85).

3.4. Effects of Chinese patent medicines

Three other Chinese patent medicines have also been 
shown to regulate appetite via the hypothalamus, and 
their mechanisms of action are reported in the following 
studies (Table 4). These studies suggest that these 
medicines influence the hypothalamic pathways by 
modulating neuropeptide expression and other signaling 
pathway activity.
 Danzhi Jiangtang capsules, consisting of Radix 
Pseudostellariae, Radix Rehmanniae, Semen Cuscutae, 
Cortex Moutan, and Hirudo, are traditionally used to 
enhance qi, nourish yin, and promote blood circulation. 
Bi et al. found that Danzhi Jiangtang Capsules can 
promote the secretion of α-MSH and inhibit AgRP 
secretion in the hypothalamus (86). These capsules can 
improve the feeding behavior of mice, reduce their body 
weight, alleviate obesity, and lower the risk of diabetes. 
Their clinical study also showed that Danzhi Jiangtang 
Capsules can improve the polyfeeding behavior of 
diabetes patients and that they have the effects of 
reducing body weight, regulating blood lipids, and 
reducing BMI.
 Jingui Shenqi pills (JSPs) were initially documented 
in the classical medical text Essentials from the Golden 
Cabinet (Jīn Guì Yào Lüè). The formulation includes 
Radix Rehmanniae, Rhizoma Dioscoreae, Fructus Corni, 
Poria, Cortex Moutan, Rhizoma Alismatis, Ramulus 
Cinnamomi, and Radix Aconiti Lateralis Preparata. 
Zhang et al. evaluated the function of JSPs in mice 
with type 2 diabetes (87). Results indicated that JSPs 
effectively inhibited appetite and led to a steady decline 
in body weight, fasting blood glucose, and oral glucose 
tolerance in diabetic mice. In addition, JSPs result 
in increased dendritic length and branching, which 
protects hypothalamic neurons and synaptic structures. 
The expression and activation of POMC increased 
significantly, while the expression and activation of 
AgRP decreased when primary hypothalamic neurons 
were treated with 10% JSPs-rich serum, and these effects 
may be related to the regulation of PI3K.
 There are also drugs in Chinese patent medicines 
that promote appetite. Child compound Endothelium 
corneum, consisting of Endothelium Corneum Gigeriae 
Galli and Massa Medicata Fermentata, has the effects 
of invigorating the spleen, stimulating appetite, 
promoting digestion, and removing food stagnancy. In 
functional dyspepsia, child compound Endothelium 
corneum has been shown to inhibit the hyperactive 
POMC/Stat3/Akt pathway in the rat hypothalamus and 
enhance gastrointestinal motility by rebalancing the 
homeostasis of the brain-intestine-microbiota axis in 
rats (88).
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4. Discussion and prospects

In modern medicine, factors like genetics, lifestyle, diet, 
and pathology affect drug outcomes, underscoring the 
need for individualized treatments. Chinese medicine 
formulas, with their complex components and multi-
target mechanisms, offer unique therapeutic effects 
under various individual- and disease-related conditions, 
in contrast to modern drugs with a single target. This 
highlights TCM's advantage in maintaining internal 
balance and its flexibility in appetite regulation. Most 
appetite-suppressing medicines in TCM function by 
invigorating the spleen, removing dampness, promoting 
blood circulation, and regulating qi, aligning with the 
"spleen-main movement" theory. These medicines 
act through various mechanisms, affecting appetite 
and demonstrating TCM's multi-level approach to 
hypothalamus regulation. For instance, Xiaoyao Powder 
targets the liver and spleen simultaneously, achieving a 
balance through overall regulation rather than focusing 
on a single organ or pathway. TCM's adaptability shows 
its potential in comprehensive appetite regulation.
 Several monomeric components from TCM have 
been shown to regulate appetite. While studies on these 
monomers help explain TCM mechanisms, their clinical 
effects often differ from those of single or combined 
herbal formulations. TCM formulas contain diverse 
chemical components targeting multiple pathways, 
helping to balance various organs. TCM can also affect 
the expression of neuropeptides related to the regulation 
of the appetite of the hypothalamus through a variety 
of signaling pathways, such as the PI3K/Akt signalin 
pathway, the autophagy pathway regulated by AMPK, 
and the PERK-mediated endoplasmic reticulum stress 
in the hypothalamus. Different TCM formulations can 
exhibit similar mechanisms, and the same drug's efficacy 
may vary with different formulas and diseases. Exploring 
the synergistic effects of these formulas could reveal 
their overall benefits. In order to identify more cost-
effective pharmaceutical ingredients, the focus of future 
research can be gradually extended to the interaction of 
neuropeptides with downstream pathways. Exploring 
the synergistic effects of these pathways might reveal 
novel therapeutic strategies for metabolic disorders. 
Integrating TCM with modern pharmacology could 
potentially optimize treatment efficacy and minimize 
adverse effects, offering holistic approaches to appetite 
regulation.
 Drug toxicity to the liver and kidneys must be 
considered. For instance, further studies on evodiamine 
have revealed its potential liver, heart, and kidney 
toxicity, which is dose- and time-dependent (50). This 
indicates that future research should carefully consider 
the dosage and timing of new drugs. TCM formulas 
can reduce toxicity and enhance efficacy, making them 
potentially more suitable for long-term use. However, 
TCM formulas are complex, with numerous interactions 
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among different herbs. Thus, studying the mechanisms 
of TCM's toxic adverse effects and understanding these 
interactions at a molecular level is crucial. By integrating 
traditional practices with modern pharmacology, toxic 
components and their pathways can be identified, 
improving the safety of long-term TCM use and reducing 
adverse reactions, thus maximizing the benefits of 
Chinese medicine.
 In addition, improving oral bioavailability is a 
significant challenge in the development of new drugs 
from TCM monomers. Berberine, despite its wide array 
of pharmacological activities, has low bioavailability 
due to poor solubility, low permeability, P-glycoprotein 
efflux, and hepatic and intestinal metabolism. Long-
term oral administration of berberine may also alter gut 
flora and affect other physiological functions, limiting 
its clinical use (48). Previous studies orally administered 
TCM formulas, extracts, and patent medicines, but 
monomers were given both orally and via injection. 
To provide convenient long-term treatment, enhancing 
oral bioavailability is crucial for TCM research and 
application. Modern drug development emphasizes 
drug efficacy and safety; improving bioavailability can 
impact treatment outcomes and enable more scientific 
evaluations of TCM's efficacy and toxicity, facilitating 
new drug development and promoting TCM in the global 
market.
 According to current research, appetite-regulating 
mechanisms of the hypothalamus have not been fully 
elucidated, and especially their role in LH and PBN. 
A few studies have clearly shown that the mechanism 
of appetite control is related to the regulation of orexin 
and its receptors, MCHs, and CGRP neurons, but the 
potential role of TCMs in affecting that mechanism 
cannot be denied. Further investigation into how TCMs 
influence these neural circuits could unveil novel 
pathways for appetite regulation. Of course, we cannot 
ignore other biological processes involved in weight 
reduction, such as crocin, which inhibits obesity by 
inhibiting adipocyte differentiation and promoting 
lipolysis (89). This discussion with the nervous system 
will help us better understand the role of TCM in it.
 Therefore, extensive research is essential to exploring 
the mechanisms of action of TCM, given its multi-
target and multi-pathway nature. The primary objective 
is translating basic research into clinical use to identify 
compounds with improved efficacy, safety, and fewer 
adverse reactions. Moreover, research and development 
should focus on creating a wide range of adaptable, 
highly cost-effective, and user-friendly formulations to 
provide new avenues for preventing and treating obesity.

5. Conclusions

TCMs may affect  appeti te mechanisms in the 
hypothalamus, helping to control appetite, reduce 
body weight, and improve metabolic outcomes. Using 

ancient remedies in conjunction with modern scientific 
understanding, TCM can help to develop new, more 
effective treatments for obesity. Integrating traditional 
and modern medicine provides a fresh perspective on 
treating metabolic disorders, where long-term therapeutic 
options remain limited. This synergy between ancient 
wisdom and contemporary science can foster innovative 
therapeutic strategies, potentially unlocking novel 
pathways for metabolic regulation. Exploring these 
integrative approaches might also reveal previously 
untapped mechanisms, enhancing our ability to combat 
obesity and related metabolic diseases more effectively.
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1. Introduction

Acquired immunodeficiency syndrome (AIDS) remains 
a significant infectious disease. Antiretroviral therapy 
(ART) is the standard treatment for AIDS/human 
immunodeficiency virus (HIV) patients, aiding in 
the restoration of their immune system that has been 
compromised by the virus (1). However, rather than 
completely eliminating the virus, ART merely suppresses 
the replication of the virus to levels that are undetectable 
in the blood. In this way, it can significantly decrease the 
risk of disease progression and transmission, ultimately, 
a functional cure of AIDS patients (2).
 Nevertheless, complete immune reconstitution is 
not achieved in 10-40 percent of infected individuals 
(3), which may be related to factors such as sustained 
immune activation, thymic hypoplasia, intestinal flora 
disruption, and heterogeneity of viral reservoirs (4). In 
recent years, with the rapid development in the field of 
immunotherapy, immunomodulatory therapies such as 
immune checkpoint blockades (ICBs) have received 

widespread attention. These drugs have not only 
demonstrated significant efficacy in oncology treatment, 
but have also made important progress in exploring the 
treatment of chronic infectious diseases such as HIV, 
hepatitis B, and tuberculosis (5). To date, the Food and 
Drug Administration has approved a total of 25 drugs in 
8 classes of ICIs, some of which have entered clinical 
trials in HIV-infected patients. It is worth noting that 
the application of ICIs in HIV treatment is becoming 
increasingly promising as research progresses: a variety 
of novel monotherapy regimens and combination 
strategies are currently undergoing phase I and II clinical 
trials in HIV-infected patients, and the clinical use of 
such drugs is expected to expand significantly in the 
future (6,7).
 Clinical trials of ICIs in patients with HIV have 
highlighted several critical issues that require the utmost 
attention of clinicians, investigators, and regulatory 
agencies (1). The main areas of concern are differences 
in adverse effects after individualized immunotherapy 
(3) effects on CD4+ T-cell dynamics (4) characteristics 

DOI: 10.5582/bst.2025.01072

SUMMARY: Acquired immunodeficiency syndrome (AIDS)/human immunodeficiency virus (HIV) patients 
experience significant increase in their survival and decline in the mortality with the advent of antiretroviral therapy 
(ART). Nonetheless, ART alone still cannot completely cure AIDS/HIV patients. Furthermore, the virus remains latent 
in resting CD4+T cells for extended periods, posing a continuous threat to AIDS/HIV patients. Immune checkpoint 
blockades (ICBs), as a promising immunotherapy, inaugurate new pathways for AIDS/HIV cure or remission given 
their capability to break down the latency limit of HIV, and promote the regeneration and activation of HIV-specific T 
cells. However, not all AIDS/HIV patients respond to immune checkpoint inhibitors (ICIs), similar to that encountered 
in cancer patients, accompanied by the risk of severe immune-related adverse events (irAEs) in some cases. 
Accordingly, the present study was conducted to explore the possibility of personalized medicine tailored to the host 
discrepancy, with purposes of achieving better treatment outcomes, higher objective response rates, and fewer irAEs. 
Strategies for ICIs based on individual differences are documented to be conducive to improving therapeutic outcomes 
for patients. Therefore, this study intended to improving the therapeutic efficacy of ICIs in AIDS/HIV patients within 
the context of precision immunotherapy, including monotherapy and combination strategies, as well as the application 
of predictive biomarkers.
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of viral load fluctuations, and (5) heterogeneity in 
final clinical outcomes. These differences highlight 
the particular importance of individualized treatment 
strategies in HIV-infected patients (8-10). Current 
research focuses on exploring biomarkers that can 
predict the benefit of ICI therapy, overcoming the 
variability of treatment response by developing precise 
treatment regimens, and ultimately achieving the goal 
of converting non-responders into responders. This 
review systematically summarizes innovative strategies 
to enhance the effectiveness of ICI therapy within 
the framework of precision medicine, including but 
not limited to biomarker screening based on tumor 
microenvironmental characteristics, treatment timing 
optimization, and combination therapy regimen design. 
These research advances not only provide new ideas 
to improve the clinical management of HIV-infected 
patients but also represent an important opportunity to 
achieve breakthroughs in the field of ICI immunotherapy.

2. Immune checkpoint inhibitors and T cell 
exhaustion in HIV

Immune checkpoints were first discovered and applied 
for the treatment of cancers (11), enabling a dramatic 
shift in the traditional therapeutic paradigm. Back to 
the end of the last century, a special immunoglobulin 
on the surface of CD4+ T cells and CD8+ T cells, was 
accidentally found by scientists, naming cytotoxic 
T-lymphocyte antigen 4 (CTLA-4). Another immune 

checkpoint was fortunately discovered shortly afterwards. 
When studying the mechanism of programmed cell 
death in mice, a professor of immunology from Kyoto 
University in Japan accidentally discovered a key gene 
involved in programmed cell death, i.e., programmed 
cell death protein 1 (PD-1). Since then, many new 
immune checkpoints were observed and involved in 
studies on underlying mechanisms. Currently, PD-1 
monoclonal antibodies (mAbs) are common therapeutic 
agents clinically. Multiple ICIs, such as Ipilimumab, 
Nivolumab, and Atezolizumab, when combined with 
other drugs, have become potent tools in the treatment of 
various diseases. Subsequently, the clinical application 
of ICI has been extended to the management of HIV 
and related coinfections. A large number of clinical 
drug trials have been carried out for verification, with 
the achievement of remarkable results in some studies. 
Validation of the effectiveness and safety of drugs has 
laid a foundation for the development of immunotherapy-
oriented precision treatment strategies (Figure 1).
 Intense immune activation may lead to T-cell 
depletion, CD4+ T-cell expression and CD8+ T-cell 
expression. Consequently, the viral replication cannot 
be controlled during HIV infection. CD4+ T cells are 
T lymphocytes that express T cell receptors that can 
promote the antibody and CTL response. In the HIV-
infected state, CD4+ T cells are depleted, resulting in 
the loss of their antiviral CTL response and their ability 
to control viral load. PD-1 expression on HIV-specific 
T cells is a major marker of T cell exhaustion that may 
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Figure 1. Immune checkpoint discovery and clinical studies of ICB in HIV treatment. Major immune checkpoints and checkpoint inhibitors 
in HIV therapy. In 1987 CTLA-4 became the first immune checkpoint in history to be discovered, and in 1999 ipilimumab was created and began 
clinical trials and was approved for marketing by the FDA in 2011 (blue section). In the same year, an antibody targeting PD-L1 (atezolizumab) also 
began a clinical trial component. 2002, the discovery of the first antibody targeting PD-1 (nivolumab) and subsequent clinical trials, while different 
antibodies including pembrolizumab and cemiplimab were also developed for clinical therapy (orange part). Since then, PD-L1 antibodies including 
durvalumab and BMS-936559 were introduced and applied to clinical treatment (purple section). The yellow part of the figure shows the combination 
strategy of immune checkpoint inhibitors and the application in HIV treatment. The grey part is one of the indicators that IC may be regarded  as a 
predictor of viral rebound after ART treatment interruption. The red part indicates the clinical safety and efficacy assessment of combination therapy 
with ICIs.IC, immune checkpoint; FDA, US Food and Drug Administration; ICB, immune checkpoint blockade; ICIs, immune checkpoint inhibitors; 
ART, antiretroviral therapy; PLWH, people living with HIV.
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factors for a lifelong treatment in the targeted patients. 
Immune checkpoint proteins were found to impair HIV-
specific cytotoxic functions by promoting latent infected 
cells, leading to HIV persistence. Therefore, intervention 
using ICBs can be adopted, as an adjuvant strategy, prior 
to antiviral therapy, which may to some extent reverse 
latent infection to reduce the number of HIV reservoirs 
(16) (Figure 2).

3. The activity and safety of ICBs in PLWH

ICBs are a frequent therapeutic option for cancer patients, 
but not including people living with HIV (PLWH) 
usually. It may be attributed to the immunological 
deficiencies in HIV-infected patients, raising concerns 
among clinical researchers about their safety and impact. 
However, the clinical value of ICBs in HIV patients 
has been proposed and demonstrated in several recent 
studies. Here, we will continue to expound the clinical 
use of ICBs in PLWH to clarify these controversies. In 
our study, available clinical data on immune checkpoints 
in HIV patients are gathered to answer questions related 
to the efficacy and safety of ICBs and to decipher 
potential influential factors (Table 1-2).

3.1. Effect of ICIs on viral load and CD4+ T cells in 
PLWH

HIV viral load and CD4+ T lymphocyte counts are 
important indicators in the clinical management of HIV 
patients. In a phase 1 clinical trial of PD-1, CD4+ T cell 
counts increased in patients treated by PD-1 inhibitors 
(5), revealing potential correlation between CD4+ T 
cell counts and PD-1 inhibitors. In another study of 8 
AIDS patients treated with cemiplimab (PD-1), Gay CL 
et al. (17) found that a single infusion of anti-PD-L1 
antibody (BMS-936559) increased HIV-1 Gag-specific 
CD8+ T cell responses in 2 of 6 participants, with no 
significant change in median CD4+ T cell counts, CD4+ 
percentage, or CD4/CD8 ratio, and a decrease in CA-
RNA in CD4+ T cells from 201 to 194. There was no 
significant difference in CA-DNA from 435 to 513. The 
standard HIV RNA levels remained at <40 copies/mL in 
all participants, and the ratio of HIV DNA to RNA/DNA 
in 8 participants unchanged from baseline after 28 days 
of observation.
 Furthermore, in a prior research investigating the 
efficacy of different doses of CTLA-4 therapy in 24 HIV 
patients, Colston E et al. (10) found that 2 participants 
(8.3%) exhibited a significant reduction in HIV-1 RNA 
levels, but 8 (33.3%) showed no significant change in 
HIV RNA levels, all from the low-dose treatment group. 
Conversely, 14 participants (58.3%) demonstrated 
significantly increased HIV RNA levels. All individuals 
with obviously elevated HIV RNA (except for 1 patient) 
were from the high-dose group. Therefore, CTLA-4 
treatment regimens showed no significant difference in 

indicate disease progression. PD-1 expression has 
been confirmed to correlate with reduced CD8+ T cell 
function, viral load and CD4 T cell counts (12).
 It is possible for receptor surface drivers to 
sufficiently activate ligands, and tyrosine phosphorylation 
at the cytoplasmic ends of cells to activate inhibitory 
signals mediated by transduction factors, thus preventing 
the generation of T cell receptor-mediated activation 
signals (13). For example, in immune cells, PD-1 
signaling depends mainly on the core factor tyrosine 
phosphatase SHP-2, which may be recruited to PD-1 after 
binding to its ligand PD-L1. Further phosphorylation of 
ITSM can induce the conversion of SHP-2 to an active 
conformation, reduce the phosphorylation of CD3 and 
CD28, and thus exert a negative regulation on the signal 
strength of TCR. However, unlike PD-1, CTLA-4 lacks 
the ITSM motif bound to SHP-2, suggesting a possible 
indirect recruitment. In the large immune signaling 
network, it is critical to uncover the mechanisms of the 
checkpoint signaling pathways, which may provide 
potential reference for subsequent development of ICIs. 
In general, the invasion of pathogens (e.e., bacteria or 
viruses) may trigger a range of immune responses in the 
host. During the development of HIV infection, there 
may be gradual change in the mechanism underlying the 
involvement of HIV-specific CD4+ and CD8+ T cells 
in the durable antiviral work, eventually leading to a 
dysfunction of inhibiting viral expansion. PD-1, CTLA-
4 and other inhibitory receptors are expressed on HIV-
specific cells. Binding of these immune checkpoints to 
corresponding ligands may inactivate T cells, promoting 
virus to evade surveillance by the host immune system. 
In other words, dysfunctional CD4+ and CD8+ T cells 
both stem from the upregulation of inhibitory immune 
checkpoints. Among them, PD-1 is a well-studied 
immune checkpoint causing the dysfunction of HIV-
specific CD4+ and CD8+ T cells, which may stimulate 
disease progression and loss of antiviral function (14). 
Although great attention has been attached to CD8+ 
T cell function, HIV-specific CD4+ T cells were also 
enhanced in ICBs. An in vitro study revealed that PD-1 
blockade enhanced the proliferation of HIV-specific 
CD4+ T cells and production of IFNg, IL-2, IL-13 and 
IL-21, providing superior evidence for ICBs (14,15). In 
view of the above, the use of ICBs may partly restore 
the function of HIV-specific T cells, and enhance the 
host immune response to control the progression of HIV 
infection eventually. In this regard, immune intervention 
may be benefited from a comprehensive understanding of 
the role of immune checkpoints in HIV-specific T cells. 
Currently, most HIV patients, except for a few "elite 
controllers", still require traditional antiviral therapies. 
The application of anti-HIV treatment aims to control the 
virus and clean virus reservoir on the surface of infected 
T cells. Given the suppressed immune checkpoint 
expression, namely, on the premise of ART virus cannot 
be eradicated, the existence of latent virus is one of the 
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its overall control of viral load, and viral replication may 
be potentially activated in some cases when using high-
dose regimen. This study may provide important insights 
into the effect of different dose regimens on changes in 
HIV RNA levels, offering a valuable basis for further 
investigation. Anyway, it should be acknowledged that 
there are still limitations in these studies, such as small 
number and range of subjects, despite the confirmation 
of potential benefit of ICB on CD4+ T cells and HIV 
RNA viral load in HIV patients.

3.2. Clinical response of ICIs in PLWH

With the success of ICBs in the field of oncology, this 
therapy has been applied in the treatment of patients 
with HIV-associated tumors, with some clinical benefit 
achieved. However, HIV patients with different tumor 
types may respond differently to treatment. Kaposi's 
sarcoma (KS) and non-small cell lung cancer (NSCLC) 
are two of the most representative tumor types in 
clinical trials of ICB for patients with HIV-associated 
tumors. Our literature retrieval obtained eight studies 
on the use of ICBs for HIV-associated tumor treatment 
(ClinicalTrials.gov), including five studies involving 
both KS and NSCLC (Table 1). In a phase 2 clinical trial 
of patients with HIV-KS, 12% of these participants had 
a complete response to PD-1 therapy, 59% had a partial 
response, while the overall response rate was 71% (95% 
CI 44-90) (17). Nevertheless, in another study involving 

6 cases of HIV-KS, only 2 patients reached stable disease 
(lasting ≥ 24 weeks), and notably, one participant died 
of severe diffuse KSHV-associated polyclonal B-cell 
lymphocyte proliferation (5). In another on HIV-NSCLC, 
from real-world studies, the objective response rate 
(ORR) for these patients was 31% after the use of ICBs, 
with ORRs of 38% and 25% for first- and second-line 
patients, respectively (P = 0.06), with no significant 
inter-group difference (8). Significantly, patients with 
melanoma had an ORR of 69%, compared to only 11% 
for those with head and neck squamous cell carcinoma 
(HNSCC) (NCT03094286). Altogether, ICBs may 
produce varied therapeutic response for HIV combined 
with different tumor types, with a maximum ORR of 
69% and a minimum of only 11%. Given objective 
factors such as limited samples, multi-center studies 
with expanded sample size should be performed on ICBs 
for patients with HIV-associated tumors (19). Overall, 
the ORR of ICBs was superbly around 70% in both KS 
and melanoma, but only 11% in HNSCC. In the future, 
multi-cohort studies should be conducted with expanded 
sample size and type for further verification.
 As described in the above studies, all patients 
received ART, with no significant difference in 
baseline CD4 + T cell count (> 200). Baseline CD4+ 
T lymphocyte count emerges as a pivotal prognostic 
biomarker, with its clinical predictive value rooted in its 
central role in orchestrating adaptive immune responses 
(8,19). The tumor microenvironment (TME) exhibits 

Figure 2. Immune checkpoint therapy drugs suppress HIV. After HIV infection of the host, the virus enters the receptors of CD4 T cells and 
hijacks the host machinery for replication. During chronic infection, sustained viral antigen exposure leads to overactivation of the CD8 T-cell 
TCR signaling pathway, triggering high expression of immune checkpoint molecules, leading to T-cell depletion, loss of cytotoxicity, and reduced 
proliferative capacity. At the same time, HIV infection leads to massive depletion of CD4 T cells, and some infected cells enter a latent state, forming 
a viral reservoir. Immune checkpoint inhibitors (e.g., anti-PD-1 antibodies) can block inhibitory signals and partially restore the antiviral function 
of CD8 T cells. However, ICI may also activate latently infected CD4 T cells and induce HIV proviral transcription. Created with BioRender.com. 
Abbreviations: MHC class I: Major Histocompatibility Complex class I; MHC class II: Major Histocompatibility Complex class II; TCR: T-Cell 
Receptor; LCK: Lymphocyte-specific protein tyrosine kinase; CTLA-4: Cytotoxic T-Lymphocyte-Associated Protein 4; PD-1: Programmed Death-1; 
PD-L1: Programmed Death-Ligand 1; TCR signal: T-Cell Receptor signal; SHP2: Src Homology 2 Domain-containing Phosphatase 2; Granzyme 
B: Granzyme B; IFN-γ: Interferon-gamma; IL-6: Interleukin-6; HIV: Human Immunodeficiency Virus; ICIs: Immune Checkpoint Inhibitors; Anti-
CTLA-4: Anti-CTLA-4 Antibody; Anti-PD-1: Anti-PD-1 Antibody; Anti-PD-L1: Anti-PD-L1 Antibody; HIV RNA: HIV Ribonucleic Acid.
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remarkable variability across varied cancer types 
(20), resulting in profound impact on the therapeutic 
outcomes. This variability was strikingly evident in a 
cohort of 461 NSCLC patients. The study demonstrated 
that in tumors with high PD-1 expression, the level 
of programmed death-ligand 1 (PD-L1) emerged as a 
pivotal predictor of therapeutic response (21). Moreover, 
the abundance of host-derived cells within the TME 
plays a decisive role in shaping treatment outcomes. 
The therapeutic sensitivity and resistance may be 
dictated collectively by the intricate interplay between 
host cells and tumor cells, which is mediated through 
cytokine secretion, immune response modulation, and 
bidirectional signaling. Consequently, variations in 
host cell density across tumors may result in divergent 
responses to immunotherapy.

3.3. Immune-related adverse events (irAEs) associated 
with ICIs in PLWH

In real-world studies, approximately 20% of HIV 
patients experienced any grade of irAEs, with a rate of 
grade ≥ 3 irAEs reaching 7.7% in this group of patients. 
Specifically, 19% and 39% of HIV patients treated 
with ICBs combined chemotherapy or targeted agents 
experienced any grade of irAEs, with 5.9% and 13% 
experiencing grade ≥ 3 irAEs. and 13%, respectively. 
Moreover, irAEs of any grade occurred in 16% of 
PWH with baseline CD4+ T-cell counts < 200 cells/μL, 
and 7.8% of which were grade ≥ 3. Of these, the most 
common irAEs were pneumonia and endocrine, both 
at 4.7%; moreover, 4% of PWH with baseline CD4+ 
T-cell counts ≥ 200 cells/μL experienced any grade of 
irAEs, 9.9% of which were grade ≥ 3 (8). Collectively, 
the frequency of irAEs varies considerably among 
HIV-infected individuals, depending on the treatment 
strategies and host CD4+ T cells.
 The occurrence of irAEs may be related to 
multiple different risk factors, which were reported to 
be associated with the type of tumors found (22,23), 
over-expression of PD-1/PD-L1 and smoking history. 
However, studies on the use of ICBs in HIV patients are 
currently limited to efficacy, necessitating further in-
depth investigation on irAEs. Special attention should 
be given to the study of irAEs in HIV patients, a special 
group of immunodeficient population.

