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Abstract

Thoracic drainage plays a crucial role in both peacetime and wartime clinical medicine, serving as an indispens-
able method for treating thoracic diseases and managing trauma patients. Whether in routine medical care or in
the complex situations of war or military operations, thoracic drainage is essential. This expert consensus aims to
clarify the primary uses and appropriate patient populations for different types of thoracic drainage tubes, provid-
ing healthcare professionals with a systematic guide for the correct selection and application of drainage tubes
in various scenarios, thereby optimizing treatment outcomes. We emphasize the need to establish specific rapid
response mechanisms to meet the urgent medical demands of wartime, ensuring timely and effective thoracic
drainage even in resource-limited situations. Furthermore, innovation in new technologies and materials is also
key to advancing thoracic drainage techniques.
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Introduction

Thoracic drainage occupies an essential po-
sition in clinical medicine, both in peacetime
and wartime, serving as a crucial intervention
for treating thoracic diseases and trauma pa-
tients [1, 2]. During peacetime, the primary in-
dications for thoracic drainage include pleural
effusion [3]; pneumothorax [4]; and empyema
[2, 3, 5-9]. Although thoracic drainage has be-
come a well-established technique in clinical
practice, the continually evolving spectrum of
thoracic diseases necessitates that healthcare
professionals continuously update their knowl-
edge and skills to meet new challenges [10]. In
routine medical settings, considerable progress
has been made in standardizing and regulating
the use of thoracic drainage techniques. How-
ever, further optimization is still needed, partic-
ularly regarding the refinement of indications,
enhancement of therapeutic outcomes, and
reduction of complications [7]. In the context of
war or military operations other than war, tho-
racic drainage often needs to address severe
chest trauma, hemothorax, and pneumothorax
under complex environmental and situational
constraints. Managing chest trauma in com-
bat soldiers is notably challenging and urgent;
failure to provide timely and effective thoracic
drainage can lead to severe or even fatal out-
comes. Given the limited medical resources
available during wartime, performing thoracic
drainage efficiently and safely becomes critical-
ly important. Additionally, the complexities and
unpredictability of wartime situations demand
higher levels of procedural skills, emergency
response capabilities, and psychological resil-
ience from medical personnel [6, 11]. There-
fore, a systematic exploration and summary
of the types of thoracic drainage tubes, their
conditions of application, and standardized op-
erational guidelines are not only beneficial for
enhancing routine clinical treatment outcomes
but are also crucial for guiding the emergency
management of trauma during wartime.

The objective of this consensus is to clearly
define the main uses and target audiences for
different types of thoracic drainage tubes, pro-
viding systematic guidelines to assist health-
care providers in the correct selection and
application of drainage tubes across various
scenarios to optimize treatment outcomes [10].
In addition, specific operating procedures have
been developed to meet the emergency needs
of wartime medical conditions and to make
timely and effective thoracic drainage under
resource-limited situations. We analyze in detail
the design features, applicable scenarios, and
respective advantages and disadvantages of
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traditional drainage tubes, minimally invasive
drainage tubes, and novel catheter devices
to help clinicians make the best choice under
different clinical conditions and resource con-
straints. We also analyze the conditions and
indications of application of thoracic drainage
tubes, which are: pleural effusion, pneumo-
thorax, and the peculiar conditions of wartime
management, detailing for each type of drain-
age tube the applicable scenarios.

Types of thoracic drainage tubes
Traditional drainage tubes

The traditional thoracic drainage tubes are
basic tools in current practice and are usually
made of silicone or polyvinyl chloride (PVC). This
type of tube is characterized by sturdy walls
and several side holes, allowing the evacuation
of major amounts of liquid or gas effectively.
They are mainly indicated for treating of open
and closed pleural effusions and for extensive
accumulations of pleural gas, following diseas-
es like massive trauma-induced hemothorax or
pneumothorax [10].

Traditional drainage tubes have many advantag-
es. First, these tubes are made from materials
that can maintain their stability in very harsh
conditions, which is important during wartime
when doctors face limited medical supplies and
challenging environment. Besides, the multi-
side hole design guarantees effective drainage
[12]. However, the traditional drainage tube
also presents several limitations. Firstly, their
high invasiveness might contribute to postoper-
ative complications, and the operation requires
a very high level of technical skill and stringent
aseptic conditions. Their rigid structure may
cause discomfort for the patient and can even
lead to secondary injuries in the process of
placement [12].

Minimally invasive drainage tubes

With the advances in minimally invasive tech-
niques, including thoracic drainage tubes, this
has become a focus of considerable clinical
interest. The soft and flexible materials (e.g.
polyurethane) in the manufacture of these
tubes minimize tissue damage at the time of
placement. Its ergonomic design allows accu-
rate placement through smaller incisions, thus
minimizing trauma and reducing the risk of in-
fection [13-18].

Minimally invasive drainage tubes are suitable
for a wide range of indications, especially in
cases with stable effusions and small gas accu-
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mulations, including patients sensitive to trau-
ma, such as elderly patients or patients with
hematological disorders. The main advantages
include less discomfort for the patient during
placement, and shorter postoperative recovery
periods, and finally, fewer complications. It is
much easier to operate, more flexible, and min-
imally invasive compared to the conventional
drainage tubes and may be used in combat or
resource-constrained environment [18-20].

However, one of the major disadvantages of
minimally invasive drainage tubes is their possi-
ble lower efficiency in draining large volumes of
fluid or gas. The technologies are relatively new,
and the relevant equipment used is extremely
expensive. Their use in resource-poor regions
is further limited by the high levels of technical
proficiency and experience required from oper-
ators [19].

Innovative catheter devices

Recent development in technology has intro-
duced advanced catheter devices, including
those that use antimicrobial materials and
intelligent monitoring systems. These devic-
es further enhance performance when used
alongside traditional drainage tubes, offering
better patient adaptability and postoperative
management benefits [21-25].

Novel catheter devices are designed with sen-
sors and automatic control functions that can
monitor the condition of drainage in real time
and transmit data [21-23, 26, 27]. This facili-
tates remote the monitoring and treatment ad-
justments by healthcare professionals. There-
fore, such devices will be suitable not only for
routine effusions and gas accumulations but
also for wartime rapid response and remote
medical settings.

The principal benefits of novel catheter devices
are their high degree of intelligence, easing the
work of health professionals and thus improving
patients’ safety and comfort [22-24, 26-28]. On
the other hand, the costs of development and
application are high. They need highly technical
maintenance and operational expertise, which
limits their wider application [27, 24]. There
are also technical problems related to real-time
data transmission and the protection of privacy.

In summary, different types of thoracic drain-
age tubes each have their respective advantag-
es and applicable scenarios. Optimal drainage
methods should be selected based on the
specific circumstances in both peacetime and
wartime to ensure effective and safe treatment.
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In the future, the integrated application and
technological advancements of these thoracic
drainage devices in emergency medical envi-
ronments will further enhance the standards
and outcomes of thoracic drainage therapy.

Indications and applications

In clinical practice, chest drainage tubes play
a crucial role in managing various pathological
conditions [3, B]. They are particularly indis-
pensable in cases of pleural effusion, pneu-
mothorax, and emergency medical situations
during wartime [3, 4, 28, 29]. However, the
specific application and indications can vary
significantly depending on the context. Making
an informed choice and using chest drainage
tubes correctly is essential for ensuring patient
safety and therapeutic efficacy [12].

Pleural effusion is one of the most common
conditions requiring the use of chest drainage
tubes. The clinical indications often include
heart failure, infectious diseases such as bac-
terial pleuritis, and malignant tumors such as
lung cancer or metastatic breast cancer [30-
32]. For these patients, chest drainage can
promptly relieve dyspnea and improve lung
function. However, there are different contrain-
dications, including severe coagulopathies and
localized infections. For such patients, risks
and benefits have to be weighed, while consid-
ering alternative treatment options where indi-
cated. A chest drainage tube essential in the
treatment of pneumothorax is equally [33-36].
When performing thoracentesis, it is imperative
to pay close attention to the patient’s coagula-
tion function. For patients with abnormal coag-
ulation profiles, specifically those with platelet
counts less than 50 x 10™9/L or an INR (Inter-
national Normalized Ratio) greater than 1.5,
the procedure should be cautiously executed
under ultrasound guidance to mitigate the
risk of bleeding and ensure the safety of the
intervention. However, the anticoagulation con-
siderations for thoracentesis suggest that tra-
ditionally perceived contraindications such as
coagulopathy, thrombocytopenia, and the use
of anticoagulant or antiplatelet medications,
may not require the treatment of bleeding risk,
indicating that patients can safely undergo the
procedure without modification of their antico-
agulation status. In summary, it is crucial for
clinicians to be aware of the risk factors and
to employ strategies that enhance procedural
safety, recognizing that major complications
from thoracentesis are rare [37, 38].

Typically, spontaneous pneumothorax affects
young persons who are usually tall and slender
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[4]. Although traumatic pneumothorax may not
directly relate to rib fractures, it often coincides
with the fracture of ribs or lacerations of lung
tissues [39-41]. Thus, patients with pneumotho-
rax generally present with sudden chest pain
and dyspnea which, in severe cases, may lead
to respiratory failure and shock. Observation or
needle aspiration may be forms of clinical treat-
ment for a stable simple pneumothorax. The
primary treatment options include the insertion
of a chest drainage tube for tension pneumo-
thorax and large pneumothorax. At the time of
the placement of the tube, strict attention to
sterile technique is critical to avoid injury to the
lung and infection [39-41].

Chest drainage tubes also play a critical role in
wartime scenarios, such as traumatic hemotho-
rax or battlefield emergency care. Combat-re-
lated injuries often involve explosions or gun-
shot wounds that result in either hemothorax
or traumatic pneumothorax [42]. Early chest
drainage can greatly improve survival. In these
environments, providers should be familiar with
methods for battlefield emergencies and should
know how to carry out a temporary chest drain-
age procedure [43-45]. Innovations such as
high-sealing and minimally invasive drainage
tubes possess a great deal of value within the
field by offering flexibility where there would
normally be restraints from bulky equipment. In
addition, during emergency situations such as
combat trauma, the placement of chest tubes
may be performed under complex environmen-
tal conditions that can compromise the main-
tenance of strict aseptic technique. In such
scenarios, whenever feasible, it is imperative to
adhere to the principles of asepsis as closely
as possible. Should conditions preclude the
guarantee of effective asepsis, in accordance
with the clinical management guidelines for
intravascular catheters, it is recommended that
chest tubes be replaced as soon as possible,
ideally within 48 hours of insertion, provided
the patient’s condition permits. This approach
is intended to mitigate the risk of infection. This
further underscores the critical importance of
sterile technique in the process of chest tube
insertion [42-44].

In sum, chest drainage tubes are crucial for the
treatment of pleural effusion, pneumothorax,
and some special wartime conditions. The in-
dications for selection should be appropriate,
flexibly adapted to development in clinical
practice, follow strict sterility principles, and
employ modern equipment-all these are the
keys to guarantee successful drainage without
complications. While chest drainage technology
continues to evolve and research into a variety
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of special application conditions deepens, the
clinical outcomes will be further improved and
bring more hope for patient recovery.

Procedural techniques and standards

The standardization of thoracic drainage pro-
cedures during both peacetime and wartime is
crucial to ensure efficient and safe operations
under varying circumstances, since the pro-
cedural specifics and skill level directly affect
patient outcomes.

Preoperative preparation

Preoperative preparation is pivotal in ensuring
the success of thoracic drainage. Initially, a
comprehensive evaluation of the patient is es-
sential, encompassing medical history, physical
examination, and necessary imaging studies to
ascertain the nature and location of the thorac-
ic pathology. A systematic patient assessment
significantly increases the success rate but
decreases unnecessary trauma to the patients.
Besides, adequate psychological support and
detailed explanation will alleviate anxiety in pa-
tients for better tolerance of the procedure [46-
49].

Equipment selection and preparation must be
performed strictly in accordance with the stan-
dards. Depending on their design features and
indications, traditional drainage tubes, mini-
mally invasive tubes, and new catheter devices
must be chosen based on the specific case. All
instruments should undergo thorough steriliza-
tion before use to ensure aseptic conditions
and prevent postoperative infections and other
complications [9].

Placement technique

The placement of thoracic drainage tubes is a
technically demanding procedure requiring a
profound understanding of anatomy and exten-
sive clinical experience. The standard procedur-
al steps are as follows:

1. Utilize imaging and surface landmarks to
identify the appropriate puncture site, avoiding
critical neurovascular structures [9].