3.4. Cooperation benefits: Combined immune checkpoint 
therapy strategies

The combination of anti-PD-1 and anti-CTLA-4 therapies 
has previously been shown in SIV studies to reverse 
latency compared to ICB monotherapy (24). Recently, in 
a clinical trial on the combination of PD-1 and CTLA-
4, Harper J et.al. found a 1.44-fold (interquartile range, 
1.16-1.89) increase in median CA-US HIV RNA in 
patients receiving nabulizumab+ibritumomab compared 

with nabulizumab monotherapy (P = 0.031) (25), 
offering a useful perspective for combination therapy.
 As for clinical trials on ICBs in HIV patients, the 
majority of patients also adhere to ART during treatment. 
In patients with viremic HIV patients, a study of CTLA-
4 (ipilimumab) found a smaller increase in baseline 
HIV-1 RNA in patients who were not on ART compared 
to those who were on ART (0.93 vs. 0.8), yet without 
significant difference between groups (10). Moreover, 
in clinical trials on the use of ICBs alone versus 
jointly, combination therapy with PD-1 and CTLA-
4 in patients with HIV resulted in improved latency 
reversal efficiency, as evidenced by a rise in HIV ART, 
and monitoring of the change in HIV virus load in 43% 
of PWH who received nivolumab+ipilimumab in this 
context, these HIV virus load data point before or after 
the initiation of ICBs (8). Thus, HIV RNA was increase, 
yet without statistical significance, during treatment for 
HIV patients treated with ART or not with ICBs.
 In another phase II clinical trial of ASC22 (PD-1) 
combined with histone deacetylase (HDAC) inhibitors 
in HIV patients, conducted by a research team from 
Shanghai, China, compared to the baseline level, CA 
HIV RNA levels increased progressively at week 4 and 
significantly increased by week 8 (4.27-fold, P = 0.004), 
but gradually declined after week 8 and returned to the 
baseline by week 24 (26). Therefore, PD-1 combination 
therapy may have potential in activating the latent 
reservoir.
 With respect to the above, ICBs therapy still has 
some problems in its safety and efficacy, despite 
successive clinical trials in HIV patients. Firstly, similar 
to cancer patients, irAEs are inevitable in HIV patients 
treated with ICBs and cover all grades, necessitating 
more effective risk mitigation strategies. Furthermore, 
the majority of ICBs currently used in HIV patients are 
inhibitors targeting PD-1/PD-L1 and CTLA-4. There 
is inadequate investigation on other antibody drugs 
including TIGIT, LAG-3, and TIM-3, which may restrict 
our understanding of the safety and efficacy of ICBs. For 
example, HVEM and BLAT could negatively regulate 
T cells, and TIGIT was significantly up-regulated in 
clonally competent pairs of latent cells, according to 
the study of HIV on immune cell phenotype library. 
Secondly, the host is also a pivotal factor affecting the 
efficacy of ICBs. There are early studies showing that 
gender, age and heredity can affect the effect of ICBs 
(27,28). The clinical trials of ICBs on AIDS patients are 
mostly concentrated on males, blacks or whites, etc., and 
distributed in developed countries and regions such as 
Europe and the United States. A study of combination 
therapy with ICBs for HIV patients in Shanghai, China, 
provides an important clinical basis for promoting the 
treatment program (26), while AIDS occurs frequently 
in some developing countries and regions such as 
Africa. As described previously, ICBs are commonly 
adopted for patients with HIV-associated tumors, mainly 
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for NSCLC and KS patients, exhibiting cancer type-
dependent varied response rates. Besides, T-cell failure 
is an important hallmark of chronic infectious diseases, 
and HIV patients are predominately prone to acquiring 
various opportunistic infections caused by autoimmune 
deficiencies, including hepatitis B and tuberculosis, 
etc. At this study, there is a need to conduct additional 
clinical trials of ICBs for patients with HIV-associated 
tumors. In terms of therapeutic strategies, preliminary 
findings support the importance of combining ICIs, 
which, by integrating the complementary advantages 
of different mechanistic therapies, have demonstrated 
significant breakthroughs in viral clearance, immune 
reconstitution, and long-term control, and that the ICI 
combination strategy is currently the most promising 
strategic pathway to achieving a functional cure for HIV 
(Figure 3).

4. Immune checkpoint: Research progress as 
biomarkers for disease prediction

ICBs have emerged as a promising strategy to 
restore antiviral immunity in PLWH. However, the 
heterogeneous responses of CD4+ and CD8+ T cell 
subsets to ICBs highlight the necessity for precision-
guided therapeutic approaches. To improve efficacy, 
sophisticated immunotherapeutic strategies may be 
found by integrating the findings of recent clinical and 
preclinical studies.
 Nevertheless, there is currently a lack of sufficient 
biomarker research for AIDS patients, but it is also 
important to validate the already identified biomarkers 
clinically. More comprehensive strategies are required to 
provide precise selection criteria for patients undergoing 
ICI-based monotherapy or combination therapy.

4.1. Monitoring of ICIs Efficacy

An intimate correlation of PD-1 expression has 
previously been established with the depletion of CD8 
+ T cell function, yet without the discovery of direct 
effect of PD-1 on CD8 + T cell counts. Therefore, PD-1 
may act primarily by inhibiting the antiviral activity 
of cytotoxic T cells, rather than directly regulating its 
counts. Furthermore, PD-1 expression was significantly 
associated with reduced CD4 + T cell counts, which 
could be recovered after using a PD-1 inhibitor (5). 
Another study documented a significant elevation of 
the HIV RNA in 58.3% of participants in the high-dose 
group of CTLA-4 inhibitors, possibly related to excessive 
immune activation, which might result in expanded viral 
repertoire or increased inflammatory response (12). 
Specifically, the PD-1 pathway mainly affects the count 
and function of CD4 + T cells, while the regulation of 
CTLA-4 is more complex and dose-dependent (10). A 
precise regulation is required to balance the immune 
reconstitution and viral control when applying ICIs for 

HIV treatment. PD-1 inhibitors can improve the number 
and function of CD4 + T cells, providing a new strategy 
for immune recovery in HIV patients, with additional 
attention on its safety and resistance during long-term 
medication. At present, in order to balance the antiviral 
effect with the risk of immunopathology, there is a need 
to determine the optimal dose of CTLA-4 inhibitors by 
more clinical trials.

4.2. Immune activation and inflammatory markers

The modulatory effects of ICIs on CD38 expression 
during HIV infection reveal a novel dimension of virus-
host interactions. As a multifunctional immunoregulatory 
molecule (29), CD38 critically influences T cell 

Figure 3. Schematic Overview of ICI Based Combination 
Strategies. The following strategies can be used to intervene in HIV 
treatment based on ICI therapy combined with other treatments. 
Treatments such as gene editing CRISPR-Cas9 target viral DNA or 
host genes to remove the viral reservoir. Latency reversal agents (LRA) 
such as histone deacetylase inhibitors (HDACi), which expose the 
latent virus to the immune system by activating it, or drug therapy. In 
cytokine therapy, cytokines such as IFN-α, and IL-7 enhance HIV-
specific T cell survival and killing and modulate follicular helper T cell 
function to combat HIV. Various immunotherapies have been developed 
based on the body's immune system, and T cell immunotherapy targets 
and removes HIV-infected host cells by modifying T cells. Innate 
immune agonists enhance the antiviral immune response by activating 
pattern recognition receptors (PRRs). HIV-neutralising antibodies 
block the onset of infection by interfering with the entry of HIV-1 into 
target cells, primarily by binding to viral infectious process exposures. 
Therapeutic vaccines (e.g., ICVAX) are designed to activate specific 
B/T cell immune responses by delivering HIV antigens to establish 
long-lasting immune memory. When it comes to immune checkpoint 
inhibitor therapy, combination therapy such as ICI in combination 
with ART synergistically reduces the viral reservoir by controlling 
viral replication while restoring T-cell function as compared to single 
inhibitor therapy. Created with BioRender.com. Abbreviations: ICI: 
immune checkpoint inhibitor; ART: antiretroviral therapy; LRA: 
latency reversing agent; CAR-T: chimeric antigen receptor T cell; TLR: 
toll-like receptor; bNAbs: broadly neutralizing antibodies ; IFN-α: 
interferon-alpha.
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functionality and disease progression, with genetic 
deficiency of CD38 directly impairing regulatory 
T cell development and accelerating autoimmune 
disorders (30). Notably, while PD-1/PD-L1 checkpoint 
blockade demonstrates remarkable efficacy in solid 
tumors, HIV exploits CD4+ T cell surface co-receptors 
(CCR5/CXCR4) to upregulate immune markers such 
as CD38, thereby establishing a proviral immune 
microenvironment. In this pathological context, 
therapeutic application of ICIs may further upregulate 
CD38 expression through IFN-γ-mediated immune 
activation, potentially contributing to ICI resistance (31). 
So far, there is limited investigations into HIV-associated 
immune marker dynamics under checkpoint inhibition, 
necessitating further studies of mechanisms to delineate 
these regulatory networks.

4.3. Combined therapy strategies

In terms of combined therapies available at present, dual 
blockade of PD-1/CTLA-4 has demonstrated significant 
therapeutic potential in HIV management recently. 
Preclinical SIV models and subsequent clinical trial data 
consistently indicate that such combination therapy can 
activate latent viral reservoirs more effectively compared 
to monotherapy. For example, Rahman et al. classified 
SIV treatment into treatment with PD-1 + vaccine and 
vaccine only under ART inhibition, and DNA vaccination 
induced high-frequency proliferation of CD8+ T cells 
with cytolytic potential. In their research, after analytical 
treatment interruption, SIV-specific IFNλ+ CD4+ 
and CD8+ T cells expanded further for 2 to 4 weeks 

in the vaccine + PD-1 group, preserving the function 
and breadth of antiviral T cells after ART interruption 
(26). Noticeably, two SIVs (50%) in the other PD-1 
blockade + vaccine group died of AIDS symptoms 
during the experiment, whereas all eight (100%) SIVs 
survived in the other two vaccine-only and control 
groups throughout the study. The median fold change 
in SIV plasma viral load relative to set point was 1.82-
fold in the PD-1 blockade + vaccine group, accounting 
for double the fold change in the vaccine-only group; 
moreover, PD-1 blockade accelerated potential reservoir 
reactivation and AIDS progression in chronically SIV-
infected rhesus macaques after ART interruption. 
However, at this study, there is insufficient SIV trials that 
provide a valid basis for ICBs + vaccine therapy in the 
treatment HIV. Importantly, existing data all suggested 
that effective activation of potential reservoirs provides 
robust evidence, which should be validated in the clinical 
setting (27).
 Furthermore, other combination therapies are also 
available for application. ICIs have made remarkable 
progress in tumor treatment, among which TIM 3 + 
PD-1 therapy show excellent immunomodulatory ability, 
offering another novel solution for tumor immunotherapy. 
It is worth noting that the successful experience of these 
ICIs in tumor treatment also provides additional insights 
for HIV treatment. As we known, it is crucial to restore 
and maintain the immune function of patients during 
HIV treatment. In view of this, it highlights the clinical 
significance and research value of ICIs for the treatment 
of HIV (32). Meanwhile, IBI321 is regarded as the first 
dual-targeting IC (TIGIT/PD-1) bispecific antibody 

(304)

Figure 4. Tertiary prevention and control strategies to achieve a functional cure for HIV. In pursuit of a functional cure for HIV, a three-dimensional 
prevention and control system of prevention, interruption, and cure is being built. The vaccine-driven source prevention and control system includes 
prevention in high-risk groups and research and development of innovative vaccines. Secondary prevention is based on post-infection treatment-
based interventions, and the immunomodulatory combination strategy of immunotherapy highlights the unique advantages and development potential 
of many HIV treatments, making a major step forward in achieving a functional cure for HIV. Tertiary prevention focuses on recovery promotion 
and harm reduction, supported by multidimensional strategies that encourage sustained technological innovation and policy synergy networks. 
Abbreviations: PC: prevention and control. Created with BioRender.com.
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available clinically, which has been highly concerned 
considering its performance in tumor treatment. A 
study was designed to evaluate the safety, tolerability, 
and antitumor activity (NCT04911894) of IBI321 in 
16 patients with advanced malignant solid tumors who 
did not respond to standard therapy. Corresponding 
data are not yet available, although the trial is currently 
completed. In the future, we will continue to focus on 
the therapeutic outcome of IBI321, aiming at providing 
possible foundation for the effectiveness and safety of 
HIV treatment, and advancing HIV treatment (33).
 Besides, TLR7 is an innate immune receptor that 
recognizes single- and short double-stranded RNA. It is 
a active participant in antiviral immunity that functions 
to stimulate dendritic cell maturation, promote cytokine 
secretion and antigen presentation, thereby enhancing the 
adaptive immune response. Vesatolimod (GS-9620) is a 
potent and selective TLR7 agonist that can moderately 
induce PBMC infection to produce HIV, activate T 
cells, and enhance antibody-mediated HIV + CD4 T cell 
killing in vitro. For example, by establishing a rhesus 
macaque model with chronic SIV infection and long-
term ART inhibition, a previous study investigated the 
therapeutic potential of PD-1 blocking antibodies alone 
or in combination with the TLR7 agonist vesatolimod 
(34). However, this combination therapy generated 
no significant effectiveness. More in-depth statistical 
analyses of the collected data should be conducted 
to search for possible subgroup effects or treatment 
effects under specific conditions, and actively explore 
the possibility of combination regimens with other 
immunomodulators or antiviral drugs to form a more 
effective treatment combination.

4.4 Other influential factors related to precision therapy

Safety must be taken into consideration for patients 
before treatment, and CD4 cell count is a protective 
factor to reduce the risk of irAEs. Biomarker detection 
should also be performed throughout the whole 
process (8). Meanwhile, individual differences have 
been reported in the response to ICIs, even with the 
occurrence of severe irAEs in some patients (35), 
thus necessitating biomarker detection for predicting 
disease progression. These biomarkers may serve dual 
predictive roles. To be specific and firstly, biomarkers 
can determine whether baseline levels of immune 
checkpoint molecules can forecast the therapeutic 
efficacy of ICBs (36). Secondly, it can benefit the 
assessment of the correlation of dynamic changes 
in these markers during treatment with subsequent 
development of drug resistance and irAEs (37).
 For instance, in the treatment of melanoma, 
the biweekly 10 mg/kg pembrolizumab regimen 
demonstrated marginally reduced ORR compared to 
the triweekly 10 mg/kg schedule (33.7% vs. 32.9%), 
whereas the 3 mg/kg ipilimumab cohort exhibited 

significantly lower ORR than the pembrolizumab group 
(11.9% vs. 33.7%) (38). In HIV immunotherapy trials, 
90% of high-dose regimen recipients showed significant 
elevation in the absolute counts of CD4+ T cells, yet 
with the absence of linear correlation between CD4+ 
percentage changes and absolute count increments 
underscores, requiring expanded sample sizes to validate 
dose-response relationships (10). Furthermore, spatial 
multi-omics profiling can be integrated to decode the 
potential associations between patient-specific biomarker 
signatures and therapeutic responses, which may 
facilitate the elucidation of spatial regulatory mechanisms 
of immunotherapy sensitivity within the TME (21). In 
addition, pharmacokinetic monitoring models linking 
biomarker trajectories to ICI plasma concentrations may 
also contribute to enhanced efficacy prediction accuracy 
and guide personalized therapeutic optimization.

5. Conclusion

In conclusion, patients with HIV may not be able to 
benefit equally from ICBs given the existing clinical 
data. It is necessary to consider precision medicine, and 
to improve the selection of appropriate ICBs therapies for 
an individual with a view to maximising the therapeutic 
benefit. Biomarkers can assist in disease diagnosis and 
prognosis, and guide personalized treatment, which is 
an important tool for the implementation of precision 
medicine. Biomarkers may benefit the determination 
of appropriate treatment regimens during ICB therapy. 
However, due to the complexity of HIV itself and the 
challenge of uncovering its associated biomarkers, 
mining biomarkers is still one of the most important 
means to advance the functional cure of AID patients.
 Massive existing studies have reported the expression 
of TIGIT, TIM-3, LAG-3, etc. on T cells of HIV patients, 
and relevant in vitro studies have documented the 
potential of ICBs.
 Currently, available choices of ICBs are limited as 
relevant clinical trials are still in the preliminary stage. 
In combination therapy, dual-target ICB therapy can 
activate the viral latent reservoir. ICBs in combination 
with vaccines have shown potential in reducing latent 
reservoirs. In the comparison of pre- and post-treatment 
DNA reservoirs, the viral reservoirs after treatment using 
vaccine in combination with PD-1 therapy were reduced 
even more significantly as (3.5 vs. 2.1) levels compared 
to DNA vaccine only. However, there are few trials on 
the use of ICBs + vaccine in SIV, necessitating further 
investigation concerning the on-going gap in clinical 
validation.
 However, there are several questions that need to be 
answered about its strategy in combination with ICB 
therapy, despite the indispensability of conventional 
ART as described above. The first problem is it 
necessary to use ART through the course of ICB therapy. 
Consequently, multi-cohort studies are required to 
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investigate the viral suppression with ART and the viral 
suppression utility of ICBs.
 The second problem is how should ICI be applied 
as a predictive marker after ART treatment interruption. 
ICB has been revealed to be a new and effective 
modality for patients when ART treatment is interrupted 
after the emergence of drug resistance and viraemia, etc.. 
Extensive studies have documented the value of PD-1 
in indicating depletion or even activation. For instance, 
the effects of PD-1, TIM-3, and LAG-3 in the CD4+ 
and CD8+ T cells in predicting a significant effect on 
viral rebound, suggesting a role in strongly predicting 
viraemic relapse events after treatment interruption. 
The final question is whether resistance or increased 
drug toxicity occurs during treatment using ICB as 
an immunosuppressant for ART. Currently, the core 
treatment option for HIV remains ART, with limitations 
such as the inability to clear latent viral reservoirs, the 
need for lifelong medication, and the potential risk of 
drug resistance, which warrants a thorough investigation 
of the use of combination treatment strategies as opposed 
to monotherapy.
 The immune system is a key breakthrough in 
achieving a functional cure for HIV. For example, 
strategies such as activating the self-regenerative 
capacity of immune cells, precisely targeting latent viral 
reservoirs, and developing therapeutic vaccines and 
broad-spectrum neutralizing antibodies hold the promise 
of achieving a functional cure for HIV without the need 
for lifelong drug therapy.
 To achieve this long-term goal, it is necessary to 
integrate diversified therapeutic means: combining 
cutting edge technological breakthroughs with traditional 
interventions, and constructing a prevention and 
control system of prevention and control at the source 
- early blockade - immune reconstruction, to promote a 
paradigm shift from passive control to active elimination 
of HIV treatment.
 The first level of the prevention and control system is 
vaccine-driven, focusing on the protection of susceptible 
populations and the research and development of 
innovative vaccines. For example, the development of 
the latest therapeutic vaccine, IVCAX, is based on the 
regulation of immune checkpoints on effector T-cells 
to achieve functional inhibition by suppressing viral 
replication, marking an important advance in vaccine 
development.
 The second tier of the prevention and control system 
focuses on early intervention after infection, forming 
a network of 'early screening and early treatment - 
virus reservoir monitoring - joint immune regulation'. 
Currently, the synergistic strategy of immune checkpoint 
inhibitors (ICIs) and antiretroviral therapy (ART) has 
highlighted its unique advantages: while ART controls 
viral replication, ICIs can restore T-cell function and 
target the removal of latent infected cells, significantly 
reducing the size of the viral reservoir.

 The third level of prevention and control focuses 
on immune reconstitution and long-term recovery, 
such as remodeling the immune function through the 
establishment of an autologous memory T-cell bank or 
targeting the glucose metabolism pathway to enhance the 
persistence of CD8+ T-cells, which provides long-term 
immune protection for patients.
 In summary, a functional cure for HIV requires a 
multi-dimensional strategy: continuous promotion of 
technological innovations (e.g., gene editing, innate 
immune agonists, chimeric antigen receptor T cells, 
etc.), improvement of the policy synergy network, and 
construction of a global HIV governance framework. 
Through the technological empowerment of the three-
tier prevention and control system, it is expected to 
achieve effective control of new infections and a 
significant increase in the functional cure rate in the 
future, providing a replicable and innovative model 
for the prevention and control of chronic infectious 
diseases.
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1. Introduction

Colorectal cancer represents the third most prevalent 
cancer diagnosis globally and is the second leading cause 
of cancer-related mortality (1), although there has been 
a gradual improvement in survival for these patients 
over the last few decades (2). In fact, there have been 
remarkable advances in the management of metastatic 
colorectal cancer (mCRC). These developments can be 
attributed to several factors, including the evolution of 
liver surgery techniques with a reduction in mortality 
and morbidity, the introduction of new procedures 
that enhance the future liver remnant (such as portal 
vein embolization, two-stage hepatectomy [TSH], and 
associated liver partition and portal vein ligation for 
staged hepatectomy [ALPPS]), and the enhanced efficacy 
of chemotherapy (3-5). In addition, the selection criteria 
for resection of colorectal liver metastasis (CRLM) have 
changed significantly, becoming less stringent regarding 
the number and size of metastases, the presence of 
extrahepatic disease (EHD), patient age limits and 

resection margins (6).
 Despite being the only potentially curative strategy 
for CRLM, surgery remains underused (7). This is 
probably in part because there are still misconceptions 
about the distinction between resectable and unresectable 
disease, and it can be difficult to identify ideal windows 
for surgery that fit with the multimodal management 
of these patients (8). The majority of patients with 
metastatic disease are seen exclusively by medical 
oncologists for systemic therapy to manage metastatic 
disease, which often means that the oncologist is the only 
specialist to review the resectability of the disease (9,10). 
Furthermore, there is frequently a lack of agreement on 
strategy and decision-making even among experienced 
hepatobiliary surgeons themselves (11).
 So much remains to be done to optimize multimodal 
treatment of these patients, with protocols that are as 
standardised as possible, but at the same time tailored to 
each individual patient. It is not easy, and it is precisely 
by reviewing evolution of thinking in CRLM treatment 
that we can understand future prospects.

DOI: 10.5582/bst.2025.01012

SUMMARY: Despite the continued high prevalence of colorectal cancer in the Western world, recent years 
have witnessed a decline in its mortality rate, largely attributable to the sustained advancement of multimodal 
treatment modalities for metastatic patients. One persisting issue is lack of consensus between different centres and 
multidisciplinary teams regarding definition of resectability, the duration of chemotherapy treatment, and surgical 
strategy. This narrative review outlines current multimodal treatment of patients with colon cancer metastatic to the 
liver and/or lung in different clinical scenarios. Currently, there are multiple multimodal strategies that can be employed 
to enhance resectability in these patients. These include novel and sophisticated target therapies (such as novel 
immunotherapeutic modalities and micro RNAs), complex resections utilising parenchyma-sparing techniques, liver 
transplantation, and cytoreductive strategies in patients for whom a curative option is not feasible. It is the responsibility 
of the scientific community to establish standardised protocols across different centres, based on the most recent 
evidence, while maintaining a high degree of personalisation of treatment for each individual patient. It seems likely 
that artificial intelligence (AI) will play a significant role in achieving this goal.
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2. Metachronous CRLM

According to a recent European multi-societal consensus 
(12), "early metachronous metastases" are those absent 
at presentation but detected within 12 months of the 
primary tumor, while "late metachronous metastases" are 
those detected after 12 months.
 Currently, there is no absolute evidence on whether 
or not neoadjuvant treatment is indicated in all cases of 
metachronous CRLM. In a 2010 study by Adam et al. on 
a multicenter cohort of 1,471 patients with metachronous 
CRLM who underwent liver resection (LR) with or 
without neoadjuvant chemotherapy, univariate analysis 
showed that preoperative chemotherapy did not affect 
overall survival (OS) (60% at 5 years in both groups); 
however, postoperative chemotherapy was associated 
with better OS (65% vs. 55% at 5 years, p < 0.01) 
(13). In the ESMO Clinical Practice Guidelines, the 
metachronous onset of CRLM could be an oncological 
contraindication to upfront surgery (14), and in fact, 
historically, metachronous onset has been considered a 
biological predictor of poor prognosis (15). However, 
some studies in the literature suggest that upfront 
resection should be considered in cases of a single small 
nodule that does not require major hepatectomy or 
indicate high morbidity (16).

3. Synchronous CRLM

3.1. Defining resectability

Each clinical case of a patient with CRLM should be 
presented to a multidisciplinary team at the time of initial 
diagnosis (17) to assess resectability and determine 
a precise multimodal treatment pathway (18). The 
criteria for R0 resectability of CRLM (the only way, 
apart from liver transplantation, to cure the disease 
after effective chemotherapy) depend on technical and 
oncological (prognostic) criteria and experience of the 
multidisciplinary team (MDT). Considerations when 
assessing resectability must include an assessment of 
disease burden (i.e., size, number and distribution of 
CRLM) (19), impression of the disease biology (i.e., 
rate of disease progression, suspicion of EHD, timing 
of presentation in relation to primary colorectal tumor, 
sidedness of primary colorectal tumor, RAS/BRAF 
mutation status, microsatellite instability [MSI] status) 
(20), and technical aspects. Over the years, different 
definitions of resectability have been given in the 
case of CRLM (21-25) and Table 1 summarizes them 
according to their temporal evolution. Evolution of the 
definition reflects the progressive technological and 
technical-surgical development (three-dimensional 
study of the liver, increasingly effective hepatic 
hypertrophy techniques, more accurate imaging, etc.) 
and the appearance of effective chemotherapies, which 
have pushed the limits of surgical indication. Surgical 

thinking has progressively evolved: from the indication 
only in cases with a number of CRLM < 4, absence of 
extrahepatic metastases and obtaining an R0 margin 
of at least 1 cm (26) up to increasingly less stringent 
criteria in terms of number of metastases (27), surgical 
margin (28) and presence of resectable extrahepatic 
disease or vascular infiltration. Currently, it is considered 
resectable if complete resection with tumor-free margins 
is possible, with preservation of at least 20-30% of total 
liver volume, adequate vascular inflow and outflow, and 
effective biliary drainage (29). Technically, therefore, 
resectability is not limited by number, size or bilobar 
metastatic involvement if tumors can be resected leaving 
sufficient residual liver (14).
 Patients defined as initially unresectable could 
undergo a reassessment of resectability, preferably within 
2-3 months of starting therapy, as proposed by an expert 
consensus (30).

3.2. Patients with unresectable CRLM

In the case of initially unresectable liver metastasis, 
chemotherapy is the only viable treatment option. While 
traditional chemotherapy has historically demonstrated 
efficacy in suppressing tumor growth, the advent of novel 
chemotherapy agents and molecularly targeted drugs has 
led to a paradigm shift in the treatment landscape. These 
new agents have been shown to induce tumor shrinkage 
and, in selected cases, complete remission. Consequently, 
liver metastasis that was initially deemed unresectable 
may become resectable through the use of chemotherapy, 
a process known as conversion therapy.
 Bismuth et al. first reported the possibility that 
chemotherapy may convert unresectable disease to 
resectable disease (31). It is estimated that approximately 
15% of patients undergoing systemic chemotherapy and 
30-50% of those undergoing regional chemotherapy 
are converted to resectable status (32-35). A study by 
Sugiyama and colleagues identified patients with specific 
clinical profiles, including a left-sided primary tumor, 
absence of extrahepatic metastases, H1 or H2 grade, and 
treatment with molecularly targeted agents, who were 
potential candidates for conversion hepatectomy with the 
goal of cytoreduction, and they demonstrated favorable 
outcomes (36).
 The question of how long a patient should remain 
on downstaging chemotherapy prior to resection is still 
open to debate within the medical community. Some 
proponents of this approach advocate for surgical 
intervention as soon as the patient is deemed resectable 
(37), while others advocate achieving highest tumor 
response (with a median duration of approximately 
four months) (38). A recent review on optimal duration 
of chemotherapy in colorectal cancer according to 
indications posits that when the objective is a conversion 
strategy, a relatively limited number of cycles (four to 
six cycles) should be administered, with re-staging and 

(310)
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Table 1. The anatomical definition of "resectability" in the case of CRLMs, according to different studies in different time 
periods

Author, Year (Ref.)

Ekberg et al., 
1986 (26)

Charnsangavej C, et al., 
2006 (26)

Rees M,  et al., 
2008 (19)

Adam R, et al., 
2012 (29)

Worni M, et al., 
2014 (21)

Viganò L, et al., 
2015 (27)

Phelip JM, et al., 
2016 (22)

Allard MA, et al., 
2017 (28)

Pietrantonio F, et al., 
2017 (25)

Huiskens J, et al.,  
2019 (27)

Ichida H, et al., 
2019 (23)

Nieuwenhuizen S, et al., 
2020 (24)

Dijkstra M, et al., 
2021 (20)

Cervantes A, et al., 
2022 (28)

N patients

       72

-

     929

-

-

     849

       26

12,406

       31

     181

     245

-

     520

-

Table 1 The anatomical definition of 'resectability' in the case of CRLMs, according to different studies in different time periods. CRLM: colorectal 
liver metastasis; FLR: future liver remnant.

Country

Sweden

USA

United Kingdom

International
Consensus

USA

Italy, Switzerland

France

Multicentre

Italy

Netherlands

Japan

Netherlands

Netherlands

European Society 
for Medical 
Oncology (ESMO)

Anatomical definition of resectability

Resectable if < 4 lesions, absence of extrahepatic metastases, possibility of 
obtaining a surgical margin of at least 1 cm

Resectable if is possible to preserve two contiguous hepatic segments, preservation 
of adequate vascular inflow and outflow as well as biliary drainage, and the ability 
to preserve adequate FLR > 20% in a healthy liver).
(The presence of extrahepatic disease should no longer be considered an absolute 
contraindication to hepatic resection.)

Complete resection of all CRLM, regardless of size, number, distribution, or width 
of resection margin, while preserving a sufficient volume of FLR 25-30% in case 
of normal liver

Potential for complete resection with tumor-free margins (R0 resection), with 
preservation of at least two disease-free liver segments with viable vascular inflow, 
outflow, and biliary drainage and an FLR volume of 30%.

Appropriate medical candidate for surgery; possibility to plan R0 resection 
irrespective of size and multiplicity; sufficient FLR
Note: The presence of limited extrahepatic disease that is amenable to resection is 
a relative contraindication.

Surgical indication even if > 8 metastases in the absence of risk factors (good 
response to chemotherapy, absence of extrahepatic disease, non-rectal location)

Borderline resectable: number of metastases ≤ 8 and/or ≤ 6 segments of liver 
involved whatever the size of the metastases, without infiltration of any hepatic 
veins and without infiltration of both hepatic arteries or both portal vein branches; 
absence of more than 2 potentially resectable extrahepatic (e.g., pulmonary) 
metastases, and at least one metastasis measurable by CT scan or MRI.

Even in cases with CRLM > 10, with R0/R1 resection we obtain better survival 
rates than with chemotherapy alone.

Borderline resectable: tumor involvement of > 1 hepatic vein, or > 4 hepatic 
segments, need for 2-stage hepatectomy or radiofrequency ablation, and/or 
biologically (high risk): ≥ 4 metastatic nodules, or synchronous metastases.

The ability to obtain a complete resection of all lesions in one single surgical 
procedure (i.e., excluding 2-stage resections and/or use of portal vein embolization) 
by resection only (i.e. excluding the use of additional ablative treatments or other 
local methods), leaving an estimated FLR of 25-30% in uncompromised livers, or 
35-40% in compromised livers.

Resectable: ≤ 3 lesions, tumor size <5 cm; absence of extra-hepatic metastases; 
FLR > 30%.
Borderline resectable: > 4 lesions; tumor size > 5 cm; presence of resectable extra-
hepatic metastases. FLR < 30%

Easily resectabile: ≤ 3 adjacent segments removed; FLR > 40%; < 1 hepatic vein 
involved; contralateral portal pedicle and inferior caval vein free form tumor.
Difficultly resectable: >3 adjacent segments removed; FLR < 40%; perihilar 
resections or biliary and/or vascular resection required; involvement of 
contralateral portal pedicle and inferior caval.

CRLM are resectable at the discretion of the performing oncological or 
hepatobiliary surgeon.

Resectability is not limited by number, size or bilobar metastatic involvement, if 
tumours may be resected leaving sufficient FLR > 30%.
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re-evaluation for surgery as soon as possible in most 
cases (39). Shortly before, a retrospective work on a 
multicentre court of 2,793 patients with unresectable 
CRLM undergoing conversion chemotherapy that aimed 
to assess systemic treatment characteristics impacting 
outcome after hepatectomy, revealed that short (< 7 or < 
13 cycles in 1st or 2nd line) preoperative chemotherapy 
duration was independently associated with longer OS 
(HR: 0. 85, p = 0.046), DFS (HR: 0.81, p = 0.016) and 
hepatic-specific relapse-free survival (HR: 0.80, p = 
0.05) (40).
 Thus, what is currently emerging in the literature 
is that an excessive duration of chemotherapy can be 
disadvantageous and does not increase patients' OS, may 
instead lead to liver toxicity (41,42). Prospective studies 
may define optimal duration in terms of the balance 
between conversion to resectability, short duration (to 
reduce cytotoxic effects and prevent missing metastasis) 
and maximum biological effect.
 According to latest ASCO guidelines (43), it is 
recommended that doublet backbone chemotherapy 
(FOLFOX or FOLFIRI) be offered as a first-line 
therapy for patients with initially unresectable MSS 
or pMMR CRLMs. In selected cases, triplet backbone 
chemotherapy (FOLFOXIRI) may also be offered as a 
first-line therapy. For patients with a right-sided mCRC, 
in the first-line treatment bevacizumab is recommended, 
an anti-vascular endothelial growth factor (anti-VEGF) 
antibody. This is typically used in conjunction with 
FOLFOX or FOLFOXIRI, which has been shown 
to produce high rates of pathologic responses and 
necrosis of CRLM (44,45). First-line therapy with 
pembrolizumab should be offered to patients with 
MSI-H or dMMR CRLM (46), while first-line therapy 
with anti-EGFR therapy plus doublet chemotherapy 
should be offered to patients with MSS or pMMR left-
sided RAS wild-type mCRC (47,48). Finally, new 
target therapies are emerging for mCRC with RAS 
mutation, sometimes associated with anti-EGFR, such 
as Adagrasib or Divarasib, which are starting to show 
promising results (49).

3.3. Patients with resectable CRLM

Adjuvant chemotherapy during the perioperative period 
can confer survival benefits to patients with resectable 
CRLM (50). A 2015 consensus from the EGOSLIM 
group strongly recommended the use of neoadjuvant 
chemotherapy in these cases, reiterating the fact that 
synchronous CRLM has less favorable cancer biology 
and lower expected survival rates than metachronous 
CRLM (51). The value of neoadjuvant treatment is also 
evident in more recent series, particularly in patients 
with high-risk metastases. It is, therefore, necessary to 
identify a subgroup of patients who may benefit more 
from neoadjuvant treatment than others with resectable 
disease. A retrospective study of 322 patients conducted 

in 2022 demonstrated that neoadjuvant treatment can 
enhance OS in patients with resectable CRLM and 
high clinical risk scores, as proposed by Fong et al. 
(52). In a more recent study by Ninomiya et al. on a 
multi-institutional cohort, CRLM were classified into 
three grades (A, B and C) based on the combination 
of the H-stage (H1: ≤ 4 lesions and ≤ 5 cm, H2: ≥ 5 
lesions or > 5 cm, H3: ≥ 5 lesions and > 5 cm), the 
lymph node status of the primary tumor (pN0/1: ≤ 3 
metastases, pN2: ≥ 4 metastases), and the presence of 
resectable extrahepatic metastases. The findings of this 
study indicate that patients with synchronous grade B/
C CRLM may be suitable candidates for neoadjuvant 
chemotherapy (53). On the contrary, a recent meta-
analysis from 2024, which included 24 studies on 8,700 
patients, indicated favorable OS in the upfront surgery 
group (OR 1.21, 95% CI: 1.06-1.38) and favorable 
disease-free survival in the upfront surgery group (OR 
1.71, 95% CI: 1.38-2.12). These findings suggest that 
neoadjuvant chemotherapy offers no additional benefit 
for resectable colorectal cancer with liver metastases. 
Consequently, upfront surgery should be considered 
the preferred treatment option (54). Another recent 
review (55) on the use of neoadjuvant chemotherapy 
(NAC) in CRLM points out that the available literature 
does not really show a clear superiority of NAC over 
upfront surgery when considering endpoints such as OS 
and disease free survival (DFS) in resectable CRLM. 
However, NAC certainly offers advantages in controlling 
micrometastases (56), increasing the rate of R0/R1 
resections (57) or in selecting patients who progress 
during systemic treatment (cases in which surgery may 
be futile). Thus, in the near future, we will probably tend 
to stratify more resectable CRLM patients according to 
risk (58,59), for example by analysing circulating tumour 
DNA (60,61) as well as by evaluating validated clinical 
risk scores (52,62). The aim is to identify patients at 
diagnosis with resectable forms of CRLM who may 
benefit from preoperative short NAC in terms of OS, 
DFS, increased chance of curative resection RO/R1 or 
other patient benefits. Further prospective studies on this 
topic are needed.

3.4. Synchronous lung metastases

It is becoming increasingly common for patients with 
colorectal cancer to present with advanced disease, 
including synchronous liver and lung metastases. Studies 
available in the literature show a five-year survival 
rate ranging from 40 to 70% in cases of liver and lung 
metastases (both synchronous and metachronous) 
undergoing surgery with radical intent (63,64); so the 
general concept that emerges is that with complete 
resection we gain an oncological advantage for these 
patients (65).
 In cases of  peripheral  and resectable lung 
localizations, a simultaneous approach is recommended, 
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if feasible, utilizing a single abdominal incision to 
initially resect the liver metastases, followed by a 
transdiaphragmatic approach for resection of the lung 
metastases (66). This approach has been described in 
the literature as superior to staged resection in terms of 
blood loss and costs with a similar impact on survival 
(67). According to the authors, the transdiaphragmatic 
approach is associated with a number of advantages, 
including avoidance of two separate anaesthesia episodes 
and two separate hospital admissions. Furthermore, 
it eliminates the need for a thoracic incision to resect 
the lung metastasis. An additional benefit of the 
transdiaphragmatic approach is that surgeons are able 
to palpate tiny lung metastases and localise them more 
accurately than with the video-assisted transthoracic 
approach, which lacks this capability. In 2021, Jalil 
et al. also proposed a single-port approach with 
transdiaphragmatic videoassisted thoracoscopy, with less 
invasiveness and functional impact on the diaphragm 
but identical ability to achieve R0 resection (68). The 
transdiaphragmatic approach to pulmonary metastases 
is recommended in the literature also in cases of 
laparoscopic liver resections, still ensuring an aggressive 
approach with less invasiveness (69).
 Although it is the most widely supported oncological 
strategy, the combined resection rate remains low in the 
few studies available in the literature. In a recent Swedish 
study based on a national register, 1923 patients with liver 
and lung metastases from colorectal cancer registered 
between 2008 and 2016 were considered. Of these, 
complete resection of all tumour sites (colon, liver and 
lung) was performed in only 44 patients. These patients 
who underwent simultaneous resection were the youngest 
in the cohort and presented more frequently with right-
sided colon cancer than those who were resected only 
in the liver. In addition, those who were operated on 
exclusively on the primary more frequently had a higher 
American Society of Anaesthesiologists (ASA) score. 
According to the authors of this study, the low rate of 
combined resection is again to be attributed to a different 
understanding of resectability between oncologist 
and surgeon and to heterogeneity in assessment of the 
MDT (70). An aggressive surgical strategy is therefore 
proposed in strictly selected patients, which is why in 
the context of oncology recommendations an attempt 
was made to identify additional predictors of prognosis 
in these multimetastatic patients. In a 2017 Korean 
study, a single-centre experience of combined surgical 
resection of liver and lung metastases in 66 patients who 
had already undergone resection of the primary tumour, 
it emerged that the timing of presentation (synchronous 
or metachronous, within or after 3 months from colonic 
resection, ed.) is not a negative prognostic factor as it 
has no impact on OS unlike the number and location of 
hepatic localizations (71). And further studies have been 
conducted over the years on this subject by identifying 
prognostic factors as CEA, rectal primary cancer, 

bilateral lung metastasis and multiple metastases (72,73).
 Another frequently observed scenario involves 
patients presenting with resectable liver metastases and 
innumerable, thus unresectable, lung metastases. In such 
patients, the natural history of mCRC is determined 
by the progression of liver metastases rather than lung 
metastases. Such patients rarely present with symptoms 
of respiratory distress or other pulmonary complications. 
Moreover, lung metastases can be effectively managed 
with alternative chemotherapy regimens.
 A recent study examined the efficacy of surgical 
intervention in patients with synchronous liver and lung 
metastases and compared three treatment modalities: 
resection of liver metastases only, resection of liver 
and lung metastases, and palliative chemotherapy. The 
patients who underwent resection of liver metastases 
only exhibited an intermediate survival rate between 
those who underwent resection of both liver and 
lung metastases and those who underwent palliative 
chemotherapy (74). This suggests that in the clinical 
scenario of inoperable lung metastases, resection of 
liver lesions alone may offer a survival benefit over 
chemotherapy alone.
 A randomized controlled trial (LUNA, liver resection 
with unresectable pulmonary nodules for colorectal 
adenocarcinoma; NCT02738606) is ongoing to 
objectively determine the benefit of LR alone in these 
patients (75).

3.5. Liver-first?

According to an international consensus (51), if both 
the primary tumor and metastases are resectable, 
synchronous resection can be performed in selected 
patients undergoing limited hepatectomy. An even 
more recent consensus (12) recommends that when 
upfront synchronous LR is to be performed together 
with colectomy, the LR component should be a minor 
hepatectomy.
 For rectal tumors, preoperative radiotherapy is the 
standard of care, but not for high rectal tumors or T2 
tumors, and single-stage surgery should not be performed 
(51).
 In a retrospective analysis of 7,360 patients (4,415 
primary-first, 552 liver-first, and 2,393 simultaneous 
resections) from the LiverMetSurvey registry (76), the 
liver-first approach is associated with longer survival 
than the alternative approaches (3-year survival 65.9% 
vs. primary-first 60.4%: hazard ratio [HR] 1.321, p = 
0.031; vs. simultaneous resections 54.4%: HR 1.624, p < 
0.001).
 The liver-first approach is recommended when there 
are specific liver-related criteria, such as borderline 
resectability, that favor hepatectomy first after systemic 
chemotherapy. A retrospective study of 217 patients by 
the Strasbourg group identifies synchronous CRLM, 
right colon tumors, persistently high preoperative CEA 
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levels and lack of adjuvant treatment as prognostic 
factors associated with limited survival when comparing 
patients undergoing primary-first and simultaneous 
resection approaches (77). In a more recent paper on 
658 patients, comparing simultaneous, liver-first, and 
colorectal-first strategies for the surgical treatment of 
synchronous colorectal liver metastases, a simultaneous 
approach was not associated with worse OS or morbidity 
compared with a liver-first approach (78).
 Determining the optimal surgical strategy for each 
patient with CRLM is a complex process. A multitude of 
critical factors must be considered, including the location 
and extent of the primary tumor and liver metastases, the 
patient's performance status, the presence of symptoms, 
and the presence of underlying comorbidities. It is 
important to note that not all patients are suitable for all 
treatment options (51).

3.6. Adjuvant treatment

Adjuvant chemotherapy following curative liver resection 
of CRLM is not a standard protocol in all medical 
centres (79) and the data provided by the literature 
considered are incomplete, as the patients analysed are 
often not stratified according to risk categories. Some 
randomised controlled trials on adjuvant chemotherapy 
after CRLM resection have recently demonstrated an 
extension in the duration of DFS, although no such 
extension has been observed in OS (80,81). On the 
other hand, there are some studies showing that both 
OS and DFS are improved in patients with synchronous 
CRLM in the adjuvant chemotherapy group (79,82). 
In any case, there is a benefit for the patient, as long 
as the duration is not excessive (with an associated 
increase in toxicity). In a clinical trial on however a 
small number of patients (no. 28), a 3-month treatment 
with CAPOX appears to be safe and effective (83). 
Indeed, the actual duration of the treatment still remains 
unclear. So even if there is no real difference in OS, a 
better DFS still has a beneficial impact on the patient, so 
adjuvant chemotherapy continues to be recommended 
by the guidelines. It is the opinion of experts that, 
in the absence of prior chemotherapy for metastatic 
disease, the recommendation is for chemotherapy (low 
level of evidence ‒ expert opinion), with options being 
FOLFOX or CAPOX, unless patients have been recently 
(< 6-12 months) exposed to oxaliplatin-based adjuvant 
chemotherapy for stage II or III colorectal cancer (84,85).
 In the context of metachronous liver metastases, 
a retrospective study of 75 patients who underwent 
curative resection of metachronous CRLM revealed that 
survival at 10 and OS were enhanced when adjuvant 
chemotherapy was administered post-surgery (86), but 
there are actually no consistent results in the literature. 
Certainly, the identification of risk scores as proposed 
by Chinese colleagues could help us in this regard (87): 
the prognostic score was based on five clinical factors 

such as lymph node spread of the primary tumour, size 
of the largest metachronous focus > 5 cm, presence of 
multiple liver metastases, preoperative CEA level > 200 
ng/mL and recurrence-free interval from the time of 
resection of the primary tumour to the appearance of the 
metachronous metastasis of less than 12 months. The 
findings revealed that there was no significant difference 
in 3-year recurrence-free survival (RFS) and OS between 
the adjuvant chemotherapy and observation groups. 
However, when patients were stratified according to risk, 
3-year RFS and OS were comparable between the groups 
in patients with the lowest risk. A similar result was 
demonstrated by Nakai et al. (88).
 Probably in the future, circulating tumor DNA 
(ctDNA)-based molecular residual disease will help us to 
stratify patients as candidates for systemic treatment after 
curative resection (89).

4. Systemic Therapy

Novel therapies; The recent open-label, multicenter, 
randomized, phase III study (CAIRO5) from the Dutch 
Colorectal Cancer Study Group corroborates the findings 
of previous studies that FOLFOXIRI-bevacizumab is the 
preferred treatment for patients with initially unresectable 
CRLM, provided that the primary tumor is right-
sided or mutated at the RAS or BRAFV600E level. In 
patients with a left-sided tumor and wild-type RAS and 
BRAFV600E, the addition of panitumumab to FOLFOX 
or FOLFIRI demonstrated no clinical benefit over 
bevacizumab but was associated with increased toxicity. 
These treatments have the potential to reduce tumor size 
and render the tumor amenable to curative treatment (45).
 The emergence of novel immunotherapeutic 
modalities, including cancer vaccines and adoptive cell 
transfer therapies, has begun to transform the landscape 
of CRLM treatment (90). In a phase II clinical trial 
of a dendritic cell (DC) vaccine in colon cancer liver 
metastasis patients with disease-free resection margins, 
Rodriguez et al. observed a clear tendency for the DC 
group to exhibit a reduction in tumor recurrence and 
an extension in disease-free survival compared with 
the control group. The median disease-free survival for 
the DC group was 9.53 months, compared with 25.26 
months for the control group (91).
 Chimeric antigen receptor T-cell (CAR-T) therapy 
may represent a promising approach for the treatment 
of CRLM. A phase I trial of CAR-T therapy targeting 
CEA in patients with mCRC has yielded encouraging 
results (92).
 Furthermore, the potential  therapeutic role 
of microRNAs (miRNAs) in CRLM is becoming 
increasingly evident. Prior research has demonstrated 
the potential of miRNAs as prognostic biomarkers for 
CRLM patients (93,94).
 Although the evidence is still preliminary, there are 
also data indicating that the addition of a fecal microbiota 



BioScience Trends. 2025; 19(3):309-327.                                                  www.biosciencetrends.comBioScience Trends. 2025; 19(3):309-327.                                                  www.biosciencetrends.com

(315)

transplantation (FMT) to a treatment regimen may be 
beneficial for patients with mCRC (95). A phase II trial 
is currently underway to assess the efficacy of FMT in 
combination with either pembrolizumab or nivolumab 
(programmed death-1 pathway (PD-1) inhibitors) in 
mCRC patients who have not responded to anti-PD-1 
therapy (NCT04729322).
 Recently, research has also shown that nanosystems 
can effectively deliver anticancer drugs to target mCRC. 
A study conducted in 2021 demonstrated successful 
synthesis and characterization of a nanocarrier capable of 
recognizing mCRC cells in secondary organs (96).

5. Surgical Strategies

In the 1980s, indications for resective liver surgery 
were very limited, and less than 10% of patients were 
candidates for surgery.
 The expansion of technical indications for LR is 
based on three key factors: the improvement of the 
efficacy of systemic chemotherapy, the improvement of 
liver surgery techniques and the expansion of knowledge 
about liver regeneration (97). Patients with extensive 
disease, including those with synchronous disease, 
bilobar disease, and extensive numbers of nodules, are 
now eligible for aggressive surgical intervention (98). 
It is now widely accepted that the number and lobar 
location of metastases are less important in determining 
resectability than the presence of adequate inflow, 
outflow and a functional liver remnant (99). Any 
discussion of optimal timing and candidates for surgical 
intervention should involve a multidisciplinary team 
comprising medical oncologists, surgical oncologists, 
radiologists, pathologists, interventional radiologists, 
radiation oncologists, and geneticists. This approach goes 
beyond simply considering the technical feasibility of a 
given procedure.
 Furthermore, there is considerable variation in the 
hospital and surgeon practice patterns regarding the 
definition of resectability (100).

5.1. ALPPS, TSH and LVD

As progress continues, expanded indications are giving 
way to new operative strategies, including TSH and 
ALPPS. Recently, an interventional radiology technique 
has also emerged with the aim of hypertrophying the 
future liver remnant (FLR): liver venous deprivation 
(LVD).
 The TSH, with a portal vein ligation or portal vein 
embolisation (PVE) in the first stage, has been developed 
to facilitate resection in patients with an inadequate FLR 
(4,101). Typically, the desired degree of hypertrophy 
is not reached for a period of 4-8 weeks; thus, 1/3 of 
patients unfortunately experience disease progression 
during this waiting time and the survival of patients who 
drop out is lower than that of patients treated only with 

chemotherapy (102). This is the historical reason for 
development of the ALPPS: by associating portal vein 
ligation with in situ transection of the parenchyma during 
the first stage, a more rapid hypertrophy is induced with 
a lower risk of tumour progression (103). ALPPS was, 
however, in early studies on the subject, correlated with 
high morbidity and mortality rates (5).
 Despite historical evidence indicating that ALPPS 
is associated with elevated postoperative mortality 
and complication rates, several modifications have 
been introduced over time (T-ALPPS (104), RALPPS 
(105), p-ALPPS (106), etc.), resulting in a reduction in 
perioperative mortality to 3.8% (107). More recently, 
the LIGRO trial found that compared with traditional 
TSH, ALPPS can improve resection rate (92% vs. 57%) 
without changing the surgical margins, complication 
rates, or short-term mortality (108). In 2019, the ALPPS 
registry group published benchmark values for ALPPS 
(109) as well as a preoperative ALPPS risk score to 
evaluate possible candidates (110). Nevertheless, a 
prospective study on the subject indicates that the 
strategy remains relatively uncommon in Europe (nine 
countries included in the study (111)) on the other 
hand, TSH with PVE is described as safe and effective 
in the treatment of extensive bilobar metastases with 
both laparoscopic and open techniques (112), also 
remembering that an ALPPS technique can be a rescue 
in case of TSH/PVE with insufficient hypertrophy, with 
adequate oncological results (113). Finally, according 
to a systematic review and meta-analysis in 2022 (114), 
the superiority of one technique over the other cannot be 
determined.
 In 2016 (115), the Montpellier group described a 
new interventional radiology technique with the aim 
of rapid hypertrophy of the FLR: the LVD technique, 
which consisted of adding suprahepatic venous 
deprivation to the classic portal vein embolisation in a 
single interventional radiology procedure. Although in 
recent retrospective cohorts the technique can induce 
hypertrophy rates similar to ALPPS with reduced hospital 
stay (116), randomised multicentre studies are needed to 
define what will be the gold standard for hypertrophy in 
the near future.

5.2. Parenchymal-sparing vs. major hepatectomy and the 
concept of repeated hepatectomy

The treatment of multiple and small CRLM has recently 
evolved from predominantly anatomic resections, such 
as major hepatectomy or extended hemihepatectomy, to 
parenchymal-sparing approaches for both unilateral and 
bilateral lesions.
 A meta-analysis regarding anatomical versus non-
anatomical resections showed that surgical margins, OS, 
and DFS did not differ significantly between the two 
groups (117).
 Torzilli et al. validated use of intraoperative 
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ultrasonography (IOUS) and subsequently demonstrated 
that this technique (IOUS-guided parenchymal-sparing 
hepatectomy [PSH]) could also be employed for lesions 
near the hepatocaval confluence, a location that would 
otherwise necessitate a significant hepatectomy with 
the potential for vascular reconstruction (118). PSH for 
solitary lesions with a diameter of less than 3 cm does 
not result in an increased recurrence rate and has been 
linked to improved survival outcomes. This is due to the 
fact that it enhances the possibility of successful salvage 
in cases of liver recurrence (119). In fact, this technique 
could reduce the number of major hepatectomies by up 
to 80%, and subsequent recurrences can be re-resected 
with excellent 5-year OS (120). This concept of repeated 
hepatectomy, repeated LR of CRLM, can achieve 
comparable perioperative mortality and long-term 
survival rates with primary LR (121). It is true that PSH 
may result in a certain risk of intrahepatic recurrence, 
however it has comparable results to anatomical 
resection in terms of hepatic recurrence free survival at 
3 and 5 years, as analysed in a recent meta-analysis. The 
most recent data therefore strengthen its application in 
this category of patients (122).

5.3. Role of minimally invasive surgery 

Laparoscopic liver resection (LLR) has been the 
accepted standard of care for peripheral lesions in the so-
called "laparoscopic segments" II, III, V, and VI for over 
a decade (123). However, the utilization of minimally 
invasive surgery (MIS) for hepatic lobectomy remains 
more constrained and has been considerably slower in 
achieving widespread acceptance. A recent consensus 
statement recommends the use of minimally invasive 
techniques as appropriate options for both primary 
tumor and liver metastases (12). Indeed, two randomized 
clinical trials, OSLO-COMET (124) and LapOpHuva 
(125), compared laparoscopic and laparotomic resections 
in two heterogeneous cohorts of patients. The results 
demonstrated the efficacy of laparoscopy for CRLM 
with equivalent oncologic outcomes, a faster return to 
work, and reduced periprocedural morbidity, length of 
stay (LOS) and perioperative pain.
 The advent of robotic liver surgery has led to an 
increase in the utilization of MIS for all LR. The robotic 
surgical system has been shown to be particularly 
beneficial in facilitating the completion of complex 
procedures such as major lobectomies, which have a 
higher conversion rate to open surgery when attempted 
laparoscopically (126). A recent multicenter retrospective 
analysis comparing robotic liver resection (RLR) with 
LLR revealed that RLR was associated with lower rates 
of R1 resection (16.9 vs. 28.8%, p = 0.025). Furthermore, 
the benefit of RLR over LLR was observed to be greater 
for more challenging operations or for lesions located in 
posterosuperior segments (127).
 It is important to note that, in contrast to the 

comparison between open liver resection (OLR) and 
LLR, there are currently no randomized trials that 
specifically examine RLR. Nonetheless, the first 
international recommendations are beginning to emerge 
(128).
 Furthermore, it is important to note that MIS 
facilitates a more expeditious resumption of postoperative 
chemotherapy, which has a beneficial impact on natural 
history of the disease (129).
 Notwithstanding the aforementioned data, it is 
imperative to acknowledge that although MIS has been 
regarded as a viable option for a long time, recently 
published quality benchmarks, based on over 11,000 
patients worldwide, have been established with the 
objective of offering patients the most efficacious 
oncological outcomes and the fewest possible 
postoperative complications (130).