2. Apply local anesthesia and make a small
incision on the skin with a surgical knife [7, 12,
50, 51].

3. Insert the drainage tube through the incision
into the thoracic cavity promptly, ensuring sta-
ble and efficient drainage [7, 50].
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4. Secure the drainage tube and connect it to
a negative pressure device. If feasible, the use
of a closed drainage system is recommended
to prevent air from entering the thoracic cavity,
which could cause pneumothorax or other com-
plications [7, 12, 50, 52].

It is worth noticing that strict following of asep-
tic techniques is obligatory during the whole
treatment to reduce the level of infection risk.
Extra attention is given to the angle and depth
of placing the tube to avoid unintentional injury
of internal organs or further damage [9].

Postoperative management

Management after surgery is crucial to ensure
proper working of the drainage tube and to
avoid complications [52]. There is a need for
regular monitoring of the volume and charac-
teristic of the fluid drained to correctly assess
the efficacy of the treatment in a timely man-
ner. Furthermore, close monitoring of the punc-
ture site is necessary to promptly detect signs
of infection, subcutaneous emphysema, or
other complications, alongside standard care
of the drainage tube according to institutional
protocol, including dressing changes, at least
daily, maintenance of tube patency, and regular
inspection of the negative pressure device [53].
Special attention should be given to securing
the drainage tube and limiting patient activity
to minimize the risk of accidental dislodge-
ment, especially in patients requiring prolonged
drainage [52, 53]. In postoperative manage-
ment, the secure fixation of the thoracic drain-
age tube is of paramount importance. Appropri-
ate fixation should be tailored to the patient’s
position; for instance, when the patient is lying
supine, the thoracic drainage tube should be
fastened securely at the bedside, maintaining a
degree of slack to prevent traction or displace-
ment due to movements such as rolling over,
thereby enhancing patient comfort. Concurrent-
ly, with respect to drainage, it is imperative to
closely monitor the color, volume, and nature of
the drainage fluid, ensuring that the drainage
tube remains unobstructed. Should any drain-
age impairment be detected, prompt action
should be taken to identify the cause and im-
plement the necessary interventions. This may
include inspecting for obstructions or kinks in
the tube and managing them in accordance
with medical protocols.

In summary, standardization of techniques for
thoracic drainage and postoperative manage-
ment enhances the therapeutic results and sig-
nificantly reduces complications. Standardized
peacetime procedures and adaptable wartime
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responses are essential for ensuring patient
safety and the success of treatments. Future
efforts should focus on advancing research and
training in this area, promoting the adoption of
new technologies and materials to continually
improve the proficiency of thoracic drainage
procedures.

Discussion

In resource-limited settings, particularly under
wartime medical conditions, the implemen-
tation of thoracic drainage faces numerous
challenges. Firstly, it is crucial to establish a
rapid response mechanism to ensure effective
intervention in the shortest possible time. This
includes not only the swift coordination of med-
ical equipment and supplies but also the quick
assembly and deployment of specialized medi-
cal teams. Flexibility and adaptability are para-
mount in this process. Medical personnel must
possess the ability to perform thoracic drainage
under variable and extreme conditions, which
raises the bar for both their technical prowess
and psychological resilience. Given the urgent
need for rapid response, a systematic and
ongoing training mechanism for personnel
is essential. The constraints on the number
of surgeons and technical staff in wartime
environments can be mitigated through simu-
lated drills and remote education. Specifically,
with the aid of virtual reality technology and
tele-mentoring systems, healthcare workers in
remote areas can receive timely and effective
training, ensuring they have the confidence and
capability for actual operations.

The advancement of thoracic drainage tech-
nology will greatly depend on the application of
new technologies and materials. For instance,
progress in nanotechnology could lead to the
development of more efficient and less com-
plication-prone new drainage tube materials
[54]. Concurrently, the evolution of minimally
invasive surgical equipment will make thoracic
drainage safer and more convenient, thereby
accelerating patient recovery. Additionally, ad-
vancements in Al technology can facilitate the
intelligent use of drainage tubes, reducing the
burden on medical personnel and allowing for
more accurate patient data recording, ultimate-
ly enhancing the quality and comfort of medical
care. While technological progress is signifi-
cant, continuous clinical trials and evidence ac-
cumulation are crucial for the promotion of new
technologies. Only by demonstrating the safety
and efficacy of new technologies through large-
scale clinical trials can they be widely adopted
in clinical practice. Hence, emphasis should be
placed on foundational and applied research in

5



Perioperative Precision Medicine 2025; 3 (1): 1-8. PPM25020429

the relevant fields, establishing a comprehen-
sive research and medical integration mecha-
nism.

Thoracic drainage, as a vital medical proce-
dure, relies on multidisciplinary collaboration.
The close cooperation of various disciplines
is especially critical in both peacetime and
wartime medical care. For example, surgeons,
internists, and emergency physicians need
to communicate thoroughly and discuss the
patient’s condition to devise the most optimal
treatment plan. Furthermore, the meticulous
management of postoperative care by nursing
staff and the assurance of drug supply by phar-
macists are key elements in ensuring the suc-
cess of drainage. In wartime and other special
conditions, multidisciplinary collaboration can
significantly enhance the overall efficiency of
emergency medical response. By establishing
interdisciplinary emergency response teams
and coordinated workflow processes, resources
can be quickly mobilized, enabling the rapid
treatment of the injured. The cross-disciplinary
cooperation also promotes the integration of
medical technologies, such as imaging tech-
niques for the precise placement of drainage
tubes, thereby improving the success rate and
safety of the procedure [55].

In conclusion, the application of thoracic
drainage in both peacetime and wartime ne-
cessitates the reinforcement and optimization
of techniques and drainage devices. This ap-
proach is vital for effectively elevating the ap-
plication level of thoracic drainage technology
and ensuring the provision of the highest qual-
ity medical services to patients under various
extreme conditions.
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Highlights

¢ Training with the multi-objective teaching model significantly improved in perioperative skills of residents.

* Multi-objective teaching model effectively facilitates the acquisition of comprehensive theoretical knowledge in
anesthesiology.

* Multi-objective teaching model emphasizes the development of teamwork skills.

Abstract

Objective: The multi-objective teaching model is an educational strategy that aims to promote the holistic devel-
opment of students through diverse teaching methods and activities. This study explores the application method
of multi-objective teaching model in the standardized training of anesthesiology residents in China, aiming to en-
hance teaching outcomes and cultivate skilled anesthesiologists. Methods: A total of 60 anesthesiology residents
undergoing standardized training at our center were included in this clinical observation. Participants (n=30/
group) were randomly assigned to either the observation group (multi-objective teaching model) or the control
group (conventional teaching model). All the participants received training on ultrasound-guided short-axis in-
plane and short-axis out-of-plane axillary brachial plexus nerve block. In the control group, the teaching of the two
kinds of punctures were carried out separately without comparison of the two or inclusion of additional puncture
techniques. In the observation group, the teaching of the two kinds of puncture were integrated, and the experi-
ence was summarized and extended to the vascular and nerve puncture requiring similar technology. After the
teaching of two different models, the difference of success rates in supraclavicular vein and internal jugular vein
punctures were evaluated. Results: The observation group demonstrated a significantly shorter puncture and
catheter placement time compared to the control group during supraclavicular vein and internal jugular vein punc-
ture procedures (5.19+£2.20 minutes vs. 8.35+2.40 minutes, P<0.01), with a higher success rate (76% vs. 64%,
P=0.08). The number of mistaken arterial punctures was significantly reduced (4 cases vs. 8 cases, P=0.26).
Additionally, both student and mentor evaluations of the multi-objective teaching model were significantly higher
than those of the conventional model (student evaluation: 82+11 points vs. 71+9 points, P<0.01; mentor evalua-
tion: 85+9 points vs. 767 points, P<0.01). Conclusion: The multi-objective teaching model significantly improves
perioperative skills and teaching satisfaction among anesthesiology residents. It is an effective educational ap-
proach for enhancing anesthesiology training.

Keywords: Multi-objective teaching, anesthesia practice, residents training

Introduction there has been a corresponding increase in
the demand for high-quality medical services.
As continuous improvement of quality of life, This requires clinicians to enhance their pro-
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fessional expertise and technical proficiency to
minimize complications and reduce operational
errors during perioperative period [1, 2]. The
cultivation of competent young physicians, par-
ticularly in enhancing their clinical proficiency
while ensuring patient safety, has emerged as
a critical challenge in contemporary clinical ed-
ucation. While working as a visiting scholar in
the Department of Anesthesiology of Dresden
Technical University Hospital, Germany, the first
author engaged in extensive clinical observa-
tions and identified significant differences in
residency training approaches between China
and Germany. These comparative insights,
following systematic analysis and synthesis,
have led to the proposition of implementing a
multi-objective teaching model in the standard-
ized training of anesthesiology residents in Chi-
na. This proposed framework aims to provide
valuable references for optimizing the cultiva-
tion of anesthesiology talents.

As a pivotal specialty in the surgical system,
anesthesiology encompasses extensive clini-
cal practices and diverse procedural contents.
While various anesthesia centers in China
have their specific protocols and guidelines,
they generally adhere to the Chinese clinical
practice guidelines. Significant conceptual dif-
ferences exist between Chinese and German
approaches to certain clinical operations [3, 4].
For example, in the ultrasound-guided axillary
brachial plexus block, the standard practice
involves using the short-axis in-plane approach,
where the probe is positioned to visualize the
neurovascular structures in cross-section, fol-
lowed by needle insertion parallel to each nerve
branch, which is easy to operate and provides
direct visualization to prevent neurovascular
injury. In contrast, German practitioners employ
the short-axis out-of-plane approach, which is
more difficult as it requires constant monitoring
of the spatial relationship between the needle
tip and neurovascular structures. Their expla-
nation is that the axillary brachial plexus limb
region is flat and broad, making it an optimal
learning platform for out-of-plane perivascular
nerve blocks. Their pedagogical rationale is
that if trainees cannot master this technique in
the most accessible anatomical location, they
will be inadequately prepared for more complex
procedures.

This educational philosophy extends to ad-
vanced epidural anesthesia techniques. Ger-
man training programs deliberately assign
skilled residents to practice thoracic puncture
placement using the paramedian approach,
despite its increased technical difficulty. This
method proves particularly advantageous in
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challenging cases involving extensive calcifica-
tion of the ligamentum flavum. Furthermore,
despite the widespread availability of video
laryngoscopes, German residency programs
maintain rigorous daily training with conven-
tional laryngoscopes to enhance residents’
proficiency in managing difficult airways. These
self-imposed technical challenges in clinical
training embody the fundamental principles of
the multi-objective teaching model, the core
of which involves to incorporate higher-level
training elements when residents demonstrate
capacity beyond current instructional level [5].

The multi-objective teaching model represents
a goal-oriented pedagogical approach that
emphasizes the establishment of hierarchical
teaching objectives throughout the training
process, with corresponding training plans and
instructional methodologies developed for each
specific goal. This model aims to enhance the
pertinence and efficacy of training, ensuring
comprehensive acquisition of requisite knowl-
edge and skills [6, 7]. In standardized residen-
cy training, we have consistently encountered
several challenges: (1) a disparity between the-
oretical knowledge and practical skills among
residents; (2) uneven proficiency across differ-
ent clinical procedures, and (3) either insuffi-
cient challenge for high-performing residents or
inadequate support for less proficient ones [8-
10]. This dichotomy not only diminishes the mo-
tivation of exceptional residents but also poses
potential clinical risks due to inaccurate com-
petency assessment of less skilled residents.

To address these issues, we propose to imple-
ment multi-objective teaching model in China’s
standardized anesthesiology training program.
In clinical practice, this approach involves: (1)
establishing differentiated teaching objectives
tailored to residents’ competency levels, (2)
implementing individualized instruction based
on aptitude assessment, (3) recognizing their
achievements upon completion of specific pro-
cedures, and (4) setting higher objectives for
subsequent training phases.

Through this multi-objective teaching, we aim
to provide individualized training that not only
meets but potentially exceeds the final goals
of standardized residency training. For this
reason, we have initiated clinical teaching inno-
vations that integrate continuous practice with
systematic summarization. These efforts have
led to the development of an enhanced training
program, complemented by a refined evalua-
tion system and safeguard mechanisms, all de-
signed to ensure the effective implementation
and desired outcomes of the multi-objective
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Table 1. Comparison of original axillary brachial plexus nerve blocks ( X +SD)

Control group

Multi-objective

(n=30) teaching group (n=30) Yl Puale
Operating time (min) 6.32+2.30 4.85+1.80 2.76 0.007
Success rate (%) 84 92 13.64 <0.001
Faulty penetration of artery (n) 2 0 2 0.157
Student evaluation (0-100 points) 8046 9248 6.58 <0.001
Mentor evaluation (0-100 points) 82+5 92+7 6.36 <0.001

teaching model.
Methods
Participant selection

A total of 60 anesthesiology residents under-
going standardized training at our center were
included in this clinical observation. They were
randomly assigned to either the observation
group (multi-objective teaching model) or the
control group (conventional teaching model),
with 30 residents in each group. All the partici-
pants first received training on ultrasound-guid-
ed short-axis in-plane and short-axis out-of-
plane axillary brachial plexus nerve block.