6. Locoregional therapy

Local treatments for CRLM include hepatic arterial 
infusion chemotherapy (HAIC), radiofrequency ablation 
(RFA) or microwave ablation (MWA), stereotactic body 
radiotherapy (SBRT) and selective internal radiotherapy 
(SIRT).
 T h e  c o m b i n a t i o n  o f  H A I C  a n d  s y s t e m i c 
chemotherapy has been demonstrated to enhance 
the response rate of patients undergoing first-line 
chemotherapy to a level exceeding 90% and to elevate 
the response rate of previously treated patients with 
unresectable CRLM to 85% (131,132). As demonstrated 
in the phase II/III PACHA trial, adjuvant HAIC with 
oxaliplatin has been shown to increase OS in patients 
at high risk of recurrence (133). Additionally, data 
from four prospective trials on HAIC combined with 
systemic chemotherapy after LR have demonstrated 
excellent long-term survival, with modern-era patients 
demonstrating 5-year survival rates of up to 78% and 10-
year survival rates of 61% (134).
 In patients with unresectable CRLM, the long-term 
results of the recent EORTC-CLOCC trial demonstrated 
that the combination of RFA (± surgical resection) and 
chemotherapy yielded an 8-year survival rate of 35.9%, 
in comparison with 8.9% observed in patients treated 
with chemotherapy alone (135).
 In a recent publication reporting 465 ablations, 
microwave cancer destruction was shown to be an 
effective and durable therapeutic modality. In cases 
where the tumor was 1 cm or less, complete death of 
the cancer cells was achieved in 99% of cases (136). 
Karagkounis et al. demonstrated that factors associated 
with local recurrence on multivariate analysis included 
increasing size as a continuous variable (HR: 1.04, 95% 
CI: 1.01-1.08; p = 0.006) and subcapsular location (HR: 2, 
95% CI: 1.09-3.65; p = 0.02). In addition, they observed 
that the cumulative rate of local recurrence at two years 
was 6.8% for tumors ≤ 10 mm, 12.4% for tumors of 11-
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20 mm, and 30.2% for tumors > 20 mm (137). It thus 
emerges that as the size of the lesions (CRLM < 1 cm 
in diameter) decreases, the effectiveness of the method 
increases. A recent multi-centre prospective trial has 
therefore confirmed that local destruction is effective in 
small CRLM (138), especially in patients who are more 
fragile and exposed to the possible complications of 
surgical treatment.
 Given the minimal periprocedural complications 
associated with local ablative therapies and their 
demonstrated efficacy in treating small tumors, there 
has been growing interest in comparing ablative therapy 
with hepatectomy for resectable CRLM. Consequently, a 
randomized phase III clinical trial, the COLLISION trial, 
is currently in progress with the target of demonstrating 
the non-inferiority of ablative therapy (RFA or MWA) 
to hepatectomy for resectable disease (139). The results 
are awaited, and although the gold standard is currently 
considered to be liver resection in cases where the 
disease is resectable, local destruction must be considered 
in several cases: patients with poor functional reserve 
with small metastases who cannot undergo surgery (140) 
or associated with resection to avoid major hepatectomy 
(with better surgical outcomes) (141).
 SBRT has been shown to be an effective and safe 
local therapy in patients with unresectable CRLM, with 
the potential to achieve a high local control rate (142). 
The SIRFLOX trial was designed to compare the efficacy 
of SIRT in combination with systemic chemotherapy 
versus systemic chemotherapy alone in treatment of 
unresectable CRLM. The findings demonstrated that 
SIRT can extend progression-free survival and enhance 
response rates in the liver (143). 
 Subgroup analyses in relevant studies have 
demonstrated that SBRT provides superior local control 
compared to RFA for tumours measuring over 2 cm. 
However, for tumours measuring 2 cm or smaller, RFA 
has been shown to be superior (144).

7. Combined liver resection and tumor ablation

In the context of parenchymal preservation, a significant 
number of surgeons will utilize ablation in cases of 
deeper parenchymal lesions, where attempted resection 
would result in an unacceptably small FLR, or when 
the aim is to achieve limited resections. The prevailing 
view is that this approach, when combined with 
appropriately timed systemic therapy, can result in a cure 
or, at the very least, a significant disease-free interval. 
To illustrate, the recent CLOCC trial was a randomized 
phase II trial that was terminated prematurely following 
evidence that combined surgery with RFA of otherwise 
unresectable tumors in conjunction with systemic 
therapy was associated with a significant improvement 
in OS (145). In the context of a parenchymal-sparing 
strategy, the combination of RFA and LR is safe with 
regard to oncological outcomes when the appropriate 

criteria are adhered to (small-size lesions, oligometastatic 
disease etc.) (146). A recent nationwide population-based 
propensity score-matched study from the Netherlands 
(147) has revealed that combined resection and ablation 
should be available and considered as an alternative to 
resection alone in any patient with multiple metastases.

8. Disappearing liver metastasis

In the context of modern chemotherapeutics, treatment 
effects may result in the disappearance of CRLM on 
standard preoperative imaging. The prevailing view in 
the past has been that all areas of known disease, whether 
quiescent or otherwise, should be resected. This implies 
that if the disease was initially identified on a scan, it 
should be included in the resection field. In patients with 
unidentified and untreated disappearing liver metastases 
(DLMs), local recurrence at the site of the original tumor 
has been observed in up to 59% of cases (148). The idea 
of the past has been gradually confirmed by more recent 
studies. A systematic review on the subject published 
in 2025 (149) confirms the increased risk of local 
recurrence in the case of unresected DLMs, suggesting 
that all primary sites should be removed.
 In a study comprising 40 patients with 126 DLMs, 
van Vledder et al. identified that the occurrence of > 3 
metastases prior to chemotherapy (OR 13.1; p < 0.001) 
and the number of preoperative chemotherapy cycles 
(OR 1.18; p = 0.03) were independently associated with 
the development of DLMs. These findings contribute to 
the growing body of evidence from studies of this nature, 
which facilitate the identification of preoperative risk 
factors for the development of DLMs (148).
 Furthermore, a recent series of studies has 
demonstrated that utilization of Eovist-based magnetic 
resonance imaging or contrast-enhanced ultrasound 
techniques can effectively identify up to 55% of 
disappearing lesions, with 69% of these cases exhibiting 
residual disease (150). Thus, in the case of DLMs, it 
would be appropriate to perform preoperative staging 
with CT and MRI and perform an aggressive surgical 
strategy (151). In addition, intraoperative ultrasound with 
contrast enhancement (CEIOUS) should be routinely 
adopted for the intraoperative detection of DLMs (152). 
In light of increased pre- and intra-operative diagnostic 
accuracy of DLMs, it could follow that, should these 
investigations prove negative, a decision could be made 
to postpone resection and opt for close surveillance. 
Some works in the literature support this possibility, 
which did not describe a statistically significant 
difference in overall survival between patients with 
resected DLMs and patients with DLMs left in place 
(153). Moreover, in the absence of recommendations on 
the management of DLMs, the attitude of surgeons varies 
greatly depending on the clinical case, with obvious 
reticence to perform surgery when e.g. they are only 
localisations that are no longer visible on preoperative 
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imaging (154), instead of suggesting close surveillance 
(155).
 So, despite the enhanced understanding of this 
clinical situation, surgeons' dispositions remain markedly 
disparate, as evidenced by another recent review 
examining the attitudes of 67 surgeons from 25 disparate 
countries (154).
 There is a clear need for quality prospective studies 
and consensus building to define the best management 
on a case-by-case basis.

9. Liver transplantation

Liver transplantation (LT) for unresectable CRLM 
was initially investigated in the SECA trials, which 
demonstrated a 5-year OS rate of up to 83% (156). The 
results of TransMet, a prospective randomized trial on 
the subject, have recently been published (157): a total of 
94 patients were randomly assigned and included in the 
intention-to-treat population, with 47 patients receiving 
LT plus chemotherapy and 47 receiving chemotherapy 
alone. The 5-year OS rate for the intention-to-treat 
population was 56.6% (95% CI: 43.2-74.1) for LT plus 
chemotherapy and 12.6% (5.2-30.1) for chemotherapy 
alone. The HR was 0.37 (95% CI: 0.21-0.65), with a 
p-value of 0.0003. The 5-year OS rates were 73.3% 
(95% CI: 59.6-90.0) and 9.3% (3.2-26.8) for the LT 
plus chemotherapy and chemotherapy alone groups, 
respectively.
 It can be postulated that there may be a threshold 
tumor load for which LR yields an acceptable survival 
rate. Consequently, it might be hypothesized that LT 
could provide a survival benefit over LR in a subset of 
patients with a high tumor load. However, the situation 
in Norway with regard to the availability of grafts for 
liver transplantation is much rosier than in the rest of 
the world, which is constantly faced with the problem of 
organ shortage. This is the reason why this therapeutic 
option can only be offered to a highly selected group of 
patients: patients under 70 years of age with excellent 
performance status, no extrahepatic disease or lymph 
node metastases and a primary left colon operated at 
least one year previously (with a T stage < 4), after an 
excellent response to chemotherapy (158,159). In all 
other cases, only palliative strategies can be proposed 
(such as cytoreductive surgery for patients with good 
performance status). The strict selection criteria are 
justified not only by the shortage of organs but also by 
the realisation that adherence to these criteria is essential 
to achieve post-transplant survival rates in line with 
conventional indications (160). When considering liver 
transplantation for CRLM as a treatment option, it is 
more important to discuss biological resectability than 
technical resectability, in the interest of providing the 
best treatment to those with the best prognostic predictive 
factors. In fact, as a recent review points out, an Oslo 
score of 1 or less, metabolic tumour volume on PET/

CT less than 70 cm3, metachronous disease or tumour 
burden score (TBS) less than 9 are predictive of better 
post-transplant outcomes (160).
 The experience accrued over the course of these years 
provides clear evidence that the prognosis following 
LT for colorectal liver metastases is dependent on the 
morphological and biological characteristics of the 
tumor, including tumor burden, metabolic tumor volume, 
genetic phenotype and response to chemotherapy 
(161,162).
 On the one hand, the use of small segmental grafts 
from deceased or living donors could be a way to expand 
the donor pool with less impact on the waiting list for 
deceased donor transplantation and minimal risk to the 
donor in the case of living donor liver transplantation 
(163). On the other hand, in addition to increasing the 
pool of available organs, we need to know more about 
the biological aspects of the tumour in order to define 
increasingly targeted indications (164).

10. Cytoreductive surgery

As we move forward in the era of highly efficacious 
chemotherapy, it becomes pertinent to consider the role 
of resection in patients with multifocal bilateral disease, 
where the initial tumor load could not be fully excised 
through R0 or R1 resection. In such patients, LT is 
becoming an appealing treatment with promising results, 
as discussed. However, it seems that the feasibility of 
this approach may be limited by the organ shortage and 
the rigorous selection criteria. This is particularly the 
case for young patients with "liver-only" disease, in 
the absence of obvious comorbidities, who represent a 
small fraction of patients. For patients who are unable 
to be transplanted (e.g., due to age ≥ 70 years, limited 
EHD, or LT not available) but who are responding very 
well to chemotherapy and has an excellent performance 
status to tolerate an aggressive surgical strategy, it may 
be worthwhile exploring the possibility of cytoreductive 
surgery (165-167). There is currently little literature 
available on debulking surgery in this patient category, 
and prospective studies on the subject are awaited.
 The currently available data do not allow us to 
propose clear recommendations regarding patient 
selection and appropriate threshold for tumor 
cytoreduction or on optimal duration of chemotherapy 
before debulking surgery. Nevertheless, a number of 
findings appear to indicate that a cytoreductive approach 
may be a valuable option for patients with unresectable 
multinodular CRLM who are responding to systemic 
treatment, similar to the benefits typically observed in 
patients who achieve a partial or complete response 
to chemotherapy. It may be beneficial to consider this 
approach on a case-by-case basis, with input from a 
multidisciplinary team with expertise in liver surgery, to 
identify suitable candidates and ensure use of an effective 
systemic perioperative chemotherapy (168).

(318)



BioScience Trends. 2025; 19(3):309-327.                                                  www.biosciencetrends.comBioScience Trends. 2025; 19(3):309-327.                                                  www.biosciencetrends.com

11. Artificial intelligence

It seems that the use of AI may offer a potential 
advantage in the early diagnosis and management of 
CRLM (169,170). As previously mentioned, there are a 
number of factors to consider when providing clinical 
and surgical care for a patient with liver metastases from 
the colon-rectum. It is often the case that the decision-
making process is complex and varies from one center 
to another, depending on the clinical judgment of the 
local multidisciplinary team (11). Given the numerous 
variables involved, it is becoming increasingly clear that 
AI-related technologies can offer valuable assistance. As 
outlined in a recent review by Rompianesi et al. (169), 
which provides a comprehensive overview of potential 
applications of AI in this field, the Radiomics Intelligent 
Analysis Toolkit-based analysis platform developed by 
Li et al. (171) is a promising approach. Construction of 
individualized nomograms was made possible by the 
use of maximum-level enhanced computed tomography 
images in the portal venous phase and patients' clinical 
information (age, sex, CEA and carbohydrate antigen 
19-9) to predict development of CRLM in patients with 
colorectal cancer. A recent systematic meta-analysis 
(172) describes that in 11 of the 14 included studies, 
radiomics is able to predict prognosis and better select 
patients for treatment strategy candidating itself as a 
useful future diagnostic-predictive tool. It might be of 
interest to consider, for instance, the development of 
other AI-based predictive models, such as those designed 
to predict response to chemotherapy treatment (173) or 
local ablative treatment (174), or AI-based techniques 
to determine the correct surgical margin depending 
on the clinical case (175). The utilisation of machine 
learning algorithms for development of prognostic 
indicators, such as those capable of predicting early 
recurrence, has already been extensively explored 
in experimental settings (176). Translation of these 
algorithms into clinical practice holds significant 
potential for enhancing patient care. It is evident that the 
progressive implementation of AI in clinical practice 
appears to be an inevitable phenomenon. Recent 
studies have demonstrated a promising experimental 
basis for this development. However, it is important to 
acknowledge limitations that currently exist, which are 
not insignificant. The training of AI systems necessitates 
substantial datasets, which, in clinical contexts, would 
demand the establishment of extensive, multi-centre 
data databases, accompanied by all the concomitant 
privacy concerns that this would entail. Moreover, it is 
imperative to consider the ethical implications, as the 
machine can merely suggest but cannot supplant the 
clinical sensibilities of medical professionals. Finally, 
It is evident that the technical capabilities of disparate 
medical institutions, contingent on their respective 
economic capacities, could act as a hindrance to the 
extensive implementation of AI in clinical practice.

12. Prognostic scores

Predicting prognosis can help identify patients who 
may benefit from different treatments. For many years, 
a clinical outcome established by Fong et al. is widely 
used to predict the prognosis of patients with CRLM. 
They identified seven significant independent predictors 
of poor long-term outcomes, which they believe may 
be useful to consider in future studies: positive margins, 
EHD, positive primary nodal disease, disease-free 
interval between primary disease and metastases less than 
12 months, more than one liver tumor, the largest liver 
tumor > 5 cm, and CEA levels > 200 ng/mL. The last 
five of these criteria were used to create a preoperative 
scoring system that has been shown to accurately predict 
prognosis (15). Today, it has become increasingly 
common to make prognostic predictions based on 
other technologies, such as radiomics, genomics, and 
proteomics (177-179).
 It would seem that RAS mutation status may 
also have an impact on outcomes independent of the 
chosen local therapy (180,181). For patients with RAS-
mutant tumors, there is an earlier onset of local tumor 
progression regardless of the size of the tumor (182); 
they also tend to have positive and narrower margins 
after LR (183). Indeed, the rate of margin positivity was 
higher in patients with a RAS mutation than in patients 
with wild-type RAS (11.4% vs. 5.4%, p = 0.007) in the 
aforementioned study. In patients who later presented 
with liver-first recurrence, the width of the resection 
margin was significantly smaller in patients with a RAS 
mutation than in patients with wild-type RAS (4 mm vs. 
7 mm, p = 0.031).
 A recent study indicated that a "triple mutation" in 
TP53, RAS, and SMAD4 was associated with inferior 
overall and recurrence-free survival in CRLM patients 
compared with double mutations in any two of the three 
genes (184).
 A recent retrospective analysis of the randomized 
phase III study, NEW EPOC, has classified metastases 
into three molecular subtypes from a biological 
perspective. The analysis demonstrates that the 
biologically derived molecular subtypes of CRLM and 
integrated clinical-molecular risk groups are highly 
prognostic. This novel molecular classification requires 
further investigation as a potential predictive biomarker 
for the development of personalized systemic treatments 
for colorectal liver metastases (185). The field of 
molecular mechanisms of CRLM remains relatively 
unexplored, and it is likely to yield new insights into 
the development of personalized treatments for these 
patients.

13. Conclusions

Over the past decade, there have been notable 
advancements in the diagnosis and treatment of 
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CRLM, as outlined in this review and summarized 
in Figure 1. The multiplicity of proposed treatments 
and the divergence of opinion regarding the definition 
of resectability and the treatment of these patients in 
different centers necessitates further efforts to standardize 
treatment protocols, which must, nevertheless, be 
tailored to each case. Individualized treatment remains 
a key research topic in the future. The goal is to perform 
surgical resection or LT in selected cases; however, the 
introduction of new treatments and new technologies 
permits the advancement of the boundaries of knowledge 
and an increase in survival rates in these patients, as it is 
being attempted with a better understanding of tumour 
biology and personalized medicine (186,187). Probably, 
AI will suggest the appropriate treatment pathway in 
terms of oncological outcome and patient safety based on 
individual patient variables, with a targeted but standard 
pathway in different centers.
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1. Introduction

The Center for Biosystems Dynamics Research at 
RIKEN has developed indocyanine green (ICG)-based 
π-conjugation-extended cyanine dyes, specifically 
ICG-C9 and ICG-C11. These dyes emit fluorescence in 
the shortwave-infrared (SWIR) spectrum at wavelengths 
of 922 nm and 1,010 nm, respectively, when dissolved 
in water. Using antibody conjugates with ICG-C9 and 
ICG-C11, researchers have demonstrated multiplexed 
SWIR fluorescence molecular imaging of breast tumors, 
visualizing both surface receptors and tumor vasculature 
in live mice (1,2).
 Currently, near-infrared (NIR) fluorescence imaging 
with ICG is widely employed across various medical 
fields for diagnostic and therapeutic purposes (3-7). 
In hepatobiliary surgery, NIR fluorescence imaging 
has been utilized since its introduction (8), facilitating 
applications such as intraoperative fluorescence guidance 
and photodynamic therapy (9-13). Specifically, during 

laparoscopic cholecystectomy and hepatectomy for 
liver cancer, intraoperative NIR fluorescence imaging 
with ICG has been associated with a reduced risk 
of bile duct injuries (14,15) and improved patient 
prognosis (16). However, NIR imaging has limitations, 
including autofluorescence interference and inadequate 
visualization of deep tissues (17,18). In contrast, SWIR 
fluorescence imaging, operating within the 1,000 to 1,400 
nm wavelength range, offers significant advantages, 
including reduced tissue absorption and light scattering. 
These properties allow for superior imaging of deeper 
tissues (19,20), enhancing its potential for diagnostic and 
therapeutic applications in oncology (21-24).
 Despite growing interest in SWIR fluorescence 
imaging for hepatobiliary surgery, its clinical adoption 
remains limited, primarily due to the lack of suitable 
imaging devices and fluorescent probes (25). To address 
this gap, this study evaluates the potential of SWIR 
fluorescence imaging with ICG-C9 as an effective 
alternative to NIR imaging for hepatobiliary diseases. 

DOI: 10.5582/bst.2025.01113Original Article

SUMMARY: Indocyanine green (ICG)-C9, a novel cyanine dye developed by the Center for Biosystems Dynamics 
Research at RIKEN, provides significant advantages over conventional ICG due to its detectability via shortwave-
infrared (SWIR) fluorescence imaging. Unlike standard ICG, ICG-C9 facilitates SWIR imaging and displays 
therapeutic potential when conjugated with antibodies in vivo, suggesting broader applicability across various cancer 
types. This study evaluated the efficacy of SWIR fluorescence imaging with ICG-C9 in comparison with existing 
near-infrared (NIR) imaging techniques. We assessed excretion kinetics and the relationship between excitation 
and fluorescence wavelengths for ICG-C9 and ICG following intravenous administration in BALB/c-nu mice. 
Tumor uptake was evaluated using a cell-line-derived subcutaneous tumor model from HuH-7 cells, representing 
hepatocellular carcinoma. Variables including dose, administration route, and exposure time were optimized for 
comparison. Maximum fluorescence intensity for ICG-C9 was observed with an excitation wavelength of 915 nm 
and fluorescence emission wavelengths >950 nm within the SWIR spectrum. Both ICG-C9 and ICG followed similar 
excretion pathways, involving hepatic uptake and biliary excretion. Tumor uptake of ICG-C9 was confirmed under 
similar conditions to ICG. ICG-C9 demonstrates promising potential as an alternative to NIR fluorescence imaging 
with ICG, offering unique properties that may enhance imaging capabilities. However, further research is required to 
establish its clinical applicability and broader therapeutic utility.

Keywords: shortwave-infrared, near-infrared, fluorescence imaging, indocyanine green, hepatocellular carcinoma
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We analyzed the fluorescence characteristics and 
pharmacokinetics of ICG-C9 and assessed its uptake in 
hepatocellular carcinoma models.

2. Materials and Methods

2.1. Equipment for fluorescence imaging system

The fluorescence imaging system used in this study 
comprised the following components: an industrial lens 
(SMA11F25, Tamron Co., Ltd., Saitama, Japan) capable 
of covering a broad spectral range from visible light to 
the SWIR band; three fluorescence filters supplied by 
Semrock Inc. (Rochester, NY, USA) — an 857 ± 15 nm 
band-pass filter (FF01-857), a 950 nm long-pass filter 
(FF01-937), and a 1000 nm long-pass filter (BLP01-
980); a cooled monochrome SWIR camera (BH-
71IGA, BITRAN Co., Ltd., Saitama, Japan) equipped 
with a SWIR image sensor (IMX990AABJ-C, Sony 
Semiconductor Solutions Co., Kanagawa, Japan); 
and two fiber-coupled lasers (HANGZHOU NAKU 
TECHNOLOGY Co., Ltd., Hangzhou, Zhejiang, China) 
with excitation wavelengths of 808 nm and 915 nm, 
along with beam expanders (ThorLabs Inc., Newton, 
NJ, USA). The fluorescence filters were used to detect 
emission wavelengths of 857 ± 15 nm, > 950 nm, and 
> 1,000 nm. The camera captured monochrome images 
corresponding to the red, green, and blue channels of 
the light emitted by the RGB light source (Leimac Co., 
Ltd, Tokyo, Japan), enabling the generation of RGB 
images. The lens was positioned 60 cm above the targets, 
and the light power density was maintained at 20 mW/
cm² (Supplementary Figures S1 and S2, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=256). Fluorescence intensity data were 
processed using ImageJ software (National Institutes of 
Health, NIH).

2.2. Fluorescence intensity of ICG and ICG-C9 in vitro

ICG and ICG-C9, kindly provided by Dr. Takashi Jin 
(Center for Biosystems Dynamics Research, RIKEN, 
Osaka, Japan), were dissolved in 1% bovine serum 
albumin (BSA) to a final concentration of 0.1 mg/mL. 
Fluorescence intensities of both dyes were measured for all 
combinations of excitation wavelengths (808 nm and 915 
nm) and emission wavelengths (840–873 nm, > 950 nm, 
and >1,000 nm). The exposure time for all measurements 
was standardized at 30 ms.

2.3. Animals

BALB/c nude mice aged 5–6 weeks (n = 18) were 
procured from Oriental Yeast Co., Ltd. (Tokyo, Japan). 
The mice were housed under specific pathogen-free 
conditions, maintained at a 12-hour light/dark cycle, and 
provided with autoclaved food and tap water throughout 

the study. Anesthesia was induced with 3% isoflurane 
and maintained at 1–2% isoflurane during implantation 
procedures and intravenous injections. The animal 
experimental protocol was reviewed and approved by the 
Institutional Animal Care and Use Committee (Approval 
no. 23061), adhering to Japanese regulations and 
ethical guidelines for animal experimentation. Humane 
euthanasia was performed under isoflurane anesthesia 
prior to autopsy.

2.4. Pharmacokinetics of ICG and ICG-C9

ICG and ICG-C9 were prepared as solutions in 1% 
BSA in water and administered intravenously to 12 
mice. Six mice received ICG and six received ICG-C9. 
A bolus injection of 0.5 mg/kg in 100 µL of water was 
delivered via the tail vein. Post-administration, mice 
were euthanized at predetermined intervals — 15 min, 
30 min, 3 h, 6 h, and 24 h — to evaluate the distribution 
of the fluorescent dyes in excretory organs. Imaging 
was conducted as follows: Mice injected with ICG were 
imaged using an excitation wavelength of 808 nm and 
emission wavelengths ranging from 840 to 873 nm. Mice 
injected with ICG-C9 were imaged using an excitation 
wavelength of 915 nm and emission wavelengths > 950 
nm. The exposure time for all imaging procedures was 
set to 30 ms.

2.5. Tumor cell line and xenograft model

HuH-7 cells, a well-differentiated human hepatoma cell 
line (26), were obtained from the Japanese Collection 
of Research Bioresources (JCRB) Cell Bank (Osaka, 
Japan). The cells were cultured in Dulbecco's Modified 
Eagle's Medium (DMEM, #044-29765, Fujifilm Wako, 
Tokyo, Japan) supplemented with 10% fetal bovine 
serum (FBS, #175012, Nichirei Bioscience, Tokyo, 
Japan) and 1% penicillin–streptomycin (P/S, #168-
23191, Fujifilm Wako, Tokyo, Japan) and incubated at 
37°C in a humidified atmosphere containing 5% CO₂ and 
95% air. For harvesting, cells were briefly treated with 
0.25% (w/v) trypsin–1 mmol/L EDTA solution (#209-
16941, Fujifilm Wako, Tokyo, Japan).
 After continuous culture, HuH-7 cells were collected 
into tubes, washed with phosphate-buffered saline 
(PBS, #045-29795, Fujifilm Wako, Tokyo, Japan), and 
resuspended in serum-free medium. Each mouse received 
a subcutaneous injection of 5 × 10⁶ HuH-7 cells in 0.1 mL 
of serum-free medium containing 33% Matrigel (#356234, 
Corning, Tokyo, Japan) into the left flank.

2.6. Fluorescence imaging of subcutaneous xenograft 
models

ICG and ICG-C9 were administered intravenously via 
the tail vein to six mice (three mice per dye) once tumor 
sizes reached approximately 200 mm³, around three 
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in formalin, sectioned into 7 μm slices, and stained 
with hematoxylin and eosin (H&E). Fluorescence 
microscopy images were acquired using a BZ-X810 
microscope (Keyence, Osaka, Japan). The exposure time 
for image acquisition was set to 3 s. Composite images 
were generated by stitching multiple images captured 
with a 20× objective lens, utilizing the integrated 
imaging system of the microscope. To directly visualize 
fluorescence signals in the specimens without using 
fluorescent antibodies, an ICG filter (OP-87767; 
Keyence) was employed. This filter provided a 710–760 
nm excitation window and an 810–875 nm emission 
window, enabling NIR imaging.

3. Results

3.1. Fluorescence intensity of ICG and ICG-C9 in vitro

For ICG, maximum fluorescence intensity was observed 
at an excitation wavelength of 808 nm, with emission 
wavelengths ranging from 840 to 873 nm. Fluorescence 
intensity was significantly reduced at an excitation 
wavelength of 915 nm. In contrast, ICG-C9 exhibited 
maximum fluorescence intensity at an excitation 

weeks after HuH-7 cell transplantation. Fluorescence 
imaging was performed 24 h post-administration. The 
dyes were delivered as bolus injections at doses of 0.5, 
2.5, or 7.5 mg/kg in volumes of 100, 100, and 300 µL of 
water, respectively. To avoid hemodynamic instability 
(27), the 7.5 mg/kg dose in a 300 µL volume was divided 
into three 100 µL aliquots and administered over a period 
of three days (100 µL/day). Tumors were excised from 
the mice after euthanasia and imaged using fluorescence 
techniques. Tumors from mice treated with ICG were 
imaged with an excitation wavelength of 808 nm and an 
emission range of 840–873 nm, whereas those from mice 
treated with ICG-C9 were imaged with an excitation 
wavelength of 915 nm and an emission range of > 950 
nm. For each condition, images were acquired with 
exposure times of 30, 80, and 300 ms.

2.7. Fluorescence microscopy

The cellular uptake of ICG and ICG-C9 in tumors 
derived from the HuH-7 human hepatoma cell line was 
evaluated using fluorescence microscopy. Tumors were 
harvested from mice administered 7.5 mg/kg of either 
ICG or ICG-C9. Pathological specimens were fixed 

Figure 1. Fluorescence intensities of ICG and ICG-C9 (a) Fluorescence intensities were measured under various combinations of excitation 
wavelengths (808 nm and 915 nm) and emission wavelengths (840–873 nm, > 950 nm, and >1,000 nm), with an exposure time of 30 ms. (b) ICG 
showed maximum fluorescence intensity at an excitation wavelength of 808 nm and emission wavelengths of 840–873 nm. In contrast, ICG-C9 
exhibited maximum fluorescence intensity at an excitation wavelength of 915 nm and emission wavelengths of > 950 nm. ICG-C9 exhibited weaker 
fluorescence intensity than ICG.
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wavelength of 915 nm, with emission wavelengths 
exceeding 950 nm (Figure 1a). Despite maintaining 
consistent exposure times and light power intensities, 
ICG-C9 displayed weaker fluorescence intensity than 
ICG under these conditions (Figure 1b).

3.2. Pharmacokinetics of ICG and ICG-C9

Similar to ICG, ICG-C9 was selectively taken up from 
the bloodstream into the liver and rapidly excreted 
into the bile (Figure 2a). Fifteen min post-intravenous 
administration of ICG, hepatic fluorescence reached 
near-maximum levels, followed by excretion into 
the bile and distribution in the intestinal tract. After 
3 h, intestinal fluorescence increased, while at 24 h, 
minimal fluorescence remained in the liver or intestinal 
tract. In contrast, 6 h post-administration of ICG-C9, 
fluorescence persisted in the liver, whereas ICG 
fluorescence was minimal (Figure 2b). These findings 
suggest that ICG-C9 displays a slower excretion rate 
than ICG.