Control group

In the control group, training on ultrasound-guid-
ed short-axis in-plane and short-axis out-of-
plane axillary brachial plexus nerve block was
conducted according to the syllabus. Residents
first received theoretical instruction on the pro-
cedures, including anatomy, ultrasound image
recognition, operational steps, and complica-
tion prevention. After the theoretical teaching,
residents performed simulated operations on
mannequins or models to familiarize them-
selves with the procedures. Under the guidance
of experienced instructors, residents observed
actual procedures to deepen their understand-
ing of the operational details before their clini-
cal practice. Each resident completed each 15
cases of ultrasound-guided short-axis in-plane
and short-axis out-of-plane axillary brachial
plexus block to consolidate their learned knowl-
edge and skills (Table 1). After each operation,
instructors provided immediate feedback, rec-
ognizing the well-done procedures and pointing
out what can be enhanced or improved, as well
as organizing discussions to encourage peer
learning.

Multi-objective teaching group

In the multi-objective teaching group, residents
were introduced to the short-axis in-of-plane
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and short-axis out-of-plane axillary brachial
plexus nerve block and underwent operation
training. Our multi-objective teaching approach
mandates that all clinical procedures be based
on a comprehensive theoretical understanding,
as only through theoretical guidance can we
ensure procedural standardization and patient
safety.

To achieve this, the multi-objective teaching
model incorporates diverse instructional meth-
odologies [11, 12].

« Interactive theoretical sessions: residents are
encouraged to engage in questioning and dis-
cussions. These sessions systematically cover
fundamental anesthesiology principles while
incorporating contemporary advancements and
evidence-based practices.

» Case-based learning: our curriculum employs
authentic clinical cases to bridge theoretical
knowledge with practical application. Each
case is carefully selected to reflect a spectrum
of clinical scenarios, from routine to complex
situations. Residents engage in systematic
case analysis, identifying key learning points
and formulating management strategies.

« Structured group discussion: facilitated by ex-
perienced mentors, who initiate topic presenta-
tion and guide brainstorming, residents actively
explore and discuss the topic, with key insights
synthesized. This format promotes collaborative
learning, critical thinking, and knowledge inte-
gration among residents.

» Mentorship and feedback: mentors play a cru-
cial role in guiding discussions and providing
real-time feedback. They ensure that the dis-
cussions remain focused, challenge residents
to think critically, and provide insights based on
their own experiences. Mentors also facilitates
the translation of theoretical knowledge into
clinical practice, helping residents to under-
stand the practical implications of the theories
they learn.
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e Continuous assessment system: the program
implements a robust evaluation framework that
enables residents to monitor their progress and
adapt learning strategies, allows mentors as-
sess competency levels of residents at various
training stages, ensuring that only those who
demonstrate theoretical mastery and passing
comprehensive assessments can proceed to
clinical practice.

The multi-objective teaching model standard-
ized training through a structured three-phase
approach: simulation training, standardized
clinical operations, and advanced clinical op-
erations. Mentors outline the skills to be mas-
tered at each stage and introduce the content
for the next stage. Upon successfully complet-
ing the goals of current stage, residents prog-
ress to higher-level training for further devel-
opment. The program mandates all residents
to complete standardized clinical procedure
assessments, with advanced clinical operation
assessments available for high-performing resi-
dents demonstrating exceptional capacity.

Besides, the multi-objective teaching model
underscores the importance of team collabora-
tion among anesthesiology residents [13, 14].
Teamwork serves as a practical implementation
mechanism for multi-objective teaching. With
varying levels of experience within the team,
residents can effectively complete tasks at
their current stage through mutual discussion,
sharing, and other collaborative activities. This
helps residents avoid unnecessary pitfalls and
risks in clinical practice, preparing for high-
er-level practice. Emphasizing collaboration
among residents not only enhances residents’
skills but also significantly improves teaching
and work efficiency.

Additionally, the multi-objective teaching model
also emphasizes the cultivation of profession-
al quality among residents of anesthesiology,
including responsibility, communication skKills,
and the ability to cope with pressure. The goal
is not only to train residents with qualified
professional skills but also to shape them into
exceptional doctors with noble character, emo-
tional intelligence, and a sense of professional
honor, who can fulfill the Hippocratic Oath [15,
16]. The multi-objective teaching model enables
residents to continuously improve themselves
in practice by means of situation simulation
and role-playing. By integrating these elements
into the teaching model, this comprehensive
approach aims to cultivate well-rounded doctors
capable of navigating the complex landscape
of medical practice with clinical excellence
and ethical integrity. Therefore, this focus on
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professional ethics and character development
constitutes a fundamental component of the
multi-objective teaching model.

Both groups underwent training for two con-
secutive weeks, with each resident performing
15 actual operations. Two weeks later, resi-
dents from both groups were trained in ultra-
sound-guided short-axis plane supraclavicular
vein and internal jugular vein catheterization,
performing five clinical practices. The aver-
age puncture and catheter placement time,
success rate, incidence of complications, and
evaluations by both the residents and men-
tors were recorded. Our investigation focused
on core anesthesiology procedures, including
ultrasound-guided neurovascular puncture,
epidural puncture and catheterization, compar-
ing the efficacy of the multi-objective teaching
model with conventional approaches, yielding
significant comparative data.

Statistical analysis

Statistical analysis was performed using Graph-
Pad Prism 7.0. The Kolmogorov-Smirnov test
was used to check for normality. Normally dis-
tributed data were presented as mean * stan-
dard deviation ( %s). Inter-group comparisons
were conducted ¥sing ANOVA, followed by Bon-
ferroni post-hoc tests for pairwise comparisons.
Categorical data were presented as frequencies
(percentages) and analyzed using the x2 test.
A P value of <0.05 was considered statistically
significant.

Results

The results showed that compared with the
control group, the multi-objective teaching group
demonstrated significantly shorter puncture
and catheter placement times, higher success
rates, and fewer instances of arterial puncture
errors during the subsequent supraclavicular
and internal jugular vein puncture operations.
Additionally, both trainees and instructors rated
the multi-objective teaching model significantly
higher than the conventional teaching model
(Tables 2-3).

Discussion

Since 1993, the Ministry of Health issued the
Notice on the Implementation of the Trial Mea-
sures for the Standardized Training of Clinical
Residents, over 30 years have passed since
the national realization of standardized and
standardized resident training. In this vigorous
development of medicine for more than 30
years, the standardized training system for resi-
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Table 2. Comparison of supraclavicular vein puncture and placement ( x +SD)

Control group Multi-objective

(n=30) teaching group (n= 30) t/x" value PREne
Puncture and catheter placement time (min) 8.35+2.40 5.19+2.20 5.32 <0.001
Success rate (%) 64 76 5.14 0.023
Faulty penetration of artery (n) 16 8 4.44 0.035
Student evaluation (0-100 points) 71+£9 82+11 4.24 <0.001
Mentor evaluation (0-100 points) 7617 8519 4.15 <0.001
Table 3. Comparison of internal jugular vein puncture and placement ( x +SD)
Puncture and catheter placement time (min) 6.59+2.10 4.73+1.90 3.60 <0.001
Success rate (%) 88 96 6.52 0.011
Faulty penetration of artery (n) 4 0 2 0.157
Student evaluation (0-100 points) 8218 9149 4.09 <0.001
Mentor evaluation (0-100 points) 84+7 9319 4.33 <0.001

dent doctors has trained thousands of qualified
clinical doctors. With the development of the
times, some issues have gradually emerged
in the teaching of resident standardized train-
ing, which need to be solved step by step in
our practical work. For instance, the problem
of increasing the success rate of operations
and reducing complications, in the process of
standardized training, requires residents to
learn related techniques and content in a com-
prehensive and multi-objective manner within
limited practical opportunities. Another issue
is the singularity of the training syllabus and
goals, which does not reflect “individualized”
teaching. In the teaching process, the focus is
mostly on meeting the minimum requirements
for assessment, and for outstanding residents,
there is rarely an expansion of learning content
[7]. Additionally, there is a lack of proactive
awareness among training mentors and undif-
ferentiated teaching, which fails to set different
goals based on the level of residents, leading
to “the excellent students being under-chal-
lenged and the less capable ones struggling to
keep up,” thus dampening the motivation and
enthusiasm for further learning [17-19]. All of
these can be well solved by the multi-objective
teaching model.

After comparing the differences in clinical an-
esthesia teaching practice between China and
Germany, out center also made corresponding
summaries and explorations. After a period of
trial, we found that the multi-objective teaching
model has the following advantages.
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e Improving the pertinence of training: the
multi-objective teaching model can make a per-
sonalized training plan according to the specific
situation of each resident, to improve the perti-
nence and effect of training.

e Combination of multiple teaching methods:
the multi-objective teaching model combines
various teaching methods, allowing residents to
better grasp knowledge and skills.

« Timely feedback and adjustment: the multi-ob-
jective teaching model focuses on timely feed-
back and adjustment, enabling residents to
promptly understand their learning status and
adjust their learning strategies.

 Cultivation of teamwork: the multi-objective
teaching model places importance on the culti-
vation of teamwork, allowing residents to better
integrate into teamwork.

« Improving professional ethics: the multi-objec-
tive teaching model stresses the development
of professional ethics, enabling residents to
continuously improve their professional ethics
in practice.

The multi-objective teaching model, originally
emerging in the foundational theoretical teach-
ing of major universities, has achieved good
results. Tian et al. put forward the hierarchical
and multi-objective teaching model of Medical
Statistics under the conditions of informatiza-
tion, and adopted different teaching depths
and methods among undergraduates, postgrad-

13



Perioperative Precision Medicine 2025; 3 (1): 9-15. PPM24110392

uates and foreign students, which fully aroused
the enthusiasm of all kinds of students in learn-
ing and significantly improved their academic
performance [20]. Sun et al. explored the
multi-objective teaching model in the teaching
of advanced mathematics, proposing various
student-centered teaching methods to adapt to
the construction and development of new engj-
neering disciplines, and also achieved the ex-
pected teaching results [21]. In the practice of
continuing medical education, some scholars
have also proposed a stratified teaching meth-
od, which involves scientifically stratifying the
trainees, developing individualized training pro-
grams, and conducting stratified teaching and
assessment, thereby embodying the concept of
individual differences and precise teaching [22,
23]. This method is part of the multi-objective
teaching model we propose, which only advo-
cates “teaching according to the aptitude of
the learner” without integrating multi-objectives
throughout the entire teaching process. The
concept of multi-objective teaching is to provide
individualized teaching to residents at differ-
ent levels at different stages, but during the
teaching process, it also sets higher-level re-
quirements so that after completing the current
teaching goals, progress can be made toward
higher levels. Moreover, the multi-objective
concept is not only for residents, but we hope
to fully reflect the multi-objective philosophy in
the design of the syllabus, the initiative of the
mentors, and the aspects of humanities and
professional ethics.

One of the limitations of our study is the rela-
tively small sample size of 60 anesthesiology
residents. This restricts the generalizability of
our findings and may affect the statistical power
of our comparisons. The small sample size also
limits our ability to draw definitive conclusions
about the long-term effects of the multi-objec-
tive teaching model on residents’ professional
development. To address these limitations, fu-
ture research should aim to include larger and
more diverse cohorts of residents from multiple
centers. This would enhance the external validi-
ty of the findings and allow for more robust sta-
tistical analysis. Additionally, longitudinal stud-
ies could be conducted to assess the sustained
impact of the multi-objective teaching model on
residents’ skills and professional growth over
time.

While this study aimed to explore the appli-
cation of the multi-objective teaching model
in China, it is essential to acknowledge the
potential challenges and limitations that may
arise when adopting this model. One significant
challenge is the differences in healthcare sys-
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tems and educational infrastructures between
Germany and China. The German healthcare
system’s emphasis on standardized procedures
and advanced technology may not be as readily
available in all Chinese medical institutions,
which could hinder the implementation of cer-
tain teaching methods. Additionally, resource
constraints, such as the availability of qualified
instructors and state-of-the-art equipment,
could limit the effectiveness of the multi-objec-
tive teaching model in some settings. The dis-
parities in regional development within China
mean that not all medical facilities may have
the capacity to support this model, particularly
in rural or less developed areas.

Conclusions

The multi-objective teaching model has obvious
advantages in the training of anesthesiology
residents, which can comprehensively improve
the theoretical knowledge, clinical skills, team-
work ability and professional quality of resi-
dents. Through continuous optimization and
improvement of the multi-objective teaching
model, the quality of resident training can be
enhanced, contributing more to the develop-
ment of the medical profession.
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Highlights

€ Mitochondrial autophagy is essential for maintaining mitochondrial health by selectively degrading damaged mi-\

tochondria. This process involves two main pathways: ubiquitin-dependent and ubiquitin-independent autophagy.

¢ Sepsis causes organ dysfunction due to infection, with acute lung injury (ALI) being a common secondary condi-
tion. ALl is characterized by excessive inflammation in the lungs, leading to mitochondrial dysfunction.

¢ Understanding the mechanisms of mitochondrial autophagy can provide new insights for treating sepsis-asso-
ciated ALI. Continued research could identify novel therapeutic targets to improve outcomes for patients with ALI
and sepsis.

¢ In the early stages of sepsis-related ALI, mitochondrial autophagy is enhanced. In severe or prolonged cases, ex-
cessive mitochondrial autophagy may occur. In the later stages, particularly in severe or chronic cases, mitochon-
drial autophagy may be impaired or completely lost.

¢ Mitochondrial autophagy holds therapeutic potential for the perioperative assessment and management of sep-

\_ sis-related ALI. Further investigation into this potential is warranted. )

Abstract

Sepsis is a systemic inflammatory response syndrome caused by infection, leading to acute lung injury and acute
respiratory distress syndrome, which are common life-threatening complications in intensive care units. Mito-
chondrial autophagy, a process that selectively removes damaged mitochondria, is essential for maintaining the
stability of the intracellular environment and cellular function. In recent years, the role of mitochondrial autophagy
in sepsis-associated acute lung injury and acute respiratory distress syndrome has garnered significant attention.
This review summarizes the research progress of mitochondrial autophagy in sepsis-associated acute lung injury
and acute respiratory distress syndrome, focusing on its mechanism, influencing factors, and potential therapeutic
agents.

Keywords: Mitochondrial autophagy, sepsis, acute lung injury

Introduction

Sepsis is a clinical complication resulting from
infection-induced organ dysfunction, which is
associated with high morbidity and mortality
rates. It is the leading cause of death among
critically ill patients [1]. In 2017, there were ap-
proximately 48.9 million cases of sepsis glob-

ally, with 11 million sepsis-related deaths, ac-
counting for 19.7% of all deaths worldwide [2].
Acute lung injury (ALI) is the most common dis-
ease associated with sepsis [3]. ALl is charac-
terized by an excessive inflammatory response
in the lungs, involving immune cell activation,
secretion of pro-inflammatory mediators, and
disruption of membrane function [4]. During
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Figure 1. The main processes of mitophagy.

ALI, mitochondria lose their ability to regulate
calcium and reactive oxygen species (ROS) lev-
els, leading to excessive mitochondrial free rad-
ical leakage, mitochondrial DNA damage, and
the production of mitochondrial ROS. The accu-
mulation of mitochondrial ROS activates NOD-
like receptor pyrin domain-containing protein 3
(NLRP3) inflammasomes, which in turn trigger
caspase-1-dependent pyroptosis, a key driver
of cellular focal death in ALI [5]. In contrast, mi-
tochondrial autophagy, a cellular process that
maintains mitochondrial health, plays a critical
role in the development and progression of ALI.
In this process, damaged mitochondria due to
pathological conditions such as hypoxia, oxida-
tive stress, and inflammation, are selectively
cleared and degraded, thereby maintaining
homeostasis and normal lung tissue function
[6]. This paper aims to elucidate the molecular
mechanisms underlying mitochondrial auto-
phagy and the pathogenesis of mitochondrial
autophagy disorders in sepsis-associated ALI,
providing new insights for clinical treatment
strategies.

Mitochondrial autophagy

Mitochondria are bioenergetic, biosynthetic,
and signaling organelles that play a key role
in stress perception, enabling cellular adap-
tation to environmental changes [7]. Many
mitochondrial components and metabolites
act as damage-associated molecular patterns,
promoting inflammation when released into
the cytoplasmic lysate or extracellular space.
To prevent harmful inflammatory responses,
organisms employ mitochondrial quality control
systems, including the autophagic clearance
of damaged mitochondria. However, when
these systems’ homeostatic capacity is over-
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whelmed or defective, mitochondria-induced in-
flammatory responses may become pathogenic
and contribute to the development of various
diseases such as neurodegenerative diseases,
cardiovascular diseases, cancers, metabolic
disorders, and infections [8].

Mitochondrial autophagy plays a critical role
in eliminating dysfunctional mitochondria and
maintaining mitochondrial homeostasis. Under
conditions such as starvation, hypoxia, and en-
doplasmic reticulum stress, the damaged mito-
chondria depolarize and lose membrane poten-
tial, initiating selective autophagy of damaged
mitochondria [9]. These mitochondria are en-
gulfed by autophagosomes, forming mitochon-
drial autophagosomes (a double-membrane
structure). The mitochondrial autophagosomes
then fuse with lysosomes to form autophagic
lysosomes, where the mitochondrial contents
are degraded by lysosomal enzymes and sub-
sequently recycled for cellular use (Figure 1).

Molecular mechanisms of mitochondrial auto-
phagy

Mitochondrial autophagy mechanisms are gen-
erally divided into two categories: ubiquitin-de-
pendent mitophagy and ubiquitin-independent
mitophagy.

Ubiquitin-dependent mitochondrial autophagy

As the name suggests, ubiquitin-dependent au-
tophagy involves the extensive ubiquitination of
damaged mitochondria, which are then recog-
nized and degraded by the proteasome. Current
research highlights that the Phosphatase and
tensin homolog (PTEN)-induced putative kinase
1 (PINK1)/Parkin pathway is a key regulator
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of mitochondrial autophagy [10]. PINK1 is a
mitochondrial serine/threonine protein kinase
containing mitochondrial-targeting sequences
that direct its localization to the mitochondria.
Under normal mitochondrial conditions, PINK1
is imported into mitochondria via the outer
membrane translocase and inner membrane
translocase complexes. Upon translocation to
the inner mitochondrial membrane, PINK1 is
cleaved by matrix processing peptidase and the
inner membrane protease PINK1/Phosphoglyc-
erate mutase family member 5 (PGAM5)-associ-
ated rhodopsin-like protease and subsequently
degraded by the proteasome via the N-terminal
rule pathway.

However, when mitochondria are damaged, the
loss of membrane potential prevents PINK1
from being imported into the inner membrane,
causing the accumulation of PINK1 on the out-
er mitochondrial membrane (OMM), where it
undergoes autophosphorylation and dimeriza-
tion. PINK1 then phosphorylates Parkin, acti-
vating its E3 ubiquitin ligase activity. In turn,
Parkin ubiquitinates several outer membrane
proteins, forming polyubiquitin chains that are
subsequently phosphorylated by PINK1, acting
as “eat-me” signals for the core autophagy ma-
chinery [11].

Parkin, an E3 ubiquitin ligase encoded by the
PARK2 gene, ligates ubiquitin to substrate
proteins. The proteasome recognizes the ubig-
uitin tag and degrades the substrate protein.
After mitochondrial damage, PINK1 promotes
a conformational change of Parkin into an
active E3 ubiquitin ligase, which enhances mi-
tochondrial autophagy. Simultaneously, PINK1
phosphorylates ubiquitin on substrates of OMM
proteins, recruiting Parkin from the cytoplasm
to the OMM with high affinity. Activated Parkin
can then ubiquitinate OMM proteins, such as
mitofusin-2 and voltage-dependent anion chan-
nel 1, promoting the formation of polyubiquitin
chains [12]. Parkin ubiquitinates OMM protein
substrates, and PINK1 phosphorylates the
ubiquitin chains, further recruiting and activat-
ing Parkin, thus creating a feedback loop that
amplifies the phosphorylation of ubiquitin [13].

Autophagy receptors, including Optineurin,
NDP52, Sequestosome 1 (SQSTM1)/p62,
NBR1, and TAX1BP1, recognize the phosphor-
ylated polyubiquitin chains and anchor the
mitochondria to autophagosomes by binding to
microtubule-associated protein 1 light chain 3
(LC3). The formation of autophagosomes is ini-
tiated by the recruitment of autophagy initiation
factors, including unc-51-like autophagy-activat-
ing kinase 1 (ULK1), WD-repeat domain, phos-
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phatidylinositol-interacting protein 1 (WIPI1),
and double FYVE domain-containing protein 1
(DFCP1). TANK-binding kinase 1 is also activat-
ed and phosphorylated, enhancing the binding
of NDP52 and Optineurin to polyubiquitinated
chains. These receptors further promote the
synthesis of phagocytic vesicles, the precursors
of autophagosomes that eventually fuse with
lysosomes for degradation, by recruiting key au-
tophagosome biogenesis components (WIPIZ1,
ULK1, and DFCP1) [5].

In addition to the PINK1-Parkin pathway, other
E3 ubiquitin ligases, such as Gp78, SMURF1,
Siah1, MUL1, and ARIH1, play roles in regulat-
ing mitochondrial autophagy independent of
Parkin [14-18]. Once localized on the mitochon-
drial surface, these ligases generate ubiquitin
chains. The autophagy receptor then recogniz-
es the phosphorylated polyubiquitin chains and
anchors the mitochondria to the autophago-
some by binding to LC3 (Figure 2).

Ubiquitin-independent mitochondrial autopha-
gy

Ubiquitin-independent mitochondrial autophagy
is mediated by a set of OMM proteins that act
as mitochondrial autophagy receptors. These
include Nip3-like protein X (NIX), BCL2-interact-
ing protein 3-like (BNIP3L), BCL2-interacting
protein 3 (BNIP3), and FUN14 Domain Contain-
ing 1 (FUNDC1). These receptors initiate mito-
chondrial autophagy by binding directly to LC3,
independent of ubiquitylation. NIX, also known
as BNIP3L, was initially identified when mice
with NIX gene deletion exhibited impaired matu-
ration of reticulocytes, leading to the accumula-
tion of excessive mitochondria due to defective
mitochondrial autophagy, ultimately resulting
in anemia [19]. NIX proteins can directly bind
to LC3 through their BH3 structural domain,
inducing mitochondrial autophagy. Similarly,
BNIP3, which also contains the BH3 structural
domain, shares 56% homology with NIX, as
both belong to a subfamily of the anti-apoptotic
B-cell lymphoma-2 (Bcl-2) family, characterized
by the presence of the BH3 domain [20]. BNIP3
deficiency significantly inhibits mitochondrial
autophagy, thereby exacerbating apoptosis.
FUNDCZ1, another conserved mitochondrial au-
tophagy receptor, also binds to LC3. It induces
Parkin-independent mitochondrial autophagy in
mammalian cells under hypoxic conditions (Fig-
ure 2).

Mitochondrial autophagy and sepsis-related
ALI

Under normal physiological conditions, cells
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Phosphorylated
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Figure 2. Mechanistic overview of mitophagy. TBK1, TANK-Binding Kinase 1; OPTN, Optineurin; NDP52, Nuclear
dot protein 52; SQSTM1, Sequestosome 1; LC3, Microtubule-associated protein 1 light chain 3; PINK1, PTEN-in-
duced kinase 1; Parkin, Parkinson protein 2, E3 ubiquitin protein ligase; MUL1, Mitochondrial E3 Ubiquitin Ligase
1; Gp78, Glucose-regulated protein 78; SMURF1, SMAD specific E3 ubiquitin protein ligase 1; BNIP3, BCL2 Inter-
acting Protein 3; BNIP3L, BCL2 Interacting Protein 3 Like; FUNDC1, FUN14 Domain Containing 1.

maintain mitochondrial quality control through
basal levels of autophagy. In lung cells, mito-
chondrial autophagy plays a crucial role in elim-
inating damaged or dysfunctional mitochon-
dria, thereby preventing the accumulation of
ROS and preserving cellular homeostasis. This
basal process is regulated by the PINK1/Parkin
pathway and mitochondrial autophagy recep-
tors, such as NIX/BNIP3, ensuring lung tissue
integrity and proper cellular function, especially
in lung epithelial and endothelial cells.