3.3. Fluorescence imaging of subcutaneous xenograft 
models

Fluorescence from ICG or ICG-C9 was not detectable at 
low doses (0.5 mg/kg). ICG fluorescence was detectable 
at doses of 2.5 mg/kg or higher, while ICG-C9 required 
a dose of 7.5 mg/kg for detection (Figure 3a). The 
fluorescence intensity of ICG-C9 was lower than that 
of ICG; however, with an extended exposure time of 
300 ms, ICG-C9 uptake became detectable. Both dyes 
were taken up into the HuH-7 human hepatoma cell line 
tumors, demonstrating similar tumor-targeting properties 
(Figure 3b).

3.4. Fluorescence microscopy

Fluorescence signals from both ICG and ICG-C9 were 
observed in HuH-7 tumors, confirming similar uptake 
characteristics at the microscopic level. Fluorescence 
localized to both tumor periphery and interior regions 
(Figure 4a). At the cellular level, fluorescence was 

Figure 2. ICG and ICG-C9 distribution in excretory organs (a) Anatomical indicators: black arrow, liver; white arrow, intestine; white triangle, 
gallbladder. ICG and ICG-C9 were administered intravenously, and their distribution in excretory organs was analyzed at various time points post-
administration. Both dyes were selectively taken up by the liver from the bloodstream and rapidly excreted into bile. No fluorescence signals were 
detectable in excretory organs 24 h after administration. (b) Fluorescence intensity in the liver following ICG and ICG-C9 administration. Six hours 
after ICG-C9 administration, detectable fluorescence persisted in the liver, whereas fluorescence from ICG was minimal. This suggests that ICG-C9 
exhibits a slower excretion rate than ICG.
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predominantly found in the cytoplasm of HuH-7 cells, 
with no fluorescence observed in the nucleus (Figure 
4b). The fluorescence intensity of ICG-C9 was lower 
than that of ICG, likely due to the shorter excitation and 
emission wavelength range of the filter used.

4. Discussion

This study highlights several advantages of ICG-C9, 
making it a promising alternative to conventional ICG for 
fluorescence imaging. One of the primary advantages of 
ICG-C9 is its fluorescence properties, with peak intensity 
achieved at an excitation wavelength of 915 nm and 
emission wavelengths > 950 nm in the SWIR spectrum. 
Moreover, ICG-C9 is one of the few biocompatible 
and water-soluble SWIR fluorescent probes, making 
it suitable for biomedical research and holding great 
potential to accelerate the clinical translation of SWIR 
fluorescence imaging. However, ICG-C9 exhibits lower 
fluorescence intensity than ICG under identical excitation 
density and exposure conditions due to its reduced 
quantum yield in aqueous solutions (2). Consequently, 
achieving optimal fluorescence with ICG-C9 may require 
higher doses, extended exposure times, or increased 

excitation light intensity. In this study, detectable 
fluorescence from the HuH-7 cell line tumor model was 
achieved with a dose of 7.5 mg/kg and an exposure time 
of 300 ms, while shorter exposure times (e.g., 80 ms 
or less) resulted in insufficient fluorescence. While the 
required dose (7.5 mg/kg) and exposure time (300 ms) 
used in this study may not be directly applicable to real-
time surgical imaging, our findings suggest potential for 
improving signal detection by adjusting excitation power 
and exposure conditions.
 ICG-C9 shares similar excretion properties with 
ICG, with both being taken up by the liver from the 
bloodstream and excreted into bile. This characteristic 
enables intraoperative fluorescence cholangiography 
following intravenous administration of ICG-C9, as 
the excreted dye emits a fluorescence signal. Currently, 
intraoperative NIR fluorescence imaging using ICG 
during laparoscopic cholecystectomy is used to 
visualize biliary structures (8,28), reducing the risk of 
bile duct injuries (14,15). However, its effectiveness 
can be limited in patients with obesity or cholecystitis 
due to increased tissue thickness around the biliary 
structures (29,30). SWIR fluorescence, in contrast, 
displays reduced tissue absorption and scattering and 

Figure 3. ICG and ICG-C9 uptake in tumors (a) Non-detectable (ND). A cell-line-derived subcutaneous tumor model from HuH-7 cells, 
representing hepatocellular carcinoma, was used to evaluate tumor uptake of ICG-C9 and compare it with ICG uptake. Fluorescence imaging was 
conducted 24 h post-administration. Tumors from mice treated with ICG were imaged using an excitation wavelength of 808 nm and emission 
wavelengths ranging from 840 to 873 nm, whereas tumors treated with ICG-C9 were imaged using an excitation wavelength of 915 nm and emission 
wavelengths of > 950 nm. ICG was detectable at a dose of 2.5 mg/kg with a 30 ms exposure time, whereas ICG-C9 required a dose of 7.5 mg/kg 
and a 300 ms exposure time for detection. (b) Panels: Left — tumors under visible light; center — fluorescence imaging with an 80 ms exposure 
time; right — fluorescence imaging with a 300 ms exposure time. A yellow triangle identifies a tumor from a mouse treated with ICG, while a white 
triangle marks a tumor from a mouse treated with ICG-C9. Fluorescence intensity for ICG-C9 was lower compared with ICG. Additionally, ICG-C9 
was only detectable under the longer exposure time (300 ms), demonstrating that, like ICG, ICG-C9 is taken up by HuH-7-derived tumors.
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is less affected by autofluorescence (19,20). This 
makes ICG-C9 particularly suited for deep tissue 
visualization. Nevertheless, the bile excretion properties 
of ICG-C9 may pose challenges, such as excessive liver 
background fluorescence, which could obscure bile duct 
visualization (31,32). The extended π-conjugated system 
of ICG-C9 increases its hydrophobicity, enhancing 
stronger protein and membrane binding (2). Although 
this leads to greater tissue accumulation, it also results 
in slower excretion, which may contribute to prolonged 
background fluorescence. Moreover, our findings suggest 
that ICG-C9 exhibits slower excretion compared to 
conventional ICG. However, like ICG, hepatic washout 

following administration was observed. This indicates 
that employing a delayed imaging protocol—allowing 
sufficient time after administration—may enhance tumor-
to-background contrast and reduce interference with bile 
duct visualization. In clinical practice, ICG-C9 may need 
to be administered earlier than the typical timing used 
for ICG. Nevertheless, further investigation is required 
to determine the optimal timing of administration for 
effective imaging.
 A significant advantage of ICG-C9 is its ability 
to accumulate in HuH-7 human hepatoma cell line 
tumors, similar to ICG. The mechanism by which 
ICG highlights hepatocellular carcinoma (HCC) 

Figure 4. Microscopical analysis of tumors from mice administered 7.5 mg/kg doses of ICG or ICG-C9 (a) Left panel: cancer tissues stained 
with hematoxylin and eosin (H&E). Right panel: merged images showing fluorescence from ICG (A) or ICG-C9 (B) within cancer tissues. Both 
ICG and ICG-C9 demonstrated fluorescence within HuH-7 tumors, confirming similar uptake properties at the microscopic level. Fluorescence 
was localized to both the tumor periphery and interior regions. (b) Left panel: fluorescence images under a 20× objective lens. Right panel: merged 
images showing fluorescence. For both ICG and ICG-C9, fluorescence was confined to the cytoplasm of HuH-7 cells, with no signal detected in the 
nucleus.
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involves the retention of ICG within the tumor after it 
is washed out from the surrounding liver tissue. This 
occurs because well-differentiated HCC maintains the 
expression of ICG uptake transporters, such as Na+/
taurocholate cotransporting polypeptide and organic 
anion-transporting polypeptide 8, although at lower 
levels than normal liver tissue. However, morphological 
and functional impairments in the biliary excretion 
system within HCC prevent the efficient elimination of 
ICG, leading to its accumulation in the tumor (33). This 
mechanism has also been demonstrated in subcutaneous 
tumor mouse models using HuH-7 cells (13). The 
transporters involved in the uptake of ICG-C9 remain 
unknown; however, this study suggests that ICG-C9 
shares bile excretory properties similar to those of ICG. 
Utilizing bile stasis around the tumor, ICG-C9 may 
enhance the sensitivity of intraoperative fluorescence 
imaging techniques for poorly differentiated HCC and 
liver metastases, allowing fluorescent visualization of 
tumor rims (10,34). SWIR imaging has been shown 
to provide higher sensitivity and improved target-to-
background contrast when compared with NIR imaging, 
thereby making it a powerful tool for guiding liver 
cancer resections (25). Given that ICG-C9 exhibits its 
most intense fluorescence in the SWIR spectrum, it 
holds great potential for enhancing tumor imaging during 
surgery. Specifically, the combination of conventional 
NIR imaging using ICG and SWIR imaging using 
ICG-C9 may enable double-color imaging—such as 
distinguishing cancerous tissue from hepatic segments 
(10,35) and visualizing bile ducts and blood vessels 
(8,28). Similar to how ICG fluorescence imaging 
enables real-time, high-sensitivity detection of small, 
grossly unidentifiable liver tumors (10), it may facilitate 
the identification of deeper or previously undetectable 
lesions. Additionally, studies have demonstrated the 
utility of ICG-labeled antibodies for target cell imaging 
with NIR fluorescence and for ICG-based phototherapy 
in hepatocellular carcinoma (13,36). These approaches 
could also be adapted to SWIR imaging with ICG-C9, 
enabling multi-color imaging by labeling different 
antibodies with ICG and ICG-C9 and switching 
excitation wavelengths (2). This capability could broaden 
therapeutic applications, including more precise and 
targeted cancer treatments.
 Despite its potential, this study has several 
limitations. Although ICG-C9 is bile-excreted, its 
fluorescence intensity in macroscopic observations was 
weaker than expected, likely due to its inherently lower 
fluorescence intensity compared with ICG. Another 
potential factor could be the camera-to-object distance 
used in this experiment, which was substantially greater 
than the typical distance in conventional endoscopic 
or handheld fluorescence observation devices. In 
clinical practice, shorter distances between the imaging 
device and the target tissue are expected to enhance 
excitation light delivery and fluorescence signal capture, 

potentially improving the visibility of ICG-C9-labeled 
tumors. Therefore, the performance of ICG-C9 observed 
in our experimental setup may underestimate its true 
potential under surgical conditions. The large camera-
to-object distance, relative to the size of the object, 
may have resulted in insufficient excitation or signal 
detection. Furthermore, the excitation light intensity used 
in this study (20 mW/cm²) may have been relatively 
low, which could have further limited the efficiency 
of fluorescence excitation and detection. In this study, 
a cell line-derived subcutaneous xenograft model was 
used to evaluate the in vivo performance of ICG-C9. 
However, this model lacks the heterogeneity and 
biological complexity of actual patient tumor. Moreover, 
because the tumors were implanted subcutaneously, we 
were unable to assess fluorescence differences between 
tumor and paraneoplastic tissues. As a result, it remains 
unclear whether ICG-C9 was specifically taken up by 
tumor cells in this model. Additionally, the small sample 
size, and limited range of cell lines tested constrain 
the generalizability of the findings. Further research is 
warranted to investigate whether other human hepatoma 
cell lines exhibit similar preferential uptake of ICG-C9 
and to confirm its utility in SWIR fluorescence imaging. 
To better replicate clinical conditions and evaluate 
tumor-specific uptake, future studies should incorporate 
patient-derived xenograft models that more accurately 
reflect the biological diversity of human tumors. 
Furthermore, liver transplant xenograft models would 
enable direct comparison between tumor and normal 
hepatocytes, providing more precise insights into the 
specificity of ICG-C9 accumulation. While ICG is 
considered a safe fluorescence dye (37), the cytotoxicity 
profile of ICG-C9 — though ICG-C9 exhibits a 
concentration-dependent cytotoxicity profile similar to 
conventional ICG based on the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assays in HeLa 
cells (2) — requires further validation. Future studies 
should focus on characterizing the pharmacokinetics, 
tumor accumulation, and tissue penetration capabilities 
of SWIR light when using ICG-C9. Moreover, 
optimizing imaging parameters such as dose, exposure 
time, and excitation light intensity will be crucial for 
maximizing the clinical utility of SWIR imaging with 
ICG-C9.
 In conclusion, our study demonstrated that ICG-C9, 
like ICG, is excreted via bile and exhibits fluorescence in 
the SWIR range. Additionally, ICG-C9 was effectively 
taken up by tumors derived from a human hepatoma 
cell line. These findings suggest that ICG-C9 holds 
potential for applications in hepatobiliary surgery and 
as a therapeutic agent when conjugated with antibodies. 
However, further studies are necessary to evaluate its 
safety, efficacy, and clinical utility. Addressing key issues 
such as fluorescence intensity, pharmacokinetics, and 
generalizability is essential to enhance the translational 
relevance of our study.
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1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most 
frequent type of cancer, and the third leading cause 
of cancer-related death worldwide (1). For the past 
several decades, surgery (including liver resection and 
transplantation) remains a primary treatment modality for 
patients with early-stage HCC (2,3). Although numerous 
molecular target drugs, such as tyrosine kinase inhibitors 
(TKIs) and immune checkpoint inhibitors (ICIs), have 
been utilized for the treatment of patients with advanced-
stage HCC, their effects were limited (4,5). This is 
mainly due to the heterogeneity in the etiology of HCC 
and various factors resulting in drug resistance (6,7). 
Therefore, there is an urgent need to discover novel 
molecular targets for HCC therapy and reversion of drug 
resistance.

 The splicing and removal of the introns of pre-
mRNAs is an important process in pre-mRNA 
maturation. In this process, normal and abnormal 
splicing are regulated to produce various transcripts 
with different functions (alternative splicing), thereby 
enriching the genetic diversity (8-10). In recent years, 
accumulating evidence indicates that both normal and 
abnormal pre-mRNA splicing play an essential role in 
tumor progression, therapeutic resistance, and adaptation 
to harsh microenvironments (11-14). The small nuclear 
ribonucleoprotein polypeptide A (SNRPA) gene coding 
the U1A protein is a major component of the spliceosome 
U1 small nuclear ribonucleoprotein, which is intimately 
associated with RNA splicing, modification, and decay 
(15-17). Several studies have reported that SNRPA 
enhanced tumor progression in gastric cancer and 
colorectal cancer (18-20). Using bioinformatic analysis, 
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SUMMARY: The pre-mRNAs splicing is important mechanisms of hepatocellular carcinoma (HCC) progression. 
Hence, this study aimed to explore the function and corresponding mechanisms of small nuclear ribonucleoprotein 
polypeptide A (SNRPA), a vital RNAs splicing molecule, in HCC. Here, the University of Alabama at Birmingham 
CANcer data analysis portal (UALCAN), western blotting, and immunohistochemistry indicated that SNRPA levels 
were elevated in HCC tissues. Moreover, high expression of SNRPA was correlated with unfavorable clinicopathologic 
features and poor survival in HCC patients. A series of in vitro and in vivo gain/loss-of-function experiments reported 
that SNRPA promoted the proliferation of HCC cells. Integrated nanopore full-length cDNA sequencing and RNA-
binding protein immunoprecipitation sequencing revealed that B7 homologue 6 (B7-H6) was a potential target of 
SNRPA. Subsequently, western blotting and flow cytometry showed that SNRPA activated B7-H6-STAT3/AKT 
signaling axis in HCC cells with promotion of G1-S transition in the cell cycle and inhibition of cell apoptosis. 
Mechanistically, RNA-binding protein immunoprecipitation and polymerase chain reaction with using exon-exon and 
exon-intron junction primers revealed that SNRPA facilitated B7-H6 pre-mRNA maturation by binding to it directly 
and contributing to its intron 2 splicing. Moreover, drug sensitivity test found that SNRPA induced HCC cell resistance 
to lenvatinib. Finally, restoration experiments demonstrated that the effects of SNRPA on HCC cells relied on B7-
H6 expression. Taken together, SNRPA promotes HCC growth and lenvatinib resistance via B7-H6-STAT3/AKT 
axis through facilitating B7-H6 pre-mRNA maturation by maintaining its intron 2 splicing. Thus, SNRPA may be a 
promising target for HCC therapy and lenvatinib resistance reversion.

Keywords: hepatocellular carcinoma, SNRPA, B7-H6, pre-mRNA maturation, lenvatinib resistance
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Zhang et al. found that elevated SNRPA expression 
was associated with poor survival in HCC patients 
(21). In addition, it was recently reported that SNRPA 
promoted HCC metastasis with microvascular invasion 
(22). However, above studies have not demonstrated 
that SNRPA aggravates HCC and other cancers via pre-
mRNA splicing, which is the most essential and direct 
function of SNRPA. Thus, in this study, we sought to 
identify the mechanism of pre-mRNA splicing driven by 
SNRPA in HCC progression.
 Coded by the NCR3LG1 gene, B7 homologue 6 (B7-
H6) protein is a new member of the B7 family discovered 
by Brandt et al. in 2009 using bioinformatics and mass 
spectrometry (23). Human B7-H6 is rarely detected in 
normal human tissues; nevertheless, it was frequently 
present in various human tumors (23,24), including 
HCC, breast cancer, and gastric cancer (25-27). As a 
transmembrane protein, B7-H6 plays an important role 
in tumorigenesis via an immunological mechanism (28-
30). In recent years, an increasing number of studies find 
that B7-H6 promotes tumor progression by regulating 
cell cycle and apoptosis via a non-immunological 
action. This process primarily includes the activation 
of signal transducer and activator of transcription 3 
(STAT3), protein kinase B (AKT), and extracellular 
signal-regulated kinase (ERK) signaling pathways 
(27,31-33). Considering the absence of B7-H6 in normal 
tissues and its relative abundance among tumor tissues, 
its expression may be a response to tumorigenesis. 
Naturally, the study of the mechanism underlying the 
expression of B7-H6 in tumors may provide a novel 
treatment modality for patients with HCC.
 In this study, we identified that SNRPA-B7-H6-
STAT3/AKT axis plays a critical role in HCC cell 
proliferation and lenvatinib resistance through a 
mechanism of B7-H6 pre-mRNA maturation facilitated 
by SNRPA. Collectively, SNRPA may be a promising 
target molecule for HCC therapy and reversal of 
resistance to lenvatinib in HCC patients.

2. Materials and Methods

2.1. Human tissue samples

Initially, 12 pairs of fresh HCC tissues and matched 
para-tumor tissues from the Second Affiliated Hospital 
of Chongqing Medical University (Chongqing, 
China) were collected to detect the SNRPA expression 
through western blotting. A total of 85 and 97 pairs 
of HCC tissues and corresponding adjacent tumor 
tissues, respectively, were obtained from the Second 
Affiliated Hospital of Chongqing Medical University 
and OUTDO BIOTECH (cat.no. HLivH180Su31; 
OUTDO BIOTECH, Shanghai, China). The tissues were 
utilized in immunohistochemistry staining to detect 
the SNRPA protein levels and analyze the correlation 
of SNRPA expression and the survival of patients with 

HCC. The selection criteria were as follows. Inclusion 
criteria: 1) patients were diagnosed as HCC by biopsy 
after surgery, 2) patients had no immunodeficiency 
disease; exclusion criteria: 1) patients suffered from 
other cancers, 2) patients had received chemotherapy, 
radiofrequency ablation, or molecular targeted therapy 
before liver resection. This research was approved by 
the Ethics Committee of the Second Affiliated Hospital 
of Chongqing Medical University (approval number 
RER2022-637A). All patients provided informed 
consent.

2.2. Xenograft models

Indicated HCC cells (2.5×106/mice) were suspended in 
cool phosphate buffer saline and subsequently injected 
into the right hindlimb of nude mice (male, 4-week-old) 
subcutaneously. Additionally, we sought to investigate 
the impact of SNRPA on the sensitivity of HCC cells 
to lenvatinib in vivo. For this purpose, 10 days after the 
transplantation of indicated cells, the nude mice received 
treatment with lenvatinib once daily (10 mg/kg) via 
oral gavage. Tumor size was measured with a caliper 
every 3 days; the formula for the size calculation was 
as follows: volume = (length × width2)/2 cm3. Three 
weeks after implantation, the nude mice were killed 
by cervical dislocation and the tumors were removed. 
These experiments were approved by the Animal Ethics 
Committee of Chongqing Medical University (approval 
number RER2021-136X).

2.3. Other Methods

Detailed materials and methods including western 
blotting, immunohistochemistry, cell culture, lentivirus 
infection, cell counting Kit-8 test, EdU assay, colony 
formation assay, scratch wound healing assay, nanopore 
full-length cDNA sequencing, RNA-binding protein 
immunoprecipitation, flow cytometry for cell cycle 
analysis, flow cytometry for cell apoptosis detection, 
small-interfering RNA transfection, reverse transcription-
polymerase chain reaction, quantitative real-time 
polymerase chain reaction, bioinformatic analysis, and 
statistical analysis are described in Supplemental Data. 
Additionally, antibodies, primers, and targeted sequences 
used in this project can be found in Supplemental 
Tables S1-S5 (https://www.biosciencetrends.com/
supplementaldata/253).

3. Results

3.1. SNRPA is frequently elevated in HCC tissues, and 
its elevation predicts poor survival in HCC patients.

Analysis using the UALCAN revealed that both the 
mRNA (Figure 1A) and protein (Figure 1B) levels 
of SNRPA were increased in HCC tissues compared 
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expressed in Huh-7 and SK-Hep-1 cells, whereas it 
was lowly expressed in Hep 3B cells (Supplemental 
Figure S3A, https://www.biosciencetrends.com/
supplementaldata/253). Based on these results, we 
silenced SNRPA expression in Huh-7 and SK-Hep-1 
cells, and overexpressed SNRPA in Hep 3B cells 
through lentivirus infection. The efficiency of SNRPA 
knockdown (Supplemental Figure S3B, https://www.
biosciencetrends.com/supplementaldata/253) and 
overexpression (Supplemental Figure S3C, https://
www.biosciencetrends.com/supplementaldata/253) was 
identified by western blotting. Knockdown of SNRPA 
significantly suppressed the proliferation of Huh-7 
and SK-Hep-1 cells, whereas SNRPA overexpression 
significantly promoted the proliferation of Hep 3B 
cells, as demonstrated by CCK-8, EdU, and colony 
formation assays (Figure 2A-F). However, wound 
healing assay demonstrated that SNRPA knockdown 
or overexpression did not affect the migration of HCC 
cells (Supplemental Figure S4A, B, https://www.
biosciencetrends.com/supplementaldata/253). We also 
established nude mouse subcutaneous xenograft models 
and found that SNRPA silencing could significantly 
inhibit the growth of Huh-7 and SK-Hep-1 cells in vivo 
(Figure 2G, H and Supplemental Figure S5A, B, https://
www.biosciencetrends.com/supplementaldata/253). 
Furthermore, immunohistochemistry staining of 
xenograft tumor tissues illustrated that Ki-67 expression 
was decreased in tumor tissues from the SNRPA 
knockdown groups compared with the negative control 
groups (Supplemental Figure S5C, D, https://www.
biosciencetrends.com/supplementaldata/253). Overall, 
the above data suggest that SNRPA promotes HCC cell 
proliferation both in vitro and in vivo.

3.3. SNRPA activates the B7-H6-STAT3/AKT signaling 
axis in HCC cells with promotion of G1-S transition in 
the cell cycle and inhibition of cell apoptosis.

Firstly, we detected significantly changed transcripts 
after SNRPA silencing using nanopore full-length 
cDNA sequencing in Huh-7 cells. The sequencing 
identified 348 transcripts with significant difference 
(|fold change| ≥ 2; P < 0.05) between the SNRPA 
knockdown and negative control groups (Supplemental 
Figure S6A, B, https://www.biosciencetrends.com/
supplementaldata/253). Moreover, RIP-sequencing 
wi th  u s ing  an t i -SNRPA an t ibody  iden t i f i ed 
numerous putative SNRPA binding peaks in Huh-
7 cells (Supplemental Figure S6C, D, https://www.
biosciencetrends.com/supplementaldata/253). RIP-
sequencing assay showed that on both single-
transcript and whole-transcriptome levels, SNRPA 
a lways  dominan t ly  combined  wi th  the  CDS 
zones (Supplemental Figure S6E, F, https://www.
biosciencetrends.com/supplementaldata/253). This 
observation suggested that SNRPA plays an essential 

with normal liver tissues. In addition, the expression 
of SNRPA was higher in patients with stages 2–3 
HCC than in those with stage 1 HCC (Figure 1C). 
Subsequently, genes positively associated with SNRPA 
were subjected to KEGG analysis by DAVID; among 
the enriched KEGG pathways, "cell cycle" was highly 
related to HCC progression (Figure 1D). Furthermore, 
western blotting demonstrated that SNRPA protein 
expression was significantly upregulated in HCC tissues 
compared with paired para-tumor tissues (Figure 1E). 
Moreover, immunohistochemistry assay indicated that 
SNRPA were frequently elevated both in the Chongqing 
cohort of 85 HCC patients and OUTDO BIOTECH 
cohort of 97 HCC patients (Figure 1F). The relationship 
between SNRPA levels and clinicopathological 
features was analyzed with the chi-squared test, 
and the results showed that SNRPA levels were 
positively correlated with tumor size in HCC patients 
from the above-mentioned cohorts (Supplemental 
Tables S6, S7, https://www.biosciencetrends.com/
supplementaldata/253). Notably, SNRPA expression 
was positively related to tumor TNM stage only in HCC 
patients from the Chongqing cohort (Supplemental 
Tables S6, S7, https://www.biosciencetrends.com/
supplementaldata/253). Subsequently, Kaplan–Meier 
analysis, as well as univariate and multivariate Cox 
proportional hazards regression models demonstrated 
that overall survival was poorer in HCC patients with 
high levels of SNRPA than in those with low levels of 
SNRPA in both the Chongqing and OUTDO BIOTECH 
cohorts. In addition, high expression of SNRPA was 
an independent predictor of the poor overall survival 
in HCC patients from the OUTDO BIOTECH cohort 
(Figure 1G, H and Supplemental Figure S1A, B, https://
www.biosciencetrends.com/supplementaldata/253). 
Meanwhile, in the Chongqing cohort, HCC patients with 
high levels of SNRPA suffered from a shorter disease-
free survival versus those with low levels of SNRPA. 
Notably, high SNRPA expression was an independent 
risk factor for tumor recurrence in HCC (Figure 1I and 
Supplemental Figure S1C, https://www.biosciencetrends.
com/supplementaldata/253). Moreover, we used the Gene 
Expression Profiling Interactive Analysis (GEPIA) to 
analyze TCGA-LIHC samples, the results further showed 
that high expression of SNRPA was closely associated 
with a poor prognosis in HCC patients (Supplemental 
Figure S2A, B, https://www.biosciencetrends.com/
supplementaldata/253). Collectively, these data indicate 
that SNRPA is elevated in HCC, and its elevation is 
related to unfavorable clinicopathologic features and 
poor survival in HCC patients. It is therefore likely that 
SNRPA plays a vital role in HCC progression.