The balance between pro- and anti-inflamma-
tory mediators governs the progression of the
inflammatory response following sepsis-asso-
ciated ALIl. Maintaining this balance is critical
for controlling infection in patients. However,
disruption of this homeostasis results in the
release of pro-inflammatory mediators into the
bloodstream, triggering a broader inflamma-
tory cascade and organ dysfunction [21]. The
lungs, which play a key role in gas exchange
by oxygenating the blood and removing carbon
dioxide, receive large amounts of blood and are
therefore primary sites for the diffusion of in-
flammatory mediators during sepsis [22]. These
mediators can cause inflammation, increase
oxidative stress, and damage lung tissue.

Oxidative phosphorylation in mitochondria
is a major route for ROS production due to
abnormal electron leakage [23]. Although mi-
tochondria possess antioxidant proteins that
can neutralize ROS, excessive ROS production
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can impair the endothelial barrier function in
the pulmonary vasculature and alveolar epithe-
lium, leading to immune cell infiltration (e.g.,
neutrophils) secretion of cytotoxic substances,
and mitochondrial damage. In sepsis-induced
ALl, ultrastructural changes in mitochondria
include reduced mitochondrial mass, disrupted
cristae, and extensive mitochondrial swelling
[24]. Mitochondrial autophagy removes aged
and damaged mitochondria through selective
segregation and lysosomal degradation, thus
limiting ROS production.

ROS-induced mtDNA damage reduces mito-
chondrial membrane potential and leads to
protein and lipid oxidation. In response, mi-
tochondrial autophagy plays a critical role in
maintaining mitochondrial function and facil-
itating DNA repair. Inhibition of mitochondrial
autophagy has been shown to disrupt mito-
chondrial Ca2+ homeostasis, impair ATP pro-
duction, and hinder DNA repair [25]. Suliman
et al. observed widespread activation of mito-
chondrial autophagy in the alveolar region of a
mouse model of S. aureus-induced pneumonia
[26]. This quality control process contributes to
the removal and replacement of damaged mi-
tochondria in lung cells, thereby enhancing cell
survival and supporting alveolar function.

Nuclear factor erythroid 2-related factor 2
(Nrf2) is a transcription factor that regulates
mitochondrial quality, cytoprotective gene
expression, oxidative stress response, and an-
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ti-inflammatory and anti-apoptotic processes
through downstream factors such as HO-1, Bcl-
2, and B-cell lymphoma-extra large [27]. Nrf2
activation has been shown to reduce ROS pro-
duction by counteracting mitochondrial toxins
and regulating the production of reduced glu-
tathione [28]. Additionally, Nrf2 deficiency may
impair mitochondrial fatty acid oxidation and
reduce ATP production [29]. Downregulation of
classical autophagy during sepsis exacerbates
lung inflammation, whereas Nrf2 activation
promotes mitochondrial autophagy in the alve-
olar region. This process selectively removes
damaged mitochondria, facilitates tissue repair,
and enhances cell survival, thereby attenuating
sepsis-induced ALl and acute respiratory dis-
tress syndrome (ARDS).

However, in cases of severe or prolonged ALlI,
excessive mitochondrial autophagy can lead
to cellular energy depletion and impaired mito-
chondrial biogenesis. This can cause significant
mitochondrial loss, leading to further energy
deficits and worsening tissue damage. Addition-
ally, excessive mitochondrial autophagy also re-
leases damage-associated molecular patterns,
which amplify the inflammatory response,
creating a vicious cycle of damage. In the later
stages of ALI, especially in severe or chronic
cases, mitochondrial autophagy may become
impaired or absent. This dysfunction leads to
the accumulation of damaged mitochondria,
increased ROS production, mitochondrial frag-
mentation, and heightened oxidative stress.

The time-dependent effects of mitochondrial
autophagy in ALl are critical for determining
the trajectory of injury and recovery. Early mito-
chondrial autophagy is protective, as it removes
damaged mitochondria and limits inflamma-
tion. However, in cases of prolonged or exces-
sive injury, mitochondrial autophagy becomes
detrimental, leading to mitochondrial depletion
and further tissue damage. In the later stages,
mitochondrial autophagy dysfunction exac-
erbates oxidative stress and hinders cellular
repair. Therefore, interventions should focus on
enhancing mitochondrial autophagy during the
early stages of injury, controlling excessive mi-
tochondrial autophagy during prolonged injury,
and restoring mitochondrial autophagy function
in later stages to optimize recovery from sep-
sis-induced ALl and ARDS [30].

PINK1/Parkin signaling pathway and acute
lung injury

The PINK1/Parkin pathway is a classical mi-
tochondrial autophagy signaling pathway that
plays a crucial role in ALL. It has been shown
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that resveratrol may improve ALl in mice by
inhibiting the activation of NLRP3 inflam-
masomes, activating the PINK1/Parkin path-
way, and promoting mitochondrial autophagy
[31]. In the absence of PINK1, mitochondrial
autophagy was found to be halted; Howev-
er, resveratrol upregulated the expression of
PINK1, Parkin, Beclin-1, autophagy-related 5,
and microtubule-associated protein 1A/1B light
chain 3B, which enhanced mitochondrial auto-
phagy, offering a new therapeutic target for the
treatment of ALI.

In addition, targeting Bcl-2 family proteins, in-
cluding Bcl-2 and Bad, can modulate sepsis-in-
duced ALI through the PINK1/Parkin signaling
pathway. The anti-apoptotic role of Bcl-2 in
various apoptotic cells and animal models is
well documented [32, 33]. Bad, an upstream
member of the Bcl-2 family, acts as a sensor
for cellular stress, injury, infection, growth fac-
tor deprivation, and apoptosis [34]. Bad is a
BH3-like protein that interacts with Bcl-2. The
BH1-BH4 structural domains of Bcl-2 form a
hydrophobic groove that binds to Bad, thus reg-
ulating autophagy. Hollville et al. demonstrated
that Bcl-2 family proteins can inhibit mitochon-
drial autophagy by preventing translocation of
Parkin to depolarized mitochondria in HeLa and
HEK293T cells [35]. Additionally, in lipopoly-
saccharide (LPS) induced A549 cell injury and
ALl in mice, elevated apoptosis, enhanced mi-
tochondrial autophagy, decreased Bcl-2 expres-
sion, increased Bad expression, and activation
of the PINK1/Parkin pathway were observed
in both cells and lung tissues [36]. However,
both Bcl-2 overexpression and Bad knock-
down attenuated LPS-induced injury, inhibited
apoptosis and mitochondrial autophagy, and
increased survival. Furthermore, Bcl-2 family
proteins regulated mitochondrial autophagy by
promoting the recruitment of Parkin from the
cytoplasm to the mitochondria through direct
protein interactions [36].

Mitochondrial autophagy receptors and sep-
sis-related ALI

Mitochondrial autophagy, mediated by recep-
tors such as BNIP3L/NIX and FUNDC1, plays a
vital role in mitochondrial network reorganiza-
tion during cell differentiation. Knockdown of
these receptors during differentiation results in
sustained mitochondrial fission and the forma-
tion of damaged mitochondria, thereby increas-
ing the likelihood of cell death [37]. Therefore,
mitochondrial autophagy receptors are crucial
for maintaining the integrity and health of lung
cells.
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FUNDC1

FUNDC1 is a key receptor for mitochondrial au-
tophagy. Under normoxic conditions, FUNDC1
is phosphorylated by the protein kinase Src,
which reduces the interaction between phos-
phorylated FUNDC1 and LC3, thereby inhibiting
FUNDC1-mediated mitochondrial autophagy
[38]. Under hypoxic conditions, reduced Src
kinase activity leads to decreased phosphory-
lation of FUNDC1, which facilitates the interac-
tion between dephosphorylated FUNDC1 and
LC3, thus promoting mitochondrial autophagy
[39]. Autophagy is significantly increased in
response to ALI, especially in alveolar epithelial
cells and pulmonary vascular endothelial cells.
Study has shown that autophagy is activated
under hypoxic conditions, making FUNDC1 a
key molecule involved in hypoxia-induced mito-
chondrial autophagy [40]. Following LPS inter-
vention, the autophagic proteins FUNDC1 and
LC3-Il were elevated, while P62/SQSTM1 was
decreased. Notably, FUNDC1 knockdown led to
reduced autophagic activity and more severe
lung injury following LPS treatment. Addition-
ally, survival curves showed higher mortality in
FUNDC1 knockout mice compared to wild-type
mice [41].

BNIP3 and BNIP3L/NIX

BNIP3 and BNIP3L/NIX are target genes of HIF-
1 that contain an LC3-interacting region. These
proteins can recruit LC3 autophagosomes,
thereby inducing mitochondrial autophagy [42].
BNIP3 has a dual function: it can promote cell
survival through autophagy or induce cell death
via apoptosis. BNIP3 binds to Bcl-2, which ac-
tivates Beclinl from its inactivation complex,
initiating autophagy.

Simultaneously, BNIP3 interacts with mitochon-
drial fusion protein optic atrophy 1 to promote
cell death [43]. It has been shown that inhibit-
ing mitochondrial autophagy and apoptosis by
regulating BNIP3 with the HIF-1a inhibitor YC-1
significantly reduces lung injury [44]. Luo et al.
identified the transcription factor Runt-related
transcription factor 1 (RUNX1) as a key regula-
tor of injury-induced mitochondrial autophagy,
and silencing RUNX1 significantly suppressed
the expression of BNIP3 and BNIP3L. RUNX1
regulates mitochondrial autophagy by upreg-
ulating the expression of mitochondrial auto-
phagy receptors [45]. The transcription factor
RUNX1 plays a crucial role in regulating inju-
ry-induced mitochondrial autophagy, activating
autophagy, and reducing lung inflammation
during acute lung injury.
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Drugs that ameliorate ALI by affecting mito-
chondrial autophagy

Small molecule modulators of mitochondrial
autophagy are valuable pharmacological tools
for studying complex biological processes and
translating these insights into potential thera-
peutic drugs. In recent years, pharmacological
modulation of mitochondrial autophagy has
demonstrated promising therapeutic effects
in ALl models. This section summarizes the
current state of research on mitochondrial
autophagy modulators, analyzes the available
chemical tools, and discusses their advantag-
es, limitations, and current applications (Table
1).

Nrf2 inducers
Radish thiols

Radish thiols, found in broccoli, possess sig-
nificant biological properties. One of the most
notable compounds is Sulforaphane, a potent
natural activator of the transcription factor
Nrf2, which is known for its antioxidant and an-
ti-inflammatory effects [46]. Sulforaphane pro-
motes the translocation of Nrf2 to the nucleus,
thereby activating the expression of antioxidant
enzymes. Interestingly, activation of the Nrf2
pathway can also increase the production of
ROS in mitochondria. At moderate levels, ROS
acts as a signaling molecule for mitochondrial
damage and trigger the process of mitochon-
drial autophagy. In an animal model of oleic
acid-induced ARDS, sulforaphane treatment
was found to reduce lung injury and exert a pro-
tective effect by upregulating NRF2 expression
[47].

P62-mediated mitochondrial autophagy induc-
er (PMI)

A recently developed compound, PMI, enhanc-
es the expression and signaling of the auto-
phagy adaptor protein P62/SQSTM1, which
drives mitochondria into autophagy [48]. PMI
promotes the accumulation of Nrf2 by target-
ing the interactions between Nrf2 and Keapl,
specifically inhibiting Keap1 and thus enhanc-
ing Nrf2 signaling. Importantly, PMI does not
disrupt the mitochondrial membrane potential.
Therefore, PMI holds significant therapeutic po-
tential for the treatment of ALI [49].

Sirtuin 1 (SIRT1) activators
Sirtuin 1

SIRT1 is a deacetylase that regulates various
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Table 1. Drugs that ameliorate acute lung injury by affecting mitochondrial autophagy

Classification Names Gilznle] Mechanisms A.d\{ant'ages or References
structure limitations
Sulforaphane Activating Nrf2 Low specificity [46, 47]
Nrf2 —
inducers N~ High therapeutic
PMI L v Inhibiting Keap1 potential; (48, 49]
hee High specificity
o M
o
ot
Activating SIRT1 il
Resveratrol W m . g Induction of general [50, 51]
directly
O autophagy
SIRT1
activators S
Fisetin A.ctlvatlng Sllie: Non-toxic, and safe [52, 53]
directly
55
~ Activating SIRT1 High therapeutic
)/—n
SIRITAAY @‘j\(é directly potential R

w{  Upregulating the PINK1/

Amine Melatonin /DCEC Parkin pathway and inhib- St.rong antioxidant; [56-59]
hormone iting mTOR. High safety
) . 5 : Activating MUL1, ROS-de- Nontoxic
0. 0 ’
Sgrr])srr;):::e igl?a I:i?; Na \l Na+ pendent, down-regulation Low cost [17, 60-64]
g o of MCL-1 Se Supplementation
Reference effect on the
. L . treatment of ALL.

Curcumin Activation via AMPK Risk of contact dermati- [65-68]
Natural tis with excessive intake
products

= ki . Upregulating the . )
Berberine 99 - PINK1/Parkin pathway High therapeutic [69-74]

potential

Note: Nrf2, Nuclear factor erythroid 2-related factor 2; PMI, P62-mediated mitochondrial autophagy inducer;
SIRTZ, Sirtuin 1; PINK1, PTEN-induced kinase 1; mTOR, mechanistic target of rapamycin; MUL1, Mitochondrial E3
Ubiquitin Ligase 1; ROS, reactive oxygen species; AMPK, AMP-activated protein kinase; MCL-1, Myeloid Cell Leuke-

mia-1ALl, acute lung injury; Se, Selenium.

cellular activities by controlling biological pro-
cesses such as gene expression, DNA repair,
metabolism, and mitochondrial function. SIRT1
may initiate mitochondrial autophagy by pro-
moting the deacetylation and subsequent acti-
vation of LC3. The most well-known activators
of SIRT1 include resveratrol, fexofenadine, and
synthetic small molecules such as SRT1720.

Resveratrol
Resveratrol, a polyphenolic compound found in
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grapes and peanuts, is renowned for its potent
antioxidant and anti-inflammatory properties
[50]. As a well-known activator of SIRT1, resver-
atrol, upon activation, regulates mitochondrial
autophagy through deacetylation. Specifically,
SIRT1 activates the PINK1/Parkin pathway,
enhancing selective mitochondrial autophagy
(mitophagy). Additionally, SIRT1 also facilitates
autophagy by deacetylating ULK1, a core pro-
tein of the autophagy initiation complex [51].
As an antioxidant, resveratrol reduces the
production of ROS, which, in excess, can dam-
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age mitochondria and inhibit autophagy. By
lowering ROS levels, resveratrol helps maintain
normal mitochondrial function and promotes
the removal of damaged mitochondria, thereby
protecting cells from oxidative stress.

Fisetin

Fisetin is a natural flavonoid found abundantly
in vegetables and fruits, known for its broad
pharmacological effects, including anti-inflam-
matory, anti-apoptotic, antioxidant, anti-tumor,
and anti-angiogenic properties [52]. SIRT1
facilitates the recognition and clearance of
damaged mitochondria by deacetylating pro-
teins such as PINK1 and Parkin. Studies have
shown that Fisetin enhances the stability and
activity of PINK1, enabling its accumulation on
damaged mitochondria, which subsequently
recruits Parkin [53]. Parkin then ubiquitinates
the damaged mitochondria, marking them for
degradation. Additionally, laccasein has been
reported to accelerate the clearance of dam-
aged mitochondria by modulating this pathway
[53].

SRT1720

SRT1720 is a synthetic small molecule that
activates SIRT1, leading to the deacetylation of
PINK1, which stabilizes PINK1 and enhances
its accumulation and function on damaged mi-
tochondria [54]. The accumulation of PINK1 on
the mitochondrial membrane recruits Parkin,
an E3 ubiquitin ligase, which tags damaged
mitochondria for degradation via the autophagy
pathway. By deacetylating PINK1, SRT1720 en-
hances the activity of the PINK1/Parkin path-
way, thereby facilitating mitochondrial autopha-

gy (mitophagy) [55].
Melatonin

Melatonin is an indole heterocyclic compound
primarily secreted by the pineal gland, well
known for its role in regulating sleep and its
anti-inflammatory, antioxidant, anti-aging, and
antiviral properties [56]. Additionally, melatonin
also regulates mitochondrial autophagy. Mela-
tonin inhibits excessive mitochondrial autoph-
agy through the PINK1/Parkin pathway [57]. It
reduces oxidative damage and improves mito-
chondrial function by directly scavenging ROS
and activating antioxidant enzymes, such as su-
peroxide dismutase, catalase, and glutathione
peroxidase. Furthermore, melatonin promotes
mitochondrial repair and autophagy by upreg-
ulating endogenous antioxidants like glutathi-
one. In addition, Melatonin inhibits the mech-
anistic target of rapamycin (mTOR) pathway, a

Perioperative Precision Medicine

critical regulator of cell growth, proliferation,
and autophagy inhibition. By inhibiting mTOR,
melatonin activates the autophagic process,
promoting mitochondrial clearance and renewal
[58]. Several clinical studies have investigated
melatonin’s potential in treating ALI and ARDS,
focusing on its antioxidant, anti-inflammatory,
and lung function-improving effects [59]. These
studies have shown that melatonin improves
oxygenation, reduces inflammatory markers,
and decreases lung injury. However, direct
clinical evidence supporting melatonin’s ability
to ameliorate ALI through mitochondrial auto-
phagy remains limited. Despite this, melatonin
has been found to improve the survival rate of
critically ill septic patients in the perioperative
period.

Sodium selenite

Selenium is an essential trace element in the
human body, and its deficiency is linked to a
variety of diseases. It has been reported that
serum or plasma selenium levels tend to de-
crease early in critically ill patients, especially
those suffering from sepsis or infectious shock
[60]. Research has demonstrated that sodium
selenite activates the E3 ubiquitin ligase MUL1
in a ROS-dependent manner. This activation
recruits ULK1 to the mitochondria, promoting
its autophagic degradation [17]. Additionally,
intravenous sodium selenite has been found
to restore lung antioxidant capacity, modulate
the inflammatory response, and significantly
improve respiratory mechanics in ALl patients
[61]. Several clinical studies have shown that
low selenium status may be associated with the
severity of ALI, and that selenium supplemen-
tation, including sodium selenite, can help re-
duce oxidative stress and inflammation [62-64].
By improving the antioxidant defense system,
sodium selenite contributes to the alleviation of
lung injury [61].

Natural products
Curcumin

Curcumin, a polyphenolic compound found in
the rhizome of Curcuma longa, regulates the
expression of receptor complexes, growth fac-
tors, and other molecules, ultimately exerting
biological functions such as anti-inflammatory,
anticancer, and antidiabetic properties [65].
In an energy-deficient state (e.g., low ATP/AMP
ratio), AMP-activated protein kinase (AMPK) is
activated. AMPK, a crucial intracellular ener-
gy-sensing enzyme of the serine/threonine ki-
nase family, plays a crucial role in maintaining
energy homeostasis by regulating various meta-
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bolic pathways [66]. Activated AMPK promotes
autophagy by mTOR, a key cellular signaling
protein that regulates biological processes such
as cell growth, proliferation, and protein syn-
thesis. mTOR exists in two complexes: mTORC1
and mTORC2, with mTORC1 playing a signifi-
cant role in regulating mitochondrial autophagy.
mTORC1 inhibits autophagy by phosphorylating
and tinhibiting ULK1, a core enzyme that initi-
ates mitochondrial autophagy [67]. Additionally,
the mitochondrial permeability transition pore
(mPTP) plays a crucial role in cellular stress
responses, particularly during apoptosis and
autophagy. Excessive mPTP opening leads to a
loss of mitochondrial membrane potential, trig-
gering apoptosis. Curcumin regulates mPTP by
reducing oxidative stress, potentially prevent-
ing excessive opening and thereby preserving
mitochondrial function and integrity. Moderate
mMPTP opening may also promote mitochondrial
autophagy, and curcumin enhances mitochon-
drial quality control by optimizing this process
[68].

Berberine

Berberine, a quaternary isoquinoline alkaloid
isolated from several herbs such as Coptis
chinensis, is known for its wide range of bio-
logical activities, including anti-inflammatory,
anti-diarrheal and anti-colitis effects. It is char-
acterized by low toxicity and low cost, which has
led to its widespread use over-the-counter for
treating gastroenteritis, colitis, diarrhea, and
dysentery [69]. Berberine can be oxidized to
8-oxoberberine, known as oxyberberine, which
has been found to possess superior anti-inflam-
matory, antifungal, and antiarrhythmic proper-
ties compared to berberine [70]. Studies have
shown that oxyberberine reduces lung injury by
inhibiting inflammatory responses through the
inhibition of Parkin/Pink1-mediated mitochon-
drial autophagy in LPS-induced ALI [71, 72].
Additionally, oxyberberine inhibits LPS-induced
translocation of Parkinl from cytoplasm to
mitochondria [73]. Furthermore, berberine acti-
vates the AMPK/mTOR pathway and promotes
mitochondrial autophagy by inhibiting mTOR
[74].

Conclusion

Modulating mitochondrial autophagy to amelio-
rate ALI has emerged as a promising therapeu-
tic strategy in recent years. While enhancing
mitochondrial autophagy has shown promise in
alleviating ALI in animal models, several chal-
lenges remain in translating this strategy into
effective clinical treatments. For instance, phar-
macological interventions targeting mitochon-

Perioperative Precision Medicine

drial autophagy—such as those involving the
PINK1/Parkin pathway or small molecules that
modulate autophagy factors—are not yet widely
used in clinical practice. Moreover, the selec-
tivity and potential side effects of these drugs
require comprehensive evaluation. To effective-
ly regulate mitochondrial autophagy, the devel-
opment of highly selective, low-toxicity drugs
remains a critical research focus. Currently,
several small molecules capable of modulating
mitochondrial autophagy, either by enhancing
the PINK1/Parkin pathway or by modulating
the NIX/BNIP3 pathway, have been identified.
Future advancements may lead to the develop-
ment of small molecule drugs targeting these
pathways, with their efficacy in treating acute
lung injury further validated through animal
studies.
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Highlights

(- Elevated bile acid concentrations impair myocardial structure and function by disrupting mitochondrial integrity A
and acting on TGR5 and FXR receptors.

¢ Endotoxins contribute to cardiovascular dysfunction by exacerbating systemic inflammation, primarily via NF-kB
activation and increased levels of pro-inflammatory cytokines such as TNF-a.

* Reactive oxygen species alter cardiac electrophysiology by modulating L-type calcium channels and reversing
Na+/Ca2+ exchanger activity, leading to contractile dysfunction. Excessive nitric oxide disrupts vascular tone reg
ulation.

¢ Autophagy is activated through the AMPK-mTOR-ULK1 signaling pathway, while apoptosis-driven myocardial inju
ry is mediated by caspase activation and the Bax/Bcl-2 protein family.

* Appropriate preoperative management, anesthetic selection, and the application of traditional Chinese medicine

\_ can alleviate cardiac injury associated with obstructive jaundice. )

Abstract

Obstructive jaundice can lead to systemic multi-organ complications, with the heart being one of the most critically
affected organs. This review summarizes recent insights into the mechanisms of cardiac injury induced by obstruc-
tive jaundice, including bile acid toxicity, inflammatory responses, oxidative stress, nitric oxide dysregulation, endo-
toxemia, apoptosis, and autophagy. Currently, no specific treatment protocol exists for this condition. However, ap-
propriate anesthetic choices, traditional Chinese herbal medicine, and optimized perioperative management have
shown potential in mitigating myocardial damage. This review provides a detailed discussion of these aspects.

Keywords: Obstructive jaundice, cardiac injury, bile acids, mechanisms

Introduction

Obstructive jaundice (0J) is a common clinical
condition caused by partial or complete block-
age of intrahepatic or extrahepatic bile ducts,
most often due to bile duct stones, inflamma-
tory hyperplasia, or tumors. These conditions
lead to impaired bile drainage from the liver.
In severe cases, patients with OJ develop jaun-
dice, characterized by yellowing of the skin

and eyes due to elevated bilirubin levels in the
blood. 0J is associated with high morbidity and
mortality rates. Previous studies have report-
ed that the surgical mortality rate for patients
with OJ can reach 18% and approximately 8%-
10% of surgical patients develop acute renal
failure, of whom 70-80% eventually succumb
to the condition [1]. OJ can cause multi-organ
damage, affecting the liver, kidneys, heart,
intestines, brain, and immune system [2-4]. A
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comprehensive understanding of OJ is crucial
for optimizing treatment and improving patient
outcomes. To study OJ and its complications,
various experimental models have been devel-
oped, among which bile duct ligation (BDL) is
widely used to simulate OJ and related patho-
physiological changes [5].