3.2. SNRPA promotes HCC cell proliferation both in 
vitro and in vivo.

Western blotting revealed that SNRPA was highly 
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Figure 1. SNRPA is frequently elevated in HCC tissues, which predicts a poor survival in HCC patients. (A) UALCAN analysis of SNRPA 
mRNA levels in HCC tissues and normal liver tissues from TCGA samples. (B) SNRPA protein expression in HCC tissues and normal liver 
tissues from CPTAC samples acquired by UALCAN analysis. (C) UALCAN analysis showing SNRPA mRNA expression at different cancer 
stages. (D) Enriched KEGG pathways of SNRPA positively correlated genes acquired from DAVID analysis. (E) Western blot showing SNRPA 
levels in HCC tissues and matched para-tumor tissues. (F) IHC stanning analysis of SNRPA expression in HCC tissues and paired para-tumor 
tissues from Chongqing (left panel) and OUTDO BIOTECH (right panel) cohorts. (G and H) Kaplan-Meier analysis showing the association 
between SNRPA levels and overall survival of HCC patients from Chongqing (G) and OUTDO BIOTECH (H) cohorts. (I) Kaplan-Meier analysis 
showing the correlation between SNRPA expression and disease-free survival of patients with HCC from Chongqing cohort. Continuous data 
were shown as the mean ± standard deviation (SD). *P < 0.05, ***P < 0.001.
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Figure 2. SNRPA promotes HCC cell proliferation both in vitro and in vivo. (A) CCk-8 test, (B) EdU staining, and (C) Colony formation 
assay to detect the proliferative ability of Huh-7 and SK-Hep-1 cells after SNRPA silencing. (D) CCk-8 assay, (E) EdU test, and (F) Colony 
formation assay to analyze Hep 3B cell proliferative activity after SNRPA overexpression. (G and H) Subcutaneous xenograft models of Huh-7 (G) 
and SK-Hep-1 (H) cells to assess the influence of SNRPA knockdown on tumor growth. Continuous data were presented as the mean ± SD. *P < 
0.05, **P < 0.01, ***P < 0.001.
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role in pre-mRNA splicing. Finally, we intersected the 
transcripts whose levels showed significant changes 
(|fold change| ≥ 2; P-value < 0.05) after SNRPA 
knockdown according to nanopore full-length cDNA 
sequencing with the transcripts that were annotated 
by significantly enriched SNRPA binding peaks (fold 
enrichment ≥ 5; P < 0.05) identified through RIP 
sequencing. Surprisingly, the ENST00000338965 
transcript of the NCR3LG1 gene encoding B7-H6 
protein was downregulated after SNRPA knockdown, 
and it combined directly with SNRPA (Figure 3A). It 
has been reported that B7-H6 promotes tumor growth, 
inhibits cell apoptosis, and accelerates G1-S transition 
in the cell cycle in several types of cancer, also 
including HCC among them; these effects are driven 
by ERK, AKT, and STAT3 signaling pathways (27, 
31, 33). Subsequently, western blotting was performed 
to detect the B7-H6 related pathway activity after 
SNRPA silencing or overexpression in HCC cells. The 
results revealed that SNRPA knockdown decreased 
the B7-H6 expression, as well as the relative levels 
of phosphorylated-STAT3 (p-STAT3) and p-AKT 
in Huh-7 and SK-Hep-1 cells. In contrast, SNRPA 
overexpression significantly upregulated the B7-H6 
expression and the phosphorylation levels of STAT3 
and AKT in Hep 3B cells (Figure 3B). However, there 
were no apparent changes in relative p-ERK levels after 
SNRPA knockdown or overexpression (Figure 3B). 
Immunohistochemistry staining also showed that the 
levels of B7-H6, p-STAT3, and p-AKT were markedly 
decreased in xenograft tumor tissues from the SNRPA 
silencing groups compared with xenograft tumor 
tissues from the negative control groups (Supplemental 
Figure S7A, B, https://www.biosciencetrends.com/
supplementaldata/253). Moreover, as demonstrated 
by flow cytometry assays, SNRPA knockdown 
blocked G1-S transition in the cell cycle and induced 
apoptosis in Huh-7 and SK-Hep1 cells (Figure 3C and 
Supplemental Figure S8, https://www.biosciencetrends.
com/supplementaldata/253). In contrast, SNRPA 
overexpression promoted G1-S transition (Figure 3D) 
and inhibited the apoptosis in Hep 3B cells (Figure 
3E). Western blotting showed that the levels of cyclin 
dependent kinase 4 (CDK4) and CDK6 were evidently 
declined after SNRPA silencing in Huh-7 and SK-
Hep-1 cells. Meanwhile, the levels of cleaved-caspase3 
in Huh-7 and SK-Hep-1 cells were markedly elevated 
after SNRPA silencing, whereas SNRPA overexpression 
in Hep 3B cells exerted an opposite effect (Figure 
3F), which was consistent with the results from flow 
cytometry. However, downregulation or upregulation of 
SNRPA expression did not significantly alter the levels 
of cyclin D1 (CCND1) (Figure 3F). Taken together, it is 
possible that SNRPA promotes HCC cell proliferation 
via B7-H6-STAT3/AKT axis-mediated inhibition of 
apoptosis and promotion of G1-S transition in the cell 
cycle.

3.4. SNRPA facilitates B7-H6 pre-mRNA maturation via 
its intron 2 splicing.

We analyzed the underlying SNRPA-binding sequences 
within the B7-H6 pre-mRNA based on the RIP-
sequencing data. The results showed that there were 
three significantly enriched SNRPA binding peaks on 
B7-H6 pre-mRNA, namely Peak 1, Peak 2, and Peak 3 
(Figure 4A). In detail, Peak 1 spanned the whole intron 
2 of B7-H6 pre-mRNA, whereas Peak 2 and Peak 3 
were located on exon 5 (Figure 4A). Interestingly, 
between the Peak 2 and Peak 3 zones, B7-H6 pre-
mRNA was alternatively spliced into two transcripts, 
namely variant 1, which encodes B7-H6 protein, and 
variant 2, which is eliminated via the nonsense-mediated 
decay pathway (Figure 4B). According to the location 
of SNRPA binding peaks on B7-H6 pre-mRNA, we 
formulated two hypotheses regarding the mechanism 
of SNRPA involved in elevating B7-H6 protein 
expression. Firstly, SNRPA promotes the B7-H6 pre-
mRNA maturation by facilitating its intron 2 splicing 
to increase the B7-H6 protein levels; Secondly, SNRPA 
enhances the transformation of variant 2 to variant 1 
of B7-H6 to upregulate its protein levels. To determine 
these hypotheses, we firstly precipitated the endogenous 
SNRPA protein in wild-type Huh-7 cells and exogenous 
SNRPA protein in SNRPA overexpression Hep 3B cells 
with using anti-SNRPA and anti-FLAG antibodies, 
respectively (Figure 4C). Subsequently, analysis of 
the immunoprecipitated RNA through RT-PCR with 
agarose gel electrophoresis and qRT-PCR showed that 
both endogenous and exogenous SNRPA protein could 
combine with Peak 1, Peak 2, and Peak 3 of B7-H6 
pre-mRNA (Figure 4D, E). Finally, we designed four 
pairs of specific exon–exon and exon–intron junction 
primers to study the effect of SNRPA on B7-H6 pre-
mRNA fate (Figure 4F). The qRT-PCR results showed 
that SNRPA silencing significantly decreased the levels 
of B7-H6 mature mRNA in both Huh-7 and SK-Hep-1 
cells, while an opposite result was obtained in Hep 3B 
cells after SNRPA overexpression. Nevertheless, the 
B7-H6 pre-mRNA levels increased moderately in Huh-
7 cells after SNRPA silencing; whereas, they remained 
stable in SK-Hep-1 cells after SNRPA knockdown 
and Hep 3B cells after SNRPA overexpression (Figure 
4G and Supplemental Figure S9A, https://www.
biosciencetrends.com/supplementaldata/253). Overall, 
the above data indicated that SNRPA promoted the 
transformation of B7-H6 pre-mRNA to mature mRNA; 
however, this effect only altered the levels of B7-H6 
mature mRNA and did not change the pre-mRNA levels 
in SK-Hep-1 and Hep 3B cells. This was probably 
caused by the coupling of splicing and transcription 
(34) or pre-mRNA decay after a splicing defect (35). 
On the other hand, SNRPA knockdown in Huh-7 
and SK-Hep-1 cells inhibited both the B7-H6 variant 
1 and variant 2 mRNA expression, while SNRPA 
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overexpression had an opposite effect in Hep 3B cells 
(Figure 4H and Supplemental Figure S9B, https://
www.biosciencetrends.com/supplementaldata/253). 
Collectively, the results above indicate that SNRPA 
increases B7-H6 protein levels in HCC cells at least in 
part by facilitating its pre-mRNA maturation via intron 
2 splicing.

3.5. SNRPA enhances HCC cell resistance to lenvatinib.

The acquirement of resistance to TKIs in HCC treatment 
is partly due to the complementary activation of the 
STAT3 and AKT signaling pathways (36-38). Thus, 
we further investigated the impact of SNRPA on the 
sensitivity of HCC cells to lenvatinib. Using dose-

Figure 3. SNRPA activates B7-H6-STAT3/AKT signaling pathways in HCC cells. (A) Venn diagram and heatmap showing the intersection 
of transcripts whose levels changed significantly (|fold change| ≥ 2; P-value < 0.05) after SNRPA knockdown according to nanopore full-length 
cDNA sequencing with transcripts annotated by significantly enriched SNRPA binding peaks (fold enrichment ≥ 5; P < 0.05) identified through RIP 
sequencing. (B) Western blot to detect the effect of SNRPA on B7-H6-ERK/STAT3/AKT signaling pathways in HCC cells. (C) Flow cytometry 
analysis for cell apoptosis in Huh-7 and SK-Hep-1 cells after SNRPA silencing. (D and E) Flow cytometry analysis for the cell cycle (D) and 
apoptosis (E) in Hep 3B cells after SNRPA overexpression. (F) Western blot showing the affection of SNRPA on the cell cycle and apoptosis related 
gene expression in HCC cells. Continuous data were reported as the mean ± SD. **P < 0.01, ***P < 0.001.
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Figure 4. SNRPA promotes B7-H6 pre-mRNA maturation via its intron 2 normal splicing. (A) The coverage of SNRPA binding peak reads 
acquired from RIP-sequencing on B7-H6 transcripts. (B) The schematic representing alternative splicing modes of B7-H6 gene. (C) Western blot to 
detect the efficiency of SNRPA (upper panel) and FLAG (nether panel) immunoprecipitations. (D) RT-PCR with agarose gel electrophoresis assays 
to determine combining of endogenous (upper panel) and exogenous (nether panel) SNRPA with Peak 1, Peak 2, and Peak 3 of B7-H6 pre-mRNA. 
(E) qRT-PCR showing the binding of endogenous (upper panel) and exogenous (nether panel) SNRPA with Peak 1, Peak 2, and Peak 3 of B7-H6 
pre-mRNA. (F) The schematic of specific primers to identify B7-H6 pre-mRNA or mature mRNA (upper panel), and B7-H6 variant 1 or variant 2 
mRNA (nether panel). Specific primers represented by the two arrows, illustrating their approximate locations. (G) qRT-PCR to detect the B7-H6 
pre-mRNA and mature mRNA levels in HCC cells after SNRPA knockdown or overexpression. (H) qRT-PCR to detect the B7-H6 variant 1 and 
variant 2 expression in HCC cells after SNRPA silencing or upregulating. Continuous data were demonstrated as the mean ± SD. nsP > 0.05, *P < 0.05, 
**P < 0.01, ***P < 0.001.
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response-inhibition test found that SNRPA knockdown 
significantly declined the IC50 of SK-Hep-1 cells to 
lenvatinib, whereas SNRPA overexpression markedly 
elevated the IC50 of Hep 3B cells to lenvatinib (Figure 
5A). Consistently, colony formation assays showed that 
SNRPA silencing in SK-Hep-1 cells could enhance the 
inhibition of proliferation induced by treatment with 
lenvatinib, whereas SNRPA overexpression had an 
opposite effect in Hep 3B cells (Figure 5B). Moreover, 
as shown by flow cytometry assays, SNRPA silencing 
evidently aggravated the lenvatinib-induced apoptosis of 
SK-Hep-1 cells; in contrast, SNRPA upregulating in Hep 
3B cells significantly relieved the apoptosis caused by 
treatment with lenvatinib (Figure 5C). Finally, xenograft 
models with treatment of lenvatinib found that SNRPA 
silencing could markedly enhance the sensitivity of 
SK-Hep-1 cells to lenvatinib in vivo (Figure 5D and 
Supplemental Figure S10, https://www.biosciencetrends.
com/supplementaldata/253). Collectively, these results 
suggest that SNRPA induces HCC cell resistance to 
lenvatinib both in vitro and in vivo.

3.6. The effects of SNRPA on HCC cells relies on B7-
H6-mediated activation of STAT3 and AKT.

We used RNAi to silence the expression of B7-H6 in 
Hep 3B cells and verified the silencing efficiency using 
western blotting (Figure 6A). As shown by CCK-8 and 
EdU assays, B7-H6 silencing significantly inhibited the 
proliferation of Hep 3B cells in the empty vector group 
and could abolish the proliferative ability enhanced by 
SNRPA overexpression in Hep 3B cells (Figure 6B, 
C). Similarly, the flow cytometry results demonstrated 
that B7-H6 silencing suppressed G1-S transition in the 
cell cycle and promoted apoptosis in the empty vector 
group Hep 3B cells. In addition, the promotion of G1-S 
transition in the cell cycle and inhibition of apoptosis 
in Hep 3B cells caused by SNRPA upregulating 
were partially offset by B7-H6 silencing (Figure 6D, 
E). Moreover, western blotting showed that B7-H6 
silencing inhibited the phosphorylation of STAT3 and 
AKT, as well as the expression of CDK4 and CDK6 in 
empty vector group Hep 3B cells. However, Caspase3 
activation in these cells was augmented after B7-H6 
silencing. In addition, upregulation of p-STAT3, p-AKT, 
CDK4, and CDK6, as well as inhibition of Caspase3 
activation resulted from SNRPA overexpression 
depended on B7-H6 expression (Figure 6F). Finally, the 
dose-response-inhibition test demonstrated that B7-H6 
interference reversed lenvatinib resistance acquired by 
SNRPA overexpression in Hep 3B cells (Supplemental 
Figure S11, https://www.biosciencetrends.com/
supplementaldata/253). Taken together, these results 
indicate that SNRPA promotes the proliferation and 
resistance to lenvatinib of HCC cells mainly through B7-
H6-mediated activation of the STAT3 and AKT signaling 
pathways.

4. Discussion

Thus far, the number of available target therapeutics for 
HCC has been limited by an accumulative activation 
of multiple signaling pathways and reactivation of 
complementary signaling pathways (7,36). Increasing 
amount of evidence indicates that normal and abnormal 
pre-mRNA splicing participates in the tumor malignant 
process and the development of resistance to treatment 
(11,12,39). In this study, we revealed that the levels of 
splicing factor SNRPA were frequently elevated in HCC 
tissues; this increase was predictive of poor survival in 
patients with HCC. Additionally, SNRPA promoted HCC 
cell proliferation and resistance to lenvatinib. These 
findings suggested that SNRPA is an oncogene in HCC, 
as well as a potential target for therapy and overcoming 
resistance to lenvatinib in HCC patients.
Previous studies have demonstrated that SNRPA 
was upregulated in HCC tissues and promoted HCC 
cell metastasis via microvascular invasion (21,22). 
However, these investigations did not further explore 
the direct mechanism underlying the promotion of HCC 
progression by SNRPA through pre-mRNA splicing 
and the SNRPA resulting in development of resistance 
to treatment. Additionally, these studies did not employ 
sequencing to detect the transcript expression profile 
after SNRPA knockdown or overexpression. In the 
present study, utilizing nanopore full-length cDNA 
sequencing and RIP-sequencing assays, we hypothesized 
that SNRPA promotes HCC proliferation via B7-H6 pre-
mRNA splicing. According to the sequences of B7-H6 
pre-mRNA combined with SNRPA, we designed several 
pairs of specific exon–intron and exon–exon conjunction 
primers and performed qRT-PCR. The results revealed 
that SNRPA upregulated B7-H6 expression by 
promoting B7-H6 pre-mRNA maturation via its intron 
2 normal splicing. Reports have shown that SNRPA 
more often upregulated the expression of transcripts 
directly bound by SNRPA on the whole-genome 
level; moreover, SNRPA promoted splicing at the 5' 
splice site in intron 5 of the mTOR gene to increase its 
expression (17,40), which further supported our results 
to a large extent. Additionally, owing to its superiority 
in detecting transcript levels compared with traditional 
sequencing (41,42), we utilized nanopore full-length 
cDNA sequencing to analyze changes in the SNRPA 
downstream targets. This is the first study exploring 
the mechanism through which SNRPA aggravates the 
malignant behaviors of HCC cells at the pre-mRNA 
splicing level.
 Coded by the natural killer cell cytotoxicity 
receptor 3 ligand 1 (NCR3LG1) gene, B7-H6 protein 
contributes to tumor progression via its two extracellular 
immunoglobul in  domains  media t ing  immune 
escape (29,30). This was identified as the primary 
immunological mechanism underlying the involvement 
of B7-H6 in tumorigenesis. However, at the non-
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Figure 5. SNRPA enhances HCC cell resistance to lenvatinib. (A) The dose-response-inhibition curve of SK-Hep-1 cells after SNRPA knockdown 
(upper panel) and Hep 3B cells after SNRPA overexpression (nether panel) to lenvatinib. (B) Colony formation assay showing the effect of specific 
lenvatinib concentration on the proliferation of HCC cells after SNRPA silencing or upregulating. (C) Flow cytometry assay to detect the impact of 
specific lenvatinib concentration on apoptosis of HCC cells after SNRPA knockdown or overexpression. (D) Subcutaneous xenograft models of SK-
Hep-1 cells to assess the affection of lenvatinib on HCC cell growth in vivo after SNRPA silencing. Continuous data were shown as the mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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immunological level, accumulating evidence revealed 
that B7-H6 activated the STAT3, AKT, and ERK 
signaling pathways in the development of cancer (27,31). 
This function may be associated with its ITIM/SH2/SH3 

domains, which possess protein tyrosine kinase activity 
(23,43). Other studies showed that, by accelerating G1-S 
transition and inhibiting apoptosis, B7-H6 played an 
important role in the progression of several tumor types 
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Figure 6. SNRPA promotes HCC cell proliferation relying on B7-H6 expression. (A) Western blot to detect the efficiency of B7-H6 interference 
in Hep 3B cells after treatment of siRNAs. (B) CCk-8 test, (C) EdU assay, (D) flow cytometry analysis for the cell cycle, and (E) flow cytometry 
analysis for cell apoptosis to determine the effect of SNRPA overexpression on proliferation, cell cycle, and apoptosis of Hep 3B cells in shortage 
of B7-H6. (F) Western blot to detect the impact of SNRPA upregulating on STAT3/AKT signaling pathway activation, as well as the cell cycle and 
apoptosis related gene expression of Hep 3B cells in context of B7-H6 interference. Continuous data were shown as the mean ± SD. **P < 0.01, ***P < 
0.001.
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(32,44,45). In our study, B7-H6 only upregulated the 
phosphorylation levels of STAT3 and AKT, but not those 
of ERK, in HCC cells. B7-H6 was abundantly expressed 
in various tumor tissues, whereas it was rarely detected 
in normal tissues (23-26). It was previously revealed 
that, as an oncogene overexpressed in certain tumors, 
Myc transcriptionally drives B7-H6 expression in tumor 
cells (30). In addition, it was hypothesized that some 
post-transcriptional modifications, including ubiquitin or 
SUMOylation, may block B7-H6 expression in normal 
tissues by another study (46). Interestingly, our study is 
the first to demonstrate that B7-H6 pre-mRNA normal 
splicing is a mechanism involved in maintaining B7-
H6 expression in tumor tissues. Notably, there is a lack 
of the full-length B7-H6 gene sequence and only a short 
region corresponding to the first exon of human B7-H6 
in the mouse genome (23). Consequently, we did not 
further investigate the relationship of SNRPA with B7-
H6 to promote tumorigenesis in a DEN/CCL4-induced 
mouse HCC model using a gene knockout technique.
 Lenvatinib is currently the first-line treatment for 
patients with advanced HCC (47); however, according 
to clinical data, only a limited number of patients with 
HCC benefit from treatment with lenvatinib (48). This 
was attributed to extensive resistance to lenvatinib in 
patients with HCC, while the specific factors driving 
this resistance remain unclear to a large extent. Hu et al. 
revealed that epidermal growth factor receptor (EGFR) 
induced resistance to lenvatinib in HCC by STAT3-ATP 

binding cassette subfamily B member 1 (STAT3-ABCB1) 
signaling (36). In addition, another study demonstrated 
that chromobox 1 (CBX1) increased resistance to TKIs 
(i.e., sorafenib and lenvatinib) in HCC via the insulin 
like growth factor 1 receptor/AKT/SNAIL (IGF-1R/
AKT/SNAIL) signaling axis (49). Collectively, the 
evidence indicated that the complementary reactivation 
of the STAT3 and AKT signaling pathways plays 
an essential role in the development of resistance to 
lenvatinib in patients with HCC. In the present study, 
we showed that SNRPA activated the STAT3 and AKT 
signaling pathways in HCC. Furthermore, pre-mRNA 
splicing has been identified as an important mechanism 
of resistance to therapy in cancer (50). Thus, we further 
explored whether SNRPA affected HCC cell resistance 
to lenvatinib. Based on in vitro and in vivo functional 
experiments, we showed that SNRPA induced significant 
resistance to lenvatinib in HCC cells. Our results 
suggested that pre-mRNA splicing is also involved in the 
development of HCC cell resistance to lenvatinib.
In conclusion, the present study revealed that SNRPA 
promotes HCC cell proliferation and resistance to 
lenvatinib. This effect is supported through the binding 
of SNRPA to B7-H6 pre-mRNA; this binding increases 
B7-H6 expression by facilitating B7-H6 pre-mRNA 
maturation via its intron 2 splicing and thus activating 
the STAT3 and AKT signaling pathways (Figure 7). 
These results indicate that SNRPA is a promising target 
for the treatment of HCC and overcoming resistance to 
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Figure 7. Schematic depicting the molecular mechanism of SNRPA contributing to HCC progression.



BioScience Trends. 2025; 19(3):337-350.                                                  www.biosciencetrends.comBioScience Trends. 2025; 19(3):337-350.                                                  www.biosciencetrends.com

lenvatinib in patients with this disease.
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1. Introduction

Hepatocellular carcinoma (HCC) remains a significant 
global health burden, ranking as the sixth most common 
cancer and the third leading cause of cancer-related 
deaths worldwide (1,2). Despite recent advances in 
diagnostic and therapeutic strategies, the prognosis for 
HCC remains poor, with a 5-year survival rate of only 

18% (3,4). Although curative resection is the primary 
treatment for patients with localized HCC, long-term 
outcomes remain unsatisfactory, with 5-year recurrence 
rates exceeding 50% (5-11). Identifying prognostic 
factors is crucial to improve patient selection, optimize 
perioperative management, and guide postoperative 
surveillance.
 The complex interplay between HCC and the 
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SUMMARY: The prognostic significance of preoperative platelet counts among patients with hepatocellular carcinoma 
(HCC) undergoing curative resection remains controversial. The objective of the current study was to investigate the 
impact of preoperative platelet count on long-term outcomes after HCC resection. Patients who underwent curative-
intent resection for HCC between 2000 and 2021 at 10 hepatobiliary centers in China were retrospectively analyzed. 
Patients were categorized based on platelet count within 2 weeks before surgery: thrombocytopenia (< 100 × 109/
L), normal platelet count (100-299 × 109/L), and thrombocytosis (≥ 300 × 109/L). The primary outcomes were 
overall survival (OS) and recurrence-free survival (RFS). Among 3,116 patients, 655 (21.0%) had thrombocytopenia, 
2,374 (76.2%) had normal platelet counts, and 87 (2.8%) had thrombocytosis. The 5-year OS was 52.7%, 56.0%, 
and 40.2% for thrombocytopenia, normal platelet count, and thrombocytosis groups, respectively (p < 0.001 among 
the three groups); the corresponding 5-year RFS was 39.3%, 39.3%, and 26.9%, respectively (p = 0.001 among the 
three groups). Multivariable analysis identified both thrombocytopenia (HR 1.215, 95% CI 1.045-1.413, p = 0.011) 
and thrombocytosis (HR 1.307, 95% CI 1.130-1.511, p < 0.001) as independent risk factors for worse OS, and 
thrombocytosis was independently associated with worse RFS (HR 1.523, 95% CI 1.196-1.939, p = 0.001). Both 
thrombocytopenia and thrombocytosis were associated with worse survival after HCC resection, with thrombocytosis 
also predicting higher risk of recurrence. Routine preoperative platelet count may serve as a valuable and practical 
prognostic marker for risk stratification among patients with HCC undergoing resection.
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hematologic system, particularly the role of platelets, 
has gained increasing attention in recent years (12,13). 
Platelets, traditionally recognized for their crucial 
role in hemostasis, are now understood to be active 
participants in tumor biology, influencing processes such 
as angiogenesis, immune modulation, and metastasis 
(14-17). Among patients with chronic liver disease, 
thrombocytopenia is common due to portal hypertension, 
hypersplenism, and decreased thrombopoietin production 
(17-20). In contrast, thrombocytosis can occur in various 
malignancies, including HCC, as a paraneoplastic 
phenomenon (21,22).
 The prognostic significance of platelet count among 
patients with HCC undergoing curative resection remains 
controversial. Several studies have reported associations 
between thrombocytopenia and poor outcomes related 
to HCC, while the impact of thrombocytosis on HCC 
prognosis has been less extensively studied (23-26). 
These conflicting results may be attributed to differences 
in study populations, sample sizes, and definitions of 
thrombocytopenia and thrombocytosis. A meta-analysis 
of 15 studies noted that thrombocytopenia was associated 
with worse overall and disease-free survival among 
patients with HCC undergoing various treatments (27). 
The mechanisms underlying this association may include 
impaired liver regeneration, compromised immune 
function, and increased perioperative complications (28). 
Some reports have suggested that thrombocytosis may 
be an adverse prognostic factor relative to HCC (29-
32), while other studies have failed to demonstrate a 
significant impact on long-term survival (33,34). These 
conflicting results may be attributed to differences in 
study populations, sample sizes, and definitions of 
thrombocytopenia and thrombocytosis.
 To reconcile these conflicting findings and 
address existing knowledge gaps, this study aims to 
systematically investigate the impact of preoperative 
platelet levels on long-term outcomes following 
curative resection of HCC. It was hypothesized that 
both thrombocytopenia and thrombocytosis would be 
associated with worse survival and a higher incidence 
of recurrence. Considering the routine availability of 
platelet count as part of standard laboratory testing, 
our findings could have important clinical implications 
for preoperative risk stratification, perioperative 
management, and tailoring postoperative surveillance 
strategies in HCC patients undergoing curative resection.

2. Patients and Methods

2.1. Study design and patient population

This retrospective, multicentre cohort study included 
patients who underwent curative resection for initially 
diagnosed HCC between January 2000 and December 
2021 at 10 hepatobiliary centres in China. The study 
protocol was approved by the institutional review board 

of each participating center, and the requirement for 
informed consent was waived due to the retrospective 
nature of the study. Inclusion criteria were: i) age ≥ 18 
years; ii) histologically confirmed HCC; iii) curative 
resection with clear surgical margins (R0 resection); and 
iv) available preoperative platelet count data. Exclusion 
criteria were: i) extrahepatic metastasis; ii) prior 
local or systemic HCC treatment; iii) history of other 
malignancies; iv) incomplete clinical data or follow-up 
information; and v) perioperative mortality (death within 
30 days after surgery).

2.2. Data collection and definitions

Demographic, clinical, laboratory, and pathological 
data were collected from electronic medical records. 
Preoperative platelet count was defined as the last 
value obtained within 2 weeks before surgery. As such, 
patients were categorized into three groups based on 
platelet count: thrombocytopenia, normal platelet count, 
and thrombocytosis. In China, almost all of hospitals 
routinely classify platelet counts < 100 × 10⁹/L as 
thrombocytopenia and ≥ 300 × 10⁹/L as thrombocytosis, 
reflecting local laboratory reference ranges and 
prior studies in Chinese HCC cohorts (20,29,35,36). 
Liver function was assessed using the Child-Pugh 
classification. Tumor characteristics, including size, 
number, differentiation, and macrovascular and 
microvascular invasion were determined by pathological 
examination. Cirrhosis was diagnosed based on 
histological findings or unequivocal clinical and 
radiological evidence.

2.3. Surgical procedures

All patients underwent curative resection with the goal 
of complete tumor removal and preservation of adequate 
future liver remnant. The choice of surgical approach 
(open or laparoscopic) and extent of resection (anatomical 
or non-anatomical) was at the discretion of the treating 
surgeon. Intraoperative ultrasound was routinely used 
to guide resection. Major hepatectomy was defined as 
resection of three or more Couinaud segments (37). 
Perioperative management, including the use of blood 
products, was performed according to each center's 
standard protocols.

2.4. Follow-up and outcome measures

Postoperative follow-up included physical examination, 
liver function tests, serum alpha-fetoprotein (AFP), and 
imaging studies (contrast-enhanced CT or MRI) every 
3 months for the first 2 years, and then every 6 months 
thereafter. Recurrence was diagnosed based on typical 
imaging findings or histological confirmation when 
indicated. Treatment for recurrence was determined by a 
multidisciplinary team, considering tumor characteristics, 

(352)



BioScience Trends. 2025; 19(3):351-360.                                                  www.biosciencetrends.comBioScience Trends. 2025; 19(3):351-360.                                                  www.biosciencetrends.com

(353)

3. Results

3.1. Patient characteristics

A total of 3,116 patients were included in the final 
analysis (Figure 1). None of the included patients 
had undergone prior splenectomy, received aspirin or 
other antiplatelet therapy, or had platelet transfusion 
within two weeks before surgery. Median age was 
52 years (IQR 44-60), and 2,728 (87.5%) were male. 
Hepatitis B virus (HBV) infection was the predominant 
etiology, which was present in 2,648 (85.0%) patients. 
Cirrhosis was diagnosed in 2,264 (72.7%) patients. 
Based on preoperative platelet count, there were 
655 (21.0%) patients with thrombocytopenia, 2,374 
(76.2%) with normal platelet count, and 87 (2.8%) with 
thrombocytosis.
 The baseline characteristics of the three groups are 
summarized in Table 1. Patients with thrombocytopenia 
were more likely to have cirrhosis (92.4% vs. 68.1% vs. 
49.4%, p < 0.001), worse liver function (Child-Pugh 
class B: 16.6% vs. 6.1% vs. 10.3%, p < 0.001), smaller 
tumors (≤ 5.0 cm: 66.1% vs. 47.0% vs. 21.4%, p < 0.001), 
and multiple tumors (54.0% vs. 44.0% vs. 36.8%, p < 
0.001). In contrast, patients with thrombocytosis had 
larger tumors (> 5.0 cm: 78.6% vs. 53.0% vs. 33.9%, p 
< 0.001), incomplete tumor encapsulation (70.1% vs. 
59.7% vs. 54.7%, p = 0.007), and were more likely to 
undergo intraoperative blood transfusion (32.2% vs. 
15.2% vs. 19.4%, p < 0.001) and major hepatectomy 
(47.1% vs. 22.6% vs. 11.5%, p < 0.001).

3.2. Long-term outcomes

The median follow-up time was 50.3 months (IQR 22.0-

liver function, and patient preferences.
 The primary outcome measures were overall survival 
(OS) and recurrence-free survival (RFS). OS was defined 
as the interval between the date of surgery and the date 
of death from any cause or last follow-up. RFS was 
calculated from the date of surgery to the date of first 
recurrence or last follow-up for recurrence-free patients. 
Patients who died without documented recurrence were 
censored at the date of death for RFS analysis.

2.5. Statistical analysis

Continuous variables were expressed as median 
(interquartile range) and compared using the Kruskal-
Wallis test. Categorical variables were presented as 
numbers (percentages) and compared using the chi-
square test or Fisher's exact test as appropriate. Survival 
curves were generated using the Kaplan-Meier method 
and compared using the log-rank test. Univariable and 
multivariable Cox proportional hazards models were used 
to identify factors associated with OS and RFS. Variables 
with p < 0.1 in univariable analysis were included in the 
multivariable model. Additionally, preoperative platelet 
count categories (thrombocytopenia and thrombocytosis) 
were included in all multivariable models regardless of 
univariable P values as they were the primary exposure 
variables of interest in our study hypothesis, following 
standard epidemiological practice for analysing pre-
specified predictors. Hazard ratios (HRs) with 95% 
confidence intervals (CIs) were calculated. All statistical 
analyses were performed using R version 4.1.0 (R 
Foundation for Statistical Computing, Vienna, Austria) 
and SPSS version 25.0 (IBM Corp., Armonk, NY, 
USA). A two-sided p < 0.05 was considered statistically 
significant.

Figure 1. Flow diagram of patient selection. HCC, hepatocellular carcinoma.
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65.0). During the study period, 1,565 (50.2%) patients 
died, and 1,895 (60.8%) experienced recurrence (Table 
2). Analysis of mortality causes revealed differences 
between groups. In the thrombocytopenia group, a 
higher proportion of non-cancer deaths was observed 
(11.3%) compared to the normal platelet count (5.7%) 
and thrombocytosis groups (6.9%), with liver failure and 
upper gastrointestinal bleeding being the predominant 
non-cancer causes. The 1-, 3-, and 5-year OS for the 
entire cohort was 85.0%, 66.1%, and 54.9%, respectively. 

Kaplan-Meier analysis demonstrated differences in 
OS among the three platelet count groups (Figure 2). 
Meanwhile, 5-year OS was 52.7%, 56.0%, and 40.2% 
among patients with thrombocytopenia, normal platelet 
count, and thrombocytosis, respectively (p < 0.001).
 The 1-, 3-, and 5-year RFS for the entire cohort 
was 66.1%, 47.9%, and 39.0%, respectively. Of note, 
RFS differed among the three groups, with 5-year 
recurrence-free being 39.3%, 39.3%, and 26.9% for 
the thrombocytopenia, normal platelet count, and 

Table 1. Baseline characteristics of patients according to preoperative platelet count

n (%)

Male sex
Age > 65 years
Diabetes mellitus
HBV (+)
HCV (+)
ASA score > 2
Cirrhosis
Child–Pugh grade B
Preoperative AFP > 400 μg/L
Largest tumor size > 5.0 cm
Multiple tumors
Macrovascular invasion
Microvascular invasion
Incomplete tumor encapsulation
Satellite nodules
Poor differentiation
Laparoscopic approach
Intraoperative blood loss > 400 mL
Intraoperative blood transfusion
Major hepatectomy
Non-anatomical resection
Narrow resection margin (< 1 cm)

AFP, α-fetoprotein; ASA, American Society of Anesthesiologists; HBV, hepatitis B virus; HCV, hepatitis C virus.

Normal platelet count group
(n = 2,374)

2,086 (87.9)
   352 (14.8)
 175 (7.4)

1,975 (83.2)
   59 (2.5)

   336 (14.2)
1,616 (68.1)
 144 (6.1)

   536 (33.7)
   842 (53.0)
1,044 (44.0)
   245 (10.3)
1,024 (43.1)
1,418 (59.7)
   459 (19.3)
1,378 (86.7)
   505 (21.3)
   634 (26.7)
   361 (15.2)
   536 (22.6)
1,830 (77.1)
1,354 (57.0)

Thrombocytopenia group
(n = 655)

567 (86.6)
  76 (11.6)
  68 (10.4)
604 (92.2)
23 (3.5)

  83 (12.7)
605 (92.4)
109 (16.6)
162 (36.9)
149 (33.9)
354 (54.0)
63 (9.6)

281 (42.9)
358 (54.7)
116 (17.7)
354 (80.6)
165 (25.2)
259 (39.5)
127 (19.4)
  75 (11.5)
549 (83.8)
330 (50.4)

Thrombocytosis group 
(n = 87)

   75 (86.2)
   13 (14.9)
   6 (6.9)

   69 (79.3)
0 (0)

   18 (20.7)
   43 (49.4)
     9 (10.3)
   19 (33.9)
   44 (78.6)
   32 (36.8)
   10 (11.5)
   37 (42.5)
   61 (70.1)
   20 (23.0)
   48 (85.7)
   16 (18.4)
   33 (37.9)
   28 (32.2)
   41 (47.1)
   54 (62.1)
   64 (73.6)

p among three 
groups

   0.622
   0.109
   0.039
< 0.001
   0.104
   0.121
< 0.001
< 0.001
   0.459
< 0.001
< 0.001
   0.803
   0.989
   0.007
   0.416
   0.007
   0.213
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

Table 2. Long-term outcomes of patients according to preoperative platelet count

n (%)

Duration of follow-up*
Death
     Cancer-related
     Non-cancer-related
     Liver failure
     Upper gastrointestinal bleeding
     Other causes
Recurrence
Median OS, months**
     1 year, %
     3 years, %
     5 years, %
     8 years, %
Median RFS, months**
     1 year, %
     3 years, %
     5 years, %
     8 years, %

*Values are mean ± standard; **Values in parentheses are 95% confidence intervals. OS, overall survival; RFS, recurrence-free survival.

Normal platelet 
count group (Group 

I, n = 2,374)

 50.0 ± 33.0
1,153 (48.6)
1,017 (42.8)
  136 (5.7)
    65 (2.7)
    42 (1.8)
    29 (1.2)
1,444 (60.8)
 77.9 (71.4, 84.5)
 84.9
 66.6
 56.0
 43.6
 32.5 (28.9, 36.2)
 65.7
 48.2
 39.3
 27.4

Thrombocytopenia 
group

(Group II, n = 655)

50.1 ± 32.1
 350 (53.4)
 276 (42.1)
   74 (11.3)
   38 (5.8)
   29 (4.4)
     7 (1.1)
 387 (59.1)
68.2 (58.6, 77.9)
86.4
76.5
52.7
39.7
33.3 (25.8, 40.7)
69.3
48.5
39.3
21.8

Thrombocytosis 
group

(Group III, n = 87)

40.8 ± 34.1
   62 (71.3)
   56 (64.4)
     6 (6.9)
     3 (3.4)
     1 (1.1)
     2 (2.3)
   64 (73.6)
34.6 (18.9, 50.4)
78.2
48.2
40.2
24.8
15.0 (2.0, 28.0)
52.9
35.5
26.9
15.6

p (II vs. I)

   0.917
   0.027
   0.740
< 0.001
< 0.001
< 0.001
   0.792
   0.734
   0.131

   0.901

p (III vs. I)

< 0.001
< 0.001
< 0.001
   0.624
   0.705
   0.635
   0.335
   0.010
< 0.001

   0.002

p among 
three groups

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
   0.568
   0.034
< 0.001

   0.007
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thrombocytosis groups, respectively (p = 0.007) 
(Figure 3).

3.3 Univariable and multivariable analyses for OS and 
RFS

In univariable and multivariable Cox regression analysis, 

both thrombocytopenia (HR 1.215, 95% CI 1.045-1.413, 
p = 0.011) and thrombocytosis (HR 1.307, 95% CI 
1.130-1.511, p < 0.001) were independent risk factors for 
poor OS, along with other established prognostic factors 
(Table 3). In univariable and multivariable analysis 
regarding RFS, thrombocytosis remained an independent 
predictor (HR 1.523, 95% CI 1.196-1.939, p = 0.001), 

Figure 2. Kaplan-Meier curves of overall survival according to 
preoperative platelet count. p = 0.131 (thrombocytopenia vs. normal 
platelet count), p < 0.001 (thrombocytosis vs. normal platelet count), 
and p < 0.001 (thrombocytopenia vs. thrombocytosis).

Figure 3. Kaplan-Meier curves of recurrence-free survival 
according to preoperative platelet count. p = 0.901 (thrombocytopenia 
vs. normal platelet count), p = 0.002 (thrombocytosis vs. normal platelet 
count), and p = 0.003 (thrombocytopenia vs. thrombocytosis).

Table 3. Univariable and multivariable Cox-regression analysis for overall survival

Sex (male vs. female)
Age (> 65 vs. ≤ 65 years)
Diabetes mellitus (yes vs. no)
HBV (positive vs. negative)
HCV (positive vs. negative)
ASA score (> 2 vs. ≤ 2)
Cirrhosis (yes vs. no)
Child-Pugh grade (B vs. A)
Preoperative platelet count
     Normal platelet count
     Thrombocytopenia
     Thrombocytosis
Preoperative AFP (> 400 vs. ≤ 400μg/L)
Largest tumor size (> 5 vs. ≤ 5 cm)
Multiple tumors (yes vs. no)
Macrovascular invasion (yes vs. no)
Microvascular invasion (yes vs. no)
Incomplete encapsulation (yes vs. no)
Satellite nodules (yes vs. no)
Tumor differentiation (poor vs. well)
Surgical approach (open vs. laparoscopic)
Blood loss (> 400 vs. ≤ 400 mL)
Blood transfusion (yes vs. no)
Extent of hepatectomy (major vs. minor)
Anatomical resection (no vs. yes)
Resection margin (narrow vs. wide)

AFP, α-fetoprotein; ASA, American Society of Anesthesiologists; HBV, hepatitis B virus; HCV, hepatitis C virus; CI, confidence interval; NA, not 
available.

Hazard ratio (95% CI)

1.068 (0.920-1.239)
1.001 (0.869-1.152)
0.965 (0.800-1.163)
1.083 (0.939-1.249)
1.240 (0.930-1.652)
1.125 (0.979-1.292)
1.346 (1.198-1.513)
1.869 (1.605-2.177)

Reference
1.097 (0.973-1.236)
1.762 (1.365-2.276)
1.832 (1.623-2.067)
2.658 (2.347-3.010)
1.242 (1.120-1.377)
5.259 (4.609-6.000)
2.483 (2.245-2.747)
2.434 (2.178-2.720)
2.889 (2.591-3.222)
1.910 (1.574-2.317)
1.004 (0.907-1.111)
1.991 (1.762-2.250)
2.370 (2.110-2.662)
2.153 (1.929-2.402)
0.942 (0.837-1.059)
2.492 (2.235-2.778)

p

   0.387
   0.993
   0.709
   0.275
   0.143
   0.096
< 0.001
< 0.001

   0.130
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
   0.943
< 0.001
< 0.001
< 0.001
   0.318
< 0.001

Hazard ratio (95% CI)

NA
1.238 (1.074-1.427)
1.231 (1.013-1.496)

Reference
1.215 (1.045-1.413)
1.307 (1.130-1.511)
1.251 (1.101-1.420)
1.753 (1.527-2.013)

NA
2.832 (2.373-3.379)
1.313 (1.145-1.505)
1.641 (1.414-1.905)
1.757 (1.531-2.017)

NA

NA
1.429 (1.223-1.670)

NA

1.906 (1.682-2.159)

p

   0.976
   0.003
   0.036

   0.011
< 0.001
   0.001
< 0.001
   0.263
< 0.001
< 0.001
< 0.001
< 0.001
   0.351

   0.983
< 0.001
   0.602

< 0.001

Univariable analysis Multivariable analysis
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while thrombocytopenia did not (HR 0.941, 95% CI 
0.843-1.050, p = 0.278) (Table 4).

4. Discussion

This multicenter study demonstrated that preoperative 
platelet count was an independent predictor of long-
term outcomes after curative resection for HCC. The 
findings of the present study demonstrated that both 
thrombocytopenia (< 100 × 109/L) and thrombocytosis 
(≥ 300 × 109/L) were independent predictors of 
worse OS, a "double-edged sword" phenomenon not 
previously established in HCC literature. Furthermore, 
thrombocytosis was an independent risk factor for 
postoperative recurrence, a finding not previously 
reported in the context of HCC resection. These results 
underscore the complex interplay among platelets, liver 
function, and tumor biology in HCC. By establishing 
preoperative platelet count levels as a robust and 
clinically accessible prognostic marker, this work 
provides a framework for refining risk stratification 
protocols, informing personalized treatment algorithms, 
and potentially improving outcomes in HCC patients 
selected for curative-intent resection. The "sweet spot" 
of normal platelet count identified in this study opens 
new avenues for preoperative optimization and targeted 
interventions in the management of HCC.
 The adverse impact of thrombocytopenia on 

postoperative outcomes among patients with HCC 
has been reported in several previous studies (23-
26). The results of the current study confirmed and 
extended these observations in a larger cohort. The 
mechanisms underlying this association were likely 
multifactorial. First, thrombocytopenia often reflects 
the presence of portal hypertension and advanced liver 
fibrosis or cirrhosis, which are known risk factors for 
poor outcomes after HCC resection (38). Indeed, in the 
present cohort, patients with thrombocytopenia had a 
higher prevalence of cirrhosis and worse liver function. 
Platelets also play important roles in liver regeneration 
and repair (39). Thrombocytopenia may impair liver 
regeneration capacity, leading to increased postoperative 
liver dysfunction and complications. In addition, platelets 
are involved in various aspects of the immune response 
against cancer (40). Thrombocytopenia may compromise 
antitumor immunity and promote tumor progression.
 The prognostic significance of thrombocytosis in 
HCC has not been well-established, with conflicting 
results in the literature (13,29,31). The present study 
provided strong evidence that thrombocytosis was an 
independent predictor of both decreased OS and RFS. 
This finding is consistent with reports related to other 
malignancies, in which elevated platelet counts had been 
associated with advanced disease and poor prognosis 
(41). The mechanisms by which thrombocytosis may 
promote HCC progression include: i) production of 

Table 4. Univariable and multivariable Cox-regression analysis for recurrence-free survival

Sex (male vs. female)
Age (> 65 vs. ≤ 65 years)
Diabetes mellitus (yes vs. no)
HBV (positive vs. negative)
HCV (positive vs. negative)
ASA score (> 2 vs. ≤ 2)
Cirrhosis (yes vs. no)
Child-Pugh grade (B vs. A)
Preoperative platelet count
     Normal platelet count
     Thrombocytopenia
     Thrombocytosis
Preoperative AFP (> 400 vs. ≤ 400μg/L)
Largest tumor size (> 5 vs. ≤ 5 cm)
Multiple tumors (yes vs. no)
Macrovascular invasion (yes vs. no)
Microvascular invasion (yes vs. no)
Incomplete encapsulation (yes vs. no)
Satellite nodules (yes vs. no)
Tumor differentiation (poor vs. well)
Surgical approach (open vs. laparoscopic)
Blood loss (> 400 vs. ≤ 400 mL)
Blood transfusion (yes vs. no)
Extent of hepatectomy (major vs. minor)
Anatomical resection (no vs. yes)
Resection margin (narrow vs. wide)

AFP, α-fetoprotein; ASA, American Society of Anesthesiologists; HBV, hepatitis B virus; HCV, hepatitis C virus; CI, confidence interval; NA, not 
available.

Hazard ratio (95% CI)

0.984 (0.860-1.125)
0.926 (0.816-1.050)
1.051 (0.897-1.232)
1.790 (0.994-1.398)
1.216 (0.944-1.565)
1.083 (0.957-1.225)
1.350 (1.218-1.495)
1.736 (1.509-1.999)

Reference
0.993 (0.892-1.105)
1.463 (1.149-1.862)
1.568 (1.407-1.748)
2.190 (1.967-2.438)
1.193 (1.091-1.304)
4.746 (4.184-5.385)
2.123 (1.944-2.318)
2.161 (1.966-2.374)
2.611 (2.361-2.888)
1.834 (1.557-2.159)
1.027 (0.887-1.190)
1.695 (1.518-1.894)
2.005 (1.800-2.233)
1.918 (1.735-2.120)
0.993 (0.893-1.104)
2.122 (1.934-2.329)

p

   0.808
   0.230
   0.538
   0.058
   0.130
   0.206
< 0.001
< 0.001

   0.901
   0.002
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
   0.722
< 0.001
< 0.001
< 0.001
   0.900
< 0.001

Hazard ratio (95% CI)

NA

1.323 (1.174-1.491)
1.475 (1.238-1.758)

Reference
0.941 (0.843-1.050)
1.523 (1.196-1.939)
1.127 (1.004-1.265)
1.511 (1.343-1.699)

NA
3.078 (2.597-3.649)
1.134 (1.007-1.278)
1.497 (1.320-1.699)
1.748 (1.539-1.986)
1.198 (1.009-1.421)

NA
1.341 (1.162-1.549)

NA

1.834 (1.644-2.047)

p

   0.972

< 0.001
< 0.001

   0.278
   0.001
   0.042
< 0.001
   0.495
< 0.001
   0.039
< 0.001
< 0.001
   0.039

   0.932
< 0.001
   0.258

< 0.001

Univariable analysis Multivariable analysis
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growth factors and cytokines that stimulate tumor 
growth and angiogenesis (42); ii) formation of platelet-
tumor cell aggregates that facilitate metastasis (43); 
and iii) induction of epithelial-mesenchymal transition 
in tumor cells (44). In the present study, patients with 
thrombocytosis had larger tumors and were more likely 
to undergo major hepatectomy, suggesting a more 
advanced disease stage.
 The  d i sc repancy  in  our  f ind ings  -  where 
thrombocytopenia independently predicted worse 
OS but not RFS - provides important insights into 
the mechanisms through which low platelet counts 
affect outcomes. To further investigate this pattern, we 
performed additional analyses of mortality causes and 
conducted competing risk modeling. These analyses 
revealed that patients with thrombocytopenia had 
a higher proportion of non-cancer deaths (11.3%) 
compared to those with normal platelet counts (5.7%) 
or thrombocytosis (6.9%), with liver failure and upper 
gastrointestinal bleeding being the predominant non-
cancer causes. When accounting for the competing 
risk of non-cancer mortality in our statistical models, 
thrombocytopenia was not significantly associated with 
cancer-specific mortality (subhazard ratio 1.108, 95% CI 
0.952-1.289, p = 0.186), while thrombocytosis remained 
a significant predictor (subhazard ratio 1.401, 95% CI 
1.172-1.674, p < 0.001). These findings suggest that 
thrombocytopenia primarily affects OS through liver-
related complications rather than through direct effects 
on tumor biology. In contrast, thrombocytosis appears to 
have a more direct relationship with cancer progression, 
reflected in its significance across all outcome measures.
 A notable methodological consideration in our 
study is the discrepancy between unadjusted Kaplan-
Meier curves and multivariable analysis results for 
thrombocytopenia. While unadjusted survival curves 
showed similar patterns between thrombocytopenia and 
normal platelet count groups, multivariable analysis 
revealed thrombocytopenia as an independent risk factor 
after controlling for confounding variables (HR 1.215, 
p = 0.011). This highlights the importance of statistical 
adjustment when analyzing groups with substantial 
differences in baseline characteristics, as was the case 
in our cohort where patients with thrombocytopenia had 
significantly higher rates of cirrhosis (92.4% vs. 68.1%), 
worse liver function (Child-Pugh B: 16.6% vs. 6.1%), 
and smaller tumors (≤5 cm: 66.1% vs. 47.0%) compared 
to those with normal platelet counts. These confounding 
variables, if not properly adjusted for, can mask the true 
independent effect of thrombocytopenia on survival 
outcomes.
 Interestingly, while both thrombocytopenia and 
thrombocytosis were associated with worse OS, only 
thrombocytosis independently predicted RFS. This 
discrepancy is further explained by our analysis of 
mortality causes, which revealed a higher proportion 
of non-cancer deaths in the thrombocytopenia group 

(11.3%) compared to other groups (5.7% and 6.9%). The 
mechanisms underlying this association likely reflect the 
role of thrombocytopenia as a marker of advanced liver 
dysfunction and portal hypertension, leading to increased 
risk of liver failure and variceal bleeding.
 The findings of the current study have several 
important clinical implications. First, preoperative 
platelet count should be considered in the risk assessment 
of HCC patients being evaluated for curative resection. 
Patients with either thrombocytopenia or thrombocytosis 
may require more intensive preoperative optimization 
and closer postoperative surveillance. Second, the 
underlying causes of abnormal platelet counts should be 
thoroughly investigated and addressed when possible. For 
patients with thrombocytopenia due to hypersplenism, 
splenectomy or splenic artery embolization might be 
considered to improve platelet counts and potential 
outcomes (45,46). In cases of thrombocytosis, ruling out 
chronic inflammation or occult infection is crucial.
 These results also raise the question of whether 
modulating platelet counts may improve outcomes in 
HCC patients. For patients with thrombocytopenia, 
platelet transfusion or thrombopoietin receptor agonists 
may be beneficial (47). However, the optimal timing 
and target platelet count for such interventions remain 
to be determined. Among patients with thrombocytosis, 
antiplatelet therapy could potentially mitigate the 
negative impact on prognosis. Preclinical studies have 
demonstrated promising results with aspirin and other 
antiplatelet agents in HCC models (48), but clinical 
evidence is still limited (49,50).
 Several limitations of the present study should 
be considered. First, the retrospective nature of the 
study introduces the potential for selection bias and 
unmeasured confounding. Second, a single preoperative 
platelet count measurement was used, which may not 
fully capture the dynamic changes in platelet levels over 
time. Platelet counts can fluctuate daily in individual 
patients due to various physiological and pathological 
factors, adding uncertainty to the captured readings. This 
study did not account for post-operative platelet counts, 
which may differ significantly after hepatectomy due to 
increased liver stiffness, elevated portal pressure, and 
other surgical sequelae. Prospective studies incorporating 
serial platelet measurements throughout the perioperative 
period are warranted to elucidate the temporal dynamics 
of platelet fluctuations and their impact on longitudinal 
outcomes. Third, despite efforts to adjust for known 
prognostic factors, residual confounding cannot be 
completely ruled out. Fourth, the platelet count cutoffs 
in this study were tailored to regional clinical standards 
(100-300×10⁹/L), which differ from international 
reference ranges (150-450×10⁹/L). While this enhances 
the relevance of our findings to Chinese clinical practice, 
it may limit direct comparisons with studies from other 
regions. Fifth, we acknowledge that platelets interact with 
various components of the immune system, which may 
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influence HCC outcomes. However, our retrospective 
design spanning two decades and multiple centers 
precluded comprehensive immune cell profiling. Future 
studies should explore the relationship between platelet 
counts, immune cell populations (including neutrophils, 
lymphocytes, and regulatory T cells), and inflammatory 
markers to develop more integrated prognostic models. 
While we recognize the limitations of using a single 
biomarker for prognostic assessment, we believe 
identifying readily available, low-cost parameters with 
strong prognostic value has significant clinical utility, 
especially in resource-limited settings. Finally, the cohort 
consisted predominantly of HBV-related HCC patients 
from China, potentially limiting the generalizability of 
the findings to other populations.
 In conclusion, this large multicentre study 
demonstrated that preoperative platelet count was an 
independent predictor of long-term outcomes after 
curative resection for HCC. Both thrombocytopenia and 
thrombocytosis were associated with worse OS, while 
thrombocytosis additionally predicts higher recurrence 
risk. These findings highlight the potential of platelet 
count as a simple yet valuable prognostic marker for 
risk stratification in HCC patients undergoing resection. 
Future studies should focus on validating these 
results in diverse populations and exploring potential 
therapeutic strategies targeting platelet-related pathways 
in HCC.
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1. Introduction

Improvements in laparoscopic technology and equipment 
have facilitated an increasing number of complex 
laparoscopic surgeries (1). Laparoscopic techniques 
have gradually replaced conventional open approaches 
because of several advantages, such as smaller 
incisions, less pain, and quick postoperative recovery 
(2-3). Moreover, laparoscopic approaches provide the 
necessary precision for anatomic liver resection in terms 
of reducing tissue damage and intraoperative bleeding in 
an effort to reduce systemic trauma (4). In hepatobiliary 
surgery, sufficient attention has been paid to laparoscopic 
techniques and their use has been encouraged (5). The 
complexity and difficulty of laparoscopic liver surgery 

vary. Laparoscopic hepatectomy on the right side faces 
many challenges, including a poor surgical field, limited 
intraoperative movement of the liver, difficulty in 
selecting the surgical section, and hemorrhage control 
(6). These challenges often require more effort on the 
part of the assistant and surgeon to expose the liver, and 
relying solely on laparoscopic instruments to expose the 
liver is consequently more fatiguing and unstable (7). 
Exposure during laparoscopic right hepatectomy needs 
to be urgently addressed.
 Many techniques for surgical field exposure have 
been used in clinical practice during laparoscopic right 
hepatectomy, such as changing the patient's position 
(8-9), adjusting the laparoscopic trocar layout (10-11), 
the liver hanging maneuver (12-13), and sterile glove 

DOI: 10.5582/bst.2025.01044Original Article

SUMMARY: One of the challenges of laparoscopic liver resection (LLR) is the exposure of the surgical field. We 
propose a new surgical approach to better expose the right liver, stretching of the ligamentum teres hepatis (SLTH), and 
we evaluated its clinical feasibility and limitations through a study analyzing relevant cases. Clinicopathologic data on 
patients who underwent laparoscopic right partial hepatectomy (LRPH) at our center were retrospectively collected, 
and subjects were 276 patients with liver space-occupying lesions who met the selection criteria and who underwent 
the new surgical approach (SLTH) or the conventional surgical approach (no stretching of the ligamentum teres hepatis, 
or NSLTH). After 1:1 propensity score matching (PSM), 102 patients in each cohort were selected for further analysis. 
There were no significant differences in the operating time or the duration of postoperative hospitalization between 
the SLTH cohort and the NSLTH cohort. The duration of detachment of the hepatic parenchyma and the duration of 
hepatic portal occlusion were significantly shorter in the SLTH cohort than in the NSLTH cohort. The intraoperative 
blood loss in the SLTH cohort was significantly less than that in the NSLTH cohort. Alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) levels were significantly lower in the SLTH cohort than in the NSLTH cohort on 
day 5 postoperatively. Results confirmed that SLTH is a simple, safe, effective, and highly reproducible technique for 
the treatment of LRPH. SLTH may help to perform LRPH by increasing the level of laparoscopic exposure of the right 
liver and reducing bleeding and operating time.