Cardiac injury is a significant complication of
0J, contributing to increased morbidity and
mortality. OJ is associated with various cardio-
vascular abnormalities, including hypotension,
bradycardia, QT interval prolongation, reduced
adrenergic responsiveness, and a predisposi-
tion to hypovolemic shock and acute renal fail-
ure [6-9]. Cardiac dysfunction in patients with
0J is primarily characterized by reduced cardiac
output, leading to decreased exercise capacity
and an elevated risk of perioperative mortality
[10]. The relationship between OJ and cardi-
ac injury was first described by Green et al.
in 1986 as the “Jaundiced Heart” and is now
widely recognized as a clinical phenomenon
[1, 11]. OJ is known to cause significant hemo-
dynamic disturbances. In 1991, Lumlertgul et
al. studied nine jaundiced patients and eight
healthy volunteers, demonstrating that jaun-
diced patients exhibited a blunted myocardial
contractile response to inotropic stimulation
[12].

In recent years, researchers have proposed
that heart dysfunction induced by chronic BDL
models may be classified as cirrhotic cardiomy-
opathy, a condition often studied in mice sub-
jected to bile duct ligation for 28 days or longer
to induce liver cirrhosis [13].

This review aims to summarize the current
understanding of the mechanisms underlying
cardiac injury in OJ. Based on previous studies,
OJ-induced cardiac damage is associated with
bile acid toxicity, endotoxemia, inflammation,
oxidative stress, apoptosis, and autophagy.
Given the limited research in this area, further
elucidation of these mechanisms is essential to
developing preventive and therapeutic strate-
gies for OJ-associated cardiac injury.

Mechanism of 0J in heart injury
Toxic effects of bile acids

Bile acids (BAs) are essential components of
bile but can exert significant toxic effects when
they accumulate in the bloodstream, particular-
ly affecting the circulatory system and the heart
[14]. Under normal physiological conditions,
BAs are taken up through the basolateral mem-
brane and exported via tubular efflux pumps.
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However, in 0J, bile flow is obstructed, leading
to the accumulation of BAs in the blood and liv-
er cells. As early as 1964, studies demonstrat-
ed that BAs inhibit adenosine triphosphatase
(ATPase) activity, reduce oxygen consumption,
and impair protein synthesis in the intestines
of rats [15]. Some scholars have proposed that
BA toxicity contributes to cardiac injury [16].

The earliest available literature indicates a
study in 1909 indicated that the association
between BAs and bradycardia was first de-
scribed in 1863 and suggested that BAs could
cause jaundice-associated bradycardia [17].
Later, in 1939 and 1940, Wakim, Essex, and
Mann used a rabbit model and found that bile
salts induced bradycardia, negative inotro-
pism, and even cardiac arrest, confirming the
cardiotoxic effects of BAs [18-20]. In 1983,
Bogin et al. demonstrated in both in vitro and
in vivo studies that BAs reduced the beating
rate of cardiomyocytes in a concentration- and
time-dependent manner [21].

Mitochondrial dysfunction plays a key role in
BA-induced toxicity. Previous studies have con-
firmed that high BA concentrations impair mi-
tochondrial structure and function [22]. When
BA levels exceed the binding capacity of cyto-
plasmic binding proteins in hepatocytes, they
induce apoptosis and necrosis by damaging mi-
tochondria [23]. Similarly, cardiac mitochondria
are highly susceptible to BA toxicity, particularly
hydrophobic BAs, which exert potent harmful
effects. In 1997, electron microscopy studies
revealed that the myocardial mitochondria of
male Sprague-Dawley rats exhibited swelling
and a reduction in number 14 days after BDL.
Furthermore, in rats that did not undergo BDL
but received gastric intubation of sodium cho-
late, myocardial injury was observed when
serum cholate levels reached concentrations
equivalent to those in the BDL group, further
confirming the toxic effects of BAs on the heart
[16].

BAs impair myocardial contractile responses to
positive inotropy by disrupting cardiomyocyte
metabolism, membrane integrity, and ion trans-
port mechanisms. Additionally, they interfere
with calcium homeostasis by affecting the up-
take and release of calcium from the sarcoplas-
mic reticulum, leading to reduced mitochondri-
al function and impaired cardiac performance
in the presence of high BA concentrations
[24]. An in vitro study conducted in 1987 using
Sprague-Dawley rat papillary muscles and iso-
lated ventricular myocytes evaluated myocardial
contractility, action potentials, and membrane
currents [25]. It was found that taurine-conju-
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gated bile acids interact with muscarinic M2 re-
ceptors, reducing intracellular cyclic adenosine
monophosphate levels and exerting a negative
chronotropic effect on cardiomyocytes [26].

BAs have also been shown to shorten ventric-
ular action potential duration, reduce inward
ionic currents, and enhance outward potassi-
um currents. These alterations may contribute
to negative inotropic effects and abbreviated
action potentials [25]. Furthermore, high BA
concentrations damage cardiomyocytes by acti-
vating the G protein-coupled receptor 5 and the
farnesoid X receptor. Cell-based studies have
demonstrated that hydrophobic BAs, such as
chenodeoxycholic acid, activate farnesoid X re-
ceptor in cardiomyocytes, promoting inflamma-
tion and apoptosis. Additionally, excessive BAs
reduce fatty acid oxidation in cardiomyocytes,
potentially leading to cardiac insufficiency [27,
28].

Endotoxin

Endotoxin, also known as lipopolysaccharide
(LPS), is a major component of the cell wall
in Gram-negative bacteria and exhibits strong
immunogenicity and toxicity [29, 30]. The high
incidence of postoperative complications in
patients with OJ is significantly influenced by
endotoxemia [31].

In an experimental rabbit model of OJ, serum
total bilirubin, transaminase, and endotoxin
levels were measured on days 2, 5, 8, and 13
post-surgery. The results showed that rabbits
in the OJ group had a higher frequency of en-
dotoxemia in both the portal vein and systemic
circulation compared to the sham-operated
group [32]. Patients with OJ are prone to endo-
toxemia, primarily due to increased absorption
of endotoxins from the intestinal lumen and re-
duced clearance by the liver reticuloendothelial
system [32]. In OJ, endotoxemia exacerbates
organ injury through excessive endotoxin re-
lease [33].

Endotoxins contribute to vascular damage by in-
tensifying systemic inflammation. Studies have
shown that the inflammatory response, primar-
ily driven by the activation of the nuclear factor
kappa B (NF-kB) sighaling pathway and the
upregulation of inflammatory cytokines such
as tumor necrosis factor-alpha, plays a crucial
role in endotoxin-induced myocardial injury [34].
During endotoxemia, LPS interacts with toll-
like receptor 4 on immune and non-immune
cells, leading to toll-like receptor 4 upregulation
and NF-kB pathway activation. This results in
increased expression of phosphorylated NF-kB

Perioperative Precision Medicine

and phosphorylated I-kappa-B-alpha, which fur-
ther induces the overexpression of pro-inflam-
matory cytokines, including interleukin-1 beta,
interleukin-6, and tumor necrosis factor-alpha,
ultimately leading to myocardial injury [35]. In
addition, LPS not only activates NF-kB but also
triggers the NOD-like receptor protein 3 inflam-
masome, leading to the cleavage of Gasdermin
D into its active N-Gasdermin D form. This ac-
tivation promotes the cleavage of caspase-1
and increases the levels of interleukin-1 beta,
interleukin-18, and reactive oxygen species
(ROS), ultimately inducing pyroptosis in cardio-
myocytes [36].

Furthermore, endotoxins stimulate macro-
phages to generate reactive free radicals and
release lysosomal enzymes, which contribute to
myocardial cell damage [37]. LPS also induces
oxidative stress, further exacerbating myocar-
dial injury and impairing cardiac contractility.
Therefore, endotoxin plays a critical role in
OJ-related cardiac injury.

Oxidative stress

Oxidative stress is an imbalance between
the production of ROS and the endogenous
antioxidant defense mechanisms, leading to
redox dysregulation [38]. Previous studies have
demonstrated that OJ induces systemic oxi-
dative stress in multiple organs, including the
heart, liver, kidneys, brain, lungs, blood, and
intestines [39-44]. Due to their hydrophobic
nature, bile acids disrupt membrane stability
and impair organelle structure and function,
particularly in mitochondria. This disruption
results in increased oxygen free radicals and
lipid peroxidation products, thereby disturbing
redox homeostasis. Additionally, toxic bile acids
activate membrane-associated proteins, such
as nicotinamide adenine dinucleotide phos-
phate oxidases, which catalyze ROS production
[45]. In 2009, Cruz and Shafarood used a BDL
mouse model to demonstrate significant oxida-
tive damage in cardiac tissue, characterized by
elevated levels of malondialdehyde and nicotin-
amide adenine dinucleotide phosphate, along
with reduced activity of antioxidant enzymes
such as catalase and glutathione peroxidase
[46, 471].

Bile acids also induce endoplasmic reticulum
oxidative stress, leading to the release of cal-
cium ions (Ca®*) into the cytoplasm. The in-
creased intracellular Ca®* concentration further
stimulates mitochondria to overproduce ROS,
exacerbating oxidative stress [48]. ROS can en-
hance Ca** influx through Ltype calcium chan-
nels and reverse the function of the Na‘/Ca**
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exchanger, causing excessive Ca’’ inflow and
Na® outflow, which severely disrupts cardiac
electrophysiology. Additionally, excessive ROS
inhibit sarcoplasmic reticulum calcium ATPase
activity, resulting in Ca®* overload, reduced cal-
cium sensitivity of myofilaments, and ultimately
impaired cardiac contractile function [49].

Cardiac myocytes are rich in mitochondria, the
primary source of ROS. Under pathological con-
ditions, toxic bile acids directly interfere with
mitochondrial respiratory complexes and the
electron transport chain, leading to excessive
ROS production. This disrupts the balance of
proteins involved in mitochondrial fusion and
fission, inducing apoptosis. The ROS generated
by mitochondria, known as mitochondrial ROS,
damage mitochondrial DNA and lipids, impair
myocardial energy metabolism, and contribute
to cardiomyocyte apoptosis and heart failure
[50, 51].

Moreover, ROS activate inflammatory pathways,
promoting the infiltration of inflammatory cells
and the release of inflammatory mediators [52].
Excessive ROS production also triggers lipid
peroxidation of myocardial cell membranes,
leading to structural and functional damage,
culminating in apoptosis and necrosis of car-
diomyocytes. In summary, these findings sug-
gest that oxidative stress plays a crucial role in
OJ-induced cardiac injury.

Inflammation

Inflammation is the body’s immune defense
mechanism against injury, infection, and other
harmful stimuli [53]. An increasing number of
studies suggest a strong association between
infammation and cardiovascular diseases, with
infammation playing a critical role in conditions
such as myocardial infarction and heart failure
[54]. In OJ, inflammatory injury has also been
observed in cardiac tissue. In 2021, Ommati et
al. reported that the most prominent lesion in
the cardiac tissue of BDL rats was inflammation
[55].

Excessive oxygen free radicals and other ROS
can activate immune cells and trigger inflam-
matory pathways such as NF-kB, c-Jun N-termi-
nal kinase, and activator protein 1, ultimately
leading to an inflammatory response [56, 57].
Biliary obstruction and bile deficiency are key
pathological events that compromise gut bar-
rier integrity. When OJ patients develop gut
barrier dysfunction, elevated endotoxin levels
in the portal and systemic circulation trigger a
systemic inflammatory response. This leads to
the release of cytokines and proinflammatory
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mediators such as tumor necrosis factor-alpha
and interleukin-6 into the bloodstream, exacer-
bating systemic and cardiac inflammation [58].
These findings indicate that inflammation plays
a significant role in OJ-induced cardiac injury.

Nitric oxide

Nitric oxide (NO) is a potent vasodilator synthe-
sized by vascular endothelial cells. It induces
vasodilation by activating guanylate cyclase,
thereby increasing intracellular cyclic guano-
sine monophosphate levels [59]. Excessive NO
production has been implicated in cardiovascu-
lar dysfunction, including decreased vascular
responsiveness to adrenergic receptor agonists
and the induction of bradycardia in OJ animal
models [8, 9].

In OJ, endotoxins activate vascular smooth
muscle cells and macrophages, leading to ex-
cessive NO production [60]. This disrupts the
balance between vasodilation and vasocon-
striction, resulting in persistent vasodilation,
reduced blood pressure, and impaired coronary
perfusion [61]. In 2005, researchers isolated
thoracic aortas from rats and mice and pre-
contracted the vessels with phenylephrine
before examining the effects of acetylcholine
and taurine-conjugated deoxycholic acid in the
presence or absence of a nitric oxide synthase
inhibitor and lithocholic acid (a bile acid). Their
findings confirmed that the vasodilatory effects
of bile acids were NO- and endothelium-depen-
dent [62].