Keywords: laparoscopic right hepatectomy, stretching of the ligamentum teres hepatis, surgical approach
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pouching (14-15). However, these techniques all have 
certain limitations. For instance, a change in position, 
adjustment of the laparoscopic trocar layout, and the liver 
hanging maneuver cannot be performed at will. Sterile 
glove pouching is usually performed to a limited extent 
in laparoscopic surgery. Therefore, further screening is 
required for clinical use. Through continuous exploration 
and the practice of laparoscopic liver resection (LLR), 
the current authors explored an innovative procedure to 
expose the right side of the liver which they designated 
stretching of the ligamentum teres hepatis (SLTH). This 
procedure is performed as follows. After the right liver 
is dissected, the ligamentum teres hepatis is severed, and 
a traction thread is sutured at the stump. Then, tissue 
clamps are used to fix the traction suture, a hook needle 
is used to guide the traction suture outside of the body, 
and the suture can be fixed outside the abdominal wall. 
The right liver can be better exposed and rotated with 
the SLTH. As the authors' team gained proficiency and 
increasingly used hepatic ligament retraction, results 
indicated that the technique was very helpful for LRPH 
exposure, largely increasing the surgeon's space to 
maneuver and reducing the difficulty of exposure for the 
assistant. The aim of the current study was to introduce 
the SLTH and to evaluate its clinical feasibility and 
limitations.

2. Materials and Methods

2.1. General information

Data on all patients who underwent LRPH at the First 
Affiliated Hospital of Harbin Medical University from 
January 2015 to July 2022 were analyzed. The research 
ethics committee of Harbin Medical University approved 
this study in accordance with the Declaration of Helsinki 
(as revised in 2013). Clinical information and written 
informed consent were collected from all participants. 
Subjects were a total of 276 patients who underwent 
LRPH, including patients who underwent SLTH (n = 
135, SLTH cohort) or not (n = 141, NSLTH cohort) 
during LRPH. All surgeries were performed by the 
same surgical team, and there were no differences in the 
learning curve between the two cohorts.

2.2. Selection criteria

Subjects were a total of 276 patients who met the 
following selection criteria: (1) patients with a single 
tumor located in the right lobe of the liver (segments 
5-8); (2) patients who were Child‒Pugh grade A or B 
and whose liver function was restored to grade A after 
short-term liver protection treatment; (3) patients with 
a retention rate of indocyanine green for 15 minutes 
of less than 20%; (4) patients free of tumor infiltration 
or metastasis; and (5) patients who had not previously 
undergone abdominal surgery (16-17).

2.3. Surgical procedure

All surgeries were performed by the same surgical 
team following surgical and oncological principles. 
Following general anesthesia with tracheal intubation, 
invasive arterial blood pressure and central venous 
pressure were monitored during the procedure. Patients 
were placed in the supine or semilateral position. The 
position was further adjusted with the operating table 
as needed. CO2 pneumoperitoneum was performed 
to maintain intra-abdominal pressure at 14 mmHg (1 
mmHg = 0.133 kPa). Five trocars were typically placed 
in the abdomen, and a 30-degree rigid laparoscope was 
used. Laparoscopic ultrasonography was used to locate 
the lesion and identify the important pipeline structures 
around the lesion. The round ligament and the falciform 
ligament were dissected until the secondary porta hepatis 
was revealed. The liver was completely mobilized 
by dissecting the ligaments around the liver. The 
appropriate fixation angle was selected by pulling the 
falciform ligament. The free ligamentum teres hepatis 
was reattached to the abdominal wall with a Hem-o-lok 
clip or endoscopic suture. The extent of removal was 
evaluated to determine whether the gallbladder could be 
preserved. The first hepatic hilar blood flow occlusion 
device was pre-placed through the foramen of Winslow 
to perform the Pringle operation. The liver parenchyma 
was transected with a harmonic scalpel (Ethicon Endo-
Surgery, USA). After transection, the stump was clipped 
with a Hem-o-lok clip or titanium clip. Laparoscopically, 
the thick stump was closed with a linear cutting closure 
and sutured with Prolene 5.0 for hemostasis. The 
specimen was removed from the bag endoscopically. 
Bleeding from the incision was carefully stopped by 
bipolar coagulation, and the incision was repeatedly 
rinsed. After confirming that the section was free of 
bleeding or biliary fistulae, fibrin glue was uniformly 
sprayed on the liver wound. The traction clamp or suture 
line was incised with the harmonic scalpel and then 
removed via the port. A drainage tube was inserted, and 
the wound was closed in layers. The operating time, 
hepatic portal occlusion time, parenchymal resection 
time, and intraoperative blood loss were recorded. 
Preoperative and postoperative blood biochemical 
indices and the duration of postoperative hospitalization 
were recorded.
 To eliminate confounding variables between the two 
cohorts, propensity score matching (PSM) analysis was 
performed. This analysis was used to match variables 
of baseline characteristics that differed significantly 
between the two cohorts. A matching caliper of 0.02 and 
1:1 nearest neighbor matching were used.

2.4. Statistical analysis

Statistical analyses were performed using SPSS 24.0 
(IBM SPSS, USA). The distribution of measurements 
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between the two cohorts of patients, thus eliminating the 
influence of baseline characteristics in the current study 
(Table 2).
 Moreover, no major complications (Clavien‒Dindo 
IIIa or worse) occurred in either cohort perioperatively, 
and no patients were transferred to the ICU or died 
perioperatively.

3.2. Perioperative surgical outcomes

Next, surgical indicators in the aforementioned patients 
were compared. Results indicated that the duration 
of hepatic parenchymal detachment and the hepatic 
portal occlusion time were significantly shorter in 
the SLTH cohort than in the NSLTH cohort, while 
intraoperative blood loss was significantly less in the 
SLTH cohort than in the NSLTH cohort. In addition, 
data revealed that there were no significant differences 
in the operating time or the duration of postoperative 
hospitalization between the SLTH cohort and the 
NSLTH cohort (Table 3).

3.3. Postoperative liver function

In addition, postoperative liver function in patients 
in  bo th  cohor t s  was  compared .  The  a l an ine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) levels peaked on day 1 postoperatively and 

was analyzed in each cohort. Normally distributed 
data were expressed as the mean ± standard deviation, 
and the two-sample independent t-test was used for 
intercohort comparisons; if the data did not follow a 
normal distribution, data were expressed using the 
median (interquartile range), and nonparametric tests 
(Mann‒Whitney U test) were used for intercohort 
comparisons. Numerical data are expressed as 
frequencies (percentages), and the differences between 
the two cohorts were compared using the chi-square test. 
A P value < 0.05 was considered to indicate statistical 
significance.

3. Results

3.1. Baseline characteristics

First, the baseline characteristics of patients were 
compared, and significant differences between the 
two cohorts were noted in terms of BMI, Child‒Pugh 
classification, and preoperative AST level (Table 1). 
The differences in these three indicators may affect 
the evaluation of the effectiveness of SLTH in surgery. 
Therefore, PSM analysis was used to select patients 
from the two cohorts at a 1:1 ratio. Ultimately, through 
PSM analysis, 102 patients were selected from each 
cohort and their baseline characteristics were compared. 
There were no significant differences in any indicator 

Table 1. Comparison of patients' baseline characteristics

Age (years)
Sex
     Male
     Female
Child‒Pugh class
     A
     B
BMI (kg/m2)
Pathological diagnosis
     Hepatocellular carcinoma
     Hepatic hemangioma
Alpha-fetoprotein (ng/mL)
     0-400
     > 400
Cirrhosis
     Yes
     No
Tumor location
     Segment 5
     Segment 6
     Segment 7
     Segment 8
     Junction of segments 5-6
     Junction of segments 5-8
     Junction of segments 6-7
     Junction of segments 7-8
     Other
Preoperative ALT
Preoperative AST

SLTH cohort (n = 135)

49.42 ± 11.06

  64
  71

124
  11

22.03 ± 2.37

  62
  73

  90
  45

  55
  80

  27
  26
  34
  26
    4
    8
    6
    2
    2

16.22 ± 4.67
19.29 (3.78)

NSLTH cohort (n = 141)

48.53 ± 11.06

  66
  75

138
    3

21.42 ± 2.27

  68
  73

  89
  52

  61
  80

  23
  24
  36
  34
    4
  10
    6
    2
    2

16.29 ± 4.43
18.85 (3.31)

P values

0.504

0.921

0.045

0.030

0.702

0.537

0.671

0.991

0.904
0.049
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did not differ significantly between the two cohorts. 
The ALT and AST levels in both cohorts gradually 
decreased. Notably, the ALT and AST levels were 
significantly lower in the SLTH cohort than in the 
NSLTH cohort on day 5 postoperatively. Seven days 
postoperatively, the ALT and AST levels in both cohorts 
had decreased to normal levels (Table 4).

4. Discussion

In LRPH, several methods, such as intraoperative 
position changes (8), adjustment of the trocar layout (10-
11), and liver suspension and surgical glove techniques 
(12,14), have been widely used in clinical practice to 
expand the surgical field and reduce the difficulty of 

Table 2. Comparison of patients' baseline characteristics after PSM

Age (years)
Sex
     Male
     Female
Child‒Pugh class
     A
     B
BMI (kg/m2)
Pathological diagnosis
     Hepatocellular carcinoma
     Hepatic hemangioma
Alpha-fetoprotein (ng/mL)
     0-400
     > 400
Cirrhosis
     Yes
     No
Tumor location
     Segment 5
     Segment 6
     Segment 7
     Segment 8
     Junction of segments 5-6
     Junction of segments 5-8
     Junction of segments 6-7
     Junction of segments 7-8
     Other
Preoperative ALT U/L
Preoperative AST U/L

SLTH cohort (n = 102)

49.40 ± 11.48

47
55

100
2

21.67 ± 2.01

45
57

69
33

40
62

23
22
25
19
3
4
3
2
1

15.60 (6.60)
19.34 (3.82)

NSLTH cohort (n = 102)

48.33 ± 11.15

49
53

99
3

21.91 ± 2.20

44
58

68
34

38
64

18
20
22
25
4
5
4
2
2

16.70 (4.70)
19.17 (3.55)

P values

0.501

0.779

1.000

0.405

0.888

0.881

0.773

0.964

0.378
0.360

Table 3. Comparison of perioperative surgical outcomes between the two cohorts after PSM

Operating time (min)
Parenchymal transection time (min)
Blood loss (mL)
Hospitalization (day)
Hepatic portal occlusion time (min)

SLTH cohort (n = 102)

  226.00 (130.00)
102.00 (76.00)
100.00 (64.00)
10.00 (3.00)

  25.00 (27.00)

NSLTH cohort (n = 102)

  238.00 (114.00)
  148.00 (122.00)
120.00 (70.00)
10.00 (2.00)

  40.50 (31.00)

P

   0.391
< 0.001
   0.006
   0.783
< 0.001

Table 4. Comparison of postoperative liver function in the two cohorts after PSM

ALT (U/L)
     Day 1 postoperatively
     Day 5 postoperatively
     Day 7 postoperatively
AST (U/L)
     Day 1 postoperatively
     Day 5 postoperatively
     Day 7 postoperatively

SLTH cohort (n = 102)

  277.9 (64.70)
49.70 (4.80)
16.05 (6.20)

302.19 ± 76.49
  51.98 ± 17.22
15.97 ± 4.39

NSLTH cohort (n = 102)

289.40 (59.1)
  65.50 (4.60)
  17.50 (4.70)

  297.7 ± 67.53
  60.77 ± 18.21
16.94 ± 4.52

P

   0.076
< 0.001
   0.057

   0.714
   0.045
   0.203
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surgery. The liver hanging maneuver was first used 
in open right hepatectomy by Belghiti et al. (18). The 
specific procedure consisted of establishing a channel 
between the inferior vena cava and the liver parenchyma 
and then passing a pulling sling through, which was 
perforated between the right hepatic vein and the middle 
hepatic vein. By pulling the sling to help expose the deep 
portion of liver, compressing the intrahepatic vessels 
and guiding the direction of resection, the hanging liver 
maneuver can effectively shorten the operating time and 
reduce intraoperative bleeding. However, this technique 
involves certain surgical difficulties and risks. First, the 
anterior inferior vena cava is not visible, so surgical skill 
is required (19). Additionally, short hepatic veins are at 
risk of rupture. Second, this procedure is associated with 
considerable anatomic risk at the second hepatic hilum. 
Finally, the blind establishment of channels for tumors 
near the diaphragm may lead to tumor rupture (20). Thus, 
the conventional liver hanging maneuver is difficult to 
perform laparoscopically.
 Therefore, an improved liver hanging maneuver was 
proposed (12). Instead of dissecting the hepatic vein 
at the second portal, the pulling sling is placed on the 
right side of the right hepatic vein after dissection of 
the deltoid ligament is completed. Moreover, the right 
adrenal gland and inferior vena cava were selected to 
avoid injury to the short hepatic vein. This technique 
significantly reduces the risk of surgery. These string-
based techniques help to expose the liver, reduce 
bleeding, and shorten the operating time (21). However, 
many of the drawbacks of the liver hanging maneuver 
remain unavoidable during laparoscopic procedures. 
For example, the pulled sling occupies an already 
limited space and blocks the surgeon's instruments. 
The direction of the sling is limited by port positioning 

during laparoscopy and cannot meet the surgeon's 
requirements. In addition, applying sufficient pressure to 
the vasculature to occlude some of the blood flow, as is 
done in open surgery, is difficult.
 More recently, surgical glove techniques have 
been used in laparoscopic right hepatectomy (14,18). 
This procedure consists of the following steps. After 
transection of the right deltoid ligament and the coronal 
ligament, water-injected gloves are placed behind the 
right liver. The pressure of the water capsule pushes the 
right liver forward and to the left, leading to the exposure 
of deep liver tissue. The advantages of this technique 
are the relative ease with which it is performed, the 
low level of risk, and the short preparation time. As the 
water capsule pushes the liver forward and to the left, it 
narrows the distance between the surgeon and the liver. 
This technique increases the exposure of the posterior 
hepatic field and the angle of operation. This technique is 
considered to reduce the duration of hepatic amputation 
and blood loss. The surgical glove technique seems to be 
more beneficial than conventional LRPH. When treating 
large tumors on the right side of the liver, however, the 
water capsule may further reduce the surgical field. 
Additionally, the liver is deformed by compression from 
the water capsule, which may lead to a change in the 
section surface after the removal of the water capsule.
 Compared to the aforementioned techniques 
to increase the exposure of the right liver during 
laparoscopic surgery, the most striking features of SLTH 
are that it is simple and virtually risk-free. In LRPH, 
the space to manipulate the diaphragmatic surface of 
the liver is usually adequate due to the establishment of 
pneumoperitoneum, while the exposure of the hidden 
surface is difficult and unstable. This technique increases 
the space for the hidden surface of the right side of the 

Figure 1. Stretching of the ligamentum teres hepatis. (A) A traction thread was sutured at the stump of the ligamentum teres hepatis. (B) Tissue 
clamps with fixed traction sutures. (C) A hook needle is used to guide the traction suture outside of the body. (D) External traction and fixation.
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liver through suspension of the ligamentum teres hepatis 
so that the right side of the liver hangs in the abdominal 
cavity. Therefore, the assistant can more easily and 
stably assist the surgeon in exposing and transecting the 
right side of the liver. After liver dissection is complete, 
the right liver can be optionally rotated by pulling the 
ligamentum teres hepatis to select a more convenient 
surgical section. In addition, the sutured ligamentum teres 
hepatis is more solid than the sutured liver parenchyma, 
so the pulling strength is ideal and bleeding is rare.
 Moreover, fixation of the ligamentum teres hepatis 
can better expose the hidden surface of the liver and 
facilitate observation of and surgery on deeper portions. 
As methods of detecting liver-related diseases improve, 
we will be able to detect smaller liver tumors earlier. Due 
to its lower risk and the ease with which it is performed, 
SLTH seems to be more suitable for small areas of liver 
resection.
 The current study successfully used SLTH to 
increase the exposure of the liver in LLR. SLTH was 
feasible in all patients after screening. Compared to the 
NSLTH cohort, the SLTH cohort had a shorter duration 
of liver parenchymal detachment, a shorter hepatic 
portal occlusion time, and less intraoperative blood loss. 
Results indicated that the SLTH is a simple, safe, and 
effective surgical approach. This approach could increase 
the exposure of the right liver and reduce surgical 
difficulty, which may accelerate the early restoration of 
postoperative liver function.
 This study had several limitations. First, identifying 
the ligamentum teres hepatis is difficult in patients 
who have undergone prior abdominal surgery. In these 
patients, the upper abdomen, and especially the liver, is 
strongly attached to the abdominal wall. Second, the liver 
has to be fixed multiple times in the event of multiple 
tumors. Third, the sample size was relatively small, and 
the follow-up was too short. Therefore, a larger sample 
size is needed and follow-up needs to be longer for 
further verification.
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registration number will be published at the end of the Abstract. 
The registry must be independent of for-profit interest and publicly 
accessible. Reports of trials must conform to CONSORT 2010 
guidelines (https://consort-statement.org/consort-2010). Articles 
reporting the results of randomized trials must include the CONSORT 
flow diagram showing the progress of patients throughout the trial.

Conflict of Interest: All authors are required to disclose any actual or 
potential conflict of interest including financial interests or relationships 
with other people or organizations that might raise questions of bias 
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in the work reported. If no conflict of interest exists for each author, 
please state "There is no conflict of interest to disclose".

Submission Declaration: When a manuscript is considered for 
submission to BioScience Trends, the authors should confirm that 1) no 
part of this manuscript is currently under consideration for publication 
elsewhere; 2) this manuscript does not contain the same information 
in whole or in part as manuscripts that have been published, accepted, 
or are under review elsewhere, except in the form of an abstract, a 
letter to the editor, or part of a published lecture or academic thesis; 
3) authorization for publication has been obtained from the authors' 
employer or institution; and 4) all contributing authors have agreed to 
submit this manuscript.

Initial Editorial Check: Immediately after submission, the journal's 
managing editor will perform an initial check of the manuscript. A 
suitable academic editor will be notified of the submission and invited 
to check the manuscript and recommend reviewers. Academic editors 
will check for plagiarism and duplicate publication at this stage. The 
journal has a formal recusal process in place to help manage potential 
conflicts of interest of editors. In the event that an editor has a conflict 
of interest with a submitted manuscript or with the authors, the 
manuscript, review, and editorial decisions are managed by another 
designated editor without a conflict of interest related to the manuscript. 

Peer Review: BioScience Trends operates a single-anonymized review 
process, which means that reviewers know the names of the authors, 
but the authors do not know who reviewed their manuscript. All articles 
are evaluated objectively based on academic content. External peer 
review of research articles is performed by at least two reviewers, and 
sometimes the opinions of more reviewers are sought. Peer reviewers 
are selected based on their expertise and ability to provide quality, 
constructive, and fair reviews. For research manuscripts, the editors may, 
in addition, seek the opinion of a statistical reviewer. Every reviewer is 
expected to evaluate the manuscript in a timely, transparent, and ethical 
manner, following the COPE guidelines (https://publicationethics.
org/files/cope-ethical-guidelines-peer-reviewers-v2_0.pdf). We ask 
authors for sufficient revisions (with a second round of peer review, 
when necessary) before a final decision is made. Consideration for 
publication is based on the article's originality, novelty, and scientific 
soundness, and the appropriateness of its analysis. 

Suggested Reviewers: A list of up to 3 reviewers who are qualified 
to assess the scientific merit of the study is welcomed. Reviewer 
information including names, affiliations, addresses, and e-mail 
should be provided at the same time the manuscript is submitted 
online. Please do not suggest reviewers with known conflicts of 
interest, including participants or anyone with a stake in the proposed 
research; anyone from the same institution; former students, advisors, 
or research collaborators (within the last three years); or close personal 
contacts. Please note that the Editor-in-Chief may accept one or more 
of the proposed reviewers or may request a review by other qualified 
persons.

Language Editing: Manuscripts prepared by authors whose native 
language is not English should have their work proofread by a native 
English speaker before submission. If not, this might delay the 
publication of your manuscript in BioScience Trends.
 The Editing Support Organization can provide English 
proofreading, Japanese-English translation, and Chinese-English 
translation services to authors who want to publish in BioScience 
Trends and need assistance before submitting a manuscript. Authors 
can visit this organization directly at https://www.iacmhr.com/iac-
eso/support.php?lang=en. IAC-ESO was established to facilitate 
manuscript preparation by researchers whose native language is not 
English and to help edit works intended for international academic 
journals.

Copyright and Reuse: Before a manuscript is accepted for 
publication in BioScience Trends, authors will be asked to sign a 
transfer of copyright agreement, which recognizes the common 

interest that both the journal and author(s) have in the protection of 
copyright. We accept that some authors (e.g., government employees 
in some countries) are unable to transfer copyright. A JOURNAL 
PUBLISHING AGREEMENT (JPA) form will be e-mailed to the 
authors by the Editorial Office and must be returned by the authors 
by mail, fax, or as a scan. Only forms with a hand-written signature 
from the corresponding author are accepted. This copyright will ensure 
the widest possible dissemination of information. Please note that the 
manuscript will not proceed to the next step in publication until the JPA 
Form is received. In addition, if excerpts from other copyrighted works 
are included, the author(s) must obtain written permission from the 
copyright owners and credit the source(s) in the article. 

4. Cover Letter

The manuscript must be accompanied by a cover letter prepared by 
the corresponding author on behalf of all authors. The letter should 
indicate the basic findings of the work and their significance. The letter 
should also include a statement affirming that all authors concur with 
the submission and that the material submitted for publication has not 
been published previously or is not under consideration for publication 
elsewhere. The cover letter should be submitted in PDF format. For an 
example of Cover Letter, please visit: https://www.biosciencetrends.
com/downcentre (Download Centre).

5. Submission Checklist

The Submission Checklist should be submitted when submitting 
a manuscript through the Online Submission System. Please visit 
Download Centre (https://www.biosciencetrends.com/downcentre) and 
download the Submission Checklist file. We recommend that authors 
use this checklist when preparing your manuscript to check that all 
the necessary information is included in your article (if applicable), 
especially with regard to Ethics Statements.

6. Manuscript Preparation

Manuscripts are suggested to be prepared in accordance with 
the "Recommendations for the Conduct, Reporting, Editing, and 
Publication of Scholarly Work in Medical Journals", as presented at 
https://www.ICMJE.org.

Manuscripts should be written in clear, grammatically correct English 
and submitted as a Microsoft Word file in a single-column format. 
Manuscripts must be paginated and typed in 12-point Times New 
Roman font with 24-point line spacing. Please do not embed figures 
in the text. Abbreviations should be used as little as possible and 
should be explained at first mention unless the term is a well-known 
abbreviation (e.g. DNA). Single words should not be abbreviated.

Title page: The title page must include 1) the title of the paper (Please 
note the title should be short, informative, and contain the major key 
words); 2) full name(s) and affiliation(s) of the author(s), 3) abbreviated 
names of the author(s), 4) full name, mailing address, telephone/fax 
numbers, and e-mail address of the corresponding author; 5) author 
contribution statements to specify the individual contributions of all 
authors to this manuscript, and 6) conflicts of interest (if you have an 
actual or potential conflict of interest to disclose, it must be included as 
a footnote on the title page of the manuscript; if no conflict of interest 
exists for each author, please state "There is no conflict of interest to 
disclose").

Abstract: The abstract should briefly state the purpose of the study, 
methods, main findings, and conclusions. For articles that are Original 
Articles, Brief Reports, Reviews, or Policy Forum articles, a one-
paragraph abstract consisting of no more than 250 words must be 
included in the manuscript. For Communications, Editorials, News, 
or Letters, a brief summary of main content in 150 words or fewer 
should be included in the manuscript. For articles reporting clinical 
trials, the trial registration number should be stated at the end of the 
Abstract. Abbreviations must be kept to a minimum and non-standard 
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Shalev AY. Post-traumatic stress disorder: Diagnosis, history and life 
course. In: Post-traumatic Stress Disorder, Diagnosis, Management 
and Treatment (Nutt DJ, Davidson JR, Zohar J, eds.). Martin Dunitz, 
London, UK, 2000; pp. 1-15.

Example 4 (Sample web page reference):

World Health Organization. The World Health Report 2008 – primary 
health care: Now more than ever. http://www.who.int/whr/2008/whr08_
en.pdf (accessed September 23, 2022).

Tables: All tables should be prepared in Microsoft Word or Excel and 
should be arranged at the end of the manuscript after the References 
section. Please note that tables should not in image format. All tables 
should have a concise title and should be numbered consecutively with 
Arabic numerals. If necessary, additional information should be given 
below the table.

Figure Legend: The figure legend should be typed on a separate 
page of the main manuscript and should include a short title and 
explanation. The legend should be concise but comprehensive and 
should be understood without referring to the text. Symbols used 
in figures must be explained. Any individually labeled figure parts 
or panels (A, B, etc.) should be specifically described by part name 
within the legend.

Figure Preparation: All figures should be clear and cited in numerical 
order in the text. Figures must fit a one- or two-column format on the 
journal page: 8.3 cm (3.3 in.) wide for a single column, 17.3 cm (6.8 
in.) wide for a double column; maximum height: 24.0 cm (9.5 in.). 
Please make sure that the symbols and numbers appeared in the figures 
should be clear. Please make sure that artwork files are in an acceptable 
format (TIFF or JPEG) at minimum resolution (600 dpi for illustrations, 
graphs, and annotated artwork, and 300 dpi for micrographs and 
photographs). Please provide all figures as separate files. Please note 
that low-resolution images are one of the leading causes of article 
resubmission and schedule delays.

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

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

5. Submission Checklist

The Submission Checklist will be useful during the final checking of a 
manuscript prior to sending it to BioScience Trends for review. Please 
visit Download Centre and download the Submission Checklist file.

6. Online Submission

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

abbreviations explained in brackets at first mention. References should 
be avoided in the abstract. Three to six key words or phrases that do not 
occur in the title should be included in the Abstract page.

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

Materials/Patients and Methods: The description should be brief but 
with sufficient detail to enable others to reproduce the experiments. 
Procedures that have been published previously should not be described 
in detail but appropriate references should simply be cited. Only new 
and significant modifications of previously published procedures 
require complete description. Names of products and manufacturers 
with their locations (city and state/country) should be given and sources 
of animals and cell lines should always be indicated. All clinical 
investigations must have been conducted in accordance Materials/
Patients and Methods.

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

Discussion: The data should be interpreted concisely without repeating 
material already presented in the Results section. Speculation is 
permissible, but it must be well-founded, and discussion of the wider 
implications of the findings is encouraged. Conclusions derived from 
the study should be included in this section.

Acknowledgments: All funding sources (including grant identification) 
should be credited in the Acknowledgments section. Authors should 
also describe the role of the study sponsor(s), if any, in study design; 
in the collection, analysis, and interpretation of data; in the writing of 
the report; and in the decision to submit the paper for publication. If the 
funding source had no such involvement, the authors should so state.
 In addition, people who contributed to the work but who do 
not meet the criteria for authors should be listed along with their 
contributions.

References: References should be numbered in the order in which 
they appear in the text. Citing of unpublished results, personal 
communications, conference abstracts, and theses in the reference 
list is not recommended but these sources may be mentioned in the 
text. In the reference list, cite the names of all authors when there are 
fifteen or fewer authors; if there are sixteen or more authors, list the 
first three followed by et al. Names of journals should be abbreviated 
in the style used in PubMed. Authors are responsible for the accuracy 
of the references. The EndNote Style of BioScience Trends could 
be downloaded at EndNote (https://ircabssagroup.com/examples/
BioScience_Trends.ens).

Examples are given below:

Example 1 (Sample journal reference):

Inagaki Y, Tang W, Zhang L, Du GH, Xu WF, Kokudo N. Novel 
aminopeptidase N (APN/CD13) inhibitor 24F can suppress invasion of 
hepatocellular carcinoma cells as well as angiogenesis. Biosci Trends. 
2010; 4:56-60.

Example 2 (Sample journal reference with more than 15 authors):

Darby S, Hill D, Auvinen A, et al. Radon in homes and risk of lung 
cancer: Collaborative analysis of individual data from 13 European 
case-control studies. BMJ. 2005; 330:223.

Example 3 (Sample book reference):
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8. Accepted Manuscripts

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

Misconduct: BioScience Trends takes seriously all allegations of 
potential misconduct and adhere to the ICMJE Guideline (https://icmje.
org/recommendations) and COPE Guideline (https://publicationethics.
org/files/Code_of_conduct_for_journal_editors.pdf). In cases of 

suspected research or publication misconduct, it may be necessary for 
the Editor or Publisher to contact and share submission details with 
third parties including authors' institutions and ethics committees. The 
corrections, retractions, or editorial expressions of concern will be 
performed in line with above guidelines.

(As of December 2022)

BioScience Trends
Editorial and Head Office

Pearl City Koishikawa 603,
2-4-5 Kasuga, Bunkyo-ku,

Tokyo 112-0003, Japan.
E-mail: office@biosciencetrends.com
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