Moreover, NO contributes to cardiomyocyte
apoptosis by regulating multiple signaling path-
ways [63]. In BDL mice, intraperitoneal injec-
tion of L-NAME (a non-selective nitric oxide syn-
thase inhibitor) reduced myocardial NO levels,
improved cardiac structural abnormalities, and
decreased cardiomyocyte apoptosis [47]. These
findings suggest that NO plays a crucial role in
the pathogenesis of jaundice-related cardiac
injury and may exacerbate myocardial damage
under pathological conditions.

Autophagy

Autophagy is a highly conserved cellular pro-
cess that delivers cytosolic components to lyso-
somes for degradation and recycling. The term
“autophagy,” derived from the Greek words for
“self-eating,” was first introduced by Deter in
1967 [64, 65]. Autophagy plays a critical role
in maintaining cardiac structure and function.
Previous studies have demonstrated its involve-
ment in various cardiac diseases, including
diabetic cardiomyopathy, doxorubicin-induced
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cardiomyopathy, myocardial ischemia, heart
failure, and genetic cardiomyopathy [66-70].
By clearing misfolded proteins, damaged mi-
tochondria, and other organelles, autophagy
contributes to the preservation of normal cardi-
ac function [71]. Additionally, research has sug-
gested that autophagy plays a significant role in
organ injury, including liver and intestinal dam-
age,in0J[72,73].

In 2024, Wang et al. investigated myocardial
injury induced by common bile duct ligation in
rats. Their study showed that under OJ condi-
tions, cardiac tissue exhibited increased levels
of autophagy markers, such as light chain 3-II
and Beclin-1 [74]. Furthermore, cholestasis
inhibits autolysosome formation. Cholesterol
Ta-hydroxylase catalyzes the conversion of cho-
lesterol into bile acids, which subsequently acti-
vate the nuclear receptors farnesoid X receptor
and intestinal fibroblast growth factor, both of
which suppress autophagy-related transcrip-
tional genes [75].

In the late stages of OJ, decreased connexin 43
expression leads to excessive autophagy activa-
tion through the adenosine monophosphate-ac-
tivated protein kinase-mammalian target of
rapamycin-unc-51-like autophagy activating
kinase 1 signaling pathway, further exacer-
bating myocardial injury [74]. Additionally, bile
acids upregulate p62 and Beclin-1 expression,
thereby enhancing autophagy. The phospha-
tidylinositol 3-kinase-Beclin complex recruits
the autophagy-related 12-autophagy-related 5
complex and autophagy-related 16 multimers.
These proteins, along with microtubule-associ-
ated protein light chain 3, promote the forma-
tion of autophagic vesicles [76].

These findings highlight the significant role
of autophagy in cardiac injury caused by OJ.
However, studies investigating the involvement
of autophagy in OJ-induced cardiac injury re-
main limited. Nevertheless, current evidence
suggests that autophagy is a key mechanism
underlying jaundice-associated cardiac dys-
function and warrants further investigation.

Apoptosis

Apoptosis is a key mechanism of programmed
cell death. The term “apoptosis” was first intro-
duced by Kerr et al. in 1972 to describe a dis-
tinct form of morphological cell death [77]. To
date, numerous studies have demonstrated the
role of apoptosis in various cardiac diseases,
including myocardial infarction, heart failure,
coronary artery disease, myocardial ischemia,
ischemia/reperfusion injury, and diabetic car-

Perioperative Precision Medicine

diomyopathy [78-80]. Recent research has also
indicated that OJ induces cardiomyocyte apop-
tosis [81]. Apoptosis is mediated through two
major pathways: the intrinsic and extrinsic path-
ways [82]. The intrinsic pathway is triggered
by factors such as ischemia, hypoxia, oxidative
stress, DNA damage, and toxic drugs effects
[83]. In contrast, the extrinsic pathway is typi-
cally activated by death receptor superfamily li-
gands, such as tumor necrosis factor-alpha [84,
85].

In 2010, BDL mouse experiments demonstrat-
ed positive TUNEL staining in myocardial tis-
sue from cholestatic mice on day 3, indicating
increased apoptosis [47]. In 2014, Abbasi et
al. further confirmed an increased number of
apoptotic cardiomyocytes in a rat model of bile
duct ligation, supporting the role of apoptosis
in the pathogenesis of the “Jaundiced Heart”
[86]. That same year, Nam et al. investigated
the apoptotic pathways involved in myocardial
apoptosis in BDL mice after two weeks [87].
They intravenously injected CD178 [Fas ligand
(FasL)] monoclonal antibodies via the caudal
vein at day 12 post-BDL and found that FasL
antibody treatment significantly improved myo-
cardial contractility in BDL mice. Their study
also demonstrated that the Fas receptor, a
member of the TNF superfamily, recruits the
adaptor protein Fas-associated death domain-
and caspases upon trimerization, forming a
multiprotein complex. This process leads to
the recruitment of caspase-8, initiating a cas-
cade that ultimately activates caspase-3 and
caspase-7, thereby triggering the extrinsic
apoptosis pathway [87].

B-cell lymphoma-2 (Bcl-2) associated X protein
and Bcl-2 are key members of the Bcl-2 protein
family and play crucial roles in apoptosis, partic-
ularly in the intrinsic pathway. Bcl-2 associated
X protein, a pro-apoptotic protein, induces mi-
tochondrial outer membrane permeabilization,
leading to the release of pro-apoptotic factors
such as cytochrome c into the cytoplasm. This,
in turn, activates cytosolic signaling pathways,
recruiting caspase recruitment domain proteins
to caspase-9, ultimately triggering apoptosis
through caspase activation and resulting in cell
death [88]. In 2021, Moheimani et al. demon-
strated that in BDL rats, activation of caspases,
along with the involvement of Bcl-2 associated
X protein and Bcl-2 family proteins, plays a cen-
tral role in myocardial apoptosis [89]. These
studies collectively confirm that apoptosis is a
key mechanism in myocardial injury induced by
BDL.

Current treatment influencing factors
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It produces negative inotropic effects and
organelle damage through Muscarinic
acetylcholine receptor 2, G protein-coupled
receptor 5 and farnesoid X receptor.

The extrinsic pathway: Fas, FADD and caspase
protein complexes raise caspase-8 level, then
activate caspase-3,7. The intrinsic pathway: —
cytochrome release and CARD binding
tocaspasc-9

Apoptosis

The AMPK-mTOR-ULKI signaling pathway
exacerbates myocardial injury. Bile acids
upregulate p62 and Beclin-1 to promote the
formation of autophagy vacuoles.

— (Autophagy

Bile acids

The
jaundiced
heart

It induces an upregulation of TLR4
J [level and activates the NF-kB signaling
pathway, the pathway also activates the
NLRP3 inflammasome.

Endotoxin,
Inflammation,

It occurs in the ER leading to the
release of Ca’ into the cytoplasm, and
the increased concentration of Ca?*
causes the mitochondria to produce an
excessive amount of ROS, resulting in
apoptosis

Oxidative
stress

The excessive production of nitric oxide disrupts the balance between
vasodilation and vasoconstriction, leading to insufficient blood supply in
the coronary arteries

Figure 1. lllustration of the mechanisms of cardiac injury in obstructive jaundice. TLR4, Toll-like receptor 4; NF-
kB, nuclear factor kappa B; NLRP3, NOD-like receptor (NLR) family pyrin domain-containing 3; ER, endoplasmic
reticulum; AMPK, Adenosine monophosphate-activated protein kinase; m-TOR, mammalian target of rapamycin;
ULK1, Unc-51 like autophagy activating kinase 1; Fas, Fas cell surface death receptor; FADD, Fas-associated pro-

tein with death domain.

Currently, there are no well-established preven-
tive measures for cardiac injury in OJ. In this
review, we summarize treatment-related factors
that may influence the prognosis of OJ-induced
cardiac injury.

Selection of anesthetic drugs

Patients with OJ undergoing anesthesia expe-
rience significant fluctuations in mean arterial
pressure before and after induction, making
them more susceptible to hypotension or bra-
dycardia. Additionally, the incidence of delayed
postoperative awakening in OJ patients is high-
er than in non-0J patients [90]. Therefore, care-
ful selection of anesthetic agents is crucial.

Propofol, a widely used intravenous anesthet-
ic, has cardiovascular depressant effects. In
a study using male Sprague-Dawley rats with
BDL models, researchers found that myocardial
function was impaired in the BDL group. Low
to moderate concentrations of propofol did not
further impair cardiac function, whereas high
doses significantly reduced myocardial perfor-
mance [91]. Thus, propofol should be adminis-
tered with caution in OJ patients, with careful
dose adjustment and continuous cardiac mon-
itoring to prevent excessive myocardial sup-
pression. Interestingly, propofol has also been
found to protect vascular endothelial cells by
significantly reducing H,0,-induced caspase-3
activity, thereby inhibiting apoptosis and exert-
ing a cardioprotective effect [92].
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Etomidate, another commonly used anesthet-
ic, has also been studied in the context of OJ.
However, its relationship with OJ-related cardi-
ac injury remains poorly understood. Song et
al. compared 20 0OJ patients with 20 non-0J
patients and found that the OJ group required
lower doses of etomidate than the control
group [93]. These findings suggest that differ-
ent anesthetic agents may have varying effects
on OJ patients. Anesthetic selection should be
carefully considered to avoid exacerbating car-
diac injury in this population.

Traditional Chinese medicine (TCM)

TCM has shown has shown potential in prevent-
ing cardiac injury in OJ. Alam et al. proposed
that the combination of lupeol and naringin
effectively alleviates myocardial injury in BDL
rats. This combination enhances antioxidant
enzyme activity (superoxide dismutase, cata-
lase, and Glutathione), scavenges free radicals,
and reduces oxidative stress, thereby protect-
ing cardiomyocytes. Additionally, it inhibits NF-
KB/p65 expression, suppressing inflammatory
responses and further preventing myocardial
damage [94].

Astragalus, a well-known TCM herb, has been
studied for its cardioprotective effects. As-
tragaloside 1V, a bioactive compound found in
Astragalus roots, has been shown to reduce
isoproterenol-induced myocardial injury by de-
creasing cytoplasmic Ca** levels. Additionally, it
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lowers malondialdehyde levels while increasing
superoxide dismutase activity, suggesting that
its antioxidant properties may contribute to its
cardioprotective effects [95].

Perioperative impact

Optimizing preoperative assessment, intraop-
erative management, and postoperative care
can improve patient prognosis and reduce mor-
tality. Preoperative biliary drainage helps lower
bilirubin levels, mitigate cardiotoxic effects,
and enhance cardiovascular function. During
surgery, patients with OJ are prone to hypovo-
lemia, necessitating aggressive fluid therapy to
maintain adequate circulating blood volume.
Additionally, due to the high incidence of car-
diovascular depression in these patients, con-
tinuous cardiovascular monitoring is essential.
Cardiovascular support medications should be
administered as needed to stabilize blood pres-
sure and heart rate [96].

Future research

A 2024 study on 0J rats revealed that elevated
bile acid levels, in conjunction with increased
LPS concentrations, induce pyroptosis and ex-
acerbate hepatic injury [97]. Extensive evidence
has demonstrated the role of pyroptosis in var-
ious forms of myocardial injury [98]. However,
few studies have investigated the role of pyro-
ptosis in OJ-induced cardiac injury. Whether py-
roptosis occurs in the myocardium of patients
with OJ remains an open question, warranting
further research.

Current research on cardiac injury in OJ re-
mains limited, and many areas require further
exploration. Omics technologies, with their
high-throughput and high-sensitivity capabili-
ties, enable dynamic monitoring of endogenous
small-molecule metabolites. By systematically
analyzing metabolic changes under physiologi-
cal and pathological conditions, omics research
can provide valuable insights into the complex
mechanisms underlying OJ-induced cardiac in-

jury.
Conclusion

0J can lead to multiple systemic complications,
with the heart being one of the most affected
organs. The clinical manifestations of 0J-in-
duced cardiac injury are diverse, significantly
impacting patients’ quality of life and prognosis.
Early identification and intervention are crucial
for improving patient outcomes.

The toxic effects of bile acids, inflammation,
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oxidative stress, endotoxemia, NO dysregula-
tion, apoptosis, and pyroptosis all contribute to
OJ-related cardiac injury. As illustrated in Figure
1, these mechanisms are interconnected. Bile
acids and endotoxins can directly trigger in-
flammatory responses or exacerbate inflamma-
tion by increasing oxidative stress. Apoptosis
and autophagy are often induced by bile acid
toxicity, while abnormal regulation of these
processes, combined with severe inflammatory
responses, leads to myocardial cell damage.

This review summarizes current research on
the mechanisms of cardiac injury in OJ. Further-
more, it proposes potential therapeutic strate-
gies and research directions for future studies.
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